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Chapter Overview
The purpose of this module is to assist the trainee in gaining a background in the basics of 
heat transfer and thermal hydraulics and help assess his/her understanding of the concepts 
presented. This directed self-study module is designed to assist the trainee in accomplishing 
the learning objectives listed at the beginning of the Power Plant Engineering (PPE) chapter 
on Heat Transfer and Thermal Hydraulics.

1.0

Introduction
This chapter discusses selected thermodynamic, heat transfer, and fluid flow concepts 
applicable to the energy conversion processes that take place in nuclear power plants. The 
objective of the material presented in this chapter is to ensure that students are familiar with 
basic topics that will be considered as assumed knowledge during the NRC Power Plant 
Engineering (PPE) Course.

1.1

Thermodynamic Units and Properties
Before we begin our study of thermodynamics, heat transfer, and fluid flow, a basic system 
of dimensions and units must be established. With this system, quantities of substances, 
their properties, their ability to do work or have work done on them, and their physical state 
can be described and measured.  We will explore the following areas:

1. Systems of Measure

2. Newton’s Second Law

3. Working Substances

4. Properties

5. Specific Volume and Density

6. Temperature

7. Pressure

8. The Universal Gas Law

1.2



USNRC HRTDREV 0817 1-6

Systems of Measure
Two systems of measurement are used extensively in this country: the American 
Engineering System of Units (also called English Engineers System) and the International 
System of Units (SI) or metric system. The first system is used almost exclusively in the 
United States in engineering and industrial use. In nuclear engineering, the American 
Engineering System of Units is normally used. Some exceptions do exist, the most notable 
being reactor core parameters which employ SI units.

1.2.1

Newton’s Second Law
Both systems of measurement are based on Newton’s Second Law of Motion. This law 
states that the force (F) applied to an object or by an object is directly proportional to the 
object’s mass (m) times its acceleration (a). In equation form, Newton’s Second Law can be 
written as in Equation 1:

Equation 1

This equation is a proportionality. To make the equation exact, a constant of proportionality, 
1/gc, is included. The units of the constant will also be defined by the units necessary to 
make the left and right sides of the equation equal as in Equation 2:

Equation 2

In the American Engineering System of Units, force is given in pounds-force, mass is given 
in pounds-mass, and acceleration is given in feet per second per second. Hence, the four 
basic units are pound-force (lbf), pound-mass (lbm), feet (ft), and second (sec). The units are 
used to measure force, mass, length, and time respectively.

In the SI System the corresponding units are the Newton (N) for force, kilogram (kg) for 
mass, meter (m) for length, and second (sec) for time.

We now need to examine gc more closely. In order for Equation 2 to be an equality, both 
sides of the equation must be numerically and dimensionally equal. If they are not, then we 
are comparing apples to oranges.

1.2.2
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From physics, it can be shown that one pound-mass at sea level on the earth’s surface will 
be accelerated at 32.2 ft/sec2 when acted upon by a one lbf. We can rearrange Equation 2 
by multiplying both sides by the constant of proportionality, gc , and dividing by the force, F, 

we obtain:

Equation 3

Inserting values on the right hand side of Equation 3, we can determine gc :

and

Equation 4

The value of gc shown in Equation 4 is valid only for the American Engineering System of 
Units. The constant gc will differ both dimensionally and numerically for other systems. We 
can determine a value for gc for SI Units by first noting that a Newton is defined as the force 
required to accelerate one kilogram of mass one meter/sec2. Entering these values into 
Equation 3 we obtain:



USNRC HRTDREV 0817 1-8

and

Equation 5

In engineering, mass is often determined indirectly by measuring the force applied by an 
object due to acceleration of gravity. This force due to gravity is called weight, W. In equation 
form, this can be written as:

Equation 6

The g is acceleration experienced by the mass, m, due to gravity. Hence, one pound-mass 
will apply a force or weight of:

F = W = 1lbf

The same mass on the moon will experience a gravitational acceleration of only one-sixth 
that of the mass on earth since the moon is a much less massive body and will, therefore, 
have a correspondingly weaker gravitational attraction. The weight of one lbm on the moon 
is then:
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F = W = 1/6 lbf

Note that the mass of the object has not changed; only its weight. Weight is an indirect 
means of determining mass and depends on the gravitational forces or acceleration acting 
on a given body.

For all practical purposes, gravitational acceleration on the earth’s surface is 32.2 ft/sec2, 
although this value decreases very slightly with elevation.  The same acceleration in SI Units 
is 9.8 m/sec2.

Working Substances
In a Pressurized Water Reactor (PWR) primary water flows through the reactor core and 
removes heat from the fuel.   The heated water then  flows  through  a  steam  generator  
where secondary system feedwater changes to steam. The steam flows to the turbine. 
In a Boiling Water  Reactor  (BWR),  primary  water  flows through the reactor core and 
removes heat from the fuel and then changes to steam.  The steam flows to the turbine. 
For both the PWR and BWR the turbine converts the thermal energy of the steam   to   
mechanical   energy  to   rotate   the generator.  These processes illustrate the concept of 
using steam and water as a working substance.

A working substance is defined as a substance which receives, transports, and transfers 
energy in a thermodynamic system. The substance need not be water. In addition, the 
substance may or may not undergo a change of phase (i.e. changing from a solid to a liquid 
or liquid to gas or gas to liquid, etc.). When the working substance is in the form of a liquid, 
vapor or gas, it is often called a working fluid due to its ability to be pumped.

Water is the working substance of prime importance for current commercial nuclear power 
plants. However, other working substances are also used in these plants. For example, 
hydrogen gas is used as the working fluid to cool many large generator units. The hydrogen 
gas receives heat in the generator, and releases this heat to another cooling medium in 
hydrogen gas coolers. Liquid metals such as sodium are intended to be the working fluid for 
Liquid Metal Fast Breeder Reactors (LMFBRs). Spent fuel shipping casks may employ either 
water, air, or helium gas as the working fluid to remove decay heat. Refrigeration and air 
conditioning plants typically employ freon as a working fluid.

1.2.3
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One might ask why water is used as the working fluid in a reactor, or why is freon used in a 
refrigeration unit while hydrogen (and not helium) is used to cool a large electrical generator. 
The selection of working substances for processes depends on the properties of the working 
substance. For example, the ability of a fluid to remove heat from a surface is related to its 
thermoconductivity which depends upon such properties as the fluid’s mass, density, and 
specific internal energy. Although hydrogen poses a significant fire and explosion hazard, it 
is preferred over helium in removing heat from the rotating generator elements because it 
has a high thermoconductivity and low density, resulting in smaller frictional losses.

Properties
Properties are characteristics of substances that describe the state or condition of the 
substance in terms that are directly or indirectly measurable. Temperature, pressure, density, 
specific volume and specific weight are all common properties of a substance. Other less 
obvious and less easily measured properties are internal energy, enthalpy, and entropy.

1.2.4

Specific Volume and Density
The properties of specific volume (u) and density (p) are closely related. Both are related to 
the mass quantity of a substance and the amount of space it occupies.

The specific volume (u) of a substance is defined as the volume occupied by a unit mass of 
the substance as shown in Equation 7:

Equation 7

Specific volume has units of cubic feet per pound-mass (ft3/lbm) or cubic meters per 
kilogram (m3/kg).

Density (p) is the reciprocal of specific volume or the mass per unit volume as shown in 
Equation 8:

Equation 8

1.2.5
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Density has units of pound-mass per cubic foot (lbm/ft3) or kilograms per cubic meter (kg/
m3).

Temperature
Temperature is a measure of the amount of stored energy contained in a material. It 
is commonly determined using a thermometer that has a scale calibrated in degrees 
Fahrenheit (American Engineering System of Units) or in degrees Celsius (SI Units). The 
Celsius scale was formerly referred to as the Centigrade scale, and these two terms are 
often interchanged.

The Fahrenheit scale is the most common one used in the United States both by engineers 
and the general public, while the Celsius scale is used in scientific applications as well 
as in most European countries. The basis for both of these scales is the boiling point and 
freezing point of pure water at standard atmospheric pressure. For this reason, numerical 
temperature readings in degrees Fahrenheit (°F) or Celsius (°C) have no fundamental 
significance other than indicating “relative” thermal energy content.

Absolute Temperature Scales

To obtain a measure of “absolute” thermal energy content, a temperature reference must be 
established at which thermal energy content is zero. One such absolute temperature scale is 
the Kelvin scale, named after the British Lord Kelvin who did considerable work in this area. 
On the Kelvin scale, one Kelvin degree (°K) is equal to one Celsius degree (°C). Therefore, 0 
°K (-273.16 °C) is referred to as “absolute zero” and is the point at which the energy content 
of any substance is considered to be zero.

Another absolute measure of thermal energy content is the Rankine temperature scale. 
The Rankine scale is identical to the Fahrenheit scale except for its temperature reference. 
One Rankine degree (°R) is equal to the Fahrenheit degree (°F). Therefore, 0 R° (-460 F°) 
is referred to as “absolute zero.” The Rankine scale is the most commonly used absolute 
temperature scale in the American Engineering System of Units.

1.2.6

1.2.6.1
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Temperature Scale Relationships and Conversions

Figure 1 shows the four temperature scales just described and their relationship to each 
other.

Figure 1: Temperature Scales and Relationships

It is important to emphasize that thermodynamic equations and definitions employ absolute 
temperature scales (°R ,°K ) and not relative scales (°F,°C). The exception to this is when 
the equations employ temperature differences that are only concerned with a change in 
magnitude of the temperature and not its absolute value.

The relationship between temperatures measured on the Fahrenheit and Rankine scales, or 
between the Celsius and Kelvin scales is given by Equations 9 and 10:

°R = °F + 460

Equation 9

°K = °C + 273

Equation 10

Hence, it is easy to show that absolute zero (0°R or 0°K) corresponds to -460°F or -273°C.

1.2.6.2
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It is often necessary to convert relative temperatures from Fahrenheit to Celsius or Celsius 
to Fahrenheit, and Equation 11 may be used for this conversion:

°F = 9/5 (°C) + 32

Equation 11

Pressure
Pressure is defined as the force of matter acting on another body of matter. It is measured 
as the force per unit area as shown in Equation 12:

P = F / A

Equation 12

Pressure is calculated by taking the total force that a system exerts in one direction and 
dividing it by the total area over which it is exerted.

Except at absolute zero, the molecules that make up any system are constantly in motion. 
In a solid, the molecules are constrained, so they only vibrate. In liquids and gases, 
however, the molecules can move extensively through the systems. With gases and vapors, 
molecules tend to fill any container that holds them. These molecules continually collide with 
each other and with the walls of their container. As the gas molecules hit the walls, they exert 
forces that try to push the walls outward. Since there are billions of molecules in each cubic 
inch of gas, there are billions of collisions every second with each square inch of wall. The 
sum of all these individual impacts is sensed as a steady pressure on the container wall.

Pressure is normally measured in pounds- force per square inch (psi). In SI Units, pressure 
is given in pascals (N/m2). Because the base unit for area in the American Engineering 
System is square feet, it may become necessary to convert pound-force per square inch to 
or from pound- force per square foot (lbf/ft2) when using formulas or equations. Since there 
are 144 square inches per square foot, this is easily done by multiplying psi by 144 to get lbf/
ft2 or by dividing lbf/ft2 by 144 to get psi.

Pressure is also measured in terms of an equivalent column of liquid, usually water or 
mercury (Hg). Since any liquid column of unit area cross-section applies a force equal to its 
weight, the height of the column can be directly converted to a force per unit area. The most 

1.2.7
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common units of this type of measurement are feet or inches of water (ft H2O or in H2O), 
inches of mercury (in Hg), and, in SI Units, millimeters of mercury (mm Hg). An important 
use of columns of liquid in a power plant are the liquid level indicators used to measure 
water levels in components such as steam generators and pressurizers.

Atmospheric Pressure
The weight of the earth’s atmosphere exerts a pressure on the surroundings.   At the surface 
of the earth, this pressure is referred to as atmospheric pressure. Standard atmospheric 
pressure at sea level has been established in SI Units as the pressure exerted by a column 
of mercury 760.00 millimeters in height (760.00 mm Hg). This is equivalent to 29.92 in Hg, 
33.9 ft H2O, 14.7 psi, or 101.3 kPa (kilopascal).

Gauge Pressure
Many gauges measure pressure relative to atmospheric pressure. Pressure measured 
relative to atmospheric pressure is called Gauge Pressure. Gauge pressure is usually 
indicated by adding a “g” to the abbreviation units, such as pounds per square inch gauge 
(psig).

Absolute Pressure
Absolute pressure is defined as the pressure above an absolute vacuum. An absolute 
vacuum implies that there are no molecules present to impinge or create a pressure on the 
boundary. A barometer is commonly used to measure the absolute pressure of the earth’s 
atmosphere. Absolute pressure is usually indicated by adding an “a” to the abbreviation 
units, such as pounds per square inch absolute (psia).

Vacuum Pressure
Pressures below atmospheric pressure are called vacuums and are usually measured on 
a scale called inches of mercury vacuum. The zero on this scale is at 0 psig or 14.7 psia. 
The numbers increase as the pressure decreases. In other words, a measured decrease 
in pressure is called an increase in vacuum. For standard atmospheric conditions absolute 
zero is 29.92 inches of mercury vacuum on this scale. The vacuum scale has several 
uses in a nuclear power plant. For example, the condenser can operate at a vacuum of 
approximately 29 inches of mercury vacuum, which is equal to about 0.5 psia.

There are two other pressure scales that might be encountered in the plant—the inches 
of mercury absolute scale and the inches of water scale. The inches of mercury absolute 
scale is the inverse of the inches of mercury vacuum scale. Both systems measure the 
same thing, but the numbering system is reversed, so that 29.92 inches of mercury absolute 
is equal to 14.7 psia. The inches of water scale is used for measuring small pressure 
differences in systems such as the ventilation system. Differences in the pressure of the 
two areas being monitored are determined by comparing levels in two vertical columns of a 
water manometer.

1.2.7.1

1.2.7.2

1.2.7.3

1.2.7.4
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Differential Pressure
In some power plant applications, the pressure difference or differential pressure (psid) 
between two points in a system is an important parameter. Applications where psid is 
important include measuring the pressure drop across certain valves and measuring the 
pressure increase between the suction and discharge of a pump.

Pressure Relationships and Conversions
Figure 2 shows graphically the relationship between absolute, gauge, atmospheric, and 
vacuum pressure.

Figure 2: Pressure Scales and Relationships

Note that local atmospheric pressure as measured by an instrument will be dependent 
on location, altitude, and weather conditions. Because gauge pressure has been defined 
as pressure relative to atmospheric pressure, a relationship between absolute pressure, 
atmospheric pressure, and gauge pressure can be obtained:

Abs Pres (psia) = Atmos Pres (psi) + Gauge Pres (psig)

To convert inches of mercury vacuum to pounds per square inch vacuum:

Pres (psi) = Pres (in Hg Vacuum) x 0.491

1.2.7.5

1.2.7.6
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Then, absolute pressure can be found using the following equation:

Abs Pres (psia) = Atmos Pres (psi) - Vacuum Pres (psi)

The Universal Gas Law
The behavior of a gas is normally described by its “equation of state.” The equation of 
state relates the properties of the gas to each other at any condition or state point. These 
properties are most often volume, temperature, and pressure. Therefore, if two properties of 
a gas at a state point are known, the third property can be found using the equation of state.

The Universal Gas Law is an equation of state that relates the pressure, temperature, and 
volume of a quantity of gas. This law can be expressed in many ways. One convenient form 
of the equation is shown in Equation 13:

P1V1  ÷  m1T1  =  P2V2  ÷  m2T2

Equation 13

where

P = pressure (absolute),

T = temperature (absolute),

V = volume, and

m = mass.

In this equation, temperature and pressure must be expressed in any consistent absolute 
units such as degrees Rankine (°R) and psia.

The Universal Gas Law only holds exactly for an ideal or perfect gas; consequently, the 
Universal Gas Law is also called the Ideal Gas Law. An ideal gas is one in which the 
individual molecules are separated sufficiently to avoid mutual attraction. No real gas 
is exactly perfect; however, many real gases can be treated as perfect for the range of 
temperature and pressures encountered in power plant work. As a result, the Universal Gas 
Law can be used with reasonable accuracy for gases such as air and nitrogen. With poorer 
accuracy, the Universal Gas Law can be used for problems involving steam, although this is 
rarely required because of the large quantity of steam and water experimental data available 
in charts and tables.

1.2.8
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Basic Thermodynamic Concepts
Thermodynamics explains the properties of fluids and how those properties are affected by 
various processes. Defining an appropriate system can greatly simplify a thermodynamic 
understanding. A thermodynamic system is any three-dimensional region of space that 
is bounded by one or more surfaces. The bounding surfaces may be real or imaginary 
and may be at rest or in motion. The boundary may change its size or shape. The region 
of physical space that lies outside the selected boundaries of the system is called the 
surroundings or the environment. Heat and work are the two ways in which energy can 
be transferred across the boundary of a system. One of the most important discoveries in 
thermodynamics was that work could be converted into an equivalent amount of heat and 
that heat could be converted into work. In this section a review of the basic thermodynamic 
concepts will be studied including:

1. Thermodynamic States and Processes

2. Energy

3. Work

4. Heat and Its Effects

5. Enthalpy and Entropy

6. Process Representation Using State Diagrams

1.3

Thermodynamic States and Processes

State

In general, when two or more properties of a substance are fixed, the state of the substance 
is established. Whenever one of the properties changes, the substance undergoes a 
“change of state.” In general, the state of a substance is established by its pressure and 
temperature, which are relatively easy to measure using commonplace instruments. Some 
substances, however, require a third property such as specific volume or some other 
property to establish the state.

Phase

The term “phase” is used in thermodynamics to describe the way molecules in a substance 
cluster together. For a substance, phase refers to the parts of the substance that are distinct 
in structure and/or composition from the other parts of the substance. Common phases 
include solids, liquids, vapors, and gases.

1.3.1

1.3.1.1

1.3.1.2
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A change of phase is usually indicative of a change in molecular or atomic spacing. For 
example, molecules in a solid often exist in a closely packed crystalline lattice. When the 
solid melts, this lattice is destroyed and the spacing between molecules greatly increases. 
When a liquid boils, the molecules of the vapor or gas are much farther apart than the 
molecules in the liquid.

Thermodynamic Processes

A thermodynamic process occurs whenever a working substance undergoes a change 
of state. During the change of state, a phase change may or may not take place.   For 
example, water boiling in a steam generator undergoes a change of state and phase as 
witnessed by the phase change of the water turning to steam. When water passes through 
a pump, the water undergoes a change of state because one or more of its properties (e.g., 
pressure, temperature) have been changed by the pump.

Real or actual thermodynamic processes are naturally imperfect because of friction and heat 
losses. An ideal process is one that has neither heat loss nor friction. Ideal processes are 
sometimes referred to as reversible processes in thermodynamics. A process is reversible if 
at the completion of the process, it may be reversed, with the working substance retracing 
the state path and returning to its initial state. A reversible process is characteristically 
smooth and orderly. The properties of the working substance are well defined and 
predictable throughout the process. The  term  “ideal”  is  often  interchanged  with reversible 
(when applied to machines).  From a strict point of view, a frictionless process will only be 
reversible if the process also has no heat loss.

In thermodynamics, ideal processes are used to represent real processes mainly because 
they are more trackable from an analytic point of view. The results of analyzing ideal 
processes can be used to predict the performance of the real process by introducing the 
concept of efficiency, which relates the performance of an ideal process to a real process.

1.3.1.3

Energy
Energy is defined as the capacity to produce an effect. Energy is rather intangible in that 
one cannot touch or feel energy. However, the effects of energy are tangible and can be 
measured. Energy is measured in ft-lbf in the American Engineering System of Units and in 
N- m (Joule) in the SI System of Units. Some forms of energy are measured in units specific 
to themselves such as the electron-volt (ev) used in atomic and nuclear physics.

Mechanical and Thermal Energy

Energy may be broadly classified by the size of the particles interacting with each other. 
Energy stemming from the relative position or motion of relatively large bodies is referred to 
as mechanical energy. Energy stemming from the motion of individual molecules or atoms in 
a substance is called thermal energy.

1.3.2

1.3.2.1
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Mechanical energy is characterized by its independence from temperature and the ability to 
exchange it between bodies by direct physical contact (collisions). The cue ball on a billiard 
table has mechanical energy that is imparted to the other billiard balls on the break. The 
amount of energy transferred is independent of the temperature of the balls, the table, or the 
room.

Thermal energy is characterized by its ability to be transferred by temperature differences. 
Although it is true that this energy transfer can occur in part due to direct molecular or atomic 
collisions, no net thermal energy transfer can take place unless a temperature difference 
exists.

Mechanical and thermal energy can be divided into potential energy, kinetic energy, and 
internal energy. Each will be discussed in the following sections.

Potential Energy

Broadly speaking, potential energy (PE) is energy stored in a substance by internal or 
external stresses that can arise from a number of sources. The energy stored in a stick of 
dynamite is chemical potential energy contained in the chemicals. Electrostatic potential 
energy exists between a negatively charged electron and a positively charged electrode. The 
energy stored in a compressed spring is mechanical potential energy.

In thermodynamics, one form of potential energy of interest is gravitational potential energy. 
This form of energy is defined as the energy of position due to the elevation of a mass in the 
earth’s gravitational field. The basic equation for gravitational potential energy is shown in 
Equation 14:

PE = Wz

Equation 14

where

PE = potential energy (ft-lbf),

W = weight (lbf), and

z = vertical height above a reference point (ft).

For example, if a container with one pound of water (W = 1 lbf) is raised two feet from an 
initial, stationary position, the water attains two foot-pounds of potential energy relative to its 
initial position.

1.3.2.2
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Energy analysis of power plant components involves accounting for the various forms of 
energy. For large components such as turbines and condensers, gravitational energy is 
usually ignored because its contribution is small in comparison with the other forms of 
energy. However, for components such as pumps, the gravitational potential energy term 
can be large compared to other terms so that it cannot be ignored in the analysis.

Kinetic Energy

Kinetic energy (KE) is defined as the energy of motion. Kinetic energy can be calculated 
using Equation 15:

KE = mv2 / 2gc

Equation 15

where

KE = kinetic energy (ft-lbf),

m = mass (lbm),

v = velocity (ft/s), and

gc = 32.2 lbm - ft / lbf - sec2

In the above example, if the one pound of water (m = 1 lbm) is poured from the container, 
the water will attain a velocity of about 11.35 ft/sec after falling two feet. With this velocity, 
the water will have a kinetic energy of 2 foot-pounds.

An important consideration is that kinetic energy is proportional to velocity squared or:

KE ∝ v2

This relationship is particularly useful for understanding the performance characteristics of 
components such as centrifugal pumps and flow measuring devices such as orifices and 
flow nozzles.

1.3.2.3
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Internal Energy

Internal energy is the energy of molecular motion and the energy of molecular bonds. As 
previously discussed, temperature is a measure of internal energy. The symbol for internal 
energy is U and the units are BTUs. The symbol for specific internal energy is u and the 
units are BTU/lbm.

1.3.2.4

Work
Work is mechanical energy or the energy used in moving an object over some distance. 
The work required is equal to the force necessary to push the object times the distance the 
object travels. In this relationship, the force is in the direction of travel. This relationship is 
expressed in Equation 16:

W =  FD

Equation 16

where

W = work (ft-lbf),

F = force (lbf), and

D = distance (ft).

Work is defined as a force moving through a distance. The unit generally used to measure 
work in the American Engineering System of Units is the foot-pound (ft-lbf).

If a 6 lb weight is lifted 2 ft into the air, how much work is done?

W = FD,

W = (6 lbf) x (2 ft), and

W = 12 ft-lbf

As another example, if a horizontal force of 3 lbf is required to push the 6 lb weight over a 
floor, then the amount of work required to move the weight a distance of 5 ft is:

1.3.3
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W =  FD

Equation 16

then

W  = (3 lbf) x (5 ft) = 15 ft-lbf

Mechanical Work

Mechanical work is defined as energy in transition. A good example of mechanical work in 
the plant is steam turning the turbine. The steam does work on the turbine rotor. The effect is 
transmitted along the turbine shaft where work is done on the generator. Common units for 
mechanical work are foot-pounds (ft-lbf).

Flow Work

The work required to maintain a continuous steady flow of fluid is called flow work. Flow 
work is important whenever it becomes necessary to move a fluid from one point to another.

Flow work is calculated by Equation 17.

W =  PV

Equation 17

where

W = flow work (ft-lbf),

P = Pressure (lbf/ft2), and

V = volume (ft3) .

Common units are foot-pounds. Because flow work is the product of pressure times volume, 
flow work is commonly referred to as PV work. Flow work per pound has the symbol Pv and 
the units are ft-lbf / lbm.

1.3.3.1

1.3.3.2
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As an example, one pound of water at 80°F has a specific volume of 0.016 ft3/lbm. Calculate 
the work done on this one pound-mass of water if the water is pumped from a vacuum of 24 
in. Hg (2.9 psia) and discharged into a steam generator at 962 psia.

W = P2 x ʋ2 - P1 x ʋ1 = P2 ʋ - P1 ʋ

= (P2 - P1)ʋ = ∆Pʋ

where

ʋ =  specific volume,

∆P = discharge pressure - suction pressure,

∆P = (962 psia - 2.9 psia) = 959.1 psia,

W = 959.1 psia x .016 ft3/lbm x 144 in2/ft2,

and

W = 2210 ft-lbf

Power

Power is defined as the rate of doing work or the work done per unit of time. In the American 
Engineering System, power is measured in horsepower where one horsepower is equal to 
550 ft-lbf/sec. In SI Units, power is measured in watts, where one watt equals one Joule per 
second.

Most mechanical engines and motors are rated in power units such as horsepower or watts 
instead of in work. This is done because the total work they will perform over a span of time 
is of less interest than the amount of power or instantaneous capacity for work. For example, 
an 80 horsepower car engine can provide 44,000 ft- lbf of work per second when called 
upon.

1.3.3.3
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Heat and Its Effects
Heat is defined as thermal energy in transition. The symbol for heat is Q. In the American 
Engineering System, the common unit for heat is BTU.  The transfer of thermal energy 
occurs between substances at different temperatures or when mechanical energy is 
dissipated as thermal energy. When water is heated to boiling by a flame, the high internal 
energy of the flame is transferred to the low internal energy water.  The energy transferred in 
this process is called heat.

When heat is added to a substance, the temperature of the substance usually increases. For 
this reason, temperature change is used to define a unit of heat called the British Thermal 
Unit or BTU. One BTU is defined as the amount of heat necessary to raise the temperature 
of one pound of water one degree Fahrenheit.

Note that the definition of a BTU refers to one pound of water. This is important because 
different substances react in different ways to the addition of heat. For example, to raise the 
temperature of one pound of oil one degree Fahrenheit, only 0.4 BTU of heat is needed. The 
amount of heat required to raise the temperature of one pound of substance one degree 
Fahrenheit is called specific heat. The symbol for specific heat is cp .

Equation 18 is often used to calculate the heat transferred into or out of a substance:

Q = mcp∆T

Equation 18

where

Q = heat (BTUs),

∆T = temperature change of substance (°F),

m =  mass (lbms), and

cp =  specific heat   BTU/lbm - °F

Note that if units of mass flow rate ṁ (lbm/sec) are used in this equation, then the heat rate 
Q̇ (BTU/sec) is obtained.

Heat can do more than just change the temperature of a substance. It can also change the 
phase of a substance. When sufficient heat is added to melt ice, the phase changes, and 
this heat must be removed to freeze the ice again. Boiling and condensing involve phase 

1.3.4
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changes and are important in the study of the steam-water power cycle. The extra or latent 
heat added to boil water actually goes into breaking the bonds between the water molecules. 
To condense the water, the heat must be removed.

In problems involving change of phase, Equation 1-18 must be modified to account for latent 
heat. This is accomplished by adding an additional term to the equation equal to latent heat 
times mass. For example, ten pounds of water are heated from 80°F to 212°F and then 
boiled at atmospheric pressure. If 970 BTUs are required to change one pound of water to 
steam, calculate the total number of BTUs required for this operation.

Q = mcp ∆T + m (970 BTU/lbm)

Q = (10 lb)(1 BTU/lb °F)(212°F - 80°F) + (10 lb)(970 
BTU/lb)

Q =  11,020 BTUs

The important points to remember are that heat is a transfer of energy and that heat can 
change the temperature or the phase of a material.

Enthalpy and Entropy

Enthalpy

Enthalpy is a defined property that is a measure of the energy stored in any substance. 
Enthalpy is defined to be the sum of the internal energy plus the product of pressure times 
volume (PV). When water turns into steam in a steam generator, the internal energy is 
increased. When steam changes to water in the condenser, the energy is decreased. The 
actual amount of energy in water varies with the temperature, pressure, and specific volume 
of the water. The symbol for enthalpy is H. The symbol for specific enthalpy—the enthalpy 
in one pound of water is h. Enthalpy is generally measured in BTUs, and specific enthalpy is 
generally measured in BTU/lbm.

The PV term in enthalpy sometimes creates confusion. Water flowing at a steady rate 
through a power plant system has some value of enthalpy because of its internal energy 
(temperature), pressure, and volume. In this case of a moving substance, the PV term in 
the enthalpy is flow work. On the other hand, a stationary container of fluid has enthalpy 
due to its internal energy (temperature), pressure, and volume. In this case of a stationary 
substance, the PV is not flow work, but the PV term still contributes to the enthalpy.

1.3.5

1.3.5.1
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The practical use of enthalpy is for solving steady-flow problems. For a given state, a single 
property, enthalpy, can be used to account for the internal energy and flow work instead of 
having to determine specific volume, pressure, and internal energy separately.

If the temperature, pressure and specific volume of water are known, enthalpy can be found. 
By measuring changes in enthalpy, we can determine what changes of state occurred in the 
water as it goes through a process. For example, if we know the temperature, pressure, and 
specific volume of water as it enters a steam generator, and if we determine these values 
again as steam comes out of the steam generator, we can determine the specific enthalpy at 
both points. The difference between the two specific enthalpy values is the energy change 
that occurred as the water went through the steam generator. This change is the amount 
of heat that was added per pound of water. The same can be done for any other process, 
regardless of whether the energy is in or out of the water. Thus, the amount of heat added to 
a substance can be calculated using Equation 19:

Q =  m (h2 - h1)

Equation 19

where

Q = the heat in BTUs,

m = the mass in pounds,

h2 = the specific enthalpy after the process, and

h1 = the specific enthalpy before the process.

As an example, the amount of energy that must be added to convert 25 lb of water at 80°F 
to steam at 540°F is

h of water @ 80°F = 48 BTU/lbm

h of steam @ 540°F = 1194 BTU/lbm

Q = m (h2 - h1)

Q = (25 lb) (1194 BTU/lbm - 48 BTU/lbm)

Q = 28,650 BTU/lbm
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Entropy

Entropy is a defined property that can also be used to determine how efficiently a system 
works. Entropy is defined for a reversible process such that when a substance absorbs or 
releases an amount of heat ∆Q at an absolute temperature T, the change in entropy ∆S is:

∆S = ∆Q / T

∆Q = change in heat (BTU)

T = absolute temperature (°R)

∆S = entropy change BTU/°R

Entropy has the symbol S with units of BTU/°R. The symbol for specific entropy is s with 
units of BTU/°R-lbm.

Entropy is an extremely important concept in thermodynamics. Like enthalpy, entropy cannot 
be measured directly but must be determined by employing indirect methods. Unlike mass 
or weight, no laboratory instrument exists for measuring entropy. Moreover, no simple 
laboratory experiment can be performed to demonstrate its existence. Entropy is a man-
made property that provides a means to explain why real-life processes are not ideal and 
reversible and why perpetual motion machines do not exist.

Because entropy is a fixed property, for every temperature, pressure, and volume of water, 
changes in entropy can be calculated in the steam plant. These changes in entropy can then 
be compared  to  one  another  and  the  efficiency calculated.  One way to understand the 
utility of the concept is to determine the entropy change that occurs in the steam generator, 
where heat is added to the cycle, and then to determine the change in entropy in the 
condenser, where heat leaves the cycle. If these two changes in entropy are equal, then the 
plant is operating at the maximum possible efficiency at which any heat cycle can operate. 
On the other hand, if the change in entropy when the heat leaves the system is larger, then 
extra heat is being rejected and the system is operating at less than ideal efficiency. The 
latter will always be the case for a real plant cycle.

As an example, assume water is being changed into steam in a steam generator operating 
at 540°F, and the amount of heat added to change one pound of water to steam at 540°F is 
657 BTU. Assume that heat is being rejected in a condenser operating at 80°F. If the cycle is 
operating at maximum theoretical efficiency, calculate the amount of heat being rejected in 
the condenser. The change in entropy in the boiler must equal the change of entropy in the 
condenser as indicated in Equation 20.

1.3.5.2
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∆S = (S2-S1) = ∆Q / T = ∆Sboiler = ∆Scondenser

Equation 20

Boiler Condenser

°R = °F + 460 °R =  °F + 460°

°R = 540°F + 460 °R =  80°F + 460°

°R = 1000 °R =  540

∆S = ∆Q ÷ T ∆S = ∆Q ÷ T

∆S = 657 BTU ÷ 1000°R ∆S = ∆Q ÷ 540°R

∆S =  0.657

since

∆Sboiler = ∆Scondenser

657 = ∆Qcondenser / 540°R

∆Qcondenser = 355 BTU

If the cycle is operating perfectly, 355 BTU of heat will be rejected in the condenser for each 
pound of water. As mentioned earlier, in a real cycle, the amount of heat actually rejected 
will always exceed this amount. A comparison of the amount of heat actually rejected to the 
amount rejected for the ideal cycle is an indication of the cycle efficiency.
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Process Representation Using State Diagrams
In the study of thermodynamic problems, it is useful to use diagrams to describe the process 
involved with the change of state of a substance. In the case of a steam power plant, the 
substance of interest is the working fluid—water and/or steam.

Work and the P-V Diagram

Figure 3 shows a reversible, non-flow process in which a piston compresses a gas initially 
at pressure P1 and volume V1 to a pressure of P2 and volume V2 . This is referred to as 
a P-V diagram. It is particularly useful because under ideal conditions (i.e., assuming a 
reversible process and no heat transfer) the area below the P-V curve represents the work 
done in changing the state of the working substance. This provides an analytical method for 
calculating the work done during the process.

Figure 3: P-V diagram showing work performed during the compression of a gas

1.3.6

1.3.6.1
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Heat and the T-S Diagram

The usefulness of the P-V diagram in graphically displaying the work into or out of a process 
suggests that it would be equally desirable to have a method to graphically represent the 
heat into or out of a process. Figure 4 shows a reversible process where heat is added to 
a gas at constant volume to change its state from point 1 (T1, S1) to point 2 (T2, S2). For 
an ideal (reversible) process, the area under the T-S curve represents the heat added or 
removed during a process. This provides an analytical method for calculating the heat into or 
out of a process. The T-S diagram is a good tool for demonstrating how a process or cycle 
works. However, it is not particularly useful for steam plant calculations because the specific 
heat of water is not constant with temperature. A better tool for steam plant calculations is 
a graph called the Mollier diagram. The Mollier diagram is a plot of entropy versus enthalpy 
and is useful for quickly finding the properties of water and/or steam at various points in the 
plant cycle.

Figure 4: T-S diagram showing heat added to a container of gas at constant volume

1.3.6.2
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Steam
With the possible exception of air, water is probably the most common working substance 
employed in thermodynamic power cycles. Water is a good choice as a power cycle working 
fluid because water is abundant, and water and steam have a relatively high specific 
heat. The phase characteristics of water and steam are also compatible with the range of 
temperatures used in power plants. The high critical temperature of steam relative to its 
working temperature means that a liquid-vapor power cycle can be employed which results 
in low pump and compressor work. Moreover, the constant temperatures required in some 
heat transfer processes are essentially achievable because of latent heat of vaporization 
and condensation characteristics of steam and water.

1.4

Phases of Substances and Related Topics
A pure substance is one that has a homogeneous chemical composition. The substance 
may appear in one or a combination of three phases: solid, liquid, or gas. An understanding 
of the phase behavior of substances is facilitated by using a Pressure-Temperature (P-T) 
diagram such as the one given in Figure 5.

Figure 5: Typical P-T Diagram

The P-T diagram is divided into three regions which correspond to the solid, liquid, and gas 
phases. The three phases are divided by three phase curves called the sublimation, fusion, 
and vaporization lines. P-T diagrams will differ somewhat depending upon the substance. 
Figure 5 may be taken as typical in form.

1.4.1
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Sublimation

Suppose we start with a solid at some low pressure and temperature. As we gradually add 
heat to the solid and hold the pressure constant, the temperature of the solid will increase 
and we will move to the right on the P-T diagram. If we started low enough in pressure, we 
will reach the sublimation line and any further addition of heat will not result in a temperature 
increase of the solid. Instead, the energy will go into changing the solid to a vapor (gas). 
The process of changing from a solid phase to a gas phase or vice-versa without forming a 
liquid phase is called sublimation. Carbon dioxide in the solid phase sublimes at standard 
atmospheric pressure and is a common example of this process.

The sublimation line represents a series of state points at which the substance can exist 
as both a solid and gas. A solid existing on its sublimation line would immediately begin to 
sublime if either heat were added or the pressure reduced. Similarly, vapor existing on its 
sublimation line would begin to crystallize into a solid if heat were removed or if the pressure 
increased.

Fusion

Now suppose we take the same solid at the original low temperature but at a higher initial 
pressure. As we add heat at constant pressure we move to the right on the P-T diagram 
until we reach the fusion line.  At this point, any further addition of heat will not result in a 
temperature increase of the solid. Instead the solid will begin to melt and become a liquid.   
If the process is reversed by removing heat from a liquid, fusion (or freezing) will occur.  
Fusion is the process of changing from a liquid to a solid phase.  The fusion line represents 
a series of state points at which a substance can exist as both a liquid and a solid.  For 
example, at atmospheric pressure and 32°F (0°C) water can exist as both ice and water.

The phase transition at constant temperature and pressure requires an amount of heat to 
be added to the solid, called the latent heat of fusion. The latent heat of fusion is equal to 
the change in enthalpy per pound of the substance in changing from a solid to a liquid at a 
given temperature and pressure. If a liquid is frozen, the latent heat of fusion represents the 
amount of heat that must be removed to change to a liquid. At a pressure of one atmosphere 
and temperature of 32°F, the latent heat of fusion for ice is 144.5 BTU/lbm (80 kilocalorie/
kg).

1.4.1.1

1.4.1.2
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Vaporization

We now take a liquid at a pressure greater than Pp and below some critical pressure Pc as 
shown on Figure 5. Again, heat is added at constant pressure. The temperature of the liquid 
increases and we move to the right on the P-T diagram until we reach the vaporization line. 
At this point, any further addition of heat results in a phase change called vaporization.

Vaporization is the process of changing from a liquid phase to a gas phase. This phase 
transition requires an amount of heat called the latent heat. The latent heat of vaporization 
is equal to the change in enthalpy per pound of the substance in changing phase from a 
liquid to a gas at a constant temperature and pressure. At a pressure of one atmosphere 
and temperature of 212°F, the latent heat of vaporization of water is 970 BTU/lbm. At higher 
temperatures and pressures, less heat is required to produce the same phase change. For 
example, at a pressure of 153 psia (about 10 atmospheres) only 862 BTU are required to 
vaporize one pound of water. Latent heats of vaporization for water may be found in steam 
and water tables.

The vaporization line represents a series of state points at which a substance can exist as 
both a liquid and gas. Unlike the fusion line, however, the vaporization line does not exist 
upward forever.

Critical Point

The critical point represents the highest temperature (critical temperature) and pressure 
(critical pressure) at which a gas and liquid can exist as distinguishable phases. Above the 
critical point, no definable phase change occurs. What constitutes a gas or liquid is not 
readily apparent. Instead, two rather arbitrarily drawn lines are extended to the right and 
upward from the critical point. Any substance whose properties cause it to fall within these 
dashed lines is referred to as a fluid. The dashed lines do not represent a phase transition. 
Instead, they correspond to an arbitrary definition of what is a liquid and what is a gas. The 
fluid region simply handles the gray area in between.

The critical point of water occurs at a temperature of 705.47°F and pressure of 3208.2 psia. 
The latent heat of vaporization at the critical point is zero because steam and water here are 
essentially one and the same. The critical temperature of most atmospheric gases is much 
lower than water. For example, the critical temperature of helium is 9.54°R or -450.46°F. 
Therefore, helium at 32°F is at a temperature over 50 times greater than its critical 
temperature. Metals, on the other hand, have critical temperatures that are usually much 
higher than water.

1.4.1.3

1.4.1.4
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Triple Point

The three phase lines come together at a single point called the triple point for the 
substance. This point is unique in that at this pressure and temperature, all three phases 
(solid, liquid, and gas) can exist with each other. For example, the triple point of water is at a 
temperature of 32.02°F (273.16°K) and pressure of .089 psia. At this state point, ice, water, 
and water vapor could exist together.

1.4.1.5

Vapor Dome and Related Topics
Most practical thermodynamic processes used for power production use a liquid-vapor cycle 
such as water-steam. The notable exception to this are processes that use a gas (air) cycle 
such as gas turbines and internal combustion engines. The steam water-power production 
processes use the behavior of the working substance in and around the region where the 
liquid phase changes to a gas phase and vice-versa. In the nuclear power reactor steam 
plant cycle, the region where water changes to a liquid-vapor (water-steam) and then a gas 
(steam) is of principal interest.

The liquid-vapor behavior of a substance can be studied by using a Pressure-Volume (P-
V) diagram such as the one shown in Figure 6. On a P-V diagram, the liquid-vapor region 
of the diagram is commonly referred to as the vapor dome. Because the phase behavior 
of a substance is also dependent upon temperature, lines of constant temperature are 
sometimes shown on the P-V diagram. These lines of constant temperature are called 
isotherms (iso meaning “the same”).

Figure 6: Vapor Dome on a P-V Diagram

1.4.2



USNRC HRTDREV 0817 1-35

Saturated Liquid

Suppose a liquid has properties such that its state point is fixed at point A (P2 , T1) on Figure 
6. If heat is added to the liquid at constant pressure, P2, its state point will move to the right 
as it expands slightly. Since heat is being added, the temperature of the liquid will rise. When 
the liquid reaches the temperature of T2 , any further addition of heat will result in boiling, 
and the formation of vapor. The temperature T2 is called the saturation temperature for the 
liquid at the pressure P2. The pressure is called the saturation pressure for the liquid at the 
temperature T2. At this state point, the liquid is said to be saturated because any further 
addition of heat will result in the formation of vapor.

As shown on Figure 6, the saturation temperature of a liquid depends on the pressure. If the 
pressure of a heated liquid is reduced, the corresponding saturation temperature would be 
reduced, also. If a plot were made on the P-V diagram of all the state points corresponding 
to the saturation temperature and pressure of the liquid, the result would be the saturated 
liquid line. The saturated liquid line begins at the triple point of the substance and terminates 
at the critical point.

Wet Vapor

As heat is added to a saturated liquid under the vapor dome, the liquid gradually vaporizes, 
forming a mixture of vapor and liquid. Since the heat added is going into the latent heat of 
vaporization, no temperature rise occurs as long as some liquid is present. The state point 
representing the liquid-vapor mixture will move across the vapor dome along the isotherm. 
The liquid-vapor mixture is sometimes referred to as a wet vapor. As long as the mixture is 
allowed to expand freely, no increase in pressure occurs. The specific volume of the mixture 
will continuously increase as more and more of the liquid is vaporized.

Saturated Vapor

At some point during the heat addition process, the last of the liquid will have vaporized. 
If any heat is removed at this point, the temperature will remain constant but some of the 
vapor will condense and liquid will again appear. The vapor is said to be saturated or dry, if 
no liquid is present. Any further addition of heat will result in an increase in the temperature 
of the vapor.

All the saturated vapor points taken together form the saturated vapor line. The saturated 
vapor line, like the saturated liquid line, terminates at the critical point. This is expected 
because above the critical point the substance takes on the characteristics of a fluid that 
cannot be condensed or vaporized. The region bounded by the saturated liquid and vapor 
lines is the vapor dome or wet vapor region.

1.4.2.1

1.4.2.2

1.4.2.3
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Moisture Content and Quality

The entire vapor dome represents all the state points at which a substance can exist in both 
the liquid and vapor phases. As such, this area corresponds to the vaporization line shown 
on Figure 5. The position of the state point within the vapor dome depends on the amount of 
liquid and vapor present in the mixture.

Figure 5: Typical P-T Diagram

In a wet vapor mixture, the amount of liquid present is called the moisture content of the 
vapor. Conversely, the amount of vapor present is called the quality. If the substance is 
steam, the amount of water vapor present is referred to as steam quality. As steam quality 
increases, the amount of liquid water present decreases.

The moisture content, M, is defined as:

M = mass of liquid / mass of liquid-vapor mixture

Quality, x, is defined as:

x = mass of vapor / mass of liquid-vapor mixture

1.4.2.4
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The relationship between quality and moisture content is shown in Equation 21:

x = 1 - M 

Equation 21

Quality is often given as a percentage, with a quality of 100% corresponding to dry steam.

Within the vapor dome, pressure and temperature are not independent properties. Unlike 
the regions outside the vapor dome, fixing one of these two properties also fixes the other. 
For a given saturation temperature and pressure, the substance may be a saturated liquid, 
saturated vapor, or wet vapor. To fix the actual state of the mixture, some other property 
such as specific volume or quality must be known.   Within the vapor dome, moisture content 
or vapor quality may be considered properties; therefore, these can be used to derive the 
remaining properties. Outside of the vapor dome, however, both moisture content and quality 
lose all significance and become meaningless.

Superheated Vapor

Vapor heated beyond the saturated vapor state is referred to as superheated. This is a 
rather loosely used term since superheated gas, in some texts, is intended to mean a gas 
existing above its critical temperature but below its critical pressure. In this text, the terms 
superheated vapor, gas, or steam will mean gas heated beyond its saturation temperature 
for a given pressure.

Just as quality and moisture content are peculiar to the wet vapor dome, the term superheat 
(SH) is peculiar to the superheated vapor region. Superheat refers to the difference between 
the actual temperature of the vapor and its saturation temperature. If a gas has a superheat 
of 150°F, and a saturation temperature of 540°F, then its actual temperature is 690°F. Like 
quality and moisture content in the vapor dome, superheat can be considered a property of 
the superheated vapor region. If the gas pressure and superheat are known, the state of the 
gas has been fixed because it is easy to add the superheat to the saturation temperature to 
obtain actual temperature.

Subcooled or Compressed Liquids

Liquids existing to the left of the saturated liquid line are referred to as subcooled or 
compressed; both imply the same thing. The term “subcooled” suggests that the liquid exists 
at a temperature below saturation for its pressure. Similarly, “compressed” implies that the 
pressure of the liquid is above the saturation pressure for its temperature. The difference 
between the actual temperature of a liquid and its saturation temperature at a given pressure 
is said to be the amount of subcooling of the liquid in degrees.

1.4.2.5

1.4.2.6
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Steam and Water Property Diagrams
Steam-water property diagrams can be thought of as road maps because they allow one to 
visually trace the path of thermodynamic processes. Since there are a limited number of true 
properties, there are a limited number of diagrams that are of practical use. These include 
the P-V, T-S, and H-S diagrams.

Steam and Water P-V Diagram

The P-V diagram for steam is shown in Figure 7. Included on the upper diagram are several 
isotherms (constant temperature lines), isentropes (constant entropy lines), and constant 
quality lines. Horizontal lines correspond to isobaric (constant pressure) processes. Vertical 
lines correspond to constant volume processes.

Figure 7: P-V Diagram for Steam

1.4.3

1.4.3.1
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Isotherms for temperatures below the critical temperature (705.44°F) begin at the extreme 
left side of the graph and drop almost vertically until they intersect at the saturated liquid 
line. Then, since any addition of heat at constant pressure to the saturated liquid results in 
vaporization, the isotherms are horizontal through the wet vapor dome until they reach the 
saturated vapor line. In the superheated steam region, isotherm behavior essentially follows 
the Universal Gas Law and is inversely proportional to volume at constant temperature. 
Hence the isotherms slope downward for increasing specific volume.

The isotherm corresponding to the critical temperature drops downward and intersects the 
critical point without ever entering the wet vapor dome. Isotherms for temperatures greater 
than the critical temperature are smooth and lie to the right.

Lines of constant steam quality are shown within the wet vapor dome. Since quality, like 
moisture content, is meaningless outside the vapor dome, these lines terminate at the critical 
point. Lines of constant quality will always intersect the constant pressure-temperature lines 
at the same fractional distance between the saturation lines. For example, the 50% quality 
line will always lie halfway between the saturated liquid and vapor lines.
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Steam and Water T-S Diagram

The T-S diagram for steam is shown in Figure 8. On  the  upper  diagram  lines  of constant 
specific enthalpy, pressure, and specific volume are drawn in. Vertical lines correspond to 
isentropic (constant entropy) processes. Horizontal  lines  correspond  to  an  isothermal 
(constant  temperature)  processes. Lines  of constant quality are drawn within the vapor 
dome.

Figure 8: T-S Diagrams for Steam

1.4.3.2
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The T-S diagram warrants some careful examination. It is often used in process and cycle 
analysis because areas on this graph can correspond to heat addition or rejection for both 
steady and non-flow processes. Values for properties in the solid, solid-liquid, solid-vapor, 
and liquid regions are often omitted because these regions are of little interest for the 
analysis of steam processes.

The lines of constant quality are similar to those shown on the P-V diagram for steam. They 
begin within the vapor dome and end at the triple point line.

The lines of constant specific volume slant upward across the wet vapor region. They 
then sharply change their slope at the saturated vapor line and run almost vertically in the 
superheated steam region.

The isobaric lines are of interest because many real processes occur at constant pressure. 
As water is heated, its temperature increases at relatively constant pressure while 
entropy increases. Eventually, the liquid reaches its saturation temperature. The isobar is 
horizontal through the vapor dome since no further temperature increases take place until 
the saturated vapor line is reached. The isobar, like specific volume lines, changes slope 
abruptly here and runs more vertically into the superheated vapor region.

Lines of constant enthalpy are also shown on these diagrams. Typically, the constant 
enthalpy lines are of three types. For values of enthalpy greater than about 1200 BTU/
lbm, the lines always remain within the superheated steam region. For values of enthalpy 
between about 1100 and 1200 BTU/lbm, the lines will enter the vapor dome to the right of 
the critical point and then re-enter the superheated vapor region at lower temperatures. For 
values of enthalpy below 1100 BTU/lbm, the lines may enter the vapor dome from either 
side of the critical point and remain within the wet vapor dome and solid-vapor region at low 
temperatures. Also note that at low pressures and high superheat, the constant enthalpy 
lines are almost horizontal. This occurs because under these conditions the steam nearly 
behaves as an ideal gas.

On some T-S diagrams, lines of constant superheat (SH) are plotted. These lines generally 
lie to the right and parallel to the saturated vapor lines.
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Steam and Water H-S Diagrams

Figure 9 shows a simplified H-S diagram showing the various phase relationships and the 
behavior of some constant property lines in the liquid-vapor and superheat regions. These 
diagrams are useful for two reasons. First, enthalpy is a useful property to employ during 
process calculations. A change in enthalpy always occurs when work is done or heat energy 
is added or removed. Second, it is useful to plot entropy because entropy remains constant 
during reversible processes that do not involve heat addition or heat rejection. When doing 
work calculations involving enthalpy changes, an ideal work process corresponds to a 
vertical line on the H-S diagram. For a real process the work process line will not be vertical, 
and this “deviation from the vertical” can be used to determine the relative efficiency of the 
associated ideal and real processes.

Figure 9: H-S Diagram for Steam

1.4.3.3
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Steam and Compressed Water Data

Steam and Compressed Water Data Tables

Because of the importance of steam for many thermodynamic processes, reliable and 
accurate information concerning steam properties is highly desirable. Over the years, a great 
deal of effort has been expended to accurately measure the properties of steam over most 
ranges of interest. This experimentally derived information is usually compiled in tabulated 
form as steam tables. These tables give the various properties of steam at a given state 
point.

Saturated steam data are given in the saturated steam tables in Appendix A. Note that for 
saturated steam, the state point is not fixed by temperature and pressure alone. Another 
property such as quality, moisture content, enthalpy, or entropy must also be known.

Superheated steam data are given in the superheated steam tables in Appendix B. Note that 
with superheated steam, any two independent properties such as pressure and temperature 
fix the state point.

Compressed water data are given in the compressed water tables in Appendix C. Properties 
of subcooled or compressed water are given for selected pressures. Interpolation can be 
used for pressures falling between those given in the table. However, the properties of 
compressed water change slowly with pressure and very little inaccuracy results from not 
interpolating.

To understand how to use the tables requires an understanding of terms and abbreviations 
commonly used in the tables. The following is a list of the more frequently used terms:

t - temperature (°F)

p - absolute pressure (psia or in Hg)

v - specific volume (ft3/lbm)

h - specific enthalpy (BTU/lbm)

s - specific entropy, (BTU/lbm - °F, BTU/lbm - °R)

u - specific internal energy (BTU/lbm)

f (subscript) -  refers to a property of the saturated liquid.

1.4.4
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g (subscript) - refers to a property of the saturated vapor.

fg (subscript) - refers to a change by evaporation.

SH - superheat (°F)

Cp - specific heat (BTU/lbm - °F, BTU/lbm - °R)

p - density (lbm/ft3)

The following examples demonstrate finding data in the tables for various steam and water 
conditions.

Saturated Vapor Example

Steam generators in Westinghouse and Combustion Engineering PWRs deliver saturated 
steam vapor to the main steam system. If the saturated steam (saturated vapor) is at P = 
963 psia and T = 540°F, the following data can be found in Appendix A, Page A-5:

vg - specific volume: .46513 ft3/lbm

hg - specific enthalpy: 1194.3 BTU/lbm

sg - specific entropy: 1.3954 BTU/lbm -°F

Superheated Steam Example

Steam generators of the once-through design in Babcock & Wilcox PWRs deliver slightly 
superheated steam to the main steam system. If the superheated steam is at P = 1000 psia 
and T = 550°F, the following data can be found in Appendix B, Page B-6:

SH = Tsuperheat - Tsat:  5.42° = 550° - 544.58°

v - specific volume: 0.4535 ft3/lbm

hg - specific enthalpy: 1199.3 BTU/lbm

sg - specific entropy: 1.3973 BTU/lbm -°F

1.4.4.1.1

1.4.4.1.2
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Compressed Liquid Example

The water at the discharge of a feed pump is a compressed liquid. If the water is at P = 1000 
psia and T = 100°F, the following data can be found in Appendix C:

p - density: 62.185 lbm/ft3 (Page C-2)

Cp - specific heat: .9932 BTU/lbm - °F (Page C-4)

s - specific entropy: .2926 BTU/lbm - °F (Page C-7)

h - specific enthalpy: 70.67 BTU/lbm (Page C-8)

Mollier Diagram

A Mollier diagram or Mollier chart is a portion of the H-S diagram for steam. It does not 
necessarily resemble the T-S diagram because over the range of temperatures and 
pressures generally of concern in engineering, steam does not behave exactly as an ideal 
gas. The Mollier diagram is shown in Figure 10. The entire H-S diagram, showing all phase 
characteristics, is not shown on the Mollier diagram because this information is not normally 
needed. Since the usefulness of the Mollier diagram lies in determining properties for steam, 
the origin of its axis commonly begins with values for entropy of about 1 BTU/lbm-°R and 
values for enthalpy of 750 to 800 BTU/lbm.

1.4.4.2
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Figure 10: Mollier Diagram
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On the Mollier diagram the critical point no longer occurs at the top of the diagram as it did 
on the P-V and T-S diagrams. Within the vapor dome, the isobaric lines are still straight 
although no longer horizontal. The lines of constant superheat are above and roughly follow 
the curvature of the saturated vapor line.

The Mollier diagram can be used by itself or in conjunction with the steam tables. Its 
principal usefulness lies in being able to quickly and accurately determine properties such 
as enthalpy and entropy of wet steam mixtures if the steam mixture state point is known. 
The Mollier diagram reduces the need to interpolate steam mixture data from the tables. 
Similarly, the quality or moisture content can be found directly on the diagram if the steam 
mixture state point is known. In the superheated steam region, the superheated steam tables 
are about as easy to use as the Mollier diagram.

The following examples demonstrate finding data on the Mollier diagram for various steam 
conditions.

Saturated Vapor Example

The reactor of a BWR delivers saturated steam vapor to the main steam system. If the 
saturated steam is at 1000 psia, the following data can be found on the Mollier diagram:

Tsat - saturated temperature: 550°F (approximately)

h - specific enthalpy: 1192 BTU/lbm

s - specific entropy: 1.39 BTU/lbm -°F

Steam Mixture Example

The steam leaving the turbine is usually a mixture of steam with some moisture. If the 
turbine is exhausting steam with 10% moisture (M = 10%) into a condenser operating at 2 
psia, the following data can be found from the Mollier diagram.

h - specific enthalpy: 1013 BTU/lbm

s - specific entropy: 1.74 BTU/lbm -°F

1.4.4.2.2

1.4.4.2.1
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Fluid Flow Theory
The study of fluid flow is based on two fundamental conservation principles: (1) mass 
balance and (2) energy balance. Mass balance is expressed using conservation of mass by 
an equation called the continuity equation. In its simplest steady state form, this equation 
states that the inlet mass flow equals the outlet mass flow. Energy balance in fluid flow is 
expressed by a form of the general energy equation known as Bernoulli’s equation. In the 
simplest steady state form, this equation states that the inlet fluid energy equals the outlet 
fluid energy.

Fluid flow is inherently dynamic; it involves the movement of matter. Therefore, the units 
of fluid flow are dynamic units; they involve the rate at which the fluid moves. The mass 
flow rate of a fluid is defined as the mass of the fluid that passes a reference point in a unit 
time (i.e., 3 x 107 pounds-mass per hour). The mass flow rate, ṁ, equals the product of the 
average velocity of the fluid, ʋ, and the cross-sectional area of flow, A, multiplied by the 
density of the fluid, ρ, or divided by the specific volume of the fluid, v, as shown in Equation 
22.

ṁ = ʋAρ
or

ṁ = ʋA / v

Equation 22

where

ṁ = mass flow rate (lbm/hr),

ʋ = average velocity (ft/hr),

A = cross-sectional area of flow (ft2),

ρ = density (lbm/ft3), and

v = specific volume (ft3/lbm).

1.5
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In many practical applications involving liquid water, it is assumed that water is an 
incompressible liquid having a constant density or specific volume. The value most 
commonly used for the density of liquid water is 62.4 lbm/ft3, which is its density at standard 
atmospheric pressure and at a temperature of about 40°F. Actually, the density of water 
depends upon both the pressure and the temperature.

Laminar and Turbulent Flow
In 1883, Osborne Reynolds observed that there were two distinctly different types of fluid 
flow. He injected a fine, thread-like stream of colored liquid at the entrance to a large glass 
tube through which water was flowing from a tank. A valve at the discharge end permitted 
him to vary the flow. When the velocity in the tube was small, this colored liquid was visible 
as a straight line throughout the length of the tube, thus showing that the particles of water 
moved in parallel straight lines. As the velocity of the water was gradually increased by 
opening the valve further, there was a point at which the flow changed. The line would first 
become wavy, and then at a short distance from the entrance it would break into numerous 
vortices beyond which the color would be uniformly diffused so that no streamlines could 
be distinguished. Later experiments have shown that in this type of flow the velocities are 
continuously subject to irregular fluctuations.

The first type of flow, shown in Figure 11(A), is known as (1) laminar, (2) streamline, or (3) 
viscous flow. The significance of these terms, respectfully, is: (1) the fluid particles move in 
parallel layers where the layers of fluid move smoothly over adjacent layers without mixing 
between them; (2) the particles move in definite and observable paths or streamlines; and 
(3) the flow is characteristic of viscous fluid or is one in which viscosity plays a significant 
part. Viscosity is a measure of a fluid’s resistance to a shearing force. Thick oil has a high 
viscosity; water has a low viscosity.

Figure 11: Laminar, Transitional, and Turbulent Flow

The second type of flow, also shown in Figure 11(B), is transitional or the transition between 
laminar and turbulent flow.

1.5.1
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The third type of flow, also shown in Figure 11(C), is known as turbulent flow. A 
distinguishing characteristic of turbulence is its irregularity; there is no definite frequency as 
there is in wave motion, and there is no observable pattern.

The shape of the fluid velocity profile in a pipe depends on the type of flow. Figure 12 shows 
a typical laminar flow velocity profile in a pipe. This velocity profile is parabolic, and the 
average velocity, v, equals one-half of the centerline velocity, vmax.

Figure 12: Velocity Profiles of Fluid Flow

Figure 12 shows a typical turbulent flow velocity profile in a pipe. This velocity profile is 
flattened at the centerline. For well-developed turbulent flow, the average velocity, v, is only 
slightly less than the centerline velocity, vmax .

The type of flow, whether laminar or turbulent, is important both for the design and operation 
of any fluid flow system. The amount of fluid friction, which determines the amount of energy  
required  to  create  the  desired  flow, depends on the type of flow. The amount of mixing 
within the fluid also depends on the type of flow. This is an important consideration in certain 
applications that involve heat transfer to the fluid because the temperature profile within 
the  fluid  is  important. Operationally, it is important to visualize the two different velocity 
profiles associated with the two different types of flow and to understand that the type of flow 
is directly proportional to the average velocity of the fluid and the diameter of the pipe and 
inversely proportional to the viscosity of the fluid.
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Continuity of Flow
Continuity of steady flow occurs when the same mass flow exists everywhere in a pipe, 
meaning that the same quantity of fluid flows past any two reference points along the pipe 
in any given time. The continuity of flow principle can also be written in terms of mass flow 
rates as shown in Equation 23. Equation 23 is often called the continuity equation.

ṁ1 = ṁ2

Equation 23

where

ṁ1 = mass flow rate at position 1 (lbm/hr),

and

ṁ2 = mass flow rate at position 2 (lbm/hr).

The continuity equation can be written in a number of different forms. The following 
relationship is based on the definition of mass flow rate given in Equation 22.

v1A1p1 = v2A2p2

or

v1A1 / ʋ1 = v2A2 / ʋ2

The continuity equation can be applied to the flow of any fluid, liquid, or vapor. In applying 
it to the flow of liquids, it can usually be assumed that the p, and the specific volume, v, do 
not change significantly even though there are changes in the cross-sectional area of flow, 
A. This assumption is valid only if the liquid is incompressible. The continuity equation for 
incompressible fluids is written as:

v1A1   = v2A2

1.5.2
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Bernoulli’s Equation
Bernoulli’s equation results from the application of the conservation of energy to a steady 
flow system in which no heat is transferred to or from the fluid, no work is done by or on 
the fluid, and no change occurs in the internal energy of the fluid. Under these conditions, 
energy in equals energy out, or the energy at any two points (1 and 2) in a system is equal 
as expressed in Equation 24.

PE1 + KE1 + P1V1 =  PE2 + KE2 + P2V2

Equation 24

where

PE = potential energy (ft-lbf),

KE = Kinetic energy (ft-lbf),

P = pressure (lbf/ft2), and

V = volume (ft3)

This equation may also be written in the form shown in Equation 25.

Equation 25

where

m = mass (lbm),  

z = height above reference (ft),

v = average velocity (ft/sec),

g = acceleration due to gravity (ft/sec2),

1.5.3
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gc = gravitation constant of 32.2 ft-lbm/lbf-sec2,

P = pressure (lbf/ft2), and

V = volume (ft3)

The terms in these equations represent the total energy possessed by the fluid because of 
its position in the earth’s gravitational field, its motion, and its pressure. The last equation 
can be divided by the mass of the fluid, m, and a new relationship obtained as:

This equation shows the energy possessed by the fluid for each pound of its mass. Each 
term in the equation has units of ft-lbf/lbm.

At the earth’s surface, the gravitational acceleration, g, is numerically equal to the 
gravitational constant, gc. Therefore, if each term in the last equation is multiplied by gc/g , it 
is multiplied by 1. Performing this operation yields the following equation:

Because gc/g has units of lbm/lbf, each term in this equation has units of ft. Because 1 lbm 
equals 1 lbf on the earth’s surface, engineers choose to ignore units in the gc/g factor in the 
pressure term. Also, since v/m is specific volume (v), Bernoulli’s equation can be written as 
shown in Equation 26.

Equation 26

This is the commonly used form of the equation because  tables  usually  list  values  of  
specific volume.  Each “energy” term is expressed in feet and is equivalent to the height 
that the fluid would rise in a tube if the energy were converted into potential energy. For this 
reason, in hydraulic practice, each type of energy is referred to as a “head”. The conversion 
factor to convert pressure in lbf/in2 to feet of water is 2.30 (1 psi = 2.3 feet).
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Lastly, another useful form of Bernoulli’s equation is:

where

γ is the weight density of the fluid in lbf/ft3 .

Each of the terms in Bernoulli’s equation is commonly referred to using a special name. The 
“elevation head”, z, represents the potential energy that the fluid possesses as a result of its 
elevation above a reference level. It is expressed by the vertical distance in feet between the 
reference level and the level of the fluid. The “velocity head” (v2/(2g)) represents the kinetic 
energy the fluid possesses because of its velocity. It is the height in feet to which the flowing 
fluid would rise in a column if all its kinetic energy was converted to potential energy. The 
“pressure head”, P/γ, represents the energy the fluid possesses because of its pressure. It 
is expressed by the height in feet of a column of the fluid whose weight is equivalent to the 
pressure at the bottom of the fluid column. This pressure is the static pressure, which is the 
sum of gravity, applied forces, and atmospheric pressure. The sum of the elevation head, the 
velocity head, and the pressure head of a fluid is called the total head. Bernoulli’s equation 
states that the total head of the fluid is constant.

Fluid Friction
Bernoulli’s equation applies only when the flow of the fluid is treated as ideal (with no 
fluid friction). In the real case, the total head possessed by the fluid cannot be transferred 
completely from one point to another; some of it will be lost because of fluid friction. Fluid 
friction arises because, in order to flow, the fluid at various positions in a pipe must be 
moved relative to the wall of the pipe and relative to the fluid at other positions. Although 
fluids are relatively free to move, a force still must be applied to move them. For fluids such 
as thick oils or for water at high velocities, however, a large force is required. In a pipe, this 
force is provided by a pressure acting over the cross-sectional area of flow. Because this 
pressure acts through a distance, work is done. This work is the work done against fluid 
friction, Wf .

Another assumption involved in Bernoulli’s equation is that no work is done by or on the 
fluid. In the real case, work must be done on the fluid to overcome fluid friction. Typically, this 
is done by a pump, and the work done on the fluid is the pump work, Wp .

To incorporate the effects of the work done against fluid friction, Wf , and pump work, Wp , 
into Bernoulli’s equation, two terms must be added. As with the other terms of Bernoulli’s 
equation, these two energy terms are simplified by multiplying each term by the constant, gc, 
and dividing each term by the mass, m, and the acceleration, g. The result is two new head 

1.5.4
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terms for Bernoulli’s equation: the head lost because of fluid friction, called the friction head, 
Hf , and the head added by the pump, called the pump head, Hp . Again, the factor g/gc is 
numerically equal to one  and  is  commonly  omitted  as  shown  in Equation 27.

Hf = Wf / m,    Hp = Wp / m

Equation 27

where

Hf = head lost due to fluid friction (ft),

Wf = work done against fluid friction (ft-lbf),

m = mass (lbm),

Hp = head added by the pump (ft), and

Wp = work done on the fluid by the pump (ft- lbf).

The result of adding the effects of friction head, Hf , and pump head, Hp , is a modified form 
of Bernoulli’s equation that applies to real fluid flow,as shown in Equation 28.

Equation 28

where

v = average velocity of fluid (ft/sec),

P = pressure of fluid (lbf/ft2),

γ = weight density of fluid (lbf/ft3),

Hp = head added by pump (ft),
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Hf = head lost as a result of fluid friction (ft), and

g =  acceleration due to gravity 32.2 ft/ sec2.

Head Loss Because of Fluid Friction
The head loss due to fluid friction, Hf, represents the energy used in overcoming fluid friction. 
Although it represents a loss of energy from the standpoint of fluid flow, it does not normally 
represent a loss of total energy of the fluid. Normally, the energy used in overcoming fluid 
friction is converted to heat that is absorbed by the fluid.  The net result is an increase in the 
temperature of the system. Although the total head of the working fluid decreases because 
of fluid friction, the internal energy of the fluid, as reflected by its temperature, increases. In 
an insulated pipe in which there is no heat loss to the surroundings, the head loss equals the 
internal energy gain.

Head losses due to fluid friction, occur throughout a piping system but they are greatest as 
the fluid flows through entrances, exits, pumps, valves, fittings, and any piping with rough 
inner surfaces. Because of fluid friction, most techniques for evaluating head loss are 
empirical and are based on a proportionality constant called a friction factor, f. The value of 
the friction factor is experimentally determined and usually found in tables.

Experimental studies of the flow of liquids in pipes show that the head loss due to fluid 
friction varies three ways: (1) directly with the length of the pipe, because a longer pipe has 
more surface area, (2) inversely with the diameter of the pipe, because a pipe with a larger 
diameter has less surface area per unit of cross-sectional area than a pipe with a smaller 
diameter; and (3) directly with the velocity head (velocity squared) of the fluid.

The primary effect of fluid friction and the associated head loss is a pressure drop. When the 
modified form of Bernoulli’s equation is applied to the common case of flow in a level pipe of 
constant cross-sectional area, the elevation head and velocity head terms cancel. If no pump 
is present in the pipe length under consideration, Hp = 0 and the result is written as:

Hf = P1ʋ1 - P2ʋ2

where

Hf = head lost due to fluid friction (ft),

P = pressure (lbf/ft2), and

ʋ = specific volume (ft3/lbm).

1.5.5
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If the fluid is incompressible (ʋ1 = ʋ2 = ʋ), this relationship reduces further to:

Hf = ʋ (P1 - P2)

Rewriting this expression using weight density (γ) instead of specific volume yields Equation 
29:

∆P = γHf

Equation 29

where

∆P = pressure drop due to fluid friction (lbf/ft2)

γ = weight density (lbf/ft3), and

Hf = head loss due to fluid function (ft).

Again, the factor gc/g has been omitted from these expressions. The frictional head loss is 
expressed in units of feet in accordance with the common form of Bernoulli’s equation.
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Chapter Overview
The purpose of this module is to assist the trainee in gaining a background in the basics 
of reactor physics and help assess his/her understanding of the concepts presented. This 
directed self-study module is designed to assist the trainee in accomplishing the learning 
objectives listed at the beginning of the Power Plant Engineering (PPE) chapter on Reactor 
Physics.

2.0

Introduction
In 1905, Albert Einstein proposed a theory that included, as one of its parts, the statement 
that mass and energy were related to one another.

Einstein related mass and energy in his famous equation:

E = mc2

where

E = energy,

m = mass, and

c = speed of light.

The fission process is an example of mass being converted into energy. This chapter 
describes basic nuclear concepts involved in the fission process, including the structure of 
the atom, radioactivity, and interactions of neutrons with matter.

2.1

Atomic Structure
To understand atomic structure we must start with the definition of matter. Matter is any 
substance that has mass and occupies space. Our senses can distinguish matter because it 
has physical and chemical properties.

Careful investigation of the chemical and physical properties of matter indicates that all 
naturally occurring matter is made up of over 100 basic chemical substances known as 
elements. Each element has different chemical and physical properties. Elements are 
familiar to all of us as either metals (such as iron, aluminum, zinc, lead, copper, tin, and 

2.2
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mercury) or nonmetals (such as carbon, sulfur, phosphorous, iodine, oxygen, hydrogen, and 
nitrogen). The smallest particle of an element that retains properties of that element is an 
atom.

The original model of the atom was developed by Niels Bohr, a Danish physicist. He pictured 
the atom as having two parts: a dense, small, positively charged core surrounded by a light 
and rather large negatively charged cloud of electrons. These electrons orbit the nucleus at 
discrete distances from the nucleus called shells. Electrons occupying the lower shells are 
at a relatively low energy level while high-energy electrons exist in the higher shells. Bohr 
called the core of the atom, the nucleus, and compared it to the sun. This core or nucleus is 
made up of two fundamental particles: protons having positive charges and neutrons having 
no charge. Protons and neutrons are further classified as nucleons because they exist in the 
nucleus.

Each electron in the cloud around the nucleus has a negative charge and orbits the 
nucleus (like the planets move around the sun). An electrostatic force, the attraction 
between the positive and negative charges, holds the electron cloud around the nucleus. 
A counterbalancing centrifugal force on the electrons orbiting the nucleus at high speed 
prevents them from being attracted into the nucleus. The most important properties of the 
three particles that make up an atom are indicated in Table 1. Note that the masses of the 
proton and neutron are approximately equal and are much greater than the electron.

Particle Symbol Mass Charge

Electron e 0.00055 amu* One negative unit

Proton p 1.007275 amu One positive unit

Neutron n 1.008665 amu No electrical 
charge

 *1 amu = 1/12 the mass of a C-12 atom = 1.66 x 10-24 grams

Table 1: Protons, Neutrons, and Electrons

The entire atom is about 10-8 cm in diameter, while the nucleus is about 10-12 cm in diameter. 
This means that 100 million atoms could fit in a 1-centimeter line. The diameter of the atom 
is about 10,000 times that of the nucleus, but more than 99.9% of an atom’s mass is in the 
nucleus.

Each of the elements has a characteristic mass. This is usually called the atomic weight of 
the element. The atomic weight is the mass of the average atom of the element found in 
nature and is normally given in atomic mass units (amu).
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Ions and Excited State
An atom that is electrically neutral has a net electrical charge of zero. That is, the number of 
units of negative charge (the electrons) equals the number of units of positive charge (the 
protons).

An atom that is not electrically neutral is called an ion. An ion has a net positive or net 
negative charge. A free electron or free proton, one not attached to an atom, is also called 
an ion. Ions exert electrostatic forces on neighboring particles. Ions may also possess kinetic 
energy if they are traveling with some velocity.

2.3

Element Classification
The basic building blocks of the nucleus are protons and neutrons. Since these particles are 
found in the nucleus, they are also termed nucleons.

The number of protons in the nucleus is called the atomic number and is represented by 
the letter Z. Each element has a distinct number of protons in its nucleus. For example, all 
oxygen atoms have exactly eight protons in their nuclei. No other element has only eight 
protons in its nucleus. Another example is uranium, which has exactly 92 protons in its 
nucleus.

The number of neutrons in the nucleus is represented by the letter N. The sum of protons 
and neutrons in the nucleus is called the atomic mass number or just mass number and 
is given by the symbol A. The atomic number (Z) designates the element, and the mass 
number (A) designates the specific type of atom. As an example, if the atom has eight 
protons, it is an oxygen atom. However, oxygen atoms may have 5, 6, 7, 8, 9, 10, 11, or 12 
neutrons. To distinguish between the types of oxygen atoms, we write them in notation form, 
giving the symbol first and the mass number next. Thus, the types of oxygen can be O-13, 
O-14, O-15, O-16, O-17, O-18, O-19, or O-20. Atoms of the same element with different 
numbers of neutrons are called isotopes of that element. Therefore, O-13, O-14, O-15, O-16, 
O- 17, O-18, O-19, and O-20 are all isotopes of oxygen.

A nuclide is an atom with a particular combination of neutrons and protons in its nucleus. 
Some nuclides occur naturally and some are produced artificially; some are stable and some 
are not (generally referred to as radionuclides). Nuclides have different nuclear properties 
depending on the number and type of nucleons in the nucleus. Larger nuclides tend to have 
more neutrons than protons in their nuclei.

2.4
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Radioactivity
Radiation is simply energy in the form of waves or particles. This energy is emitted from the 
nucleus or electron clouds of certain nuclides. A nuclide that spontaneously emits radiation 
from its nucleus is called a radioactive nuclide.

If an atom absorbs energy by bumping into a neighboring atom or by being struck by a 
charged particle, the atom is said to be in an excited state. The collision usually moves one 
or more electrons to positions of higher energy. Sooner or later, this atom will decay to its 
unexcited or ground state. The ground state exists when the atom has only normal energy. 
The energy released when the electron changes position from the higher energy level to the 
lower energy level is given off as electromagnetic radiation.

Electromagnetic radiation is simply energy. In an atom going from an excited to a ground 
state, the energy can be an X-ray or visible light, depending on the changes in location of 
the electron. If the electron moves from one shell to a much lower shell in a large atom, an 
X-ray is emitted. But if the electron moves only from one energy level to a lower energy level 
in the same shell, visible light is emitted. The X-ray simply has more energy, a shorter wave 
length, and a higher frequency than visible light.

The principal types of radiation that come from the nucleus are:

Name Symbol Category

Alpha α Particle

Beta β Particle

Neutron n Particle

Gamma γ Wave

The principal types of radiation that come from the electron cloud are in wave form as X- 
rays or visible light. The radiation of greatest concern in the plant is the radiation that comes 
from the nucleus (alpha, beta, neutron and gamma radiation).

2.5
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Alpha Radiation
An alpha particle (α) is the largest particle of radiation emitted from the nucleus. It is 
composed of 2 protons, 2 neutrons, and no electrons. The alpha, therefore, has a plus 2 
charge.

Alpha particles are typically emitted from the nucleus of heavier atoms, such as U-238, Th- 
232, and Pu-238. When an alpha is emitted from the nucleus, the nuclide has fewer protons 
and neutrons; therefore, it is changed into another nuclide. This may be represented in 
equation form as follows:

92U
238 → 2α

4 + 90Th234

or

95Am241 → 2α
4 + 93Np237 

Because of the large size and plus 2 charge, the alpha is not very penetrating. The alpha will 
not even penetrate a thin sheet of paper or your skin. However, if taken internally, it can be a 
significant hazard.

2.5.1

Beta Radiation
A beta (β) particle is a high energy electron emitted from the nucleus. An electron does not 
normally exist in the nucleus. However, at times, a neutron will break apart into a proton and 
an electron. The electron leaves the nucleus and is called a beta particle.

Beta particles are the smallest particles of radiation emitted from the nucleus. In addition, 
the beta has a charge of minus 1. Because of its smaller size and smaller charge, the beta is 
more penetrating than the alpha. The beta can penetrate paper and your skin. However, the 
beta can be stopped by a thin sheet of metal, such as aluminum. An example of beta decay 
is as follows:

54Xe135 → -1β
0 + 55Cs135

2.5.2
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Neutron Radiation
Neutron radiation occurs when neutrons are emitted from the nucleus. Neutrons can be 
emitted from a nuclide during the fission process. Neutrons can also be emitted by nuclides 
that are produced (directly or indirectly) from the fission process.

Because neutrons have no charge, they are typically more penetrating than either the alpha 
or beta particles. Neutrons are best shielded by a material with a high hydrogen content 
such as water or polyethelene. A water shield will cause a fast moving neutron to lose its 
energy quickly, thus reducing its penetrating power. The following is an example of a neutron 
decay reaction:

4Be9 + 2α
4 → 0n

1 + 6C
12

2.5.3

Gamma Radiation
The  final  type of  radiation  emitted  by radioactive  nuclides  is  the  gamma (γ)  ray. 
Gamma rays are not particles, but “bundles of energy,” known to us as electromagnetic 
radiation. They have no “rest mass” (you cannot put them on a scale and measure their 
weight), and they travel at the speed of light.

When a gamma ray is emitted by a nucleus, there is no change in the mass number or 
atomic number of that nucleus. Gamma ray emission usually accompanies or follows alpha, 
beta, or neutron particle emission.

Gamma radiation is difficult to stop because of its high energy, lack of mass, and zero 
electrical charge. Gamma is the principal type of radiation that most nuclear plant operators 
encounter during plant operations and maintenance. Possible sources of gamma radiation 
include activated contents of radioactive systems, radiation from the reactor core (fuel), 
loose radioactive contamination, and shine from the steam lines in a BWR. The operators 
must be protected by large amounts of dense material, such as lead, being placed between 
the gamma radiation source and themselves. The following is an example of a gamma 
reaction:

92U
238 + 0n

1 → 92U
239* → γ + 92U

239

*Excited state

2.5.4
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Nuclear Radiation Summary
A summary of the types of nuclear radiation and the associated characteristics are provided 
in Table 2.

NAME SYMBOL PENETRATING POWER CHARACTERISTICS ATOMIC MASS

Alpha α Stopped by thin sheet of 
paper (least penetrating)

+2 charge. largest. 
dangerous internally

4 amu

Beta
β

Stopped by thin sheet of 
metal (more penetrating than 
alpha)

-1 charge, smallest of 
radiation particles

0 arnu

Neutron
n

Best shielded by light 
material such as water (more 
penetrating than beta)

0 charge
1 amu

Gamma
γ

Best shielded by dense 
material such as lead (more 
penetrating than beta)

0 charge, no mass
0 amu

Table 2: Radiation from the Nucleus

2.5.5

Radioactive Decay
When a radioactive atom emits a gamma, the atom changes from an excited state to a lower 
energy level. The emission from a radioactive atom is called a disintegration, or decay, of 
that atom. We will explore the two primary principles realted to this decay which are Activity 
and Half-Life.

2.6

Activity
The rate at which the atoms in a substance decay is the activity of the substance. The 
activity of a given mass of a radioactive substance can be calculated by the following 
formula:

A = λN

where

A = activity (disintegrations/time),

λ = decay constant (time -1), and

2.6.1
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N = number of radioactive atoms in the mass.

Note that activity will have the same units of time  as  λ.  As  an  example, if l is  in  units of 
sec-1, activity has units of disintegrations per second.  The decay constant is  l,  defined as 
the probability that a radioactive atom will decay per unit time. The decay constant has units 
of time-1. The  decay  constant  is  not  the  same  for  all nuclides.

Another unit of activity that is frequently used is the curie (Ci).

1 Ci = 3.7 x 1010 dis/sec

The curie is named after Madame Marie lodowska-Curie, a distinguished Polish scientist, 
who  was active in early radiation research with her French husband Pierre Curie.

In the plant, normal activity levels are very small (on the order of 10-9 Ci/gm), so it is 
convenient to use a smaller unit of activity. This unit is called the microcurie (µCi).

1 microcurie  (µCi) = 10-6 Ci

Half-Life
The half-life of a radioactive nuclide is the time required for one-half of the atoms of the 
radioactive nuclide to decay by emitting a nuclear particle to change to a new nuclide and/or 
by emitting energy to change to a lower energy level.

The half-life is a specific time that is associated with a specific nuclide. As an example, if 
10 atoms of nuclide “X” are present and the half-life of nuclide “X” is 1 minute; then, in one 
minute half of the 10 atoms decay.

A short half-life means that the number of atoms decreases quickly. A long half-life means 
that the number decreases slowly. The relationship between half-life and decay constant is 
illustrated by the following equations:

T1/2 = 0.693 / λ

λ = 0.693 / T1/2

2.6.2
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Photon Interactions
A photon is radiation in the form of a wave, such as a gamma, X-ray or visible light. When 
photons interact with matter, they generally cause ionizations. The methods of photon 
interaction with matter were first explained by Einstein. He indicated that the type of 
interaction depended to a great extent on the energy of the photon. Based on Einstein’s 
predictions, it has been determined that there are three basic methods of photon interaction 
with matter:

• Pair production - predominant in high-energy photons

• Compton scattering - predominant in Medium-energy photons

• Photoelectric effect - predominant in low-energy photons

Pair production is the predominant method of interaction for high-energy photons. If the 
energy of a photon is high enough (it must be at least 1.02 million electron volts (MeV)), the 
photon can interact in the strong electromagnetic field near the nucleus. In this interaction, 
the photon disappears, and the energy is actually converted into mass. Two particles are 
formed, an electron and a positron. (A positron is a particle with the same mass as an 
electron, but with a plus 1 charge.) The incoming photon must have at least 1.02 MeV 
energy because the mass of an electron and a positron is equivalent to 1.02 MeV.  If the 
photon has an energy greater than 1.02 MeV, the extra energy will be given to the electron 
and positron in the form of kinetic energy. Because both of these charged particles have 
kinetic energy (if the original photon was greater than 1.02 MeV), they interact with atoms 
(much as beta and alpha particles do) to produce ionization. Eventually the positron interacts 
with an electron, the positron-electron pair disappears, and two 0.51 MeV photons are 
produced. This reaction is called an annihilation reaction and the 0.51 MeV photons are 
known as annihilation radiation. If the electron and the positron have excess kinetic energy 
when the annihilation reaction occurs, more energetic photons will be given off in the 
reaction. Therefore, the eventual result of the pair production reaction is that a high-energy 
photon is broken down into lower energy photons that can undergo other types of reactions.

Compton scattering is the predominant method of interaction for medium-energy (<1.02 
MeV) photons. A medium-energy photon interacts with an orbiting electron near the nucleus, 
imparting some of its energy to the electron. When this occurs, the electron that absorbs the 
energy leaves the atom thereby forming an ion pair (the electron and the atom). Because 
it has significant kinetic energy, the electron produces ionization in the same manner as a 
beta particle. In addition, because the energy of the original photon is not totally absorbed, 
the partially deenergized photon continues on to cause other interactions. Therefore, the 
eventual result of a Compton scattering reaction is that a medium-energy photon results in 
the production of an ion pair, and the photon continues at a reduced energy.

The photoelectric effect is the predominant method of interaction for low-energy photons. A 
low-energy photon strikes an electron. If the photon exceeds the electrostatic force on the 
electron (the energy that holds the electron in its orbit), the electron will be knocked out of 
the electron cloud with a variable amount of kinetic energy and an ion pair will be formed. 
The photon will give all its energy to the electron and disappear.

2.7
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Therefore, in the photoelectric effect reaction, the photon disappears and an ion pair is 
formed. The photoelectric effect is applied in light meters used in photography. Because 
visible light is composed of photons of low energy, the photons interact with orbiting 
electrons, causing the electrons to be knocked out of the electron clouds. The electrons 
cause an electric current as indicated by the deflection of a needle on the light meter.

The three types of photon interactions and their characteristics are summarized in Table 3.

TYPE ENERGY PHOTON

Pair Production High-Energy Gamma

Compton  Scattering Medium-Energy Gamma, X-ray

Photoelectric Effect Low-Energy Gamma, X-ray, Visible Light

Table 3: Photon Interactions

Neutron Interactions
Neutrons, like photons, possess no charge. For this reason, neutrons cannot produce 
ions by attracting or repelling electrons out of the electron shells. Therefore, neutrons, like 
photons, do not cause as much local ionization as charged particles such as alpha particles 
and beta particles. However, neutrons can cause ionization in other elastic scattering, 
inelastic scattering, fission, and capture. These four basic interactions can be categorized 
into scattering interactions and absorption interactions.

The two types of scattering interactions are elastic and inelastic scattering. In the elastic 
scattering interaction, a neutron collides with the nucleus of an atom, and the neutron and 
the atom rebound. The kinetic energy and the momentum of the incoming neutron are equal 
to the sum of the kinetic energy and the momentum of the rebounding neutron and the atom. 
In other words, kinetic energy and momentum are conserved, and the rebounding atom is 
not in an excited state. The elastic scattering interaction is often compared to billiard ball 
reaction. In a collision between billiard balls, the kinetic energy and the momentum of the 
incoming ball are equal to the kinetic energy and the momentum of the two balls after the 
collision.

Elasticscattering is the primary interaction that slows high-energy neutrons produced from 
fission. If a neutron collides with a light atom, such as a hydrogen atom, the neutron, at 
times, may lose all of its energy, causing the hydrogen atom to rebound with an energy 
equal to the kineticenergypossessed bythe incoming neutron. If, however, a neutron collides 
with the nucleus of a large atom in an elastic scattering reaction, the neutron would rebound 
with almost the same amount of energy it previously contained. This is similar to a ping-pong 
ball colliding with a bowling ball. The bowling ball would not move, and the ping-pong ball 
would bounce off with the same amount of energy it had before the collision.

2.8
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Therefore, to slow neutrons down effectively, a light material, such as hydrogen, must be 
used. This is one of the reasons that water is used in the reactor. Each water molecule has 
two hydrogen atoms.

In the inelastic scattering interaction, the neutron collides with the nucleus of an atom and is 
momentarily absorbed. Some of the energy of the neutron is given to the nucleus, causing 
it to be excited. A reduced energy neutron is emitted, and the excited nucleus gives off 
energy, such as a gamma ray, and returns to its ground state. Unlike the elastic scattering 
interaction, kinetic energy is not conserved. Some kinetic energy is converted to excitation 
energy of the nucleus.

The two absorption interactions are fission and  capture. The  fission  interaction  is  the 
absorption of a neutron resulting in the splitting or fissioning of the nucleus and a release of 
energy.

Capture, as the name implies, is the absorption of a neutron by the nucleus. At times this 
absorption can result in the production of a radioactive nuclide that will emit radiation. This 
process is called activation. As an example, the stable nuclide Co-59 can absorb a neutron 
and become Co-60, which is a radioactive nuclide.

Properties of Nuclear Forces
Because the nucleus contains neutrons and positivelycharged protons, you might suspect 
that the nucleus would fly apart due to repulsion of like charges. We know, however, that the 
nuclei of certain atoms are stable, so we assume that there is an attractive force holding the 
nucleons together. If we calculate the gravitational force, we find that it is much weaker than 
the electrostatic forces (repulsion force of like charges) and thus cannot account for nuclear 
stability. Therefore, there must be a different kind of force holding the nucleus together.

The unexplained forceis called the nuclear force.  Nuclear forces are difficult to define. We 
can  describe  their  properties  but  we  cannot explain them in a precise mathematical 
formula.

The following are properties of nuclear forces:

• Attractive - The fact that nuclear forcesare attractive is evidenced by the stability of 
nuclei. They hold together.

• Strong - Nuclear forces are much stronger than electrostatic forces because they hold 
protons together.

2.9
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• Charge independent - Nuclear forces are charge-independent; that is, the force 
between two protons is the same as the force between a proton and a neutron or 
between two neutrons (if you subtract the electrostatic repulsion force between the two 
protons).

• Short ranged - Nuclear forces are short- ranged. Protons are repelled by the positively 
charged nucleus unless they approach very close to the nucleus.

• Saturable - Nuclear forces are saturable; that is, nucleons only attract nucleons 
that are immediately adjacent to them. This is unlike electrostatic forces which exist 
between all charged particles. This explains why heavyatoms need more neutrons to 
hold them together. If there are too many protons, the electrostatic repulsion between 
one proton and all the other protons may be stronger than the attraction of a proton to 
its neighboring particles.

Nuclear Models
Physicists have devised two models of the nucleus to explain certain physical phenomena:

1. Shell model (or independent particle model)

2. Liquid-drop model

2.10

The Shell Model
To understand nuclear behavior, scientists have devised a model of the nucleus that 
depicts the nucleus with a series of distinct energy levels. The levels are grouped together 
in bunches called shells (similar to electron shells). Usually, the nucleus lies in the lowest 
energy level, which is the level at which the nucleons have the least energy. This is called 
the ground state.

Just as the entire atom can absorb energy in its electron cloud, a nucleus can also absorb 
energy. Energy is given to a nucleus in several ways. One of which is interaction with a 
particle (like a neutron) that has a large amount of kinetic energy. When the nucleus is not 
in its lowest energy level, it is said to be in an excited state. Sooner or later such a nucleus 
decays to its ground state.

2.10.1
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The Liquid-Drop Model
The liquid-drop model likens the nucleons in the nucleus to the water molecules in an 
energized drop of water. In the drop of water, molecular forces hold the individual water 
molecules together.

As in the drop of water, the nuclear forces hold the nucleus together, even though the 
electrostatic repulsion of the protons acts to push the nucleons apart. In addition, a force 
similar to water surface tension acts to hold the nucleus together like a tight, round ball.

Using this model, the scientist has been able to predict many things about the behavior of 
the nucleus and to explain many observed properties. One such explanation covers the 
subject of splitting of the nucleus, which will be discussed in detail later.

2.10.2

Microscopic Cross Section
The microscopic cross section (s) for a reaction between a particle (neutron) and a single 
nucleus is a measure of the probability that a neutron will interact with the nucleus. This 
can be considered as the target area through which a neutron must pass if an interaction is 
to occur. The number of nuclear interactions is directly proportional to the probability that a 
neutron will interact with a single nucleus—the larger the probability of interaction, the larger 
the number of interactions.

2.11

Units of Microscopic Cross Section
Microscopic cross section has dimensions of area and is measured in units of cm2. Since the 
nucleus of a fuel atom is approximately 10-12 cm across, we would expect it to have a cross-
sectional area on the order of 10-24 cm2. (Note: for a circle A = πr2). However, scientists have 
discovered that some nuclei, because of their nuclear force, interact with neutrons as if they 
were thousands of times their actual physical size. They behaved as if they were “as big as a 
barn” on the microscopic scale. Therefore, the scientists decided to give the name “barn” to 
a unit of 10-24 cm2.

1 barn = 10-24 cm2

2.11.1
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Types of Microscopic Cross Section
The symbol for microscopic cross section (s) is usually written with a subscript to show the 
type of interaction. There is a different subscript for each type of neutron interaction:

• σe - the microscopic elastic scattering cross section.  It’s a measure of the probability 
that a neutron will strike a nucleus and cause it to recoil with no loss of kinetic energy 
from the system.

• σin - the microscopic inelastic scattering cross section.  This is a measure of the 
probability that a neutron will strike a nucleus, excite it, cause it to recoil slightly and 
subsequently return to the ground state by emission of a gamma ray.

• σc - the microscopic capture cross section.  It’s a measure of the probability that 
a neutron will be absorbed by a nucleus, excite it, cause it to recoil slightly and 
subsequently return to the ground state by particle emission.

• σf - the microscopic fission cross section — a measure of the probability that a neutron 
will be absorbed by a nucleus, excite it, cause it to recoil slightly and split into two high-
energy, highly excited fission fragments that emit neutrons and gamma rays.

2.11.2

Microscopic Scattering Cross Section
It is not always necessary to know the probability that a neutron will scatter elastically or 
inelastically; it may only be necessary to know the probability that it will scatter (that is, the 
neutron is not lost in the reaction). A measure of the probability that a neutron will scatter 
(elastically or inelastically) is the microscopic scattering cross section (σS).  Because elastic  
scattering and inelastic scattering are mutually exclusive events, the probability of the two 
are added.

σs = σe + σin

2.11.3

Microscopic Absorption Cross Section
For some calculations, it may only be necessary to know the probability that a neutron will 
be lost (absorbed) in a reaction, either by capture or by fission. In these cases, we combine 
the microscopic fission cross section and the microscopic capture cross section to get the 
microscopic absorption cross section.

σa = σt + σf

2.11.4
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Total Microscopic Cross Section
A measure of the probability of any type of interaction (scattering or absorption) is the sum of 
the individual measures of probability. This sum of microscopic cross sections is called the 
total microscopic cross section (σt).

σt = σs + σa

2.11.5

Effects of Neutron Energy on Cross Section
Up to this point, we have dealt with microscopic cross sections as if they were constants — 
values that we could look up in the Chart of the Nuclides. However, the Chart of the Nuclides 
lists the cross sections of nuclides at a specific neutron energy, 0.025 eV, which is the kinetic 
energy of thermal (slow) neutrons at room temperature (68°F or 20°C). At other neutron 
energies, the microscopic cross section can be very different.

A scattering reaction takes place when a neutron hits the nucleus. Thus, the microscopic 
scattering cross section of a nuclide is fairly constant. The microscopic absorption cross 
section, however, is very dependent on neutron energy. If a high-energy (fast) neutron 
passes near the nucleus, it will be deflected slightly by the nuclear force emanating from 
the nucleus. The closer the neutron comes, the more it is deflected. It will only be absorbed 
if it is drawn in close to the nucleus. Thus, for fast neutrons, we can expect a small, fairly 
constant microscopic cross section. Figure 1 illustrates the general relationship between 
microscopic absorption cross section and neutron energy.

Figure 1: Microscopic Absorpsion Cross Section of U-235

2.12
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Slow (thermal) neutrons are attracted by the nuclear force at greater distances from the 
nucleus than are fast neutrons. The slower the neutron is moving, the longer it can be 
acted upon by the nuclear forces and pulled into the nucleus. Therefore, we can expect the 
microscopic absorption cross section to increase as neutron energy decreases (Figure 1). 
Since cross section varies inversely with neutron velocity or speed (v), the thermal region is 
often referred to as the 1/v region.

We are now left to determine how the microscopic cross section varies in the epithermal 
(intermediate) neutron energy range. In this energy range, we use the shell model of the 
nucleus to explain the effect of neutron energy on microscopic absorption cross section. 
Recall that the shell model of the nucleus states that neutrons and protons exist in discrete 
energy levels in the nucleus. If an incident neutron has just the right amount of kinetic 
energy, it can cause nucleons in the nucleus to be excited to these energy levels.

The probability of absorption (σa) is very large when the neutron has just the right 
energy. Thus, we find that the plot of microscopic absorption cross section has spikes, 
or resonances, at certain neutron energies (Figure 1). For this reason, the epithermal 
(intermediate) energy region of the graph is known as the resonance region. A resonance 
gets its name from the fact that the neutron energy fine-tunes the excitation energy to the 
allowed energy level (like tuning a resonance frequency on a radio).

Doppler Broadening
The epithermal resonances in the microscopic cross sections of certain reactor materials 
play an important role in reactor safety. The most important resonant absorbers in the 
reactor are U-238 and Pu-240. The U-238 comprises 97 to 98% of the fuel loaded into the 
reactor core, and the Pu-240 builds up as the reactor is operated. Both of these substances 
will result in resonance capture of neutrons (without fission). If the resonance capture rate 
of the fuel increases, the rate of neutron loss will also increase and will decrease the fission 
rate in the fuel.

There is a factor that affects the resonance capture rate — the temperature of the substance 
involved. Temperature is a measure of the atomic motion of a substance. As temperature 
rises, atomic motion increases. Even in a solid substance such as reactor fuel, a 
temperature rise increases the speed of a vibrating atom. Thus, temperature can change the 
relative speed between a nucleus and a neutron. If the nucleus is moving toward a neutron 
at the instant of impact, the neutron could be resonantly absorbed with less than normal 
resonance energy. If the nucleus is moving away from the neutron at the time of impact, the 
neutron could be resonantly absorbed with more than normal resonance energy (Figure 2). 
A temperature rise increases the kinetic energy of the nuclide. Thus, neutrons with a wider 
energy range stand a chance of resonance absorption.

2.12.1
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Figure 2: Mechanism of Doppler Broadening

If we plot resonance cross section versus neutron energy at a normal temperature and 
then again at a higher temperature, we find that the resonance broadens to take in a wider 
energy range of neutrons (Figure 3). Even though the resonance peak decreases in height, 
the net result is that more neutrons are captured by the broadened resonances. The effect of 
temperature on microscopic cross sections in the epithermal energy range is referred to as 
Doppler broadening.

Figure 3: Doppler Broadening of σa for U-238 at the 6.67 ev Resonance



USNRC HRTDREV 0817 2-21

Macroscopic Cross Section
When considering the probability of a neutron interacting with any of a number of identical 
nuclides, we must consider the total number of target nuclides (N) in the volume of material   
through which a neutron travels.

Macroscopic cross section (∑) can be defined as the probability of neutron interaction per 
unit neutron path length and can be expressed as:

∑ = σN
The units of ∑ are: 1/cm or cm-1

2.13

Mass Defect
It would seem logical to assume that the sum of the masses of the individual parts of an 
atom is equal to the mass of the atom. However, this is not the case. The sum of the masses 
of the individual parts of an atom is actually greater than the mass of the atom.

Consider O-16, which is composed of 8 protons, 8 neutrons, and 8 electrons. The sum of the 
masses of the individual parts is:

8.05820 + 8.06932 + 0.00440 = 16.13192 amu

where

8p x mass of a proton = (8) (1.007275) = 8.05820 amu

8n x mass of a neutron = (8) (1.008665) = 8.06932 amu

8e x mass of an electron = (8) (0.00055) = 0.00440 amu

The sum of the masses of the individual parts of the O-16 atom is 16.13192 amu. However, 
the Chart of the Nuclides states that the mass of an O-16 atom is 15.994915 amu. The 
difference between calculated mass and real mass is approximately 0.137 amu. This 
difference between the mass of the sum of the parts of an atom and the mass of the atom is 
called the mass defect.

2.14
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Binding Energy
Recall that a nucleus consists of two types of particles, protons and neutrons. They occupy 
the dense center region of the atom and are held tightly together by nuclear forces.

It takes energy to bring 8 protons and 8 neutrons together to form the oxygen nucleus. 
This energy is needed to overcome the electrostatic repulsion forces. Once the nucleus is 
formed, this energy is released. But more energy is released than just the amount required 
to bring the protons and neutrons together. Therefore, there is a net release of energy in this 
process. This extra energy is called the binding energy (BE).

Previously, we found that when O-16 was formed from its constituent particles; 0.137 amu 
was lost. This mass defect (0.137 amu) was converted  into  energy  and  released  when  
the nucleus  was  formed. This  energy is called binding energy. The amount of binding 
energy is:

E = 931∆m = 931(0.137) = 127.5 MeV

where

E= the binding energy in MeV,

∆m = the mass defect in amu, and

931 = a constant obtained in making the unit conversions with the speed of light squared

If we wanted to break the nucleus into its constituent parts, we would have to supply 
enough energy to overcome the nuclear forces and make up for the mass defect. The entire 
amount of binding energy released upon formation of a nucleus would have to be supplied 
to break the nucleus into its constituent parts. However, all this energy supplied (except 
for the binding energy) would be recovered in the form of kinetic energy of the protons and 
neutrons. The net amount of energy needed to break the nucleus into its constituent parts is, 
therefore, the binding energy.

Therefore, binding energy can be defined in three ways:

• Energy equivalent of the mass defect,

• Net amount of energy released when a nucleus is formed, and

• Net amount of energy needed to break a nucleus into its constituent parts.

2.15
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Binding Energy Per Nucleon
One indication of nuclear stability is the average energy necessary to separate a nucleon 
from the nucleus. This average energy is usually represented as binding energy per nucleon:

Consider the example of oxygen again. The binding energy released during the formation of 
the oxygen atom is 127.5 MeV. What is the binding energy per nucleon? Since there are 16 
nucleons in the oxygen nucleus, the binding energy per nucleon is:

127.5 MeV / 16 nucleons  = 7.97 MeV/nucleon

It is possible to calculate this number for every imaginable nucleus and then plot a graph 
of binding energy per nucleon against atomic mass (A). This graph is shown in Figure 4. In 
general, the binding energy per nucleon increases until an atomic mass number of about 60; 
then, it slowly decreases. This is because nucleons of the heavier elements are less tightly 
bound and heavier nuclides contain a larger neutron-to- proton ratio than do the lighter 
nuclides.

Figure 4: Binding Energy Per Nucleon Versus Atomic Mass Number

2.15.1
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In the region of lighter atoms, the binding energy per nucleon curve goes through various 
peaks. These nuclides are tightly bound and, therefore, have a high binding energy per 
nucleon. Examples of such nuclides are O-16 and He-4.

Nuclear Fission
Most of the fission events occurring in the reactor are neutron-induced fissions. Neutron- 
induced fission occurs when a nuclide absorbs a neutron with enough energy to cause 
fission. The absorbed neutron, however, must possess enough energy to cause the fission. 
The minimum amount of energy required to cause a nuclide to fission is defined as the 
critical or threshold energy. The critical or threshold energy is different for each of the 
nuclides that fission. Not all nuclides will fission when absorbing a neutron. When a nuclide 
absorbs a neutron and does not fission, it is merely captured.

In explaining the fission process, it is convenient to liken it to the splitting of a falling drop of 
water. A drop of water is held together by surface tension. This is analogous to the nuclear 
forces that hold together the protons and neutrons in the nucleus. If the drop of water is 
struck by some particle, such as another drop of water, it will begin to vibrate. If enough 
energy has been absorbed by the drop of water, the vibration will cause the drop to neck 
down into a dumbbell shape and split into two parts.

When a U-235 nucleus absorbs a neutron, the resulting U-236 nucleus is excited and 
begins to vibrate. The excited U-236 nucleus could rid itself of this extra energy by emitting 
a gamma ray or a particle; however, in most cases, it will eventually neck down into a 
dumbbell-shaped nucleus. Because both ends of the dumbbell- shaped nucleus contain 
protons (positive charges), the two ends repel each other.

At this point, the nucleus is held together by the nuclear forces.  Since these nuclear forces 
are very short ranged, as the dumbbell shape expands, the nuclear forces holding the 
nucleus together weaken. At some point, the electrostatic repulsion forces overcome the 
nuclear forces and the nucleus splits into two parts called fission fragments. The newly 
created fission fragments have greater mass defects and higher binding energies per 
nucleon than the excited U-236 nucleus. Therefore, the excess binding energy is released 
upon fission.

Because so much binding energy is released, the fission fragments contain a large amount 
of kinetic energy and usually leave many electrons behind. Therefore, the fission fragments 
are highly charged and will cause ionization of surrounding atoms. In addition, the fission 
fragments are usually neutron rich and will immediately emit neutrons. These neutrons 
emitted immediately after the fission event are called prompt neutrons.

2.16
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The fission fragments are also excited and will immediately emit gamma rays. These gamma 
rays emitted immediately after the fission event are called prompt gamma rays. Therefore, 
immediately after the fission event occurs, fission fragments (ions), free electrons, prompt 
neutrons, and prompt gamma rays will be present. There will be other radiation given off that 
is not relevant to this discussion.

Some of the fission fragments will decay to nuclides that will emit neutrons at some time 
after the fission event. These neutrons are called delayed neutrons.

Both the prompt neutrons and the delayed neutrons can be absorbed by other nuclides, 
resulting in capture or fission.
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Chapter Overview
The purpose of this module is to assist the trainee in gaining a background in the basics of 
electricity and help assess his/her understanding of the concepts presented. This directed 
self-study module is designed to assist the trainee in accomplishing the learning objectives 
listed at the beginning of the Power Plant Engineering (PPE) chapter on Basic Electical.

3.0

Introduction
The study of electricity is fundamentally concerned with how electric charge is used to 
transfer energy and perform work. This chapter will begin with a review of the principles 
of work and energy transfer and with a short discussion of the electric charge as the most 
elemental electrical quantity. From there you will be introduced to the concepts of electric 
circuits, current, voltage, resistance, and electrical power.

Next, circuit fundamentals will be covered with a description of the basic circuit elements, 
elements in series and parallel, and Kirchoff’s Laws.

An understanding of magnetism and magnetic properties is required to understand how 
motors and generators work as well as circuit devices such as inductors and transformers. 
A short description of magnets, magnetic properties, and magnetic fields is provided to 
establish a fundamental understanding of magnetism.

Finally, electrical controllers are introduced with a simple example of a feedback control 
system.

3.1

Electric Charge
The most elemental electrical quantity is electric charge. Charge is measured in coulombs 
and may be either positive or negative. For example, the charge on an electron is - 1.6 
x 10-19 coulombs. A significant characteristic of electric charge is that it can produce an 
electrostatic force. Charges of opposite signs produce an attractive force while those of like 
signs produce a repelling force. The magnitude of the force between two charged bodies 
is a function of both the magnitude of the charges associated with the two bodies and the 
distance between them.

Work is performed when something is moved against a resisting force. In the case of electric 
charges, work must be performed to move like charges toward each other or, conversely, 
to move opposite charges apart. An analogy is the act of lifting a weight against the force of 
gravity. In both cases, work is performed and the principal of conservation of energy applies. 
Kinetic energy expended in lifting the weight is transferred to potential energy associated 
with the higher position of the weight. Similarly, work is done to move a charge to a position 
of higher potential energy.

3.2
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We are familiar with devices for obtaining useful work as a result of weights moving from 
positions of high potential energy to positions of lower potential energy. A water wheel is 
an example of such a device. In a similar way, useful work can be obtained from electrical 
charge moving to a region of lower potential.

Current
Electrical current is defined as the rate of motion of electric charges in a circuit and, 
therefore,  can be expressed as follows:

current = charge ÷ time

The unit of current is the ampere (A) which is defined as a flow of charges equal to one 
coulomb per second. To fully specify current, both its direction and magnitude must be 
stated. By convention, positive current is defined as the direction of flow of positive charges. 
Of note, this is opposite to the direction of electron flow.

3.3

Voltage
Voltage is the term used to describe the electrical potential of one point with respect to 
another and therefore can be expressed as:

voltage = work ÷ charge

Specifically, voltage represents the work that must be done to move a unit positive 
charge between two points. Voltage is sometimes referred to as electromotive force 
(emf) or potential difference and is typically symbolized by either capital or lower case 
letter E to represent constant or time varying voltage. Units of voltage are volts (V). A 
potential difference of one volt is said to exist between two points, A and B, if it requires an 
expenditure of one joule (107 ergs) to move a positive charge of one coulomb from A to B. In 
this case, the potential of B is one volt higher than that of A.

Just as the gravitational potential of an object must be described by specifying its height 
with respect to some other object or reference, electrical potential or voltage must be stated 
in terms of either two points or a single point and some reference point. The common term 
used to identify this reference point in an electrical circuit is ground. Points with a higher 
potential than ground have a positive voltage, and those with a lower potential, a negative 
voltage. A 9 volt battery refers to the potential of the positive terminal with respect to the 
negative terminal. Standard household electricity is at a voltage of about 110 volts with 
respect to ground, which, coincidentally, refers to both the electrical ground and the electrical 
potential of the earth. The electrical ground is symbolized in circuit diagrams by:

3.4
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Electric Circuit
We are primarily concerned with the ability to use charges to transfer energy - that is, 
charges in motion. Good conductors are materials in which charges move freely. Good 
conductors are used to define the path for charge motion. Examples of good conductors are 
copper, aluminum, and gold. In contrast, poor conductors such as rubber, porcelain, glass, 
and sometimes air are known as insulators and are used to confine electricity to specific 
conducting paths.

An electrical circuit is a network of conductors together with the components used to provide 
and remove or store energy from electric charges. The conductors can be thought of as 
pipes through which the charges flow. A complete or closed circuit is a conducting path in 
which charges can flow in one direction from an electrical source through an energy removal 
or storage device and back to the source. Figure 1 is an illustration of a complete circuit 
containing a battery and lamp.

Figure 1: Complete Circuit

Circuits in which current always flows in the same direction are referred to as direct current 
(DC) circuits. Figure 1 is an example of a DC circuit where the positive direction of current 
is out of the positive battery terminal. Direct current of constant magnitude is normally 
symbolized by the capital letter I. Circuits powered by batteries such as those in flashlights 
and automobiles are examples of common DC circuits.

In contrast, circuits in which current flows first in one direction and then in the other, 
repeating with a definite frequency, are known as alternating current (AC) circuits. This 
variation of current with time can be represented by a sinusoidal waveform as shown in 

3.5
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Figure 2. The frequency of the wave is measured in hertz (Hz) where one Hz is equal to one 
cycle per second. Time varying current is typically symbolized with a lower case i. Ordinary 
household current in the United States is 60 Hz AC.

Figure 2: Alternating Current

An open circuit is one in which there is not a complete path for charge flow.

A short circuit is a complete conducting path between one terminal of an energy source, 
such as a battery, and the other terminal without an electrical load in between. A short 
circuit may result in a destructively high amount of charge flow and we are usually protected 
against short circuits in large circuits by interrupting devices such as fuses or circuit 
breakers.

Resistance and Ohm’s Law
The resistance (R) of a material is the opposition which free electrons encounter in moving 
through the material (conductor or insulator). A physical device whose principal electrical 
characteristic is resistance is called a resistor and is symbolized in circuit diagrams by:

Resistance is measured in units of ohms (Ω) where one ohm is defined as the resistance of 
a conductor across which there is a potential drop of one volt when a current of one ampere 
flows through it. This relationship between voltage, current, and resistance is known as 
Ohm’s Law and can be expressed mathematically as shown in Equation 1:

3.6



USNRC HRTDREV 0817 3-7

E= iR

Equation 1

where

E = voltage across the resistor, (V)

i = current through the resistor, and (A)

R = resistance of the resistor (Ω)

This relationship is illustrated in Figure 3. Note that because energy is removed as current 
passes through the resistor, the voltage rise across the resistor is in the opposite direction of 
the current flow.

Figure 3: Relationship of Voltage and Current in a Resistor
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Electrical Power
Electric charges give up energy in the form of heat when passing through a resistor in much 
the same way that energy is removed from flowing water by friction as it passes through 
a narrow opening. The heat represents the work being performed by the charges as they 
move from a point of high potential on one side of the resistor to a point of lower potential on 
the other side.

Power is the rate of doing work or otherwise delivering energy. In the case of the resistor, 
it represents the rate at which energy is dissipated as heat.  Electrical power is measured 
in watts (W) where one watt equals one joule per second. (Note: 746 W equals one 
horsepower.) Recall from the previous sections that:

voltage = work ÷ charge
 and

current = charge ÷ time

Then it follows that at any instant:

power = work ÷ time = (work ÷ charge)(charge ÷ time)

or simply:

p = ei

where

p = instantaneous power (W),

e = instantaneous voltage (V), and

i = instantaneous current (A)

If the voltage “e” and the current “i” do not vary with respect to time, the power “p” will also 
be constant. The instantaneous power is then the same as the average power and can be 
expressed as shown in Equation 2:

3.7
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P = EI

Equation 2

Circuit Fundamentals
Electrical circuits can be considered to contain three basic types of components: sources 
that deliver energy to charges, elements that either remove or store energy from charges,  
and conductors that transfer the energy in charges between sources and elements. Although 
all conductors such as copper wire do have some resistance and can also be classified as 
elements, they are normally considered as ideal, zero resistance conductors.

Three basic relationships between voltages and currents in circuit elements have been 
established; therefore, three fundamental types of circuit elements are recognized; resistors, 
inductors, and capacitors. The characteristics of these three circuit elements are as follows:

1. In resistors, the voltage across the resistor i is directly proportional to the current 
through the resistor. The constant of proportionality, as we learned from Ohm’s Law, is 
the element’s resistance.

2. In inductors, the voltage across the inductor is directly proportional to the time 
derivative or rate of change of the current through it. The constant of proportionality in 
this element is called its inductance. Inductors are symbolized in circuit diagrams by:

3. In capacitors, the current through the capacitor is directly proportional to the time 
derivative or rate of change of the voltage across it. The constant of proportionality in 
this element is called its capacitance. Capacitors are symbolized in circuit diagrams by:

A detailed description of the behavior of each of these elements is beyond the scope of 
this chapter. Table 1 provides a summary of the voltage-current relationships previously 
described along with the schematic symbols and units associated with each of the three 
elements.

3.8
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Electrical 
Characteristic Units Associated Circuit 

Element Symbol Voltage-Current 
Relationship

Resistance Ohms (Ω) Resistor (R) v = iR

Inductance Henrys (H) Inductor (L)
v = L di/dt

Capacitance Farads (F) Capacitor (C)
i = C dv/dt

Table 1: Voltage-Current Relationships

Elements in Series and Parallel
Circuit elements are in series if they have identically the same current through them. The 
elements in Figure 4(A) are in series and those in Figure 4(B) are not.

Figure 4: Elements (Series)

For the special case of resistors in series:

RTOT = R1 + R2 + R3 + ...

where

RTOT = the effective resistance of the combination of resistors in series

3.8.1
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Circuit elements are in parallel if they have identically the same voltage across them. The 
elements in Figure 5(A) are in parallel and those in Figure 5(B) are not.

Figure 5: Elements (Parallel)

For the special case of resistors in parallel:

where

RTOT= the effective resistance of the combination of resistors in parallel.
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Kirchoff’s Voltage and Current Laws
Kirchoff’s voltage and current laws provide useful tools for circuit analysis and, more 
importantly, provide insight into the fundamental behavior of electrical circuits. Kirchoff’s 
Current Law is based on the conservation of charge which, since charges carry energy, can 
be thought of as the conservation of energy.  It states that, “The algebraic sum of all the 
currents at a node or junction point in a circuit is zero.”

A node or junction is simply the point in a circuit where two or more connections to elements 
or sources are made. Figure 6 illustrates a node where the sum of currents must equal zero.

Figure 6: Circuit Junction or Node

When this law is applied, currents directed toward the junction are considered positive and 
those directed away from the junction, negative (or vice versa, as long as one is consistent). 
Therefore, in Figure 6,

i1 - i2 + i3 - i4 = 0 .

Note, this means that all the electricity flowing toward a junction must flow away from it 
again. Violation of the current law would result in either a stream of charges leaving the 
junction into free space, or a buildup of charges at the junction - both impossibilities.

Kirchoff’s Voltage Law is also based on the conservation of energy and states, “The 
algebraic sum of all the voltage rises and drops taken in a specified direction around a 
closed path in a circuit is zero.”

3.8.2
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Figure 7 illustrates a portion of an electrical network that makes a closed path and around 
which the voltages rises and drops would algebraically sum to zero.

Figure 7: Closed Path in Electrical Network

This law is a consequence of the energy conservation principle and is equivalent to striking 
a balance by equating energy input to energy output. In writing Kirchoff’s Voltage Law 
equations, one may go around the path in either direction and sum the voltage rises (i.e., call 
- to + positive) or drops, as long as one is consistent within a particular equation. In Figure 7, 
starting at the black star, going clockwise around the loop, and using the convention that - to 
+ is positive, results in the following equation:

e1 - e2 + e3 - e4 = 0
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Magnetism
All transformers and electrical machinery use magnetic fields for transferring and converting 
energy. To understand how this occurs, a fundamental understanding of the properties of 
magnetic fields is required.

A magnetic field is the region in the vicinity of a magnet in which forces exist that act on 
ferromagnetic materials (notably iron, iron alloys, and other metals). The magnetic field can 
be mapped by drawing lines which, along their entire length, indicate the direction of the 
force on the north magnetic pole of a permanent magnet (the north tip of a compass needle 
for example). The map can be made quantitative by drawing many such lines in an area 
where the force is great and only a few where the force is small. In other words, the density 
of the lines at a particular point is proportional to the force exerted at that point.

The lines resemble contour lines on a topographical map, contour lines being closest where 
the slope is steepest. These lines, which represent both the strength and direction of the 
magnetic field, are called flux lines.

A current carrying conductor will set up flux lines in the space surrounding it. In other words, 
a current carrying conductor will produce a magnetic field. Ferromagnetic materials are more 
receptive to magnetic flux than is air, for example, and are used in devices like transformers 
and electrical machines to concentrate and confine most of the flux within them. Figure 8 
illustrates the flux lines surrounding a current carrying conductor.

Figure 8: Lines of Magnetic Flux Surrounding a Current Carrying Conductor

3.9
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In Figure 9, the conductor has been wrapped around an iron core where the lines of flux are 
shown to concentrate. This is the familiar concept of an electromagnet.

Figure 9: Current Carrying Conductor Around Ferromagnetic Core

The strength of the magnetic field resulting from an arrangement such as that shown in 
Figure 9 is a function of the following factors:

• The magnitude of the current through the conductor

• The type and shape of the ferromagnetic material

• The number of turns or wraps of the conductor around the ferromagnetic core

In the study of electrical machinery and transformers, you will learn how a changing 
magnetic field in the presence of an electrical conductor induces a voltage in the conductor 
and how magnetic fields interact with one another to produce forces in rotating machinery.
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Fundamentals of Electrical Controllers
Electrical controllers are used in many plant applications to automatically control processes 
such as tank levels, pressures, or flows. These controllers are electrical circuits made up of 
standard components and arranged in fairly standard configurations, despite the fact that 
they are used in a wide variety of applications. This section introduces the basic concepts of 
controllers and their standard terminology.

The most commonly used type of controller is a feedback or closed-loop controller similar to 
the tank level controller shown in Figure 10.

Figure 10: Example of Feedback Controller

To control some physical process such as a tank level in this example with a feedback 
control system, at least three items must be considered. First, the desired value of the 
parameter must be chosen, for example the desired tank level. This value is called the 
setpoint for the control system. Second, the actual value of the process must be known, for 
example, the actual tank level. This variable is normally provided by a detector that senses 
the value of the process that is to be controlled and feeds it back to the summing circuit. 
Finally, the difference or error signal between the setpoint and the sensed value of the 
process is generated in the summing circuit and used as an input to the control device that 
causes the final control element (the outlet valve in this example) to be repositioned.

3.10
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In this system, the feedback is provided by the level transmitter. Other systems use 
temperature detectors or flow sensing devices to provide the feedback. Closed-loop or 
feedback control systems are more accurate and much more common than open loop 
systems that do not employ feedback.

Note that in Figure 10 the output of the summing circuit is the difference between the 
setpoint and feedback signal from the level transmitter. This implies that negative feedback 
is used. In other words, the level signal is subtracted from the setpoint. If the level is equal 
to the setpoint, the difference or error signal is zero, and the output signal is also zero. In 
practice, summing circuits are frequently integrated circuits called operational amplifiers.
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Chapter Overview
The purpose of this module is to assist the trainee in gaining a background in the basics of 
chemistry and help assess his/her understanding of the concepts presented. This directed 
self-study module is designed to assist the trainee in accomplishing the learning objectives 
listed at the beginning of the Power Plant Engineering (PPE) chapter on Chemistry.

4.0

Introduction
Chemistry is defined as the systematic investigation of the properties, structure, and 
behavior of matter and the changes matter undergoes. This general definition raises many 
questions. These questions are answered in the study of chemistry. Terms and basic 
concepts that help in understanding chemistry will be discussed in this topic.

4.1

Shell Model of the Atom
Understanding inorganic chemistry requires a review of the shell model of the atom. As 
was discussed in the Reactor Physics Basics section, the nucleus of an atom is composed 
of particles called nucleons, of which there are two different types. A proton has a positive 
charge; a neutron has no charge. The hazy boundary of the atom is formed by the negatively 
charged electrons, which are traveling around the nucleus in orbits. The force keeping the 
electrons in orbit is electrostatic attraction to the protons. Because the number of electrons is 
equal to the number of protons, electrical neutrality is maintained in an elemental atom.

The equal and opposite charges cancel each other, and the atom as a whole is neutral. 
The electrons are bound in the atom by electrostatic attraction. The atom remains neutral 
unless some external force causes a change in the number of electrons. The diameter of 
the atom is determined by the range of the electrons in their travels around the nucleus 
and is approximately 10-8 cm. The diameter of the nucleus is roughly 10,000 times smaller, 
approximately 10-13 to 10-12 cm. Because the nucleus is composed of neutrons and protons 
that are about 1835 times heavier than an electron, the nucleus contains practically all the 
mass of the atom, but constitutes a very small fraction of the volume. Although electrons 
are individually very small, the space in which they orbit the nucleus constitutes the largest 
part of the atomic volume. Figure 1 illustrates these size relationships, but not to scale. If the 
nucleus were the size shown, the electrons would be several hundred feet away.

4.2
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Figure 1: Bohr’s Shell Model

Atomic Structure Review
The mass of a neutron and a proton are nearly identical. If each nucleon is assigned a mass 
number of unity, the total number of nucleons in an atom is defined as the atomic mass 
number (A) of the atom. Because every atom of a given element contains the same number 
of protons, the number of protons contained in an atom is defined as the atomic number (Z). 
If the number of neutrons in the nucleus is designated by (N), the relationship in Equation 1 
is established:

A = Z + N

Equation 1

where

A = Atomic mass number (number of nucleons)

Z = Number of protons (number of electrons)

N = Number of neutrons

4.2.1
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Because the number of electrons equals the number of protons, any atom is completely 
specified by its atomic number and atomic mass number. The nuclear notation used in this 
text for an atom or element is ZXA where X is the symbol for the element with atomic number 
Z and atomic mass number A.

Although every atom of a given element contains the same number of protons, the number 
of neutrons may vary. Thus, some atoms of an element may have an atomic mass number 
different from other atoms of that element. Isotopes of the same element have different 
numbers of neutrons and different atomic mass numbers. For example, the normal hydrogen 
atom, 1H1, with one proton and no neutrons has an atomic number of 1 and an atomic mass 
number of 1. The relatively rare deuterium atom, 1H2, with one proton and one neutron has 
an atomic number of 1, but an atomic mass number of 2. The unstable, radioactive tritium 
atom, 1H3, with one proton and two neutrons has an atomic number of 1 and an atomic mass 
number of 3. Hydrogen, deuterium, and tritium are all isotopes of hydrogen.

Since all three isotopes of hydrogen have one proton, they also have one planetary electron 
each, and all have the same chemical properties. In general, all isotopes of the same 
element have essentially the same chemical properties because all isotopes of the same 
element have the same number of protons and an equal number of electrons. The number 
and arrangement of electrons largely determine the chemical properties of the elements.
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Electron Shells
Electrons are considered to be contained in distinct shells at varying distances from the 
nucleus. Because of the varying distances, electrons in outer shells have a greater velocity 
and greater energy than those in inner shells. The K shell is closest to the nucleus. Other 
shells are specified as L, M, N, and so on, with increasing energies and increasing distance 
from the nucleus (see Figure 2).

Figure 2: An Atom with its Shells and Subshells

Each shell can contain only a defined maximum number of electrons. The K shell can 
contain 2 electrons; the L shell, 8 electrons; the M shell, 18, and so on. The shells are made 
up of subshells, which in turn are made up of orbitals or electron pairings. Orbitals can 
be occupied by either one or two electrons; any other electrons will be forced to occupy 
different orbitals. In the K shell just one subshell containing one orbital is possible. This 
subshell is known as the s subshell and is designated 1s, where the 1 indicates that the 
subshell is contained in the first, or K shell. In the next shell, L, there is also an s subshell, 
which contains one orbital with up to two electrons. This 2s subshell is very much like the 
1s subshell except the 2s subshell radius is larger, and the electrons have a greater energy. 
The 2 prefix indicates the second, or L shell, is involved. The L shell can also contain three p 
orbitals (with up to two electrons each) in a subshell designated 2p. For elements with larger 
atomic numbers (and therefore more electrons), there are more electron shells and more 
subshells.

4.2.2
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The electron shells are designated K, L, M, N, . . . , and numbered 1, 2, 3, 4, . . . , and the 
subshells are designated s, p, d, f, . . . . The number of subshells in a shell is equal to the 
number  of  the  shell.    Therefore,  shell  1(K) consists of only the 1s subshell; shell 2(L) is 
divided into the 2s and 2p subshells; shell 3(M) is divided into the 3s, 3p, and 3d subshells; 
and shell 4(N) is divided into the 4s, 4p, 4d, and 4f subshells. The maximum number of 
orbitals is fixed for each kind of subshell. One orbital is found in every s subshell, three 
orbitals in all p subshells, five in all d subshells, and seven in all f subshells. Electrons in the 
orbitals of a given subshell of an atom are all at the same energy level.

An element is defined as matter that contains only one kind of atom. All the atoms of an 
element have the same atomic number (same number of protons) and identical electron 
shell/subshell configurations.

Valence
In chemical reactions, elements that have one to four electrons orbiting in a partial outer 
shell or subshell tend to combine with elements that need one to four electrons to complete 
their outer shell or subshell. Therefore, the apparent or reactive outer shell of electrons in 
an atom is called the valence shell. This shell contains one and two electrons for hydrogen 
and helium, respectively, and no more than eight electrons for the other elements. When 
elements react chemically, they tend to gain, lose, or share electrons with other elements 
to complete their valence, or reactive, outer shells. Atoms that have lost or gained electrons 
from their valence shell and are no longer electrically neutral, are called ions. Therefore, 
it is useful to think of valence as the electrical charge on an ion. The charge comes about 
through the transfer (donation or acceptance) of valence shell electrons.

The arrangement of electrons in the valence shell explains why some elements are 
chemically very active while others are not very active, and still others are inert. In chemical 
reactions atoms try to complete their valence shells by acting as either donors or acceptors. 
The most stable arrangement of electrons is one in which all the shells, including the valence 
shell, have their maximum number of electrons. Elements with complete valence shells are 
chemically inert. Helium, whose first shell is complete with two electrons, is inert. Similarly, 
neon, whose second shell is complete with eight electrons, is also inert. Inert elements with 
complete valence shells have a valence of 0.

Sodium has one electron in its valence shell. When sodium interacts with other elements, 
it loses this electron. Since losing an electron leaves an excess positive charge, a sodium 
ion has a valence of +1. Chlorine has seven electrons in its valence shell. When chlorine 
interacts with other elements, it gains an electron to complete its valence shell. Because 
gaining an electron creates an excess negative charge, a chlorine ion (chloride) has a 
valence of -1. The fewer valence electrons an atom has, the greater the tendency to lose 
electrons; the greater the number of valence electrons (up to 7), the greater the tendency to 
gain electrons (assuming the valence shell is not already filled). Thus, lithium (Li), sodium 
(Na), potassium (K), fluorine (F), and chlorine (Cl) are among the most active elements. 
Table 1 indicates the valence of common elements. This table is also a very abbreviated 

4.2.3
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form of the Periodic Table of the Elements that will suffice for the purposes of the discussions 
in this text. The atomic numbers for the common elements are shown, along with the atomic 
mass numbers for the most common isotopes of these elements.

+1 +2 +3 +4 -3 -2 -1 0

1H1
2He4

3Li7 4Be9 5B11
6C12

7N14
8O16

9F19
10Ne20

11Na23
12Mg24

13Al27
14Si28

15P31
16S32

17Cl35
18Ar40

19K39
20Ca40

29Cu64
30Zn65 Metallic Non-Metallic

Table 1: Valences of Common Elements

Historical Laws of Chemical Reactions
Our review of basic chemistry principles will be assisted by reviewing the development of 
some historical laws of chemical reactions including:

1. Dalton’s Theories

2. Gay-Lussac’s Observations and Avogadro’s Assumptions

4.3

Dalton’s Theories
Early laws concerning the properties of matter resulted from careful studies by the 
English scientist Dalton. His studies of the manner in which elements combine and of the 
composition of the resulting compounds showed that in a pure substance or compound the 
percentage of each element is always the same. This observation led to formulation of the 
Law of Definite Proportions, which states that in a specific chemical compound, the elements 
are always present in a definite proportion by weight. When pure oxygen and pure hydrogen 
are combined, the resulting water will always be present as 88.8% oxygen and 11.2% 
hydrogen by weight. Methane (CH4) was found to be 75% carbon and 25% hydrogen by 
weight. The latter ratio might lead one to believe that methane contains three times as many 
carbon atoms as hydrogen atoms, but atoms of different elements do not weigh the same. 
The Law of Definite Proportions is based solely on weight ratios and not on ratios of atoms 
present. However, the extension of these considerations led to the conclusion that atoms 
always combine in the ratio of small whole numbers such as one- to-one, one-to-two, or two-
or-three.

4.3.1
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Dalton also studied the combinations of many gases and observed that under varying 
conditions, two elements could combine to form more than one compound. This 
phenomenon seemed to violate the Law of Definite Proportions; therefore, Dalton derived 
the Law of Multiple Proportions. This law states that two kinds of atoms may unite in a 
number of combinations forming different kinds of molecules with different percentages 
of composition, but that their combining ratios will always be in the ratios of small whole 
numbers. Thus, by combining oxygen and hydrogen, either water (H2O) or hydrogen 
peroxide (H2O2) could be formed. Each compound, however, will maintain its own unique 
ratio of atoms.

Dalton’s Atomic Theory followed from the laws of definite and multiple proportions. The 
principles of this theory are:

1. Matter is composed of tiny, indivisible particles called atoms.

2. Atoms of the same element are all alike.

3. Atoms of different elements are different.

4. In chemical reactions atoms combine, separate, or regroup to form molecules.

5. In chemical reactions, whole atoms are always involved. Atoms may combine in a one-
to-one ratio, a one-to-two ratio, or a two-to-three ratio, and so on.

6. The weight of an atom does not change as the result of a chemical reaction.

Gay-Lussac’s Observations and Avogadro’s Assumptions
At about the same time as Dalton’s Atomic Theory was being formulated, Gay-Lussac’s 
experiments, involving reactions between volumes of gases, seemed to contradict some 
parts of the theory. Gay-Lussac observed that when two gases combine chemically, their 
volumes and the volume of the product gas (when one is formed) can be expressed as a 
simple numerical relationship. For example, three volumes of hydrogen combine with one 
volume of nitrogen to form two volumes of ammonia (NH3). Gay-Lussac’s observations 
became known as the Law of Combining Volumes.

Avogadro extended Gay-Lussac’s investigations by assuming that combining volumes 
indicate the ratios in which elemental atoms combine to form compounds. His theory 
equated combining volumes to atomic compositions; one atom of nitrogen combines with 
three atoms of hydrogen to form two molecules of ammonia since one volume of nitrogen 
combines with three volumes of hydrogen to form two volumes of ammonia.

Avogadro then assumed that the volumes of the elementary gases are proportional only 
to the number of gas particles present at a constant temperature  and  pressure. This 
assumption seemed to contradict Dalton’s Theory. For instance, if equal volumes of gases 
contain equal numbers of particles, then one particle (volume) of oxygen reacts with two 
particles (volumes) of hydrogen to form two particles (volumes) of water. This would imply 

4.3.2
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that the oxygen particle had been split during the reaction. To account for the production of 
two water particles from each particle of oxygen, Avogadro introduced the concept of the 
diatomic molecule (two atoms per molecule).  For example:

2H2 + O2 → 2H2O
or

N2 + 3H2 → 2NH3

The concept of diatomic molecules satisfied both Dalton’s Atomic Theory and the work of 
Gay- Lussac, and greatly advanced the study of chemistry.

Compound Formation and Chemical Bond
Atoms can combine, two or more at a time, to form compounds. The smallest particle of a 
compound is known as a molecule. Because compounds represent stable combinations of 
atoms, there must be forces holding the atoms of a compound together. These forces are 
called chemical bonds.  We will discuss six aspects of this topic including:

1. Rule of Eight

2. Ionic Bonds

3. Covalent Bonds

4. Chemical Compound Formulas

5. Chemical Equations

6. Chemical Weights

4.4
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Rule of Eight
Chemically, the most important feature of an atom is the number of electrons, particularly 
the number of electrons in its valence shell. When atoms of one element combine with the 
atoms of another element, there is always some change in the distribution of these valence 
shell electrons. For a compound to be stable, the distribution of electrons, or electron 
structure, in the compound must be more stable than was the distribution of electrons in the 
individual atoms. In other words, the total energy associated with the electron structure of 
the compound is less than the energy associated with the electron structure of the individual 
atoms. Thus, chemical reactions occur and compounds are formed when the electrons of the 
elements involved in the chemical reaction interact to form a structure of lower total energy 
(hence more stable) than that of the individual atoms.

The Rule of Eight is the key to stable chemical configurations. The most stable elements, 
in a chemical sense, are the noble gases. Because of their stability, they rarely react or 
combine with other elements. The chemical stability of the noble gas indicates that their 
electron structures are stable, or of low energy. The inert gases, with the exception of 
helium, have eight electrons in their valence shells. (Helium has a filled outer K shell of two 
electrons.) Except for the first six elements in the periodic table, atoms characteristically 
strive to attain the stable structure of eight electrons in their valence shell, hence the Rule 
of Eight. (The first six elements try to attain the stable structure of helium, with two electrons 
in its outer shell.) When an atom achieves this structure by sharing, donating, or accepting 
electrons in a compound, the atom is at a lower energy state, and its stability is increased.

In electron sharing (as opposed to an electron transfer), atoms share electrons to achieve 
the stable electron configuration of eight electrons in the valence shell. Nitrogen has five 
electrons in its valence shell, meaning three orbitals are not filled with both electrons. In 
the formation of ammonia (NH3), each hydrogen atom shares its one electron with nitrogen, 
and nitrogen shares its three unpaired electrons, one with each hydrogen atom. The 
nitrogen atom thus completes its outer (L) shell of eight electrons (and each hydrogen atom 
completes its outer (K) shell of two electrons) by sharing the electrons.

4.4.1

Ionic Bonds
The phenomenon of electron transfer requires a discussion of the resulting charged atoms 
(ions). When one atom draws to itself one or more electrons from another atom, it acquires 
an excess negative charge. The atom losing the electron acquires an excess positive 
charge. When two charged atoms (ions) bond together to form a compound, the type of 
bond is called an ionic bond. In ionic bonding each atom has a wholly separate electron 
cloud that does not penetrate the other. No electron belongs to more than one atom; each is 
uniquely associated with a particular atom. Electron sharing does not occur in ionic bonding.

In general, compounds are ionic when a metallic atom combines with a non-metallic atom. 
Electrons are lost by the metallic atom (to form a positive ion) and are gained by the non-
metallic atom (to form a negative ion). Sodium and chlorine react to form the compound 
NaCl via the transfer of an electron from the sodium atom to the chlorine atom.   This 

4.4.2
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electron transfer is an ionization process. The resulting charged entities are a sodium 
ion with a +1 charge and a chlorine ion with a -1 charge. Ionic compounds are formed 
by elements from opposite sides of the Periodic Table of the elements. Elements located 
close together on the Periodic Table do not tend to form ionic compounds, but instead form 
compounds where electrons are shared.

Except for fluorine, oxygen has a greater electron affinity than any other element. When 
another element combines with oxygen, it loses electrons to the oxygen. Therefore, the term 
oxidation is defined as a loss of electrons (changes the charge in a positive direction), even 
in reactions in which no oxygen is present. Similarly, the term reduction is defined as a gain 
of electrons (changes the charge in a negative direction). In the reaction of sodium with 
fluorine, the sodium is said to be oxidized because it loses an electron. The fluorine is said 
to be reduced because it gains an electron. Thus the fluorine that is reduced is the oxidizing 
agent and the sodium that is oxidized is the reducing agent. This type of reaction, which 
involves oxidation and reduction, is also known as a Redox Reaction. An aid to remembering 
whether electrons are gained or lost is “Leo the lion says Ger” where:

Leo = Lose electrons = oxidation
and

Ger = Gain electrons = reduction

Covalent Bonds
Compounds are also formed by elements that share the electrons in their valence shells. In 
electron sharing, the electrons in the electron cloud of one atom penetrate the electron cloud 
of another atom, and become common to both clouds. The atoms remain attracted to each 
other by the sharing of electrons for a more stable configuration. This type of chemical bond 
is called a covalent bond. Covalent bonding normally occurs in two cases:

1. Between elements atoms that tend to gain electrons (non-metallic elements or right 
side elements on the Periodic Table), or

2. Between atoms that have only moderate tendencies to either gain or lose electrons 
(middle of the table elements on the Periodic Table).

The simplest substance in which atoms are covalently bonded is the diatomic hydrogen 
molecule, H2. Each hydrogen atom has one electron. The electrons from two hydrogen 
atoms are shared by the two nuclei to form an electron pair. The electron pair is similar to the 
filled K shell of a helium atom, making the resultant H2 molecule very stable.

4.4.3
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A second example of covalent bonding is the molecule Cl2. Each atom of chlorine has seven 
electrons in its valence shell and differs from the inert gas argon in its electron configuration 
by lacking one electron in the valence shell. The sharing of a pair of electrons between two 
chlorine atoms in a molecule of chlorine gives each atom the same stable electron structure 
as an atom of inert argon.

Other covalent compounds commonly used in nuclear reactor plants include hydrazine 
(N2H4), hydrogen peroxide (H2O2), and morpholine (C4H8NO) compounds.

Chemical Compound Formulas
Each element is assigned a specific one or two letter chemical symbol. The symbolic 
representation of a chemical compound is called a formula. It is made up of one or more 
chemical symbols, together with subscript numbers to indicate the quantity of each atom 
present. The formula for water is H2O, which indicates that water consists of two atoms of 
hydrogen and one atom of oxygen. In writing the formula for ionic compounds, the concept 
used is that of valence, according to the following rules:

1. The valence of any free or uncombined element is 0.

2. The sum of the valences of all the atoms in the formula for a neutral compound is 0.

3. The sum of the valences of all the atoms in the formula for an ion is the same as the 
charge on the ion.

4. The valence of hydrogen is usually +1, except in hydrides of very active metals such as 
sodium and calcium, where it is -1.

5. The valence of oxygen is always - 2, except in hydrogen peroxide and related 
substances.

These rules are not ironclad and may occasionally lead one astray. The element with the 
positive valence is written first in chemical formulas.

In some cases, groups of atoms remain together in many chemical reactions and act like 
single ions. These groups are called radicals. Sulfuric acid, written H2SO4, contains the 
sulfate radical, written SO4; nitric acid, written HNO3, contains the nitrate radical, written NO3. 
The valence of the sulfate radical is -2; the valence of the nitrate radical is +1.

4.4.4
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Chemical Equations
A chemical equation is a shorthand method for representing a chemical reaction, or process 
that occurs when reactants combine to form compounds. Symbols and formulas are used to 
represent the reactants and compounds involved in the reaction.

In a chemical equation, the reactants are written on the left side with plus (+) signs between 
them. The products are similarly represented on the right side of the equation. An arrow (→) 
is used between the reactants and the products to indicate the direction in which the reaction 
normally proceeds. A single arrow to the right implies that the reaction goes to completion, 
that is, only products are found after the reaction subsides.  For example:

2H2 + O2 → 2H2O

or reactants yield products.

If the reaction is reversible (i.e., it can proceed from left to right or from right to left), a double 
set of arrows (⇄) is used. For example:

H+ + OH- ⇄ H2O

The concept of a reaction equilibrium is important to understand for reversible reactions. Any 
reversible reaction will reach an equilibrium where the number of interactions proceeding to 
the right matches the number proceeding to the left. This equilibrium is reached when the 
product of the lefthand (reactant) concentrations times the rightward reaction rate equals the 
product of the right hand (product) concentrations times the leftward reaction rate.

Therefore, if the rightward reaction rate is high, the rightward reaction will proceed almost 
completely to the right before the equilibrium point is reached. The degree to which the 
rightward reaction proceeds to the right can also be increased if the concentration of any (or 
all) lefthand reactant(s) can be increased, or if the concentration of the right hand products 
can be reduced (by removal as a precipitate or a gas). Similarly, temperature changes can 
change the rightward or leftward reaction rate, thereby changing the resultant equilibrium 
concentrations on the left and right sides. The concept of shifting the equilibrium point to the 
left or right is used by nuclear plant operators when determining the chemical additives to be 
injected into plant waters.

For ordinary chemical reactions (vice nuclear reactions), the law of conservation of mass 
will also apply to reactions. That is to say, if we start with 10 grams of reactants, we will 
end up with 10 grams of products, or if we start with 10 atoms of hydrogen and 10 atoms of 
oxygen, we will end up with the same number of atoms, being either single atoms, diatomic 
molecules, or combined in other compounds.

4.4.5
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There are three aspects to writing a chemical equation:

1. The equation must include all reactants and products. Analysis indicates what products 
are formed, and only equations relating these products to the reactants are written.

2. The formulas for all compounds reacting or formed must be balanced as to valence. 
For example, if sodium chloride is formed, we must write the formula as NaCl, not 
Na2Cl or NaCl2.

3. We must satisfy the law of conservation of mass with respect to atoms. If two atoms 
of lithium (Li) appear on the left side of the equation, we must assure that two atoms 
of lithium appear on the right side. A new atom cannot appear on the product side, 
nor can it disappear from the reactant side. Balancing occurs by adjusting coefficients 
of the formulas of reactants and products. Subscripts cannot be changed because 
changing them would cause a change of product or reactant. When oxidation 
(reduction) causes a change of valence of one atom due to loss (or gain) of electrons, 
another atom, or other atoms, must undergo a compensatory reduction (oxidation).

In attempting to write the chemical equation representing the production of water from 
hydrogen and oxygen, we first write the reactants and products and their general 
relationship.  Thus:

H2 + O2 → H2O (unbalanced)

We have also been careful to accurately portray the valence of the water molecule (H2O), 
hydrogen gas (H2), and oxygen gas (O2).

Finally the equation is balanced by adjusting the coefficients of the molecules. Since the 
water molecule has twice as many hydrogen atoms as oxygen atoms, twice as much 
hydrogen as oxygen must be reacting. Therefore, the balanced equation is written:

2H2 + O2 → 2H2O (balanced)
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Chemical Weights
Analyses of chemical reactions frequently involve calculations of the chemical weights 
involved in the reactions. As indicated earlier, the atomic mass number (A) of an atom is 
equal to the number of nucleons in the atom nucleus. For chemical reaction calculations, the 
gram-atomic weight of an element is the weight in grams equal to the atomic mass number 
of the elemental atom. Similarly, the gram-molecular weight of a compound is the weight in 
grams equal to the sum of the atomic mass numbers of the atoms contained in a molecule of 
the compound.

Normally, the weight terms are used to describe the amount of an element or a compound 
that equals these weights. One gram-atomic weight of an element or one gram molecular 
weight of a compound is called a mole of that substance. In some cases the term mole is 
ambiguous; one mole of oxygen can be either 16 grams of oxygen atoms or 32 grams of O2 
molecules.

Because the mass of a gram atomic weight of an element is directly proportional to the mass 
of a single atom, the number of atoms in a gram- atomic weight is a constant. Avogadro’s 
number (NA) is the number of atoms in one gram-atomic weight of an element. NA is also 
equal to the number of molecules in one gram-molecular weight of a compound. NA has 
been determined to be 6.022 x 1023.

4.4.6
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Solution Definitions
A solution is classified as a mixture rather than a pure substance (like an element or a 
compound) because, unlike compounds, solutions do not have fixed compositions. For 
example, if we took six glasses of iced tea and put 1 teaspoon of sugar in the first glass, two 
in the second, and so on, we would have six different compositions of iced tea and sugar, or 
six different solutions.

Solutions consist of a solvent and one or more solutes. The solvent is the major component 
of a solution, the material that dissolves the other substances. The substances that dissolve 
in the solvent are called solutes.

Sometimes plant waters contain suspended particles rather than dissolved solutes. Iron 
oxide, common red rust, is a good example of a substance that may form a suspension in 
nuclear plant waters. Rust particles, which are actually groups of iron oxide molecules, do 
not readily dissolve or react chemically with water. Therefore, the rust remains as particles, 
which are carried along with the water flow. If the flow is stopped, most of the suspended 
particles will eventually settle to the bottom. Dissolved solutes will remain in solution, and will 
not settle out.

4.5.1

Solutions
If we took some salt and stirred it in a glass of water, we would produce a solution, a 
homogeneous mixture of two or more substances. Homogeneous means that if we were 
to take a small sample near the top of a container of solution, and another from the bottom 
of the same container, both samples would have the same composition. Understanding 
solutions is important to understanding water treatment in a nuclear power plant.  The five 
areas of solutions that we will explore are:

1. Solution Definitions

2. Solution Characteristics

3. Ionic Solutions

4. Solution Concentration Terms

5. Solubility

4.5
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Solution Characteristics
When we talk about water or aqueous solutions, the solvent is water. Water readily dissolves 
a great number of solid, liquid, and gaseous substances. For example, water will readily 
dissolve oxygen and nitrogen from the air (these gases can be observed passing out of 
solution as bubbles when tap water is heated). Water will also readily dissolve certain 
liquids, like alcohol and acetone, but it will not dissolve petroleum- based liquids, like 
gasoline. Finally, water will dissolve a great number of solids, such as salt and sugar. Some 
other solids, like most metals, however, will not readily dissolve in water.

We might ask the question: Why do some substances dissolve in water, while others do not? 
The general rule for solution formation is: Like substances tend to dissolve in one another; 
unlike substances do not. For covalent solvents like water, the most important feature 
determining likeness is whether or not the solvent molecules are polar. Polar molecules 
exhibit a separation of charge across each molecule; one end of the molecule is slightly 
positive charged, and the other end is slightly negative charged. Non-polar molecules 
normally form a ring shape so there are no charged ends. Many oxygen and nitrogen 
covalent compounds are polar; most hydrocarbon compounds are non-polar. Water and 
ammonia are polar molecules; carbon tetrachloride and gasoline are non-polar.

In general, the negatively charged end of a polar solvent molecule will have an attraction for 
the positively charged end of a polar solute molecule; similarly, the positive end of a polar 
solvent molecule will attract the negative end of a polar solute molecule. Thus, polar solutes 
tend to readily dissolve in polar solvents. For example, the polar compounds alcohol and 
water readily dissolve in each other. In this case, the solvent and solute are “alike.”

On the other hand, non-polar compounds are generally insoluble in polar liquids. For 
example, the non-polar molecules of gasoline and carbon tetrachloride are insoluble in the 
polar compound water. These substances are not “alike.”

In summary, polar and ionic solutes generally tend to dissolve in polar solvents, but not in 
non-polar solvents. Non-polar solutes generally dissolve in non-polar solvents, but not in 
polar solvents.

4.5.2
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Ionic Solutions
Solid ionic compounds normally exist as ions arranged in a crystal lattice. Each ion exists as 
a charged entity. When ionic compounds dissolve in water, the ions retain their identity and 
charge; the ions continue to exist as ions in the water solution.

Consider the solid ionic compound sodium chloride (NaCl) dissolving in the polar solvent 
water. In the dissolving process, the polar water molecules orient themselves about the ions 
at the crystal surface. Some water molecules are oriented with their negative ends near the 
positive sodium ions. Other water molecules are oriented with their positive ends near the 
negative chloride ions. The forces exerted by the oriented water molecules tend to weaken 
the electrostatic attraction between an ion at the crystal surface and the other ions within 
the crystal. As a result, some of the ions pass into solution. Once in solution, the ions diffuse 
away from the crystal.

Water molecules attracted to the ion by electrostatic forces tend to remain associated 
with the ion as it moves through the solution. These molecules form a thin sheath of water 
around each dissolved Na+ and Cl- ion. The sheath of water molecules tends to prevent 
recombination of the oppositely charged ions. When an ionic substance dissolves in water, 
the resulting solution contains charged ionic entities with separation maintained by the 
surrounding water molecules.

Substances that form ions when they dissolve in water are called electrolytes; the resulting 
solutions are called electrolytic solutions. Electrolytes produce two kinds of ions, positive and 
negative. Since solutions are always electrically neutral, the total charge on all the positive 
ions in the solution is always equal to the total charge on all the negative ions in the solution. 
Positive ions are called cations; negative ions are called anions. The ions in an electrolytic 
solution have sufficient mobility so they can appear to transport electric current flow through 
the solution. This aspect of electrolytic solutions will be further explored during discussions 
of voltaic cells and batteries.

4.5.3
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Solution Concentration Terms
A solution is said to be concentrated when it contains a relatively large amount of solute. 
A solution is said to be dilute when it contains relatively little solute. The concepts of 
concentrated and dilute solutions are relative. For substances that are not very soluble, 
solutions are always dilute. For highly soluble substances, solutions can be either dilute or 
concentrated. For example, sugar has a high solubility in water. There are both dilute sugar 
solutions (water containing a small amount of sugar) and concentrated sugar solutions 
(maple syrup).

Chemists use several different quantitative terms when discussing solution concentrations. 
We will normally confine ourselves to discussing dilute solutions, where the terms parts per 
million and parts per billion are appropriate. Parts per million (ppm) is defined as weight 
per million weight.  One simple expression of ppm involves writing the concentration in 
milligrams of solute per kilogram of solution. Parts per billion (ppb) is defined as weight per 
billion weight; ppb can be equated to micrograms of solute per kilogram of solution. For 
dilute solutions the mass of the solution is approximately equal to the mass of the solvent 
(1 liter of water = 1 kilogram). Of course, parts per million in large power plants can also be 
pounds of solute per million pounds of solution.

Another term used for expressing the concentration of a solute in a solution is moles/liter. 
Recall that a mole is the amount of a compound in grams that equals the sum of the atomic 
mass numbers in the compound.

4.5.4

Solubility
When a solute is added to water, there is a limit to the amount that will dissolve under 
particular temperature and pressure conditions. When this limit is reached, the solution is 
said to be saturated. For example, when sugar is added to a glass of iced tea that is being 
stirred, eventually sugar crystals stop dissolving and remain suspended in the solution 
until the stirring ceases. Then the sugar crystals settle to the bottom of the glass. The 
solution is saturated when the solute dissolved in the solution is in equilibrium with the 
undissolved solute at the bottom. Saturation implies that no more solute will dissolve unless 
the conditions of the system are changed, such as by increasing the temperature. The 
concentration of a dissolved solute at saturation is called its solubility.

In a saturated solution, dissolved and undissolved solid solute exist in contact with each 
other. Some molecules or ions from the solute are continuously dissolving (passing into 
solution). Other molecules or ions from the solution are recrystallizing. At saturation, 
the rates of dissolving and recrystallization are identical. Thus, saturation represents an 
equilibrium condition.

Solutes will dissolve in water solutions at all concentrations up to the saturation 
concentration. Solutions containing less dissolved solute than the saturation concentration 
are called unsaturated solutions. Under certain conditions, it is possible for water to contain 
more dissolved solute than the saturation concentration. Such a solution is said to be 
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supersaturated. For example, supersaturated solutions of normal table salt (NaCl) can be 
formed by slow and careful evaporation of the water from a salt solution. Supersaturated 
solutions are unstable. Crystallization proceeds rapidly once it has started until the 
concentration of the solution has been reduced to the solubility of the solute.

A fixed quantity of water will dissolve a relatively large amount of some substances (like salt 
and sugar). These substances are said to have high solubilities in water. The same fixed 
quantity of water may dissolve only a relatively small amount of other substances. These 
substances are said to have low solubility. Calcium and magnesium carbonates, major 
contributors to water hardness, exhibit low solubilities.

In some cases the amount of a substance that will dissolve in water is so insignificant that 
the substance is said to be insoluble. Insolubility, like high solubility and low solubility, is a 
relative concept. Almost all inorganic substances dissolve in water to some degree although 
the solubility may be very limited. Thus, silver chloride (AgCl) is said to be insoluble in 
water because the concentration of silver and chloride ions in a saturated solution is very 
low; however, the ion concentrations are large enough to be measured with sophisticated 
equipment.

Temperature and pressure are two physical factors that can affect the solubility of 
substances in water. Most solids become more soluble as the temperature of water 
is increased. There are some solids, like table salt, whose solubilities are relatively 
independent of temperature. There are also a few solids whose solubilities decrease as 
temperature is increased.

If the solubility of a substance decreases with temperature, the substance is said to have 
inverse solubility. Sodium sulfate (Na2SO4) and calcium sulfate (CaSO4) are substances 
that exhibit inverse solubilities. The concentrations of substances with inverse solubilities 
must be carefully controlled in a heated water system to ensure that the solubility is not 
exceeded at the hot locations within the system. Substances with inverse solubility are likely 
to precipitate on hot heat transfer surfaces (if the solubility is exceeded at the hot surfaces).  
The precipitate can form a scale on the heat transfer surfaces, reducing the heat transfer 
capability of the system.

The boric acid that is added to the reactor coolant in PWR plants for reactivity control 
is an example of a substance that becomes less soluble as solution temperature is 
decreased.   At low ambient temperatures the solubility of boric acid decreases below the 
acid concentrations normally maintained in the boric acid storage system. To prevent the 
precipitation of boric acid that would result from this condition, boric acid storage systems 
use heat tracing systems and tank heaters to keep the boric acid solution warm. Keeping the 
solution warm maintains the boric acid solubility above the stored acid concentration.
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Table A-1   Saturated Steam: Temperature Table 
Abs Press. Specific Volume Enthalpy Entropy 

Temp 
Fahr 

t 

Lb per 
Sq In. 

p 

Sat. 
Liquid 

vf 
Evap 

vfg 

Sat. 
Vapor 

vg 

Sat. 
Liquid 

hf 
Evap 

hfg 

Sat. 
Vapor 

hg 

Sat. 
Liquid 

sf 
Evap 

sfg 

Sat. 
Vapor 

sg 

Temp 
Fahr 

t 

32.0* 
34.0  
36.0  
38.0  

0.08859 
0.09600 
0.10395 
0.11249 

0.016022 
0.016021 
0.016020 
0.016019 

3304.7 
3061.9 
2839.0 
1634.1 

3304.7 
3061.9 
2839.0 
2634.2 

-0.0179 
1.996 
4.008 
6.018 

1075.5 
1074.4 
1073.2 
1072.1 

1075.5 
1076.4 
1077.2 
1078.1 

0.0000 
0.0041 
0.0081 
0.0122 

2.1873 
2.1762 
2.1651 
2.1541 

2.1873 
2.1802 
2.1732 
2.1663 

32.0* 
34.0  
36.0  
38.0  

40.0 
42.0 
44.0 
46.0 
48.0 

0.12163 
0.13143 
0.14192 
0.15314 
0.16514 

0.016019 
0.016019 
0.016019 
0.016020 
0.016021 

2445.8 
2272.4 
2112.8 
1965.7 
1830.0 

2445.8 
2272.4 
2112.8 
1965.7 
1830.0 

8.027 
10.035 
12.041 
14.047 
16.051 

1070.0 
1069.8 
1068.7 
1067.6 
1066.4 

1079.0 
1079.9 
1080.7 
1081.6 
1082.5 

0.0162 
0.0202 
0.0242 
0.0282 
0.0321 

2.1432 
2.1325 
2.1217 
2.1111 
2.1006 

2.1594 
2.1527 
2.1459 
2.1393 
2.1327 

40.0 
42.0 
44.0 
46.0 
48.0 

50.0 
52.0 
54.0 
56.0 
58.0 

0.17796 
0.19165 
0.20625 
0.22183 
0.23843 

0.016023 
0.016024 
0.016026 
0.016028 
0.016031 

1704.8 
1589.2 
1482.4 
1383.6 
1292.2 

1704.8 
1589.2 
1482.4 
1383.6 
1292.2 

18.054 
20.057 
22.058 
24.059 
26.060 

1065.3 
1064.2 
1063.1 
1061.9 
1060.8 

1083.4 
1084.2 
1085.1 
1086.0 
1086.9 

0.0361 
0.0400 
0.0439 
0.0478 
0.0516 

2.0901 
2.0798 
2.0695 
2.0593 
2.0491 

2.1262 
2.1197 
2.1134 
2.1070 
2.1008 

50.0 
52.0 
54.0 
56.0 
58.0 

60.0 
62.0 
64.0 
66.0 
68.0 

0.25611 
0.27494 
0.29497 
0.31626 
0.33889 

0.016033 
0.016036 
0.016039 
0.016043 
0.016046 

1207.6 
1129.2 
1056.5 
989.0 
926.5 

1207.6 
1129.2 
1056.5 
989.1 
926.5 

28.060 
30.059 
32.058 
34.056 
36.054 

1059.7 
1058.5 
1057.4 
1056.3 
1055.2 

1087.7 
1088.6 
1089.5 
1090.4 
1091.2 

0.0555 
0.0593 
0.0632 
0.0670 
0.0708 

2.0391 
2.0291 
2.0192 
2.0094 
1.9996 

2.0946 
2.0885 
2.0824 
2.0764 
2.0704 

60.0 
62.0 
64.0 
66.0 
68.0 

70.0 
72.0 
74.0 
76.0 
78.0 

0.36292 
0.38844 
0.41550 
0.44420 
0.47461 

0.016050 
0.016054 
0.016058 
0.016063 
0.016067 

868.3 
814.3 
764.1 
717.4 
673.8 

868.4 
814.3 
764.1 
717.4 
673.9 

38.052 
40.049 
42.046 
44.043 
46.040 

1054.0 
1052.9 
1051.8 
1050.7 
1049.5 

1092.1 
1093.0 
1093.8 
1094.7 
1095.6 

0.0745 
0.0783 
0.0821 
0.0858 
0.0895 

1.9900 
1.9804 
1.9708 
1.9614 
1.9520 

2.0645 
2.0587 
2.0529 
2.0472 
2.0415 

70.0 
72.0 
74.0 
76.0 
78.0 

80.0 
82.0 
84.0 
86.0 
88.0 

0.50683 
0.54093 
0.57702 
0.61518 
0.65551 

0.016072 
0.016077 
0.016082 
0.016087 
0.016093 

633.3 
595.5 
560.3 
527.5 
496.8 

633.3 
595.5 
560.3 
527.5 
496.8 

48.037 
50.033 
52.029 
54.026 
56.022 

1048.4 
1047.3 
1046.1 
1045.0 
1043.9 

1096.4 
1097.3 
1098.2 
1099.0 
1099.9 

0.0932 
0.0969 
0.1006 
0.1043 
0.1079 

1.9426 
1.9334 
1.9242 
1.9151 
1.9060 

2.0359 
2.0303 
2.0248 
2.0193 
2.0139 

80.0 
82.0 
84.0 
86.0 
88.0 

90.0 
92.0 
94.0 
96.0 
98.0 

0.69813 
0.74313 
0.79062 
0.84072 
0.89356 

0.016099 
0.016105 
0.016111 
0.016117 
0.016123 

468.1 
441.3 
416.3 
392.8 
370.9 

468.1 
441.3 
416.3 
392.9 
370.9 

58.018 
60.014 
62.010 
64.006 
66.003 

1042.7 
1041.6 
1040.5 
1039.3 
1038.2 

1100.8 
1101.6 
1102.5 
1103.3 
1104.2 

0.1115 
0.1152 
0.1188 
0.1224 
0.1260 

1.8970 
1.8881 
1.8792 
1.8704 
1.8617 

2.0086 
2.0033 
1.9980 
1.9928 
1.9876 

90.0 
92.0 
94.0 
96.0 
98.0 

100.0 
102.0 
104.0 
106.0 
108.0 

0.94924 
1.00789 
1.06965 
1.1347 
1.2030 

0.016130 
0.016137 
0.016144 
0.016151 
0.016158 

350.4 
331.1 
313.1 
296.16 
280.28 

350.4 
331.1 
313.1 
296.18 
280.30 

67.999 
69.995 
71.992 
73.99 
75.98 

1037.1 
1035.9 
1034.8 
1033.6 
1032.5 

1105.1 
1105.9 
1106.8 
1107.6 
1108.5 

0.1295 
0.1331 
0.1366 
0.1402 
0.1437 

1.8530 
1.8444 
1.8358 
1.8273 
1.8188 

1.9825 
1.9775 
1.9725 
1.9675 
1.9626 

100.0 
102.0 
104.0 
106.0 
108.0 

110.0 
112.0 
114.0 
116.0 
118.0 

1.2750 
1.3505 
1.4299 
1.5133 
1.6009 

0.016165 
0.016173 
0.016180 
0.016188 
0.016196 

265.37 
251.37 
238.21 
225.84 
214.20 

265.39 
251.38 
238.22 
225.85 
214.21 

77.98 
79.98 
81.97 
83.97 
85.97 

1031.4 
1030.2 
1029.1 
1027.9 
1026.8 

1109.3 
1110.2 
1111.0 
1111.9 
1112.7 

0.1472 
0.1507 
0.1542 
0.1577 
0.1611 

1.8105 
1.8021 
1.7938 
1.7856 
1.7774 

1.9577 
1.9528 
1.9480 
1.9433 
1.9386 

110.0 
112.0 
114.0 
116.0 
118.0 

120.0 
122.0 
124.0 
126.0 
128.0 

1.6927 
1.7891 
1.8901 
1.9959 
2.1068 

0.016204 
0.016213 
0.016221 
0.016229 
0.016238 

203.25 
192.94 
183.23 
174.08 
165.45 

203.26 
192.95 
183.24 
174.09 
165.47 

97.97 
89.96 
91.96 
93.96 
95.96 

1025.6 
1024.5 
1023.3 
1022.2 
1021.0 

1113.6 
1114.4 
1115.3 
1116.1 
1117.0 

0.1646 
0.1680 
0.1715 
0.1749 
0.1783 

1.7693 
1.7613 
1.7533 
1.7453 
1.7374 

1.9339 
1.9293 
1.9247 
1.9202 
1.9157 

120.0 
122.0 
124.0 
126.0 
128.0 

130.0 
132.0 
134.0 
136.0 
138.0 

2.2230 
2.3445 
2.4717 
2.6047 
2.7438 

0.016247 
0.016256 
0.016265 
0.016274 
0.016284 

157.32 
149.64 
142.40 
135.55 
129.09 

157.33 
149.66 
142.41 
135.57 
129.11 

97.96 
99.95 
101.95 
103.95 
105.95 

1019.8 
1018.7 
1017.5 
1016.4 
1015.2 

1117.8 
1118.6 
1119.5 
1120.3 
1121.1 

0.1817 
0.1851 
0.1884 
0.1918 
0.1951 

1.7295 
1.7217 
1.7140 
1.7063 
1.6986 

1.9112 
1.9068 
1.9024 
1.8980 
1.8937 

130.0 
132.0 
134.0 
136.0 
138.0 

140.0 
142.0 
144.0 
146.0 
148.0 

2.8892 
3.0411 
3.1997 
3.3653 
3.5381 

0.016293 
0.016303 
0.016312 
0.016322 
0.016332 

122.98 
117.21 
111.74 
106.58 
101.68 

123.00 
117.22 
111.76 
106.59 
101.70 

107.95 
109.95 
111.95 
113.95 
115.95 

1014.0 
1012.9 
1011.7 
1010.5 
1009.3 

1122.0 
1122.8 
1123.6 
1124.5 
1125.3 

0.1985 
0.2018 
0.2051 
0.2084 
0.2117 

1.6910 
1.6534 
1.6759 
1.6684 
1.6610 

1.8895 
1.8852 
1.8810 
1.8769 
1.8727 

140.0 
142.0 
144.0 
146.0 
148.0 

150.0 
152.0 
154.0 
156.0 
158.0 

3.7184 
3.9065 
4.1025 
4.3068 
4.5197 

0.016343 
0.016353 
0.016363 
0.016374 
0.016384 

97.05 
92.66 
88.50 
84.56 
80.82 

97.07 
92.68 
88.52 
84.57 
80.83 

117.95 
119.95 
121.95 
123.95 
125.96 

1008.2 
1007.0 
1005.8 
1004.6 
1003.4 

1126.1 
1126.9 
1127.7 
1128.6 
1129.4 

0.2150 
0.2183 
0.2216 
0.2248 
0.2281 

1.6536 
1.6463 
1.6390 
1.6318 
1.6245 

1.8686 
1.8646 
1.8606 
1.8566 
1.8526 

150.0 
152.0 
154.0 
156.0 
158.0 

160.0 
162.0 
164.0 
166.0 
168.0 

4.7414 
4.9722 
5.2124 
5.4623 
5.7223 

0.016395 
0.016406 
0.016417 
0.016428 
0.016440 

77.27 
73.90 
70.70 
67.67 
64.78 

77.29 
73.92 
70.72 
67.68 
64.80 

127.96 
129.96 
131.96 
133.97 
135.97 

1002.2 
1001.0 
999.8 
998.6 
997.4 

1130.2 
1131.0 
1131.8 
1132.6 
1133.4 

0.2313 
0.2345 
0.2377 
0.2409 
0.2441 

1.6174 
1.6103 
1.3062 
1.5961 
1.5892 

1.8487 
0.8448 
1.8409 
1.8371 
1.8333 

160.0 
162.0 
164.0 
166.0 
168.0 

170.0 
172.0 
174.0 
176.0 
178.0 

5.9926 
6.2736 
6.5656 
6.8690 
7.1480 

0.016451 
0.016463 
0.016474 
0.016486 
0.016498 

62.04 
59.43 
56.95 
54.59 
52.35 

62.06 
59.45 
56.97 
54.61 
52.36 

137.97 
139.98 
141.98 
143.99 
145.99 

996.2 
995.0 
993.8 
992.6 
991.4 

1134.2 
1135.0 
1135.8 
1136.6 
1137.4 

0.2473 
0.2505 
0.2537 
0.2568 
0.2600 

1.5822 
1.5753 
1.5684 
1.5616 
1.5548 

1.8295 
1.8258 
1.8221 
1.8184 
1.8147 

170.0 
172.0 
174.0 
176.0 
178.0 

*The states shown are metastable.

Heat Transfer and Thermal Hydraulics Basics



Appendix A 

A-3 

Table A-1   Saturated Steam: Temperature Table - continued
Abs Press. Specific Volume Enthalpy Entropy 

Temp 
Fahr 

t 

Lb per 
Sq In. 

p 

Sat. 
Liquid 

vf 
Evap 

vfg 

Sat. 
Vapor 

vg 

Sat. 
Liquid 

hf 
Evap 

hfg 

Sat. 
Vapor 

hg 

Sat. 
Liquid 

sf 
Evap 

sfg 

Sat. 
Vapor 

sg 

Temp 
Fahr 

t 

180.0 
182.0 
184.0 
186.0 
188.0 

7.5110 
7.850 
8.203 
8.568 
8.947 

0.016510 
0.016522 
0.016534 
0.016547 
0.016559 

50.21 
48.172 
46.232 
44.383 
42.621 

50.22 
48.189 
46.249 
44.400 
42.638 

148.00 
150.01 
152.01 
154.02 
156.03 

990.2 
989.0 
987.8 
986.5 
985.3 

1138.2 
1139.0 
1139.8 
1140.5 
1141.3 

0.2631 
0.2662 
0.2694 
0.2725 
0.2756 

1.5480 
1.5413 
1.5346 
1.5279 
1.5213 

1.8111 
1.8075 
1.8040 
1.8004 
1.7969 

180.0 
182.0 
184.0 
186.0 
188.0 

190.0 
192.0 
194.0 
196.0 
198.0 

9.340 
9.747 
10.168 
10.605 
11.058 

0.016572 
0.016585 
0.016598 
0.016611 
0.016624 

40.941 
39.337 
37.808 
36.348 
34.954 

40.957 
39.354 
37.824 
36.364 
34.970 

158.04 
160.05 
162.05 
164.06 
166.08 

984.1 
982.8 
981.6 
980.4 
979.1 

1142.1 
1142.9 
1143.7 
1144.4 
1145.2 

0.2787 
0.2818 
0.2848 
0.2879 
0.2910 

1.5148 
1.5082 
1.5017 
1.4952 
1.4888 

1.7934 
1.7900 
1.7865 
1.7831 
1.7798 

190.0 
192.0 
194.0 
196.0 
198.0 

200.0 
204.0 
208.0 
212.0 
216.0 

11.526 
12.512 
13.568 
14.696 
15.901 

0.016637 
0.016664 
0.016691 
0.016719 
0.016747 

33.622 
31.135 
28.862 
26.782 
24.878 

33.639 
31.151 
28.878 
26.799 
24.894 

168.09 
172.11 
176.14 
180.17 
184.20 

977.9 
975.4 
972.8 
970.3 
967.8 

1146.0 
1147.5 
1149.0 
1150.5 
1152.0 

0.2940 
0.3001 
0.3061 
0.3121 
0.3181 

1.4824 
1.4697 
1.4571 
1.4447 
1.4323 

1.7764 
1.7698 
1.7632 
1.7568 
1.7505 

200.0 
204.0 
208.0 
212.0 
216.0 

220.0 
224.0 
228.0 
232.0 
236.0 

17.186 
18.556 
20.015 
21.567 
23.216 

0.016775 
0.016805 
0.016834 
0.016864 
0.016895 

21.131 
21.529 
20.056 
18.701 
17.454 

23.148 
21.545 
20.073 
18.718 
17.471 

188.23 
192.27 
196.31 
200.35 
204.40 

965.2 
962.6 
960.0 
957.4 
954.8 

1153.4 
1154.9 
1156.3 
1157.8 
1159.2 

0.3241 
0.3300 
0.3359 
0.3417 
0.3476 

1.4201 
1.4081 
1.3961 
1.3842 
1.3725 

1.7442 
1.7380 
1.7320 
1.7260 
1.7201 

220.0 
224.0 
228.0 
232.0 
236.0 

240.0 
244.0 
248.0 
252.0 
256.0 

24.968 
26.826 
28.796 
30.883 
33.091 

0.016926 
0.016958 
0.016990 
0.017022 
0.017055 

16.304 
15.243 
14.264 
13.358 
12.520 

16.321 
15.260 
14.281 
13.375 
12.538 

208.45 
212.50 
216.56 
220.62 
224.69 

952.1 
949.5 
946.8 
944.1 
941.4 

1160.6 
1162.0 
1163.4 
1164.7 
1166.1 

0.3533 
0.3591 
0.3649 
0.3706 
0.3763 

1.3609 
1.3494 
1.3379 
1.3266 
1.3154 

1.7142 
1.7085 
1.7028 
1.6972 
1.6917 

240.0 
244.0 
248.0 
252.0 
256.0 

260.0 
264.0 
268.0 
272.0 
276.0 

35.427 
37.894 
40.500 
43.249 
46.147 

0.017089 
0.017123 
0.017157 
0.017193 
0.017228 

11.745 
11.025 
10.358 
9.738 
9.162 

11.762 
11.042 
10.375 
9.755 
9.180 

228.76 
232.83 
236.91 
240.99 
245.08 

938.6 
935.9 
933.1 
930.3 
927.5 

1167.4 
1168.7 
1170.0 
1171.3 
1172.5 

0.3819 
0.3876 
0.3932 
0.3987 
0.4043 

1.3043 
1.2933 
1.2823 
1.2715 
1.2607 

1.6862 
1.6808 
1.6755 
1.6702 
1.6650 

260.0 
264.0 
268.0 
272.0 
276.0 

280.0 
284.0 
288.0 
292.0 
296.0 

49.200 
52.414 
55.795 
59.350 
63.084 

0.017264 
0.01730 
0.01734 
0.01738 
0.01741 

8.627 
8.1280 
7.6634 
7.2301 
6.8259 

8.644 
8.1453 
7.6807 
7.2475 
6.8433 

249.17 
253.3 
257.4 
261.5 
265.6 

924.6 
921.7 
918.8 
915.9 
913.0 

1173.8 
1175.0 
1176.2 
1177.4 
1178.6 

0.4098 
0.4154 
0.4208 
0.4263 
0.4317 

1.2501 
1.2395 
1.2290 
1.2186 
1.2082 

1.6599 
1.6548 
1.6498 
1.6449 
1.6400 

280.0 
284.0 
288.0 
292.0 
296.0 

300.0 
304.0 
308.0 
312.0 
316.0 

67.005 
71.119 
75.433 
79.953 
84.688 

0.01745 
0.01749 
0.01753 
0.01757 
0.01761 

6.4483 
6.0955 
5.7655 
5.4566 
5.1673 

6.4658 
6.1130 
5.7830 
5.4742 
5.1849 

269.7 
273.8 
278.0 
282.1 
286.3 

910.0 
907.0 
904.0 
901.0 
987.9 

1179.7 
1180.9 
1182.0 
1183.1 
1184.1 

0.4372 
0.4426 
0.4479 
0.4533 
0.4586 

1.1979 
1.1877 
1.1776 
1.1676 
1.1576 

1.6351 
1.6303 
1.6256 
1.6209 
1.6162 

300.0 
304.0 
308.0 
312.0 
316.0 

320.0 
324.0 
328.0 
332.0 
336.0 

89.643 
94.826 

100.245 
105.907 
111.820 

0.01766 
0.01770 
0.01774 
0.01779 
0.01783 

4.8961 
4.6418 
4.4030 
4.1788 
3.9681 

4.9138 
4.6595 
4.4208 
4.1966 
3.9859 

290.4 
294.6 
298.7 
302.9 
307.1 

894.8 
891.6 
888.5 
885.3 
882.1 

1185.2 
1186.2 
1187.2 
1188.2 
1189.1 

0.4640 
0.4692 
0.4745 
0.4798 
0.4850 

1.1477 
1.1378 
1.1280 
1.1183 
1.1086 

1.6116 
1.6071 
1.6025 
1.5981 
1.5936 

320.0 
324.0 
328.0 
332.0 
336.0 

340.0 
344.0 
348.0 
352.0 
356.0 

117.992 
124.430 
131.142 
138.138 
145.424 

0.01787 
0.01792 
0.01797 
0.01801 
0.01806 

3.7699 
3.5834 
3.4078 
3.2423 
3.0863 

3.7878 
3.6013 
3.4258 
3.2603 
3.1044 

311.3 
315.5 
319.7 
323.9 
328.1 

878.8 
875.5 
872.2 
868.9 
865.5 

1190.1 
1191.0 
1191.1 
1192.7 
1193.6 

0.4902 
0.4954 
0.5006 
0.5058 
0.5110 

1.0990 
1.0894 
1.0799 
1.0705 
1.0611 

1.5892 
1.5849 
1.5806 
1.5763 
1.5721 

340.0 
344.0 
348.0 
352.0 
356.0 

360.0 
364.0 
368.0 
372.0 
376.0 

153.010 
160.903 
169.113 
177.648 
186.517 

0.01811 
0.01816 
0.01821 
0.01826 
0.01831 

2.9392 
2.8002 
2.6691 
2.5451 
2.4279 

2.9573 
2.8184 
2.6873 
2.5633 
2.4462 

332.3 
336.5 
340.8 
345.0 
349.3 

862.1 
858.6 
855.1 
851.6 
848.1 

1194.4 
1195.2 
1195.9 
1196.7 
1197.4 

0.5161 
0.5212 
0.5263 
0.5314 
0.5365 

1.0517 
1.0424 
1.0332 
1.0240 
1.0148 

1.5678 
1.5637 
1.5595 
1.5554 
1.5513 

360.0 
364.0 
368.0 
372.0 
376.0 

380.0 
384.0 
388.0 
392.0 
396.0 

195.729 
205.294 
215.220 
225.516 
236.193 

0.01836 
0.01842 
0.01847 
0.01853 
0.01858 

2.3170 
2.2120 
2.1136 
2.0184 
1.9291 

2.3353 
2.2304 
2.1311 
2.0369 
1.9477 

353.6 
357.9 
362.2 
366.5 
370.8 

844.5 
840.8 
837.2 
833.4 
829.7 

1198.0 
1198.7 
1199.3 
1199.9 
1200.4 

0.5416 
0.5466 
0.5516 
0.5567 
0.5617 

1.0057 
0.9966 
0.9876 
0.9786 
0.9696 

1.5493 
1.5432 
1.5392 
1.5352 
1.5313 

380.0 
384.0 
388.0 
392.0 
396.0 

400.0 
404.0 
408.0 
412.0 
416.0 

247.359 
258.725 
270.600 
282.894 
295.617 

0.01864 
0.01870 
0.01875 
0.01881 
0.01887 

1.8444 
1.7640 
1.6877 
1.6152 
1.5463 

1.8630 
1.7827 
1.7064 
1.6340 
1.5651 

375.1 
379.4 
383.8 
388.1 
392.5 

825.9 
822.0 
818.2 
814.2 
810.2 

1201.0 
1201.5 
1201.9 
1202.4 
1202.8 

0.5667 
0.5717 
0.5766 
0.5816 
0.5866 

0.9607 
0.9518 
0.9429 
0.9341 
0.9253 

1.5274 
1.5234 
1.5195 
1.5157 
1.5118 

400.0 
404.0 
408.0 
412.0 
416.0 

420.0 
424.0 
428.0 
432.0 
436.0 

308.780 
322.391 
336.463 
351.00 
366.03 

0.01894 
0.01900 
0.01906 
0.01913 
0.01919 

1.4808 
1.4184 
1.3591 

1.30266 
1.24887 

1.4997 
1.4374 
1.3782 

1.32179 
1.26806 

396.9 
401.3 
405.7 
410.0 
414.6 

806.2 
802.2 
798.0 
793.9 
789.7 

1203.1 
1203.5 
1203.7 
1204.0 
1204.2 

0.5915 
0.5964 
0.6014 
0.6063 
0.6112 

0.9165 
0.9077 
0.8990 
0.8903 
0.8816 

1.5080 
1.5042 
1.5004 
1.4966 
1.4928 

420.0 
424.0 
428.0 
432.0 
436.0 

440.0 
444.0 
448.0 
452.0 
456.0 

381.54 
397.56 
414.09 
431.14 
448.73 

0.01926 
0.01933 
0.01940 
0.01947 
0.01954 

1.19761 
1.14874 
1.10212 
1.05764 
1.01518 

1.21687 
1.16806 
1.12152 
1.07711 
1.03472 

419.0 
423.5 
428.0 
432.5 
437.0 

785.4 
781.1 
776.7 
772.3 
767.8 

1204.4 
1204.6 
1204.7 
1204.8 
1204.8 

0.6161 
0.6210 
0.6259 
0.6308 
0.6356 

0.8729 
0.8643 
0.8557 
0.8471 
0.8385 

1.4890 
1.4853 
1.4815 
1.4778 
1.4741 

440.0 
444.0 
448.0 
452.0 
456.0 
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Appendix A 

A-4 

Table A-1   Saturated Steam: Temperature Table - continued
Abs Press. Specific Volume Enthalpy Entropy 

Temp 
Fahr 

t 

Lb per 
Sq In. 

p 

Sat. 
Liquid 

vf 
Evap 

vfg 

Sat. 
Vapor 

vg 

Sat. 
Liquid 

hf 
Evap 

hfg 

Sat. 
Vapor 

hg 

Sat. 
Liquid 

sf 
Evap 

sfg 

Sat. 
Vapor 

sg 

Temp 
Fahr 

t 

460.0 
464.0 
468.0 
472.0 
476.0 

466.87 
485.56 
504.83 
524.67 
545.11 

0.01961 
0.01969 
0.01976 
0.01984 
0.01992 

0.97463 
0.93588 
0.89885 
0.86345 
0.82958 

0.99424 
0.95557 
0.91862 
0.88329 
0.84950 

441.5 
446.1 
450.7 
455.2 
459.9 

763.2 
758.6 
754.0 
749.3 
744.5 

1204.8 
1204.7 
1204.6 
1204.5 
1204.3 

0.6405 
0.6454 
0.6502 
0.6551 
0.6599 

0.8299 
0.8213 
0.8127 
0.8042 
0.7956 

1.4704 
1.4667 
1.4629 
1.4592 
1.4555 

460.0 
464.0 
468.0 
472.0 
476.0 

480.0 
484.0 
488.0 
492.0 
496.0 

566.15 
587.81 
610.10 
633.03 
656.61 

0.02000 
0.02009 
0.02017 
0.02026 
0.02034 

0.79716 
0.76613 
0.73641 
0.70794 
0.68065 

0.81717 
0.78622 
0.75658 
0.72820 
0.70100 

464.5 
469.1 
473.8 
478.5 
483.2 

739.6 
734.7 
729.7 
724.6 
719.5 

1204.1 
1203.8 
1203.5 
1203.1 
1202.7 

0.6648 
0.6696 
0.6745 
0.6793 
0.6842 

0.7871 
0.7785 
0.7700 
0.7614 
0.7528 

1.4518 
1.4481 
1.4444 
1.4407 
1.4370 

480.0 
484.0 
488.0 
492.0 
496.0 

500.0 
504.0 
508.0 
512.0 
516.0 

680.86 
705.78 
731.40 
757.72 
784.76 

0.02043 
0.02053 
0.02062 
0.02072 
0.02081 

0.65448 
0.62938 
0.60530 
0.58218 
0.55997 

0.67492 
0.64991 
0.62592 
0.60289 
0.58079 

487.9 
492.7 
497.5 
502.3 
507.1 

714.3 
709.0 
703.7 
698.2 
692.7 

1202.2 
1201.7 
1201.1 
1200.5 
1199.8 

0.6890 
0.6939 
0.6987 
0.7036 
0.7085 

0.7443 
0.7357 
0.7271 
0.7185 
0.7099 

1.4333 
1.4296 
1.4258 
1.4221 
1.4183 

500.0 
504.0 
508.0 
512.0 
516.0 

520.0 
524.0 
528.0 
532.0 
536.0 

812.53 
841.04 
870.31 
900.34 
931.17 

0.02091 
0.02102 
0.02112 
0.02 123 
0.02134 

0.53864 
0.51814 
0.49843 
0.47947 
0.46123 

0.55956 
0.53916 
0.51955 
0.50070 
0.48257 

512.0 
516.9 
521.8 
526.8 
531.7 

687.0 
681.3 
675.5 
669.6 
663.6 

1199.0 
1198.2 
1197.3 
1196.4 
1195.4 

0.7133 
0.7182 
0.7231 
0.7280 
0.7329 

0.7013 
0.6926 
0.6839 
0.6752 
0.6665 

1.4146 
1.4108 
1.4070 
1.4032 
1.3993 

520.0 
524.0 
528.0 
532.0 
536.0 

540.0 
544.0 
548.0 
552.0 
556.0 

962.79 
995.22 

1028.49 
1062.59 
1097.55 

0.02146 
0.02157 
0.02169 
0.02182 
0.02194 

0.44367 
0.42677 
0.41048 
0.39479 
0.37966 

0.46513 
0.44834 
0.43217 
0.41660 
0.40160 

536.8 
541.8 
546.9 
552.0 
557.2 

657.5 
651.3 
645.0 
638.5 
632.0 

1194.3 
1193.1 
1191.9 
1190.6 
1189.2 

0.7378 
0.7427 
0.7476 
0.7525 
0.7575 

0.6577 
0.6489 
0.6400 
0.6311 
0.6222 

1.3954 
1.3915 
1.3876 
1.3837 
1.3797 

540.0 
544.0 
548.0 
552.0 
556.0 

560.0 
564.0 
568.0 
572.0 
576.0 

1133.38 
1170.10 
1207.72 
1246.26 
1285.74 

0.02207 
0.02221 
0.02235 
0.02249 
0.02264 

0.36507 
0.35099 
0.33741 
0.32429 
0.31162 

0.38714 
0.37320 
0.35975 
0.34678 
0.33426 

562.4 
567.6 
572.9 
578.3 
583.7 

625.3 
618.5 
611.5 
604.5 
597.2 

1187.7 
1186.1 
1184.5 
1182.7 
1180.9 

0.7625 
0.7674 
0.7725 
0.7775 
0.7825 

0.6132 
0.6041 
0.5950 
0.5859 
0.5766 

1.3757 
1.3716 
1.3675 
1.3634 
1.3592 

560.0 
564.0 
568.0 
572.0 
576.0 

580.0 
584.0 
588.0 
592.0 
596.0 

1326.17 
1367.7 
1410.0 
1453.3 
1497.8 

0.02279 
0.02295 
0.02311 
0.02328 
0.02345 

0.29937 
0.28753 
0.27608 
0.26499 
0.25425 

0.32216 
0.31048 
0.29919 
0.28827 
0.27770 

589.1 
594.6 
600.1 
605.7 
611.4 

589.9 
582.4 
574.7 
566.8 
558.5 

1179.0 
1176.9 
1174.8 
1172.6 
1170.2 

0.7876 
0.7927 
0.7978 
0.8030 
0.8082 

0.5673 
0.5580 
0.5485 
0.5390 
0.5293 

1.3550 
1.3507 
1.3464 
1.3420 
1.3375 

580.0 
584.0 
588.0 
592.0 
596.0 

600.0 
604.0 
608.0 
612.0 
616.0 

1543.2 
1589.7 
1637.3 
1686.1 
1735.9 

0.02364 
0.02382 
0.02404 
0.02422 
0.02444 

0.24384 
0.23374 
0.22394 
0.21442 
0.20516 

0.26747 
0.25757 
0.24796 
0.23865 
0.22960 

617.1 
622.9 
628.8 
634.8 
640.8 

550.6 
542.2 
533.6 
524.7 
515.6 

1167.7 
1165.1 
1162.4 
1159.5 
1156.4 

0.8134 
0.8187 
0.8240 
0.8294 
0.8348 

0.5196 
0.5097 
0.4997 
0.4896 
0.4794 

1.3330 
1.3284 
1.3238 
1.3190 
1.3141 

600.0 
604.0 
608.0 
612.0 
616.0 

620.0 
624.0 
628.0 
632.0 
636.0 

1786.9 
1839.0 
1892.4 
1947.0 
2002.8 

0.02466 
0.02489 
0.02514 
0.02539 
0.02566 

0.19615 
0.18737 
0.17880 
0.17044 
0.16226 

0.22081 
0.21226 
0.20394 
0.19583 
0.18792 

646.9 
653.1 
659.5 
665.9 
672.4 

506.3 
496.6 
486.7 
476.4 
465.7 

1153.2 
1149.8 
1146.1 
1142.2 
1138.1 

0.8403 
0.8458 
0.8514 
0.8571 
0.8628 

0.4689 
0.4583 
0.4474 
0.4364 
0.4251 

1.3092 
1.3041 
1.2988 
1.2934 
1.2879 

620.0 
624.0 
628.0 
632.0 
636.0 

640.0 
644.0 
648.0 
652.0 
656.0 

2059.9 
2118.3 
2178.1 
2239.2 
2301.7 

0.02595 
0.02625 
0.02657 
0.02691 
0.02728 

0.15427 
0.14644 
0.13876 
0.13124 
0.12387 

0.18021 
0.17269 
0.16534 
0.15816 
0..15115 

649.1 
685.9 
692.9 
700.0 
707.4 

454.6 
443.1 
431.1 
418.7 
405.7 

1133.7 
1129.0 
1124.0 
1118.7 
1113.1 

0.8686 
0.8746 
0.8806 
0.8868 
0.8931 

0.4134 
0.4015 
0.3893 
0.3767 
0.3637 

1.2821 
1.2761 
1.2699 
1.2634 
1.2567 

640.0 
644.0 
648.0 
652.0 
656.0 

660.0 
664.0 
668.0 
672.0 
676.0 

2365.7 
2431.1 
2498.1 
2566.6 
2636.8 

0.02768 
0.02811 
0.02858 
0.02911 
0.02970 

0.11663 
0.10947 
0.10229 
0.09514 
0.08799 

0.14431 
0.13757 
0.13087 
0.12424 
0.11769 

714.9 
722.9 
731.5 
740.2 
749.2 

392.1 
377.7 
362.1 
345.7 
328.5 

1107.0 
1100.6 
1093.5 
1085.9 
1077.6 

0.8995 
0.9064 
0.9137 
0.9212 
0.9287 

0.3502 
0.3361 
0.3210 
0.3054 
0.2892 

1.2498 
1.2425 
1.2347 
1.2266 
1.2179 

660.0 
664.0 
668.0 
672.0 
676.0 

680.0 
684.0 
688.0 
692.0 
696.0 

2708.6 
2782.1 
2857.4 
2934.5 
3013.4 

0.03037 
0.03114 
0.03204 
0.03313 
0.03455 

0.08080 
0.07349 
0.06595 
0.05797 
0.04916 

0.11117 
0.10463 
0.09799 
0.09110 
0.08371 

758.5 
768.2 
778.8 
790.5 
804.4 

310.1 
290.2 
268.2 
243.1 
212.8 

1068.5 
1058.4 
1047.0 
1033.6 
1017.2 

0.9365 
0.9447 
0.9535 
0.9634 
0.9749 

0.2720 
0.2537 
0.2337 
0.2110 
0.1841 

1.2086 
1.1984 
1.1872 
1.1744 
1.1591 

680.0 
684.0 
688.0 
692.0 
696.0 

700.0 
702.0 
704.0 
705.0 

705.47* 

3094.3 
3135.5 
3177.2 
3198.3 
3208.2 

0.03662 
0.03824 
0.04108 
0.04427 
0.05078 

0.03857 
0.03173 
0.02192 
0.01304 
0.00000 

0.07519 
0.06997 
0.06300 
0.05730 
0.05078 

822.4 
835.0 
854.2 
873.0 
906.0 

172.7 
144.7 
102.0 
61.4 
0.0 

995.2 
979.7 
956.2 
934.4 
906.0 

0.9901 
1.0006 
1.0169 
1.0329 
1.0612 

0.1490 
0.1246 
0.0876 
0.0527 
0.0000 

1.1390 
1.1252 
1.1046 
1.0856 
1.0612 

700.0 
702.0 
704.0 
705.0 

705.47* 

* Critical temperature 
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Table A-2   Saturated Steam: Pressure Table 

Specific Volume Enthalpy Entropy 
Abs.  Press. 

Lb/Sq In. 
P 

Temp 
Fahr 

t 

Sat. 
Liquid 

vf 
Evap 

vfg 

Sat. 
Vapor 

vg 

Sat. 
Liquid 

hf 
Evap 

hfg 

Sat. 
Vapor 

hg 

Sat. 
Liquid 

sf 
Evap 

sfg 

Sat. 
Vapor 

sg 

Abs.  Press. 
Lb/Sq In. 

P 

0.08865 
0.25 
0.50 
1.0 
5.0 
10.0 

14.696 
15.0 

32.018 
59.323 
79.586 
101.74 
162.24 
193.21 
212.00 
213.03 

0.016022 
0.016032 
0.016071 
0.016136 
0.016407 
0.016592 
0.016719 
0.016726 

3302.4 
1235.5 
641.5 
333.59 
73.515 
38.404 
26.782 
26.274 

3302.4 
1235.5 
641.5 
330.60 
73.532 
38.420 
26.799 
26.290 

0.0003 
27.382 
47.623 
69.73 
130.20 
161.26 
180.17 
181.21 

1075.5 
1060.1 
1048.6 
1036.1 
1000.9 
982.1 
970.3 
969.7 

1075.5 
1087.4 
1096.3 
1105.8 
1131.1 
1143.3 
1150.5 
1150.9 

0.0000 
0.0542 
0.0925 
0.1326 
0.2349 
0.2836 
0.3121 
0.3137 

2.1872 
2.0425 
1.9446 
1.8455 
1.6094 
1.5043 
1.4447 
1.4415 

2.1872 
1.0967 
2.0370 
1.9781 
1.8443 
1.7879 
1.7568 
1.7552 

0.08865 
0.25 
0.50 
1.0 
5.0 
10.0 

14.696 
15.0 

20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
80.0 
90.0 

227.96 
250.34 
267.25 
281.02 
292.71 
302.93 
312.04 
320.28 

0.016834 
0.017009 
0.017151 
0.017274 
0.017383 
0.017482 
0.017573 
0.017659 

20.070 
13.7266 
10.4794 
8.4967 
7.1562 
6.1875 
5.4536 
4.8779 

20.087 
13.7436 
10.4965 
8.5140 
7.1736 
6.2050 
5.4711 
4.8953 

196.27 
218.9 
236.1 
250.2 
262.2 
272.7 
282.1 
290.7 

960.1 
945.2 
933.6 
923.9 
915.4 
907.8 
900.9 
894.6 

1156.3 
1164.1 
1169.8 
1174.1 
1177.6 
1180.6 
1183.1 
1185.3 

0.3358 
0.3682 
0.3921 
0.4112 
0.4273 
0.4411 
0.4534 
0.4643 

1.3962 
1.3313 
1.2844 
1.2474 
1.2167 
1.1905 
1.1675 
1.1470 

1.7320 
1.6995 
1.6765 
1.6586 
1.6440 
1.6316 
1.6208 
1.6113 

20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
80.0 
90.0 

100.0 
110.0 
120.0 
130.0 
140.0 
150.0 
160.0 
170.0 
180.0 
190.0 

327.82 
334.79 
341.27 
347.33 
353.04 
358.43 
363.55 
368.42 
373.08 
377.53 

0.017740 
0.01782 
0.01789 
0.01796 
0.01803 
0.01809 
0.01815 
0.01821 
0.01827 
0.01833 

4.4133 
4.0306 
3.7097 
3.4364 
3.2010 
2.9958 
2.8155 
2.6556 
2.5129 
2.3847 

4.4310 
4.0484 
3.7275 
3.4544 
3.2190 
3.0139 
2.8336 
2.6738 
2.5312 
2.4030 

298.5 
305.8 
312.6 
319.0 
325.0 
330.6 
336.1 
341.2 
346.2 
350.9 

888.6 
883.1 
877.8 
872.8 
868.0 
863.4 
859.0 
854.8 
850.7 
846.7 

1187.2 
1188.9 
1190.4 
1191.7 
1193.0 
1194.1 
1195.1 
1196.0 
1196.9 
1197.6 

0.4743 
0.4834 
0.4919 
0.4998 
0.5071 
0.5141 
0.5206 
0.5269 
0.5328 
0.5384 

1.1284 
1.1115 
1.0960 
1.0815 
1.0681 
1.0554 
1.0435 
1.0322 
1.0215 
1.0113 

1.6027 
1.5950 
1.5879 
1.5813 
1.5752 
1.5695 
1.5641 
1.5591 
1.5543 
1.5498 

100.0 
110.0 
120.0 
130.0 
140.0 
150.0 
160.0 
170.0 
180.0 
190.0 

200.0 
210.0 
220.0 
230.0 
240.0 
250.0 
260.0 
270.0 
280.0 
290.0 

381.80 
385.91 
389.88 
393.70 
397.39 
400.97 
404.44 
407.80 
411.07 
414.25 

0.01839 
0.01844 
0.01850 
0.01855 
0.01860 
0.01865 
0.01870 
0.01875 
0.01880 
0.01885 

2.2689 
2.16373 
2.06779 
1.97991 
1.89909 
1.82452 
1.75548 
1.69137 
1.63169 
1.57597 

2.2873 
2.18217 
2.08629 
1.99846 
1.91769 
1.84317 
1.77418 
1.71013 
1.65049 
1.59482 

355.5 
359.9 
364.2 
368.3 
372.3 
376.1 
379.9 
383.6 
387.1 
390.6 

842.8 
839.1 
835.4 
831.8 
828.4 
825.0 
821.6 
818.3 
815.1 
812.0 

1198.3 
1199.0 
1199.6 
1200.1 
1200.6 
1201.1 
1201.5 
1201.9 
1202.3 
1202.6 

0.5438 
0.5490 
0.5540 
0.5588 
0.5634 
0.5679 
0.5722 
0.5764 
0.5805 
0.5844 

1.0016 
0.9923 
0.9834 
0.9748 
0.9665 
0.9585 
0.9508 
0.9433 
0.9361 
0.9291 

1.5454 
1.5413 
1.5374 
1.5336 
1.5299 
1.5264 
1.5230 
1.5197 
1.5166 
1.5135 

200.0 
210.0 
220.0 
230.0 
240.0 
250.0 
260.0 
270.0 
280.0 
290.0 

300.0 
350.0 
400.0 
450.0 
500.0 
550.0 
600.0 
650.0 
700.0 

417.35 
431.73 
444.60 
456.28 
467.01 
476.94 
486.20 
494.89 
503.08 

0.01889 
0.01912 
0.01934 
0.01954 
0.01975 
0.01994 
0.02013 
0.02032 
0.02050 

1.52384 
1.30642 
1.14162 
1.01224 
0.90787 
0.82183 
0.74962 
0.68811 
0.63505 

1.54274 
1.32554 
1.16095 
1.03179 
0.92762 
0.84177 
0.76975 
0.70843 
0.65556 

394.0 
409.8 
424.2 
437.3 
449.5 
460.9 
471.7 
481.9 
491.6 

808.9 
794.2 
780.4 
767.5 
755.1 
743.3 
732.0 
720.9 
710.2 

1202.9 
1204.0 
1204.6 
1204.8 
1204.7 
1204.3 
1203.7 
1202.8 
1201.8 

0.5882 
0.6059 
0.6217 
0.6360 
0.6490 
0.6611 
0.6723 
0.6828 
0.6928 

09223. 
0.8909 
0.8630 
0.8378 
0.8148 
0.7936 
0.7738 
0.7552 
0.7377 

1.5105 
1.4968 
1.4847 
1.4738 
1.4639 
1.4547 
1.4461 
1.4381 
1.4304 

300.0 
350.0 
400.0 
450.0 
500.0 
550.0 
600.0 
650.0 
700.0 

750.0 
800.0 
850.0 
900.0 
950.0 
1000.0 
1050.0 
1100.0 
1150.0 
1200.0 

510.84 
518.21 
525.24 
531.95 
538.39 
544.58 
550.53 
556.28 
561.82 
567.19 

0.02069 
0.02087 
0.02105 
0.02123 
0.02141 
0.02159 
0.02177 
0.02195 
0.02214 
0.02232 

0.58880 
0.54809 
0.51197 
0.47968 
0.45064 
0.42436 
0.40047 
0.37863 
0.35859 
0.34013 

0.60949 
0.56896 
0.53302 
0.50091 
0.47205 
0.44596 
0.42224 
0.40058 
0.38073 
0.36245 

500.9 
509.8 
518.4 
526.7 
534.7 
542.6 
550.1 
557.5 
564.8 
571.9 

699.8 
689.6 
679.5 
669.7 
660.0 
650.4 
640.9 
631.5 
622.2 
613.0 

1200.7 
1199.4 
1198.0 
1196.4 
1194.7 
1192.9 
1191.0 
1189.1 
1187.0 
1184.8 

0.7022 
0.7111 
0.7197 
0.7279 
0.7358 
0.7434 
0.7507 
0.7578 
0.7647 
0.7714 

0.7210 
0.7051 
0.6899 
0.6753 
0.6612 
0.6476 
0.6344 
0.6216 
0.6091 
0.5969 

1.4232 
1.4163 
1.4096 
1.4032 
1.3970 
1.3910 
1.3851 
1.3794 
1.3738 
1.3683 

750.0 
800.0 
850.0 
900.0 
950.0 
1000.0 
1050.0 
1100.0 
1150.0 
1200.0 

1250.0 
1300.0 
1350.0 
1400.0 
1450.0 
1500.0 
1550.0 
1600.0 
1650.0 
1700.0 

572.38 
577.42 
582.32 
587.07 
591.70 
596.20 
600.59 
604.87 
609.05 
613.13 

0.02250 
0.02269 
0.02288 
0.02307 
0.02327 
0.02346 
0.02366 
0.02387 
0.02407 
0.02428 

0.32306 
0.30722 
0.29250 
0.27871 
0.26584 
0.25372 
0.24235 
0.23159 
0.22143 
0.21178 

0.34556 
0.32991 
0.31537 
0.30178 
0.28911 
0.27719 
0.26601 
0.25545 
0.24551 
0.23607 

578.8 
585.6 
592.3 
598.8 
605.3 
611.7 
618.0 
624.2 
630.4 
636.5 

603.8 
594.6 
585.4 
576.5 
567.4 
558.4 
549.4 
540.3 
531.3 
522.2 

1182.6 
1180.2 
1177.8 
1175.3 
1172.8 
1170.1 
1167.4 
1164.5 
1161.6 
1158.6 

0.7780 
0.7843 
0.7906 
0.7966 
0.8026 
0.8085 
0.8142 
0.8199 
0.8254 
0.8309 

0.5850 
0.5733 
0.5620 
0.5507 
0.5397 
0.5288 
0.5182 
0.5076 
0.4971 
0.4867 

1.3630 
1.3577 
1.3525 
1.3474 
1.3423 
1.3373 
1.3324 
1.3274 
1.3225 
1.3176 

1250.0 
1300.0 
1350.0 
1400.0 
1450.0 
1500.0 
1550.0 
1600.0 
1650.0 
1700.0 

1750.0 
1800.0 
1850.0 
1900.0 
1950.0 
2000.0 
2100.0 
2200.0 
2300.0 
2400.0 

617.12 
621.02 
624.83 
628.56 
632.22 
635.80 
642.76 
649.45 
655.89 
662.11 

0.02450 
002472 
0.02495 
0.02517 
0.02541 
0.02565 
0.02615 
0.02669 
0.02727 
0.02790 

0.20263 
0.19390 
0.18558 
0.17761 
0.16999 
0.16266 
0.14885 
0.13603 
0.12406 
0.11287 

0.22713 
0.21861 
0.21052 
0.20278 
0.19540 
0.18831 
0.17501 
0.16272 
0.15133 
0.14076 

642.5 
648.5 
654.5 
660.4 
666.3 
672.1 
683.8 
695.5 
707.2 
719.0 

513.1 
503.8 
494.6 
485.2 
475.8 
466.2 
446.7 
426.7 
406.0 
384.8 

1155.6 
1152.3 
1149.0 
1145.6 
1142.0 
1138.3 
1130.5 
1122.2 
1113.2 
1103.7 

0.8363 
0.8417 
0.8470 
0.8522 
0.8574 
0.8625 
0.8727 
0.8828 
0.8929 
0.9031 

0.4765 
0.4662 
0.4561 
0.4459 
0.4358 
0.4256 
0.4053 
0.3848 
0.3640 
0.3430 

1.3128 
1.3079 
1.3030 
1.2981 
1.2931 
1.2881 
1.2780 
1.2676 
1.2569 
1.2460 

1750.0 
1800.0 
1850.0 
1900.0 
1950.0 
2000.0 
2100.0 
2200.0 
2300.0 
2400.0 
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Table A-2  Saturated Steam: Pressure Table - continued
Specific Volume Enthalpy Entropy 

Abs.  Press. 
Lb/Sq In. 

P 

Temp 
Fahr 

t 

Sat. 
Liquid 

vf 
Evap 

vfg 

Sat. 
Vapor 

vg 

Sat. 
Liquid 

hf 
Evap 

hfg 

Sat. 
Vapor 

hg 

Sat. 
Liquid 

sf 
Evap 

sfg 

Sat. 
Vapor 

sg 

Abs.  Press. 
Lb/Sq In. 

P 

2500.0 
2600.0 
2700.0 
2800.0 
2900.0 
3000.0 
3100.0 
3200.0 

3208.2* 

668.11 
673.91 
679.53 
684.96 
690.22 
695.33 
700.28 
705.08 
705.47 

0.02859 
0.02938 
0.03029 
0.03134 
0.03262 
0.03428 
0.03681 
0.04472 
0.05078 

0.10209 
0.09172 
0.08165 
0.07171 
0.06158 
0.05073 
0.03771 
0.01191 
0.00000 

0.13068 
0.12110 
0.11194 
0.10305 
0.09420 
0.08500 
0.07452 
0.05663 
0.05078 

731.7 
744.5 
757.3 
770.7 
785.1 
801.8 
824.0 
875.5 
906.0 

361.6 
337.6 
312.3 
285.1 
254.7 
218.4 
169.3 
56.1 
0.0 

1093.3 
1082.0 
1069.7 
1055.8 
1039.8 
1020.3 
993.3 
931.6 
906.0 

0.9139 
0.9247 
0.9356 
0.9468 
0.9588 
0.9728 
0.9914 
1.0351 
1.0612 

0.3206 
0.2977 
0.2741 
0.2491 
0.2215 
0.1891 
0.1460 
0.0482 
0.0000 

1.2345 
1.2225 
1.2097 
1.1958 
1.1803 
1.1619 
1.1373 
1.0832 
1.0612 

2500.0 
2600.0 
2700.0 
2800.0 
2900.0 
3000.0 
3100.0 
3200.0 

3208.2* 

* Critical pressure 
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Table B-1   Superheated Steam 

Abs.  Press Temperature - Degrees Fahrenheit 
Lb/Sq In. 

(Sat Temp) 
Sat. 

Water 
Sat. 

Steam 200 250 300 350 400 450 500 600 700 800 900 1000 1100 1200 

1 
(101.74) 

Sh 
v 
h 
s 

0.0164 
69.73 

0.1326 

333.6 
1105.8 
1.9781 

98.26 
392.5 

1150.2 
2.0509 

148.26 
422.4 

1172.9 
2.0841 

198.26 
452.3 

1195.7 
2.1152 

248.26 
482.1 

1218.7 
2.1445 

298.26 
511.9 

1241.8 
2.1722 

348.26 
541.7 

1265.1 
2.1985 

398.26 
571.5 

1288.6 
2.2237 

498.26 
631.1 

1336.1 
2.2708 

598.26 
690.7 

1384.5 
2.3144 

698.26 
750.3 

1433.7 
2.3351 

798.26 
809.8 

1483.8 
2.3934 

898.26 
869.4 

1534.9 
2.4296 

998.26 
929.0 

1586.8 
2.4640 

1098.26 
988.6 

1639.7 
2.4969 

5 
(162.24) 

Sh 
v 
h 
s 

0.01641 
130.20 
0.2349 

73.53 
1131.1 
1.8443 

37.76 
78.14 

1148.6 
1.8716 

87.76 
84.21 

1171.7 
1.9054 

137.76 
90.24 

1194.8 
1.9369 

187.76 
96.25 

1218.0 
1.9664 

237.76 
102.24 
1241.3 
1.9943 

287.76 
108.23 
1264.7 
2.0208 

337.76 
114.21 
1288.2 
2.0460 

437.76 
126.15 
1335.9 
2.0932 

537.76 
138.08 
1384.3 
2.1369 

637.76 
150.01 
1433.6 
2.1776 

737.76 
161.94 
1483.7 
2.2159 

837.76 
173.86 
1534.7 
2.2521 

937.76 
185.78 
1586.7 
2.2866 

1037.76 
197.70 
1639.6 
2.1394 

10 
(193.21) 

Sh 
v 
h 
s 

0.01659 
161.26 
0.2836 

38.42 
1143.3 
1.7879 

6.79 
38.84 

1146.6 
1.7928 

56.79 
41.93 

1170.2 
1.8273 

106.79 
44.98 

1193.7 
1.8593 

156.79 
48.02 

1217.1 
1.8892 

206.79 
51.03 

1240.6 
1.9173 

256.79 
54.04 

1264.1 
1.9439 

306.79 
57.04 

1287.8 
1.9692 

406.79 
63.03 

1335.5 
2.0166 

506.79 
69.00 

1384.0 
2.0603 

606.79 
74.98 

1433.4 
2.1011 

706.79 
80.94 

1483.5 
2.1394 

806.79 
86.91 

1534.6 
2.1757 

906.79 
92.87 

1586.6 
2.2101 

1006.79 
98.84 

1639.5 
2.2430 

14.696 
(212.00) 

Sh 
v 
h 
s 

0.0167 
180.17 
0.3121 

26.799 
1150.5 
1.7658 

38.00 
28.42 

1168.8 
1.7833 

88.00 
30.52 

1192.6 
1.8158 

138.00 
32.60 

1216.3 
1.8459 

188.00 
34.67 

1239.9 
1.8743 

238.00 
36.72 

1263.6 
1.9010 

288.00 
38.77 

1287.4 
1.9265 

388.00 
42.86 

1335.2 
1.9739 

488.00 
46.93 

1383.8 
2.0177 

588.00 
51.00 

1433.2 
2.0585 

688.00 
55.06 

1483.4 
2.0969 

788.00 
59.13 

1534.5 
2.1332 

88.00 
63.19 

1586.5 
2.1676 

988.00 
67.25 

1639.4 
2.2005 

15 
(213.03) 

Sh 
v 
h 
s 

0.01673 
181.21 
0.3137 

26.290 
1150.9 
1.7552 

36.97 
27.837 
1168.7 
1.7809 

86.97 
29.899 
1192.5 
1.8134 

136.97 
31.939 
1216.2 
1.8437 

186.97 
33.963 
1239.9 
1.8720 

236.97 
35.977 
1263.6 
1.8988 

286.97 
37.985 
1287.3 
1.9242 

386.97 
41.986 
1335.2 
1.9717 

486.97 
45.978 
1383.8 
2.0155 

586.97 
49.964 
1433.2 
2.0563 

686.97 
53.946 
1483.4 
2.0946 

786.97 
57.926 
1534.5 
2.1309 

886.97 
61.905 
1586.5 
2.1653 

986.97 
65.882 
1639.4 
2.1982 

20 
(227.96) 

Sh 
v 
h 
s 

0.01683 
196.27 
0.3358 

20.087 
1156.3 
1.7320 

22.04 
20.788 
1167.1 
1.7475 

72.04 
22.356 
1191.4 
1.7805 

122.04 
23.900 
1215.4 
1.8111 

172.04 
25.428 
1239.2 
1.8397 

222.04 
26.946 
1263.0 
1.8666 

272.04 
28.457 
1286.9 
1.8921 

372.04 
31.466 
1334.9 
1.9397 

472.04 
34.465 
1383.5 
1.9836 

572.04 
37.458 
1432.9 
2.0244 

672.04 
40.447 
1483.2 
2.0628 

772.04 
43.435 
1534.3 
2.0991 

872.04 
46.420 
1586.3 
2.1336 

972.04 
49.405 
1639.3 
2.1665 

25 
(240.07) 

Sh 
v 
h 
s 

0.01693 
208.52 
0.3535 

16.301 
1160.6 
1.7141 

9.93 
16.558 
1165.6 
1.7212 

59.93 
17.829 
1190.2 
1.7547 

109.93 
19.076 
1215.5 
1.7856 

159.93 
20.307 
1238.5 
1.8145 

209.93 
21.527 
1262.5 
1.8415 

259.93 
22.740 
1286.4 
1.8672 

359.93 
25.153 
1334.6 
1.9149 

459.93 
27.557 
1383.3 
1.9588 

559.93 
29.954 
1432.7 
1.9997 

659.93 
32.348 
1483.0 
2.0381 

759.93 
34.740 
1534.2 
2.0744 

859.93 
37.130 
1586.2 
2.1089 

959.93 
39.518 
1639.2 
2.1418 

30 
(250.34) 

Sh 
v 
h 
s 

0.01701 
218.93 
0.3682 

13.744 
1164.1 
1.6995 

49.66 
14.810 
1189.0 
1.7334 

99.66 
15.859 
1213.6 
1.7647 

149.66 
16.892 
1237.8 
1.7937 

199.66 
17.914 
1261.9 
1.8210 

249.66 
18.929 
1286.0 
1.8467 

349.66 
20.945 
1334.2 
1.8946 

449.66 
22.951 
1383.0 
1.9386 

549.66 
24.952 
1432.5 
1.9795 

649.66 
26.949 
1482.8 
2.0179 

749.66 
28.943 
1534.0 
2.0543 

849.66 
30.936 
1586.1 
2.0888 

949.66 
32.927 
1639.0 
2.1217 

35 
(259.29) 

Sh 
v 
h 
s 

0.01708 
228.03 
0.3809 

11.896 
1167.1 
1.6872 

40.71 
12.654 
1187.8 
1.7152 

90.71 
13.562 
1212.7 
1.7468 

140.17 
14.453 
1237.1 
1.7761 

190.71 
15.334 
1261.3 
1.8035 

240.71 
16.207 
1285.5 
1.8294 

340.71 
17.939 
1333.9 
1.8774 

440.71 
19.662 
1382.8 
1.9214 

540.71 
21.379 
1432.3 
1.9624 

640.71 
23.092 
1482.7 
2.0009 

740.71 
24.803 
1533.9 
2.0372 

840.71 
26.512 
1586.0 
2.0717 

940.71 
28.220 
1638.9 
2.1046 

40 
(267.25) 

Sh 
v 
h 
s 

0.01715 
236.14 
0.3921 

10.497 
1169.8 
1.6765 

32.75 
11.036 
1186.6 
1.6992 

82.75 
11.838 
1211.7 
1.7312 

132.75 
12.624 
1236.4 
1.7608 

182.75 
13.398 
1260.8 
1.7883 

232.75 
14.165 
1285.0 
1.8143 

332.75 
15.685 
1333.6 
1.8624 

432.75 
17.195 
1382.5 
1.9065 

532.75 
18.699 
1432.1 
1.9476 

632.75 
20.199 
1482.5 
1.9860 

732.75 
21.697 
1533.7 
2.0224 

832.75 
23.194 
1585.8 
2.0569 

932.75 
24.689 
1638.8 
2.0899 

45 
(274.44) 

Sh 
v 
h 
s 

0.01721 
243.49 
0.4021 

9.399 
1172.1 
1.6671 

25.56 
9.777 

1185.4 
1.6849 

75.56 
10.497 
1210.4 
1.7173 

125.56 
11.201 
1235.7 
1.7471 

175.56 
11.892 
1260.2 
1.7748 

225.56 
12.577 
1284.6 
1.8010 

325.56 
13.932 
1333.3 
1.8492 

425.56 
15.276 
1382.3 
1.8934 

525.56 
16.614 
1431.9 
1.9345 

625.56 
17.950 
1482.3 
1.9730 

725.56 
19.282 
1533.6 
2.0093 

825.56 
20.613 
1585.7 
2.0439 

925.56 
21.943 
1638.7 
2.0768 

50 
(281.02) 

Sh 
v 
h 
s 

0.01727 
250.21 
0.4112 

8.514 
1174.1 
1.6856 

18.98 
8.769 

1184.1 
1.6720 

68.98 
9.424 

1209.9 
1.7048 

118.98 
10.062 
1234.9 
1.7349 

168.98 
10.688 
1259.6 
1.7628 

218.98 
11.306 
1284.1 
1.7890 

318.98 
12.529 
1332.9 
1.8374 

418.98 
13.741 
1382.0 
1.8816 

518.98 
14.947 
1431.7 
1.9227 

618.98 
16.150 
1482.2 
1.9613 

718.98 
17.350 
1533.4 
1.9977 

818.98 
18.549 
1585.6 
2.0322 

918.98 
19.746 
1638.6 
2.0652 

55 
(287.07) 

Sh 
v 
h 
s 

0.01733 
256.43 
0.4196 

7.787 
1176.0 
1.6510 

12.93 
7.945 

1182.9 
1.6601 

62.93 
8.546 

1208.9 
1.6933 

112.93 
9.130 

1234.2 
1.7237 

162.93 
9.702 

1259.1 
1.7518 

212.93 
10.267 
1283.6 
1.7781 

312.93 
11.381 
1332.6 
1.8266 

412.93 
12.485 
1381.8 
1.8710 

512.93 
13.583 
1431.5 
1.9121 

612.93 
14.677 
1482.0 
1.9507 

712.93 
15.769 
1533.3 
1.987 

812.93 
16.859 
1585.5 
2.022 

912.93 
17.948 
1638.5 
2.055 

60 
(292.71) 

Sh 
v 
h 
s 

0.01738 
262.21 
0.4273 

7.174 
1177.6 
1.6440 

7.29 
7.257 

1181.6 
1.6492 

57.29 
7.815 

1208.0 
1.6829 

107.29 
8.354 

1233.5 
1.7134 

157.29 
8.881 

1258.5 
1.7417 

207.29 
9.400 

1283.2 
1.7681 

307.29 
10.425 
1332.3 
1.8168 

407.29 
11.438 
1381.5 
1.8612 

507.29 
12.446 
1431.3 
1.9024 

607.29 
13.450 
1481.8 
1.9410 

707.29 
14.452 
1533.2 
1.9774 

807.29 
15.452 
1585.3 
2.0120 

907.29 
16.450 
1638.4 
2.0450 

65 
(297.98) 

Sh 
v 
h 
s 

0.01743 
267.63 
0.4344 

6.653 
1179.1 
1.6375 

2.02 
6.675 

1180.3 
1.6390 

52.02 
7.195 

1207.0 
1.6731 

102.02 
7.697 

1232.7 
1.7040 

152.02 
8.186 

1257.9 
1.7324 

202.02 
8.667 

1282.7 
1.7590 

302.02 
9.615 

1331.9 
1.8077 

402.02 
10.552 
1381.3 
1.8522 

502.02 
11.484 
1431.1 
1.8935 

602.02 
12.412 
1481.6 
1.9321 

702.02 
13.337 
1533.0 
1.9685 

802.02 
14.261 
1585.2 
2.0031 

902.02 
15.183 
1638.3 
2.0361 

70 
(302.93) 

Sh 
v 
h 
s 

0.01748 
272.74 
0.4411 

6.205 
1180.6 
1.6316 

47.07 
6.664 

1206.0 
1.6640 

97.07 
7.133 

1232.0 
1.6951 

147.07 
7.590 

1257.3 
1.7237 

197.07 
8.039 

1282.2 
1.7504 

297.07 
8.922 

1331.6 
1.7993 

397.07 
9.793 

1381.0 
1.8439 

497.07 
10.659 
1430.9 
1.8852 

597.07 
11.522 
1481.5 
1.9238 

697.07 
12.382 
1532.9 
1.9603 

797.07 
13.240 
1585.1 
1.9949 

897.07 
14.097 
1638.2 
2.0279 

75 
(307.61) 

Sh 
v 
h 
s 

0.01753 
277.56 
0.4474 

5.814 
1181.9 
1.6260 

42.39 
6.204 

1205.0 
1.6554 

92.39 
6.645 

1231.2 
1.6868 

142.39 
7.074 

1256.7 
1.7156 

192.39 
7.494 

1281.7 
1.7424 

292.39 
8.320 

1331.3 
1.7915 

392.39 
9.135 

1380.7 
1.8361 

492.39 
9.945 

1430.7 
1.8774 

592.39 
10.750 
1481.3 
1.9161 

692.39 
11.553 
1532.7 
1.9526 

792.39 
12.355 
1585.0 
1.9872 

892.39 
13.155 
1638.1 
2.0202

Sh = superheat, °F  h = enthalpy, Btu per lb 
v = specific volume, cu ft per lb s = entropy, Btu per R per lb 
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Appendix B 

B-3 

Table B-1   Superheated Steam - Continued 

Abs.  Press Temperature - Degrees Fahrenheit 
Lb/Sq In. 

(Sat Temp) 
Sat. 

Water 
Sat. 

Steam 350 400 450 500 550 600 700 800 900 1000 1100 1200 1300 1400 

80 
(312.04) 

Sh 
v 
h 
s 

0.01757 
282.15 
0.4534 

5.471 
1183.1 
1.6208 

37.96 
5.801 

1204.0 
1.6473 

87.96 
6.218 

1230.5 
1.6790 

137.96 
6.622 

1256.1 
1.7080 

187.96 
7.018 

1281.3 
1.7349 

237.96 
7.408 

1306.2 
1.7602 

287.96 
7.794 

1330.9 
1.7842 

387.96 
8.560 

1380.5 
1.8289 

487.96 
9.319 

1430.5 
1.8702 

587.96 
10.075 
1481.1 
1.9089 

687.96 
10.829 
1532.6 
1.9454 

787.96 
11.581 
1584.9 
1.9800 

887.96 
12.331 
1638.0 
2.0131 

987.96 
13.081 
1692.0 
2.0446 

1087.96 
13.829 
1746.8 
2.0750 

85 
(316.26) 

Sh 
v 
h 
s 

0.01762 
286.52 
0.4590 

5.167 
1184.2 
1.6159 

33.74 
5.445 

1203.0 
1.6396 

83.74 
5.840 

1229.7 
1.6716 

133.74 
6.223 

1255.5 
1.7008 

183.74 
6.597 

1280.8 
1.7279 

233.74 
6.966 

1305.8 
1.7532 

283.74 
7.330 

1330.6 
1.7772 

383.74 
8.052 

1380.2 
1.8220 

483.74 
8.768 

1430.3 
1.8634 

583.74 
9.480 

1481.0 
1.9021 

683.74 
10.190 
1532.4 
1.9386 

783.74 
10.898 
1584.7 
1.9733 

883.74 
11.604 
1637.9 
2.0063 

983.74 
12.310 
1691.9 
2.0379 

1083.74 
13.014 
1746.8 
2.0682 

90 
(320.28) 

Sh 
v 
h 
s 

0.01766 
290.69 
0.4643 

4.895 
1185.3 
1.6113 

29.72 
5.128 

1202.0 
1.6323 

79.72 
5.505 

1228.9 
1.6646 

129.72 
5.869 

1254.9 
1.6940 

179.72 
6.223 

1280.3 
1.7212 

229.72 
6.572 

1305.4 
1.7467 

279.72 
6.917 

1330.2 
1.7707 

379.72 
7.600 

1380.0 
1.8156 

479.72 
8.277 

1430.1 
1.8570 

579.72 
8.950 

1480.8 
1.8957 

679.72 
9.621 

1532.3 
1.9323 

779.72 
10.290 
1584.6 
1.9669 

879.72 
10.958 
1637.8 
2.0000 

979.72 
11.625 
1691.8 
2.0316 

1079.72 
12.290 
1746.7 
2.0619 

95 
(324.13) 

Sh 
v 
h 
s 

0.01770 
294.7 

0.4694 

4.651 
1186.2 
1.6069 

25.87 
4.845 

1200.9 
1.6253 

75.87 
5.205 

1228.1 
1.6580 

125.87 
5.551 

1254.3 
1.6876 

175.87 
5.889 

1279.8 
1.7149 

225.87 
6.221 

1305.0 
1.7404 

275.87 
6.548 

1329.9 
1.7645 

375.87 
7.196 

1379.7 
1.8094 

475.87 
7.838 

1429.9 
1.8509 

575.87 
8.477 

1480.6 
1.8897 

675.87 
9.113 

1532.1 
1.9262 

775.87 
9.747 

1584.5 
1.9609 

875.87 
10.380 
1637.7 
1.9940 

975.87 
11.012 
1691.7 
2.0256 

1075.87 
11.643 
1746.6 
2.0559 

100 
(327.82) 

Sh 
v 
h 
s 

0.01774 
298.54 
0.4743 

4.431 
1187.2 
1.6027 

22.18 
4.590 

1199.9 
1.6187 

72.18 
4.935 

1227.4 
1.6516 

122.18 
5.266 

1253.7 
1.6814 

172.18 
5.588 

1279.3 
1.7088 

222.18 
5.904 

1304.6 
1.7344 

272.18 
6.216 

1329.6 
1.7586 

372.18 
6.833 

1379.5 
1.8036 

472.18 
7.443 

1429.7 
1.8451 

572.18 
8.050 

1480.4 
1.8839 

672.18 
8.655 

1532.0 
1.9205 

772.18 
9.258 

1584.4 
1.9552 

872.18 
9.860 

1637.6 
1.9883 

972.18 
10.460 
1691.6 
2.0199 

1072.18 
11.060 
1746.5 
2.0502 

105 
(331.37) 

Sh 
v 
h 
s 

0.01778 
302.24 
0.4790 

4.231 
1188.0 
1.5988 

18.63 
4.359 

1198.8 
1.6122 

68.63 
4.690 

1226.6 
1.6455 

118.63 
5.007 

1253.1 
1.6755 

168.63 
5.315 

1278.8 
1.7031 

218.63 
5.617 

1304.2 
1.7288 

268.63 
5.915 

1329.2 
1.7530 

368.63 
6.504 

1379.2 
1.7981 

468.63 
7.086 

1429.4 
1.8396 

568.63 
7.665 

1480.3 
1.8785 

668.63 
8.241 

1531.8 
1.9151 

768.63 
8.816 

1584.2 
1.9498 

868.63 
9.389 

1637.5 
1.9828 

968.63 
9.961 

1691.5 
2.0145 

1068.63 
10.532 
1746.4 
2.0448 

110 
(334.79) 

Sh 
v 
h 
s 

0.01782 
305.80 
0.4834 

4.048 
1188.9 
1.5950 

15.21 
4.149 

1197.7 
1.6061 

65.21 
4.468 

1225.8 
1.6396 

115.21 
4.772 

1252.5 
1.6698 

165.21 
5.068 

1278.3 
1.6975 

215.21 
5.357 

1303.8 
1.7233 

265.21 
5.642 

1328.9 
1.7476 

365.21 
6.205 

1379.0 
1.7928 

465.21 
6.761 

1429.2 
1.8344 

565.21 
7.314 

1480.1 
1.8732 

665.21 
7.865 

1531.7 
1.9099 

765.21 
8.413 

1584.1 
1.9446 

865.21 
8.961 

1637.4 
1.9777 

965.21 
9.507 

1691.4 
2.0093 

1065.21 
10.053 
1746.4 
2.0397 

115 
(338.08) 

Sh 
v 
h 
s 

0.01785 
309.25 
0.4877 

3.881 
1189.6 
1.5913 

11.92 
3.957 

1196.7 
1.6001 

61.92 
4.265 

1225.0 
1.6340 

111.92 
4.558 

1251.8 
1.6644 

161.92 
4.4841 
1277.9 
1.6922 

211.92 
5.119 

1303.3 
1.7181 

261.92 
5.392 

1328.6 
1.7425 

361.92 
5.932 

1378.7 
1.7877 

461.92 
6.465 

1429.0 
1.8294 

561.92 
6.994 

1479.9 
1.8682 

661.92 
7.521 

1531.6 
1.9049 

761.92 
8.046 

1584.0 
1.9396 

861.92 
8.570 

1637.2 
1.9727 

961.92 
9.093 

1691.4 
2.0044 

1061.92 
9.615 

1746.3 
2.0347 

120 
(341.27) 

Sh 
v 
h 
s 

0.01789 
312.58 
0.4919 

3.7275 
1190.4 
1.5879 

8.73 
3.7815 
1195.6 
1.5943 

58.73 
4.0786 
1224.1 
1.6286 

108.73 
4.3610 
1251.2 
1.6592 

158.73 
4.6341 
1277.4 
1.6872 

208.73 
4.9009 
1302.9 
1.7132 

258.73 
5.1637 
1328.2 
1.7376 

358.73 
5.6813 
1378.4 
1.7829 

458.73 
6.1928 
1428.8 
1.8246 

558.73 
6.7006 
1479.8 
1.8635 

658.73 
7.2060 
1531.4 
1.9001 

758.73 
7.7096 
1583.9 
1.9349 

858.73 
8.2119 
1637.1 
1.9680 

958.73 
8.7130 
1691.3 
1.9996 

1058.73 
9.2134 
1746.2 
2.0300 

130 
(347.33) 

Sh 
v 
h 
s 

0.01796 
318.95 
0.4998 

3.4544 
1191.7 
1.5813 

2.67 
3.4699 
1193.4 
1.5833 

52.67 
3.7489 
1222.5 
1.6182 

102.67 
4.0129 
1249.9 
1.6493 

152.67 
4.2672 
1276.4 
1.6775 

202.67 
4.5151 
1302.1 
1.7037 

252.67 
4.7589 
1327.5 
1.7283 

352.67 
5.2384 
1377.9 
1.7737 

452.67 
5.7118 
1428.4 
1.8155 

552.67 
6.1814 
1479.4 
1.8545 

652.67 
6.6486 
1531.1 
1.8911 

752.67 
7.1140 
1583.6 
1.9259 

852.67 
7.5781 
1636.9 
1.9591 

952.67 
8.0411 
1691.1 
1.9907 

1052.67 
8.5033 
1746.1 
2.0211 

140 
(353.04) 

Sh 
v 
h 
s 

0.01803 
324.96 
0.5071 

3.2190 
1193.0 
1.5752 

46.96 
3.4661 
1220.8 
1.6085 

96.96 
3.7143 
1248.7 
1.6400 

146.96 
3.9526 
1275.3 
1.6686 

196.96 
4.1844 
1301.3 
1.6949 

246.96 
4.4119 
1326.8 
1.7196 

346.96 
4.8588 
1377.4 
1.7652 

446.96 
5.2995 
1428.0 
1.8071 

546.96 
5.7364 
1479.1 
1.8461 

646.96 
6.1709 
1530.8 
1.8828 

746.96 
6.6036 
1583.4 
1.9176 

846.96 
7.0349 
1636.7 
1.9508 

946.96 
7.4652 
1690.9 
1.9825 

1046.96 
7.8946 
1745.9 
2.0129 

150 
(358.43) 

Sh 
v 
h 
s 

0.01809 
330.65 
0.5141 

3.0139 
1194.1 
1.5695 

41.57 
3.2208 
1219.1 
1.5993 

91.57 
3.4555 
1247.4 
1.6313 

141.57 
3.6799 
1274.3 
1.6602 

191.57 
3.8978 
1300.5 
1.6867 

241.57 
4.1112 
1326.1 
1.7115 

341.57 
4.5298 
1376.9 
1.7573 

441.57 
4.9421 
1427.6 
1.7992 

541.57 
5.3507 
1478.7 
1.8383 

641.57 
5.7568 
1530.5 
1.8751 

741.57 
6.1612 
1583.1 
1.9099 

841.57 
6.5642 
1636.5 
1.9431 

941.57 
6.9661 
1690.7 
1.9748 

1041.57 
7.3671 
1745.7 
2.0052 

160 
(363.55) 

Sh 
v 
h 
s 

0.01815 
336.07 
0.5206 

2.8336 
1195.1 
1.5641 

36.45 
3.0060 
1217.4 
1.5906 

86.45 
3.2288 
1246.0 
1.6231 

136.45 
3.4413 
1273.3 
1.6522 

186.45 
3.6469 
1299.6 
1.6790 

236.45 
3.8480 
1325.4 
1.7039 

336.45 
4.2420 
1376.4 
1.7499 

436.45 
4.6295 
1427.2 
1.7919 

536.45 
5.0132 
1478.4 
1.8310 

636.45 
5.3945 
1530.3 
1.8678 

736.45 
5.7741 
1582.9 
1.9027 

836.45 
6.1522 
1636.3 
1.9359 

936.45 
6.5293 
1690.5 
1.9676 

1036.45 
6.9055 
1745.6 
1.9980 

170 
(368.42) 

Sh 
v 
h 
s 

0.01821 
341.24 
0.5269 

2.6738 
1196.0 
1.5591 

31.58 
2.8162 
1215.6 
1.5823 

81.58 
3.0288 
1244.7 
1.6152 

131.58 
3.2306 
1272.2 
1.6447 

181.58 
3.4255 
1298.8 
1.6717 

231.58 
3.6158 
1324.7 
1.6968 

331.58 
3.9879 
1375.8 
1.7428 

431.58 
4.3536 
1426.8 
1.7850 

531.58 
4.7155 
1478.0 
1.8241 

631.58 
5.0749 
1530.0 
1.8610 

731.58 
5.4325 
1582.6 
1.8959 

831.58 
5.7888 
1636.1 
1.9291 

931.58 
6.1440 
1690.4 
1.9608 

1031.58 
6.4983 
1745.4 
1.9913 

180 
(373.08) 

Sh 
v 
h 
s 

0.01827 
346.19 
0.5328 

2.5312 
1196.9 
1.5543 

26.92 
2.6474 
1213.8 
1.5743 

76.92 
2.8508 
1243.4 
1.6078 

126.92 
3.0433 
1271.2 
1.6376 

176.92 
3.2286 
1297.9 
1.6647 

226.92 
3.4093 
1324.0 
1.6900 

326.92 
3.7621 
1375.3 
1.7362 

426.92 
4.1084 
1426.3 
1.7784 

526.92 
4.4508 
1477.7 
1.8176 

626.92 
4.7907 
1529.7 
1.8545 

726.92 
5.1289 
1582.4 
1.8894 

826.92 
5.4657 
1635.9 
1.9227 

926.92 
5.8014 
1690.2 
1.9545 

1026.92 
6.1363 
1745.3 
1.9849 

190 
(377.53) 

Sh 
v 
h 
s 

0.01833 
350.94 
0.5384 

2.4030 
1197.6 
1.5498 

22.47 
2.4961 
1212.0 
1.5667 

72.47 
2.6915 
1242.0 
1.6006 

122.47 
2.8756 
1270.1 
1.6307 

172.47 
3.0525 
1297.1 
1.6581 

222.47 
3.2246 
1323.3 
1.6835 

322.47 
3.5601 
1374.8 
1.7299 

422.47 
3.8889 
1425.9 
1.7722 

522.47 
4.2140 
1477.4 
1.8115 

622.47 
4.5365 
1529.4 
1.8484 

722.47 
4.8572 
1582.1 
1.8834 

822.47 
5.1766 
1635.7 
1.9166 

922.47 
5.4949 
1690.0 
1.9484 

1022.47 
5.8124 
1745.1 
1.9789 

200 
(381.80) 

Sh 
v 
h 
s 

0.01839 
355.51 
0.5438 

2.2873 
1198.3 
1.5454 

18.20 
2.3598 
1210.1 
1.5593 

68.20 
2.5480 
1240.6 
1.5938 

118.20 
2.7247 
1269.0 
1.6242 

168.20 
2.8939 
1296.2 
1.6518 

218.20 
3.0583 
1322.6 
1.6773 

318.20 
3.3783 
1374.3 
1.7239 

418.20 
3.6915 
1425.5 
1.7663 

518.20 
4.0008 
1477.0 
1.8057 

618.20 
4.3077 
1529.1 
1.8426 

718.20 
4.6128 
1581.9 
1.8776 

818.20 
4.9165 
1635.4 
1.9109 

918.20 
5.2191 
1689.8 
1.9427 

1018.20 
5.5209 
1745.0 
1.9732

Sh = superheat, °F  h = enthalpy, Btu per lb 
v = specific volume, cu ft per lb s = entropy, Btu per R per lb 
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Appendix B 

B-4 

Table B-1   Superheated Steam - Continued 

Abs.  Press Temperature - Degrees Fahrenheit 
Lb/Sq In. 

(Sat Temp) 
Sat. 

Water 
Sat. 

Steam 400 450 500 550 600 700 800 900 1000 1100 1200 1300 1400 1500 

210 
(385.91) 

Sh 
v 
h 
s 

0.01844 
359.91 
0.5490 

2.1822 
1199.0 
1.5413 

14.09 
2.2364 
1208.2 
1.5522 

64.09 
2.4181 
1239.2 
1.5872 

114.09 
2.5880 
1268.0 
1.6180 

164.09 
2.7504 
1295.3 
1.6458 

214.09 
2.9078 
1321.9 
1.6715 

314.09 
3.2137 
1373.7 
1.7182 

414.09 
3.5182 
1425.1 
1.7607 

514.09 
3.8080 
1476.7 
1.8001 

614.09 
4.1007 
1528.8 
1.8371 

714.09 
4.3915 
1581.6 
1.8721 

814.09 
4.6811 
1635.2 
1.9054 

914.09 
4.9695 
1689.6 
1.9372 

1014.09 
5.2571 
1744.8 
1.9677 

1114.09 
5.5440 
1800.8 
1.9970 

220 
(389.88) 

Sh 
v 
h 
s 

0.01850 
364.17 
0.5540 

2.0863 
1199.6 
1.5374 

10.12 
2.1240 
1206.3 
1.5453 

60.12 
2.2999 
1237.8 
1.5808 

110.12 
2.4638 
1266.9 
1.6120 

160.12 
2.6199 
1294.5 
1.6400 

210.12 
2.7710 
1321.2 
1.6658 

310.12 
3.0642 
1373.2 
1.7128 

410.12 
3.3504 
1424.7 
1.7553 

510.12 
3.6327 
1476.3 
1.7948 

610.12 
3.9125 
1528.5 
1.8318 

710.12 
4.1905 
1581.4 
1.8668 

810.12 
4.4671 
1635.0 
1.9002 

910.12 
4.7426 
1689.4 
1.9320 

1010.12 
5.0173 
1744.7 
1.9625 

1110.12 
5.2913 
1800.6 
1.9919 

230 
(393.70) 

Sh 
v 
h 
s 

0.01855 
368.28 
0.5588 

1.9985 
1200.1 
1.5336 

6.30 
2.0212 
1204.4 
1.5385 

56.30 
2.1919 
1236.3 
1.5747 

106.30 
2.3503 
1265.7 
1.6062 

156.30 
2.5008 
1293.6 
1.6344 

206.30 
2.6461 
1320.4 
1.6604 

306.30 
2.9276 
1372.7 
1.7075 

406.30 
3.2020 
1424.2 
1.7502 

506.30 
3.4726 
1476.0 
1.7897 

606.30 
3.7406 
1528.2 
1.8268 

706.30 
4.0068 
1581.1 
1.8618 

806.30 
4.2717 
1634.8 
1.8952 

906.30 
4.5355 
1689.3 
1.9270 

1006.30 
4.7984 
1744.5 
1.9576 

1106.30 
5.0606 
1800.5 
1.9869 

240 
(397.39) 

Sh 
v 
h 
s 

0.01860 
372.27 
0.5634 

1.9177 
1200.6 
1.5299 

2.61 
1.9268 
1202.4 
1.5320 

52.61 
2.0928 
1234.9 
1.5687 

102.61 
2.2462 
1264.6 
1.6006 

152.61 
2.3915 
1292.7 
1.6291 

202.61 
2.5316 
1319.7 
1.6552 

302.61 
2.8024 
1372.1 
1.7025 

402.61 
3.0661 
1423.8 
1.7452 

502.61 
3.3259 
1475.6 
1.7848 

602.61 
3.5831 
1527.9 
1.8219 

702.61 
3.8385 
1580.9 
1.8570 

802.61 
4.0926 
1634.6 
1.8904 

902.61 
4.3456 
1689.1 
1.9223 

1002.61 
4.5977 
1744.3 
1.9528 

1102.61 
4.8492 
1800.4 
1.9822 

250 
(400.97) 

Sh 
v 
h 
s 

0.01865 
376.14 
0.5679 

1.8432 
1201.1 
1.5264 

49.03 
2.0016 
1233.4 
1.5629 

99.03 
2.1504 
1263.5 
1.5951 

149.03 
2.2909 
1291.8 
1.6239 

199.03 
2.4262 
1319.0 
1.6502 

299.03 
2.6872 
1371.6 
1.6976 

399.03 
2.9410 
1423.4 
1.7405 

499.03 
3.1909 
1475.3 
1.7801 

599.03 
3.4382 
1527.6 
1.8173 

699.03 
3.6837 
1580.6 
1.8524 

799.03 
3.9278 
1634.4 
1.8858 

899.03 
4.1709 
1688.9 
1.9177 

999.03 
4.4131 
1744.2 
1.9482 

1099.03 
4.6546 
1800.2 
1.9776 

260 
(404.44) 

Sh 
v 
h 
s 

0.01870 
379.9 

0.5722 

1.7742 
1201.5 
1.5230 

45.56 
1.9173 
1231.9 
1.5573 

95.56 
2.0619 
1262.4 
1.5899 

145.56 
2.1981 
1290.9 
1.6189 

195.56 
2.3289 
1318.2 
1.6453 

295.56 
2.5808 
1371.1 
1.6930 

395.56 
2.8256 
1423.0 
1.7359 

495.56 
3.0663 
1474.9 
1.7756 

595.56 
3.3044 
1527.3 
1.8128 

695.56 
3.5408 
1580.4 
1.8480 

795.56 
3.7758 
1634.2 
1.8814 

895.56 
4.0097 
1688.7 
1.9133 

995.56 
4.2427 
1744.0 
1.9439 

1095.56 
4.4750 
1800.1 
1.9732 

270 
(407.80) 

Sh 
v 
h 
s 

0.01875 
383.56 
0.5764 

1.7101 
1201.9 
1.5197 

42.20 
1.8391 
1230.4 
1.5518 

92.20 
1.9799 
1261.2 
1.5848 

142.20 
2.1121 
1290.0 
1.6140 

192.20 
2.2388 
1317.5 
1.6406 

292.20 
2.4824 
1370.5 
1.6885 

392.20 
2.7186 
1422.6 
1.7315 

492.20 
2.9509 
1474.6 
1.7713 

592.20 
3.1806 
1527.1 
1.8085 

692.20 
3.4084 
1580.1 
1.8437 

792.20 
3.6349 
1634.0 
1.8771 

892.20 
1.8603 
1688.5 
1.9090 

992.20 
4.0849 
1743.9 
1.9396 

1092.20 
4.3087 
1800.0 
1.9690 

280 
(411.07) 

Sh 
v 
h 
s 

0.01880 
387.12 
0.5805 

1.6505 
1202.3 
1.5166 

38.93 
1.7665 
1228.8 
1.5464 

88.93 
1.9037 
1260.0 
1.5798 

138.93 
2.0322 
1289.1 
1.6093 

188.93 
2.1551 
1316.8 
1.6361 

288.93 
2.3909 
1370.0 
1.6841 

388.93 
2.6194 
1422.1 
1.7273 

488.93 
2.8437 
1474.2 
1.7671 

588.93 
3.0655 
1526.8 
1.8043 

688.93 
3.2855 
1579.9 
1.8395 

788.93 
3.5042 
1633.8 
1.8730 

888.93 
3.7217 
1688.4 
1.9050 

988.93 
3.9384 
1743.7 
1.9356 

1088.93 
4.1543 
1799.8 
1.9649 

290 
(414.25) 

Sh 
v 
h 
s 

0.01885 
390.60 
0.5844 

1.5948 
1202.6 
1.5135 

35.75 
1.6988 
1227.3 
1.5412 

85.75 
1.8327 
1258.9 
1.5750 

135.75 
1.9578 
1288.1 
1.6048 

185.75 
2.0772 
1316.0 
1.6317 

285.75 
2.3058 
1369.5 
1.6799 

385.75 
2.5269 
1421.7 
1.7232 

485.75 
2.7440 
1473.9 
1.7630 

585.75 
2.9585 
1526.5 
1.8003 

685.75 
3.1711 
1579.6 
1.8356 

785.75 
3.3824 
1633.5 
1.8690 

885.75 
3.5926 
1688.2 
1.9010 

985.75 
3.8019 
1743.6 
1.9316 

1085.75 
4.0106 
1799.7 
1.9610 

300 
(417.35) 

Sh 
v 
h 
s 

0.01889 
393.99 
0.5882 

1.5427 
1202.9 
1.5105 

32.65 
1.6356 
1225.7 
1.5361 

82.65 
1.7665 
1257.7 
1.5703 

132.65 
1.8883 
1287.2 
1.6003 

182.65 
2.0044 
1315.2 
1.6274 

282.65 
2.2263 
1368.9 
1.6758 

382.65 
2.4407 
1421.3 
1.7192 

482.65 
2.6209 
1473.6 
1.7591 

582.65 
2.8585 
1526.2 
1.7964 

682.65 
3.0643 
1579.4 
1.8317 

782.65 
3.2688 
1633.3 
1.8652 

882.65 
3.4721 
1688.0 
1.8972 

982.65 
3.6746 
1743.4 
1.9278 

1082.65 
3.8764 
1799.6 
1.9572 

310 
(420.36) 

Sh 
v 
h 
s 

0.01894 
397.30 
0.5920 

1.4939 
1203.2 
1.5076 

29.64 
1.5763 
1224.1 
1.5311 

79.64 
1.7044 
1256.5 
1.5657 

129.64 
1.8233 
1286.3 
1.5960 

179.64 
1.9363 
1314.5 
1.6233 

279.64 
2.1520 
1368.4 
1.6719 

379.64 
2.3600 
1420.9 
1.7153 

479.64 
2.5638 
1473.2 
1.7553 

579.64 
2.7650 
1525.9 
1.7927 

679.64 
2.9644 
1579.2 
1.8280 

779.64 
3.1625 
1633.1 
1.8615 

879.64 
3.3594 
1687.8 
1.8935 

979.64 
3.5555 
1743.3 
1.9241 

1079.64 
3.7509 
1799.4 
1.9536 

320 
(423.31) 

Sh 
v 
h 
s 

0.01899 
400.53 
0.5956 

1.4480 
1203.4 
1.5048 

26.69 
1.5207 
1222.5 
1.5261 

76.69 
1.6462 
1255.2 
1.5612 

126.69 
1.7623 
1285.3 
1.5918 

176.69 
1.8725 
1313.7 
1.6192 

276.69 
2.0823 
1367.8 
1.6680 

376.69 
2.2843 
1420.5 
1.7116 

476.69 
2.4821 
1472.9 
1.7516 

576.69 
2.6774 
1525.6 
1.7890 

676.69 
2.8708 
1578.9 
1.8243 

776.69 
3.0628 
1632.9 
1.8579 

876.69 
3.2538 
1687.6 
1.8899 

976.69 
3.4438 
1743.1 
1.9206 

1076.69 
3.6332 
1799.3 
1.9500 

330 
(426.18) 

Sh 
v 
h 
s 

0.01903 
403.70 
0.5991 

1.4048 
1203.6 
1.5021 

23.82 
1.4684 
1220.9 
1.5213 

73.82 
1.5915 
1254.0 
1.5568 

123.82 
1.7050 
1284.4 
1.5876 

173.82 
1.8125 
1313.0 
1.6153 

273.82 
2.0168 
1367.3 
1.6643 

373.82 
2.2132 
1420.0 
1.7079 

473.82 
2.4054 
1472.5 
1.7480 

573.82 
2.5950 
1525.3 
1.7855 

673.82 
2.7828 
1578.7 
1.8208 

773.82 
2.9692 
1632.7 
1.8544 

873.82 
3.1545 
1687.5 
1.8864 

973.82 
3.3389 
1742.9 
1.9171 

1073.82 
3.5227 
1799.2 
1.9466 

340 
(428.99) 

Sh 
v 
h 
s 

0.01908 
406.80 
0.6026 

1.3640 
1203.8 
1.4994 

21.01 
1.4191 
1219.2 
1.5165 

71.01 
1.5399 
1252.8 
1.5525 

121.01 
1.6511 
1283.4 
1.5836 

171.01 
1.7561 
1312.2 
1.6114 

271.01 
1.9552 
1366.7 
1.6606 

371.01 
2.1463 
1419.6 
1.7044 

471.01 
2.3333 
1472.2 
1.7445 

571.01 
2.5175 
1525.0 
1.7820 

671.01 
2.7000 
1578.4 
1.8174 

771.01 
2.8811 
1632.5 
1.8510 

871.01 
3.0611 
1687.3 
1.8831 

971.01 
3.2402 
1742.8 
1.9138 

1071.01 
3.4186 
1799.0 
1.9432 

350 
(431.73) 

Sh 
v 
h 
s 

0.01912 
409.83 
0.6059 

1.3255 
1204.0 
1.4968 

18.27 
1.3725 
1217.5 
1.5119 

68.27 
1.4913 
1251.5 
1.5483 

118.27 
1.6002 
1282.4 
1.5797 

168.27 
1.7028 
1311.4 
1.6077 

268.27 
1.8970 
1366.2 
1.6571 

368.27 
2.0832 
1419.2 
1.7009 

468.27 
2.2652 
1471.8 
1.7411 

568.27 
2.4445 
1524.7 
1.7787 

668.27 
2.6219 
1578.2 
1.8141 

768.27 
2.7980 
1632.3 
1.8477 

868.27 
2.9730 
1687.1 
1.8798 

968.27 
3.1472 
1742.6 
1.9138 

1068.27 
3.3205 
1798.9 
1.9400 

360 
(434.41) 

Sh 
v 
h 
s 

0.01917 
412.81 
0.6092 

1.2891 
1204.1 
1.4943 

15.59 
1.3285 
1215.8 
1.5073 

65.59 
1.4454 
1250.3 
1.5441 

115.59 
1.5521 
1281.5 
1.5758 

165.59 
1.6525 
1310.6 
1.6040 

265.59 
1.8421 
1365.6 
1.6536 

365.59 
2.0237 
1418.7 
1.6976 

465.59 
2.2009 
1471.5 
1.7379 

565.59 
2.3755 
1524.4 
1.7754 

665.59 
2.5482 
1577.9 
1.8109 

765.59 
2.7196 
1632.1 
1.8445 

865.59 
2.8898 
1686.9 
1.8766 

965.59 
3.0592 
1742.5 
1.9073 

1065.59 
3.2279 
1798.8 
1.9368 

380 
(439.61) 

Sh 
v 
h 
s 

0.01925 
418.59 
0.6156 

1.2218 
1204.4 
1.4894 

10.39 
1.2472 
1212.4 
1.4982 

60.39 
1.3606 
1247.7 
1.5360 

110.39 
1.4635 
1279.5 
1.5683 

160.39 
1.5598 
1309.0 
1.5969 

260.39 
1.7410 
1364.5 
1.6470 

360.39 
1.9139 
1417.9 
1.6911 

460.39 
2.0825 
1470.8 
1.7315 

560.39 
2.2484 
1523.8 
1.7692 

660.39 
2.4124 
1577.4 
1.8047 

760.39 
2.5750 
1631.6 
1.8384 

860.39 
2.7366 
1686.5 
1.8705 

960.39 
2.8973 
1742.2 
1.9012 

1060.39 
3.0572 
1798.5 
1.9307 

Sh = superheat, °F  h = enthalpy, Btu per lb 
v = specific volume, cu ft per lb s = entropy, Btu per R per lb
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Appendix B 

B-5 

Table B-1   Superheated Steam - Continued
Abs.  Press Temperature - Degrees Fahrenheit 
Lb/Sq In. 

(Sat Temp) 
Sat. 

Water 
Sat. 

Steam 450 500 550 600 650 700 800 900 1000 1100 1200 1300 1400 1500 

400 
(444.60) 

Sh 
v 
h 
s 

0.01934 
424.17 
0.6217 

1.1610 
1204.6 
1.4847 

5.40 
1.1738 
1208.8 
1.4894 

55.40 
1.2841 
1245.1 
1.5282 

105.40 
1.3836 
1277.5 
1.5611 

155.40 
1.4763 
1307.4 
1.5901 

205.40 
1.5646 
1335.9 
1.6163 

255.40 
1.6499 
1363.4 
1.6406 

355.40 
1.8151 
1417.0 
1.6850 

455.40 
1.9759 
1470.1 
1.7255 

555.40 
2.1339 
1523.3 
1.7632 

655.40 
2.2901 
1576.9 
1.7988 

755.40 
2.4450 
1631.2 
1.8325 

855.40 
2.5987 
1686.2 
1.8647 

955.40 
2.7515 
1741.9 
1.8955 

1055.40 
2.9037 
1798.2 
1.9250 

420 
(449.40) 

Sh 
v 
h 
s 

0.01942 
429.56 
0.6276 

1.1057 
1204.7 
1.4802 

0.60 
1.1071 
1205.2 
1.4808 

50.60 
1.2148 
1242.4 
1.5206 

100.60 
1.3113 
1275.4 
1.5542 

150.60 
1.4007 
1305.8 
1.5835 

200.60 
1.4856 
1334.5 
1.6100 

250.60 
1.5676 
1362.3 
1.6345 

350.60 
1.7258 
1416.2 
1.6791 

450.60 
1.8795 
1469.4 
1.7179 

550.60 
2.0304 
1522.7 
1.7575 

650.60 
2.1795 
1576.4 
1.7932 

750.60 
2.3273 
1630.8 
1.8269 

850.60 
2.4739 
1685.8 
1.8591 

950.60 
2.6196 
1741.6 
1.8899 

1050.60 
2.7647 
1798.0 
1.9195 

440 
(454.03) 

Sh 
v 
h 
s 

0.01950 
434.77 
0.6332 

1.0554 
1204.8 
1.4759 

45.97 
1.1517 
1239.7 
1.5132 

95.97 
1.2454 
1273.4 
1.5474 

145.97 
1.3319 
1304.2 
1.5772 

195.97 
1.4138 
1333.2 
1.6040 

245.97 
1.4926 
1361.1 
1.6286 

345.97 
1.6445 
1415.3 
1.6734 

445.97 
1.7918 
1468.7 
1.7142 

545.97 
1.9363 
1522.1 
1.7521 

645.97 
2.0790 
1575.9 
1.7878 

745.97 
2.2203 
1630.4 
1.8216 

845.97 
2.3605 
1685.5 
1.8538 

945.97 
2.4998 
1741.2 
1.8847 

1045.97 
2.6384 
1797.7 
1.9143 

460 
(458.50) 

Sh 
v 
h 
s 

0.01959 
439.83 
0.6387 

1.0092 
1204.8 
1.4718 

41.50 
1.0939 
1236.9 
1.5060 

91.50 
1.1852 
1271.3 
1.5409 

141.50 
1.2691 
1302.5 
1.5711 

191.50 
1.3482 
1331.8 
1.5982 

241.50 
1.4242 
1360.0 
1.6230 

341.50 
1.5703 
1414.4 
1.6680 

441.50 
1.7117 
1468.0 
1.7089 

541.50 
1.8504 
1521.5 
1.7469 

641.50 
1.9872 
1575.4 
1.7826 

741.50 
2.1226 
1629.9 
1.8165 

841.50 
2.2569 
1685.1 
1.8488 

941.50 
2.3903 
1740.9 
1.8797 

1041.50 
2.5230 
1797.4 
1.9093 

480 
(462.82) 

Sh 
v 
h 
s 

0.01967 
444.75 
0.6439 

0.9668 
1204.8 
1.4677 

37.18 
1.0409 
1234.1 
1.4990 

87.18 
1.1300 
1269.1 
1.5346 

137.18 
1.2115 
1300.8 
1.5652 

187.18 
1.2881 
1330.5 
1.5925 

237.18 
1.3615 
1358.8 
1.6176 

337.18 
1.5023 
1413.6 
1.6628 

437.18 
1.6384 
1467.3 
1.7038 

537.18 
1.7716 
1520.9 
1.7419 

637.18 
1.9030 
1574.9 
1.7777 

737.18 
2.0330 
1629.5 
1.8116 

837.18 
2.1619 
1684.7 
1.8439 

937.18 
2.2900 
1740.6 
1.8748 

1037.18 
2.4173 
1797.2 
1.9045 

500 
(467.01) 

Sh 
v 
h 
s 

0.01975 
449.52 
0.6490 

0.9276 
1204.7 
1.4639 

32.99 
0.9919 
1231.2 
1.4921 

82.99 
1.0791 
1267.0 
1.5284 

132.99 
1.1584 
1299.1 
1.5595 

182.99 
1.2327 
1329.1 
1.5871 

232.99 
1.3037 
1357.7 
1.6123 

332.99 
1.4397 
1412.7 
1.6578 

432.99 
1.5708 
1466.6 
1.6990 

532.99 
1.6992 
1520.3 
1.7371 

632.99 
1.8256 
1574.4 
1.7730 

732.99 
1.9507 
1629.1 
1.8069 

832.99 
2.0746 
1684.4 
1.8393 

932.99 
2.1977 
1740.3 
1.8702 

1032.99 
2.3200 
1796.9 
1.8998 

520 
(471.07) 

Sh 
v 
h 
s 

0.01982 
454.18 
0.6540 

0.8914 
1204.5 
1.4601 

28.93 
0.9466 
1228.3 
1.4853 

78.93 
1.0321 
1264.8 
1.5223 

128.93 
1.1094 
1297.4 
1.5539 

178.93 
1.1816 
1327.7 
1.5818 

228.93 
1.2504 
1356.5 
1.6072 

328.93 
1.3819 
1411.8 
1.6530 

428.93 
1.5085 
1465.9 
1.6943 

528.93 
1.6323 
1519.7 
1.7325 

628.93 
1.7542 
1573.9 
1.7684 

728.93 
1.8746 
1628.7 
1.8024 

828.93 
1.9940 
1684.0 
1.8348 

928.93 
2.1125 
1740.0 
1.8657 

1028.93 
2.2302 
1796.7 
1.8954 

540 
(475.01) 

Sh 
v 
h 
s 

0.01990 
458.71 
0.6587 

0.8577 
1204.4 
1.4565 

24.99 
0.9045 
1225.3 
1.4786 

74.99 
0.9884 
1262.5 
1.5164 

124.99 
1.0640 
1295.7 
1.5485 

174.99 
1.1342 
1326.3 
1.5767 

224.99 
1.2010 
1355.3 
1.6023 

324.99 
1.3284 
1410.9 
1.6483 

424.99 
1.4508 
1465.1 
1.6897 

524.99 
1.5704 
1519.1 
1.7280 

624.99 
1.6880 
1573.4 
1.7640 

724.99 
1.8042 
1628.2 
1.7981 

824.99 
1.9193 
1683.6 
1.8305 

924.99 
2.0336 
1739.7 
1.8615 

1024.99 
2.1471 
1796.4 
1.8911 

560 
(478.84) 

Sh 
v 
h 
s 

0.01998 
463.14 
0.6634 

0.8264 
1204.2 
1.4529 

21.16 
0.8653 
1222.2 
1.4720 

71.16 
0.9479 
1260.3 
1.5106 

121.16 
1.0217 
1293.9 
1.5431 

171.16 
1.0902 
1324.9 
1.5717 

221.16 
1.1552 
1354.2 
1.5975 

321.16 
1.2787 
1410.0 
1.6438 

421.16 
1.3972 
1464.4 
1.6853 

521.16 
1.5129 
1518.6 
1.7237 

621.16 
1.6266 
1572.9 
1.7598 

721.16 
1.7388 
1627.8 
1.7939 

821.16 
1.8500 
1683.3 
1.8263 

921.16 
1.9603 
1739.4 
1.8573 

1021.16 
2.0699 
1796.1 
1.8870 

580 
(482.57) 

Sh 
v 
h 
s 

0.02006 
467.47 
0.6679 

0.7971 
1203.9 
1.4495 

17.43 
0.8287 
1219.1 
1.4654 

67.43 
0.9100 
1258.0 
1.5049 

117.43 
0.9824 
1292.1 
1.5380 

167.43 
1.0492 
1323.4 
1.5668 

217.43 
1.1125 
1353.0 
1.5929 

317.43 
1.2324 
1409.2 
1.6394 

417.43 
1.3473 
1463.7 
1.6811 

517.43 
1.4593 
1518.0 
1.7196 

617.43 
1.5693 
1572.4 
1.7556 

717.43 
1.6780 
1627.4 
1.7898 

817.43 
1.7855 
1682.9 
1.8223 

917.43 
1.8921 
1739.1 
1.8533 

1017.43 
1.9980 
1795.9 
1.8831 

600 
(486.20) 

Sh 
v 
h 
s 

0.02013 
471.70 
0.6723 

0.7697 
1203.7 
1.4461 

13.80 
0.7944 
1215.9 
1.4590 

63.80 
0.8746 
1255.6 
1.4993 

113.80 
0.9456 
1290.3 
1.5329 

163.80 
1.0109 
1322.0 
1.5621 

213.80 
1.0726 
1351.8 
1.5884 

313.80 
1.1892 
1408.3 
1.6351 

413.80 
1.3008 
1463.0 
1.6769 

513.80 
1.4093 
1517.4 
1.7155 

613.80 
1.5160 
1571.9 
1.7517 

713.80 
1.6211 
1627.0 
1.7859 

813.80 
1.7252 
1682.6 
1.8184 

913.80 
1.8284 
1738.8 
1.8494 

1013.80 
1.9309 
1795.6 
1.8792 

650 
(494.89) 

Sh 
v 
h 
s 

0.02032 
481.89 
1.6828 

0.7084 
1202.8 
1.4391 

5.11 
0.7173 
1207.6 
1.4430 

55.11 
0.7954 
1249.6 
1.4858 

105.11 
0.8634 
1285.7 
1.5207 

155.11 
0.9254 
1318.3 
1.5507 

205.11 
0.9835 
1348.7 
1.5775 

305.11 
1.0929 
1406.0 
1.6249 

405.11 
1.1969 
1461.2 
1.6671 

505.11 
1.2979 
1515.9 
1.7059 

605.11 
1.3969 
1570.7 
1.7422 

705.11 
1.4944 
1625.9 
1.7765 

805.11 
1.5909 
1681.6 
1.8092 

905.11 
1.6864 
1738.0 
1.8403 

1005.11 
1.7813 
1794.9 
1.8701 

700 
(503.08) 

Sh 
v 
h 
s 

0.02050 
491.60 
0.6928 

0.6556 
1201.8 
1.4304 

46.92 
0.7271 
1243.4 
1.4726 

96.92 
0.7928 
1281.0 
1.5090 

146.92 
0.8520 
1314.6 
1.5399 

196.92 
0.9072 
1345.6 
1.5673 

296.92 
1.0102 
1403.7 
1.6154 

396.92 
1.1078 
1459.4 
1.6580 

496.92 
1.2023 
1514.4 
1.6970 

596.92 
1.2948 
1569.4 
1.7335 

696.92 
1.3858 
1624.8 
1.7679 

796.92 
1.4757 
1680.7 
1.8006 

896.92 
1.5647 
1737.2 
1.8318 

996.92 
1.6530 
1794.3 
1.8617 

750 
(510.84) 

Sh 
v 
h 
s 

0.02069 
500.89 
0.7022 

0.6095 
1200.7 
1.4232 

39.16 
0.6676 
1236.9 
1.4598 

89.16 
0.7313 
1276.1 
1.4977 

139.16 
0.7882 
1310.7 
1.5296 

189.16 
0.8409 
1342.5 
1.5577 

289.16 
0.9386 
1401.5 
1.6065 

389.16 
1.0306 
1457.6 
1.6494 

489.16 
1.1195 
1512.9 
1.6886 

589.16 
1.2063 
1568.2 
1.7252 

689.16 
1.2916 
1623.8 
1.7598 

789.16 
1.3759 
1679.8 
1.7926 

889.16 
1.4592 
1736.4 
1.8239 

989.16 
1.5419 
1793.6 
1.8538 

800 
(518.21) 

Sh 
v 
h 
s 

0.02087 
509.81 
0.7111 

0.5690 
1199.4 
1.4163 

31.79 
0.6151 
1230.1 
1.4472 

81.79 
0.6774 
1271.1 
1.4869 

131.79 
0.7323 
1306.8 
1.5198 

181.79 
0.7828 
1339.3 
1.5484 

281.79 
0.8759 
1399.1 
1.5980 

381.79 
0.9631 
1455.8 
1.6413 

481.79 
1.0470 
1511.4 
1.6807 

581.79 
1.1289 
1566.9 
1.7175 

681.79 
1.2093 
1622.7 
1.7522 

781.79 
1.2885 
1678.9 
1.7851 

881.79 
1.3669 
1735.7 
1.8164 

981.79 
1.4446 
1792.9 
1.8464 

850 
(525.24) 

Sh 
v 
h 
s 

0.02105 
518.40 
0.7197 

0.5330 
1198.0 
1.4096 

24.76 
0.5683 
1223.0 
1.4347 

74.76 
0.6296 
1265.9 
1.4763 

124.76 
0.6829 
1302.8 
1.5102 

174.76 
0.7315 
1336.0 
1.5396 

274.76 
0.8205 
1396.8 
1.5899 

374.76 
0.9034 
1454.0 
1.6336 

474.76 
0.9830 
1510.0 
1.6733 

574.76 
1.0606 
1565.7 
1.7102 

674.76 
1.1366 
1621.6 
1.7450 

774.76 
1.2115 
1678.0 
1.7780 

874.76 
1.2855 
1734.9 
1.8094 

974.76 
1.3588 
1792.3 
1.8395 

900 
(531.95) 

Sh 
v 
h 
s 

0.02123 
526.70 
0.7279 

0.50009 
1196.4 
1.4032 

18.05 
0.5263 
1215.5 
1.4223 

68.05 
0.5869 
1260.6 
1.4659 

118.05 
0.6388 
1298.6 
1.5010 

168.05 
0.6858 
1332.7 
1.5311 

268.05 
0.7713 
1394.4 
1.5822 

368.05 
0.8504 
1452.2 
1.6263 

468.05 
0.9262 
1508.5 
1.6662 

568.05 
0.9998 
1564.4 
1.7033 

668.05 
1.0720 
1620.6 
1.7382 

768.05 
1.1430 
1677.1 
1.7713 

868.05 
1.2131 
1734.1 
1.8028 

968.05 
1.2825 
1791.6 
1.8329 

Sh = superheat, °F  h = enthalpy, Btu per lb 
v = specific volume, cu ft per lb s = entropy, Btu per R per lb
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Table B-1   Superheated Steam - Continued
Abs.  Press Temperature - Degrees Fahrenheit 
Lb/Sq In. 

(Sat Temp) 
Sat. 

Water 
Sat. 

Steam 550 600 650 700 750 800 850 900 1000 1100 1200 1300 1400 1500 

950 
(538.39) 

Sh 
v 
h 
s 

0.02141 
534.74 
0.7358 

0.4721 
1194.7 
1.3970 

11.61 
0.4883 
1207.6 
1.4098 

61.61 
0.5485 
1255.1 
1.4557 

111.61 
0.5993 
1294.4 
1.4921 

161.61 
0.6449 
1329.3 
1.5228 

211.61 
0.6871 
1361.5 
1.5500 

261.61 
0.7272 
1392.0 
1.5748 

311.61 
0.7656 
1421.5 
1.5977 

361.61 
0.8030 
1450.3 
1.6193 

461.61 
0.8753 
1507.0 
1.6595 

561.61 
0.9455 
1563.2 
1.6967 

661.61 
1.0142 
1619.5 
1.7317 

761.61 
1.0817 
1676.2 
1.7649 

861.61 
1.1484 
1733.3 
1.7965 

961.61 
1.2143 
1791.0 
1.8267 

1000 
(544.58) 

Sh 
v 
h 
s 

0.02159 
542.55 
0.7434 

0.4460 
1192.9 
1.3910 

5.42 
0.4535 
1199.3 
1.3973 

55.42 
0.5137 
1249.3 
1.4457 

105.42 
0.5636 
1290.1 
1.4833 

155.42 
0.6080 
1325.9 
1.5149 

205.42 
0.6489 
1358.7 
1.5426 

255.42 
0.6875 
1389.6 
1.5677 

305.42 
0.7245 
1419.4 
1.5908 

355.42 
0.7603 
1448.5 
1.6126 

455.42 
0.8295 
1505.4 
1.6530 

555.42 
0.8966 
1561.9 
1.6905 

655.42 
0.9622 
1618.4 
1.7256 

755.42 
1.0266 
1675.3 
1.7589 

855.42 
1.0901 
1732.5 
1.7905 

955.42 
1.1529 
1790.3 
1.8207 

1050 
(550.53) 

Sh 
v 
h 
s 

0.02177 
550.15 
0.7507 

0.4222 
1191.0 
1.3851 

49.47 
0.4821 
1243.4 
1.4358 

99.47 
0.5312 
1285.7 
1.4748 

149.47 
0.5745 
1322.4 
1.5072 

199.47 
0.6142 
1355.8 
1.5354 

249.47 
0.6515 
1387.2 
1.5608 

299.47 
0.6872 
1417.3 
1.5842 

349.47 
0.7216 
1446.6 
1.6062 

449.47 
0.7881 
1503.9 
1.6469 

549.47 
0.8542 
1560.7 
1.6845 

649.47 
0.9151 
1617.4 
1.7197 

749.47 
0.9767 
1674.4 
1.7531 

849.47 
1.0373 
1731.8 
1.7848 

949.47 
1.0973 
1789.6 
1.8151 

1100 
(556.28) 

Sh 
v 
h 
s 

0.02195 
557.55 
0.7578 

0.4006 
1189.1 
1.3794 

43.72 
0.4531 
1237.3 
1.4259 

93.72 
0.5017 
1281.2 
1.4664 

143.72 
0.5440 
1318.8 
1.4996 

193.72 
0.5826 
1352.9 
1.5284 

243.72 
0.6188 
1384.7 
1.5542 

293.72 
0.6533 
1415.2 
1.5779 

343.72 
0.6865 
1444.7 
1.6000 

443.72 
0.7505 
1502.4 
1.6410 

543.72 
0.8121 
1559.4 
1.6787 

643.72 
0.8723 
1616.3 
1.7141 

743.72 
0.9313 
1673.5 
1.7475 

843.72 
0.9894 
1731.0 
1.7793 

943.72 
1.0468 
1789.0 
1.8097 

1150 
(561.82) 

Sh 
v 
h 
s 

0.02214 
564.78 
0.7647 

0.3807 
1187.0 
1.3738 

39.18 
0.4263 
1230.9 
1.4160 

89.18 
0.4746 
1276.6 
1.4582 

139.18 
0.5162 
1315.2 
1.4923 

189.18 
0.5538 
1349.9 
1.5216 

239.18 
0.5889 
1382.2 
1.5478 

289.18 
0.6223 
1413.0 
1.5717 

339.18 
0.6544 
1442.8 
1.5941 

439.18 
0.7161 
1500.9 
1.6353 

539.18 
0.7754 
1558.1 
1.6732 

639.18 
0.8332 
1615.2 
1.7087 

739.18 
0.8899 
1672.6 
1.7422 

839.18 
0.9456 
1730.2 
1.7741 

939.18 
1.0007 
1788.3 
1.8045 

1200 
(567.19) 

Sh 
v 
h 
s 

0.02232 
571.85 
0.7714 

0.3624 
1184.8 
1.3683 

32.81 
0.4016 
1224.2 
1.4061 

82.81 
0.4497 
1271.8 
1.4501 

132.81 
0.4905 
1311.5 
1.4851 

182.81 
0.5273 
1346.9 
1.5150 

232.81 
0.5615 
1379.7 
1.5415 

282.81 
0.5939 
1410.8 
1.5658 

332.81 
0.6250 
1440.9 
1.5883 

432.81 
0.6845 
1499.4 
1.6298 

532.81 
0.7418 
1556.9 
1.6679 

632.81 
0.7974 
1614.2 
1.7035 

732.81 
0.8519 
1671.6 
1.7371 

832.81 
0.9055 
1729.4 
1.7691 

932.81 
0.9584 
1787.6 
1.7996 

1300 
(577.42) 

Sh 
v 
h 
s 

0.02269 
585.58 
0.7843 

0.3299 
1180.2 
1.3577 

22.58 
0.3570 
1209.9 
1.3860 

72.58 
0.4052 
1261.9 
1.4340 

122.58 
0.4451 
1303.9 
1.4711 

172.58 
0.4804 
1340.8 
1.5022 

222.58 
0.5129 
1374.6 
1.5296 

272.58 
0.5436 
1406.4 
1.5544 

322.58 
0.5729 
1437.1 
1.5773 

422.58 
0.6287 
1496.3 
1.6194 

522.58 
0.6822 
1554.3 
1.6578 

622.58 
0.7341 
1312.0 
1.6937 

722.58 
0.7847 
1669.8 
1.7275 

822.58 
0.8345 
1727.9 
1.7596 

922.58 
0.8836 
1786.3 
1.7902 

1400 
(587.07) 

Sh 
v 
h 
s 

0.02307 
598.83 
0.7966 

0.3018 
1175.3 
1.3474 

12.93 
0.3176 
1194.1 
1.3652 

62.93 
0.3667 
1251.4 
1.4181 

112.93 
0.4059 
1296.1 
1.4575 

162.93 
0.4400 
1334.5 
1.4900 

212.93 
0.4712 
1369.3 
1.5182 

262.93 
0.5004 
1402.2 
1.5436 

312.93 
0.5282 
1433.2 
1.5670 

412.93 
0.5809 
1493.2 
1.6096 

512.93 
0.6311 
1551.8 
1.6484 

612.93 
0.6798 
1609.9 
1.6845 

712.93 
0.7272 
1668.0 
1.7185 

812.93 
0.7737 
1726.3 
1.7508 

912.93 
0.8195 
1785.0 
1.7815 

1500 
(596.20) 

Sh 
v 
h 
s 

0.02346 
611.68 
0.8085 

0.2772 
1170.1 
1.3373 

3.80 
0.2820 
1176.3 
1.3431 

53.80 
0.3328 
1240.2 
1.4022 

103.80 
0.3717 
1287.9 
1.4443 

153.80 
0.4049 
1328.0 
1.4782 

203.80 
0.4350 
1364.0 
1.5073 

253.80 
0.4629 
1397.4 
1.5333 

303.80 
0.4894 
1429.2 
1.5572 

403.80 
0.5394 
1490.1 
1.6004 

503.80 
0.5869 
1549.2 
1.6395 

603.80 
0.6327 
1607.7 
1.6759 

703.80 
0.6773 
1666.2 
1.7101 

803.80 
0.7210 
1724.8 
1.7425 

903.80 
0.7639 
1783.7 
1.7734 

1600 
(604.87) 

Sh 
v 
h 
s 

0.02387 
624.20 
0.8199 

0.2555 
1164.5 
1.3274 

45.13 
0.3026 
1228.3 
1.3861 

95.13 
0.3415 
1279.4 
1.4312 

145.13 
0.3741 
1321.4 
1.4667 

195.13 
0.4032 
1358.5 
1.4968 

245.13 
0.4301 
1392.8 
1.5235 

295.13 
0.4555 
1425.2 
1.5478 

395.13 
.05031 
1486.9 
1.5913 

495.13 
0.5482 
1546.6 
1.6312 

595.13 
0.5915 
1605.6 
1.6678 

695.13 
0.6336 
1664.3 
1.7022 

795.13 
0.6748 
1723.2 
1.7347 

895.13 
0.7153 
1782.3 
1.7657 

1700 
(613.13) 

Sh 
v 
h 
s 

0.02428 
636.45 
0.8309 

0.2361 
1158.6 
1.3176 

36.87 
0.2754 
1215.3 
1.3697 

86.87 
0.3147 
1270.5 
1.4183 

136.87 
0.3468 
1314.5 
1.4555 

186.87 
0.3751 
1352.9 
1.4867 

236.87 
0.4011 
1388.1 
1.5140 

286.87 
0.4255 
1421.2 
1.5388 

386.87 
0.4711 
1483.8 
1.5833 

486.87 
0.5140 
1544.0 
1.6232 

586.87 
0.5552 
1603.4 
1.6601 

686.87 
0.5951 
1662.5 
1.6947 

786.87 
0.6341 
1721.7 
1.7274 

886.87 
0.6724 
1781.0 
1.7585 

1800 
(621.02) 

Sh 
v 
h 
s 

0.02472 
648.49 
0.8417 

0.2186 
1152.3 
1.3079 

28.98 
0.2505 
1201.2 
1.3526 

78.98 
0.2906 
1261.1 
1.4054 

128.98 
0.3223 
1307.4 
1.4446 

178.98 
0.3500 
1347.2 
1.4768 

228.98 
0.3752 
1383.3 
1.5049 

278.98 
0.3988 
1417.1 
1.5302 

378.98 
0.4426 
1480.6 
1.5753 

478.98 
0.4836 
1541.4 
1.6156 

578.98 
0.5229 
1601.2 
1.6528 

678.98 
0.5609 
1660.7 
1.6876 

778.98 
0.5980 
1720.1 
1.7204 

878.98 
0.6343 
1779.7 
1.7516 

1900 
(628.56) 

Sh 
v 
h 
s 

0.02517 
660.36 
0.8522 

0.2028 
1145.6 
1.2981 

21.44 
0.2274 
1185.7 
1.3346 

71.44 
0.2687 
1251.3 
1.3925 

121.44 
0.3004 
1300.2 
1.4338 

171.44 
0.3275 
1341.4 
1.4672 

221.44 
0.3521 
1378.4 
1.4960 

271.44 
0.3749 
1412.9 
1.5219 

371.44 
0.4171 
1477.4 
1.5677 

471.44 
0.4565 
1538.8 
1.6084 

571.44 
0.4940 
1599.1 
1.6458 

671.44 
0.5303 
1658.8 
1.6808 

771.44 
0.5656 
1718.6 
1.7138 

871.44 
0.6002 
1778.4 
1.7451 

2000 
(635.80) 

Sh 
v 
h 
s 

0.02565 
672.11 
0.8625 

0.1883 
1138.3 
1.2881 

14.20 
0.2056 
1168.3 
1.3154 

64.20 
0.2488 
1240.9 
1.3794 

114.20 
0.2805 
1392.6 
1.4231 

164.20 
0.3072 
1335.4 
1.4578 

214.20 
0.3312 
1373.5 
1.4874 

264.20 
0.3534 
1408.7 
1.5138 

364.20 
0.3942 
1474.1 
1.5603 

464.20 
0.4320 
1536.2 
1.6014 

564.20 
0.4680 
1596.9 
1.6391 

664.20 
0.5027 
1657.0 
1.6743 

764.20 
0.5365 
1717.0 
1.7075 

864.20 
0.5695 
1771.1 
1.7389 

2100 
(642.76) 

Sh 
v 
h 
s 

0.02615 
683.79 
0.8727 

0.1750 
1130.5 
1.2780 

7.24 
0.1847 
1148.5 
1.2942 

57.24 
0.2304 
1229.8 
1.3661 

107.24 
0.2624 
1284.9 
1.4125 

157.24 
0.2888 
1329.3 
1.4486 

207.24 
0.3123 
1368.4 
1.4790 

257.24 
0.3339 
1404.4 
1.5060 

357.24 
0.3734 
1470.9 
1.5532 

457.24 
0.4099 
1533.6 
1.5948 

557.24 
0.4445 
1594.7 
1.6327 

657.24 
0.4778 
1655.2 
1.6681 

757.24 
0.5101 
1715.4 
1.7014 

857.24 
0.5418 
1775.7 
1.7330 

2200 
(649.45) 

Sh 
v 
h 
s 

0.02669 
695.46 
0.8828 

0.1627 
1122.2 
1.2676 

0.55 
0.1636 
1123.9 
1.2691 

50.55 
0.2134 
1218.0 
1.3523 

100.55 
0.2458 
1276.8 
1.4020 

150.55 
0.2720 
1323.1 
1.4395 

200.55 
0.2950 
1363.3 
1.4708 

250.55 
0.3161 
1400.0 
1.4984 

350.55 
0.3545 
1467.6 
1.5463 

450.55 
0.3897 
1530.9 
1.5883 

550.55 
0.4231 
1592.5 
1.6266 

650.55 
0.4551 
1653.3 
1.6622 

750.55 
0.4862 
1713.9 
1.6956 

850.55 
0.5165 
1774.4 
1.7273 

2300 
(655.89) 

Sh 
v 
h 
s 

0.02727 
707.18 
0.8929 

0.1513 
1113.2 
1.2569 

44.11 
0.1975 
1205.3 
1.3381 

94.11 
0.2305 
1268.4 
1.3914 

144.11 
0.2566 
1316.7 
1.4305 

194.11 
0.2793 
1358.1 
1.4628 

244.11 
0.2999 
1395.7 
1.4910 

344.11 
0.3372 
1464.2 
1.5397 

444.11 
0.3714 
1528.3 
1.5821 

544.11 
0.4035 
1590.3 
1.6207 

644.11 
0.4344 
1651.5 
1.6565 

744.11 
0.4643 
1712.3 
1.6901 

844.11 
0.4935 
1773.1 
1.7219 

Sh = superheat, °F  h = enthalpy, Btu per lb 
v = specific volume, cu ft per lb s = entropy, Btu per R per lb
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Table B-1   Superheated Steam - Continued
Abs.  Press Temperature - Degrees Fahrenheit 
Lb/Sq In. 

(Sat Temp) 
Sat. 

Water 
Sat. 

Steam 700 750 800 850 900 950 1000 1050 1100 1150 1200 1300 1400 1500 

2400 
(662.11) 

Sh 
v 
h 
s 

0.02790 
718.95 
0.9031 

0.1408 
1103.7 
1.2460 

37.89 
0.1824 
1191.6 
1.3232 

87.89 
0.2164 
1259.7 
1.3808 

137.89 
0.2424 
1310.1 
1.4217 

187.89 
0.2648 
1352.8 
1.4549 

237.89 
0.2850 
1391.2 
1.4837 

287.89 
0.3037 
1426.9 
1.5095 

337.89 
0.3214 
1460.9 
1.5332 

387.89 
0.3382 
1493.7 
1.5553 

437.89 
0.3545 
1525.6 
1.5761 

487.89 
0.3703 
1557.0 
1.5959 

537.89 
0.3856 
1588.1 
1.6149 

637.89 
0.4155 
1649.6 
1.6509 

737.89 
0.4443 
1710.8 
1.6847 

837.89 
0.4724 
1771.8 
1.7167 

2500 
(668.11) 

Sh 
v 
h 
s 

0.02859 
731.71 
0.9139 

0.1307 
1093.3 
1.2345 

31.89 
0.1681 
1176.7 
1.3076 

81.89 
0.2032 
1250.6 
1.3701 

131.89 
0.2293 
1303.4 
1.4129 

181.89 
0.2514 
1347.4 
1.4472 

231.89 
0.2712 
1386.7 
1.4766 

281.89 
0.2896 
1423.1 
1.5029 

331.89 
0.3068 
1457.5 
1.5269 

381.89 
0.3232 
1490.7 
1.5492 

431.89 
0.3390 
1522.9 
1.5703 

481.89 
0.3543 
1554.6 
1.5903 

531.89 
0.3692 
1585.9 
1.6094 

631.89 
0.3980 
1647.8 
1.6456 

731.89 
0.4259 
1709.2 
1.6796 

931.89 
0.4529 
1770.4 
1.7116 

2600 
(673.91) 

Sh 
v 
h 
s 

0.02938 
744.47 
0.9247 

0.1211 
1082.0 
1.2225 

26.09 
0.1544 
1160.2 
1.2908 

76.09 
0.1909 
1241.1 
1.3592 

126.09 
0.2171 
1296.5 
1.4042 

176.09 
0.2390 
1341.9 
1.4395 

226.09 
0.2585 
1382.1 
1.4696 

276.09 
0.2765 
1419.2 
1.4964 

326.09 
0.2933 
1454.1 
1.5208 

376.09 
0.3093 
1487.7 
1.5434 

426.09 
0.3247 
1520.2 
1.5646 

476.09 
0.3395 
1552.2 
1.5848 

526.09 
0.3540 
1583.7 
1.6040 

626.09 
0.3819 
1646.0 
1.6405 

726.09 
0.4088 
1707.7 
1.6746 

826.09 
0.4350 
1769.1 
1.7068 

2700 
(679.53) 

Sh 
v 
h 
s 

0.03029 
757.34 
0.9356 

0.1119 
1069.7 
1.2097 

20.47 
0.1411 
1142.0 
1.2727 

70.47 
0.1794 
1231.1 
1.3481 

120.47 
0.2058 
1289.5 
1.3954 

170.47 
0.2275 
1336.3 
1.4319 

220.47 
0.2468 
1377.5 
1.4628 

270.47 
0.2644 
1415.2 
1.4900 

320.47 
0.2809 
1450.7 
1.5148 

370.47 
0.3965 
1484.6 
1.5376 

420.47 
0.3114 
1517.5 
1.5591 

470.47 
0.3259 
1549.8 
1.5794 

520.47 
0.3399 
1581.5 
1.5988 

620.47 
0.3670 
1644.1 
1.6355 

720.47 
0.3931 
1706.1 
1.6697 

820.47 
0.4184 
1767.8 
1.7021 

2800 
(684.96) 

Sh 
v 
h 
s 

0.03134 
770.69 
0.9468 

0.1030 
1055.8 
1.1958 

15.04 
0.1278 
1121.2 
1.2527 

65.04 
0.1685 
1220.6 
1.3368 

115.04 
0.1952 
1282.2 
1.3867 

165.04 
0.2168 
1330.7 
1.4245 

215.04 
0.2358 
1372.8 
1.4561 

265.04 
0.2531 
1411.2 
1.4838 

315.04 
0.2693 
1447.2 
1.5089 

365.04 
0.2845 
1481.6 
1.5321 

415.04 
0.2991 
1514.8 
1.5537 

465.04 
0.3132 
1547.3 
1.5742 

515.04 
0.3268 
1579.3 
1.5938 

615.04 
0.3532 
1642.2 
1.6306 

715.04 
0.3785 
1704.5 
1.6651 

815.04 
0.4030 
1766.5 
1.6975 

2900 
(690.22) 

Sh 
v 
h 
s 

0.03262 
785.13 
0.9588 

0.0942 
1039.8 
1.1803 

9.78 
0.1138 
1095.3 
1.2283 

59.78 
0.1581 
1209.6 
1.3251 

109.78 
0.1853 
1274.7 
1.3780 

159.78 
0.2038 
1324.9 
1.4171 

209.78 
0.2256 
1368.0 
1.4494 

259.78 
0.2427 
1407.2 
1.4777 

309.78 
0.2585 
1443.7 
1.5032 

359.78 
0.2734 
1478.5 
1.5266 

409.78 
0.2877 
1512.1 
1.5485 

459.78 
0.3014 
1544.9 
1.5692 

509.78 
0.3147 
1577.0 
1.5889 

609.78 
0.3403 
1640.4 
1.6259 

709.78 
0.3649 
1703.0 
1.6606 

809.78 
0.3887 
1765.2 
1.6931 

3000 
(695.33) 

Sh 
v 
h 
s 

0.03428 
801.84 
0.9728 

0.0850 
1020.3 
1.1619 

4.67 
0.0982 
1060.5 
1.1966 

54.67 
0.1483 
1197.9 
1.3131 

104.67 
0.1759 
1267.0 
1.3692 

154.67 
0.1975 
1319.0 
1.4097 

204.67 
0.2161 
1363.2 
1.4429 

254.67 
0.2329 
1403.1 
1.4717 

304.67 
0.2484 
1440.2 
1.4976 

354.67 
0.2630 
1475.4 
1.5213 

404.67 
0.2770 
1509.4 
1.5434 

454.67 
0.2904 
1542.4 
1.5642 

504.67 
0.3033 
1574.8 
1.5841 

604.67 
0.3282 
1638.5 
1.6214 

704.67 
0.3522 
1701.4 
1.6561 

804.67 
0.3753 
1763.8 
1.6888 

3100 
(700.28) 

Sh 
v 
h 
s 

0.03681 
823.97 
0.9914 

0.0745 
993.3 

1.1373 

49.72 
0.1389 
1185.4 
1.3007 

99.72 
0.1671 
1259.1 
1.3604 

149.72 
0.1887 
1313.0 
1.4024 

199.72 
0.2071 
1358.4 
1.4364 

249.72 
0.2237 
1399.0 
1.4658 

299.72 
0.2390 
1436.7 
1.4920 

349.72 
0.2533 
1472.3 
1.5161 

399.72 
0.2670 
1506.6 
1.5384 

449.72 
0.2800 
1539.9 
1.5594 

499.72 
0.2927 
1572.6 
1.5794 

599.72 
0.6170 
1636.7 
1.6169 

699.72 
0.3403 
1699.8 
1.6518 

799.72 
0.3628 
1762.5 
1.6847 

3200 
(705.08) 

Sh 
v 
h 
s 

0.04472 
875.54 
1.0351 

0.0566 
931.6 

1.0832 

44.92 
0.1300 
1172.3 
1.2877 

94.92 
0.1588 
1250.9 
1.3515 

144.92 
0.1804 
1306.9 
1.3951 

194.92 
0.1987 
1353.4 
1.4300 

244.92 
0.2151 
1394.9 
1.4600 

294.92 
0.2301 
1433.1 
1.4866 

344.92 
0.2442 
1469.2 
1.5110 

394.92 
0.2576 
1503.8 
1.5335 

444.92 
0.2704 
1537.4 
1.5547 

494.92 
0.2827 
1570.3 
1.5749 

594.92 
0.3065 
1634.8 
1.6126 

694.92 
0.3291 
1698.3 
1.6477 

794.92 
0.3510 
1761.2 
1.6806 

3300 

Sh 
v 
h 
s 

0.1213 
1158.2 
1.2742 

0.1510 
1242.5 
1.3425 

0.1727 
1300.7 
1.3879 

0.1908 
1348.4 
1.4237 

0.2070 
1390.7 
1.4542 

0.2218 
1429.5 
1.4813 

0.2357 
1466.1 
1.5059 

0.2488 
1501.0 
1.5287 

0.2613 
1534.9 
1.5501 

0.2734 
1568.1 
1.5704 

0.2966 
1632.9 
1.6084 

0.3187 
1696.7 
1.6436 

0.3400 
1759.9 
1.6767 

3400 

Sh 
v 
h 
s 

0.1129 
1143.2 
1.2600 

0.1435 
1233.7 
1.3334 

0.1653 
1294.3 
1.3807 

0.1834 
1343.4 
1.4174 

0.1994 
1386.4 
1.4486 

0.2140 
1425.9 
1.4761 

0.2276 
1462.9 
1.5010 

0.2405 
1498.3 
1.5240 

0.2528 
1532.4 
1.5456 

0.2646 
1565.8 
1.5660 

0.2872 
1631.1 
1.6042 

0.3088 
1695.1 
1.6396 

0.3296 
1758.5 
1.6728 

3500 

Sh 
v 
h 
s 

0.1048 
1127.1 
1.2450 

0.1364 
1224.6 
1.3242 

0.1583 
1287.8 
1.3734 

0.1764 
1338.2 
1.4112 

0.1922 
1382.2 
1.4430 

0.2066 
1422.2 
1.4709 

0.2200 
1459.7 
1.4962 

0.2326 
1495.5 
1.5194 

0.2447 
1529.9 
1.5412 

0.2563 
1563.6 
1.5618 

0.2784 
1629.2 
1.6002 

0.2995 
1693.6 
1.6358 

0.3198 
1757.2 
1.6691 

3600 

Sh 
v 
h 
s 

0.0966 
1108.6 
1.2281 

0.1296 
1215.3 
1.3148 

0.1517 
1281.2 
1.3662 

0.1697 
1333.0 
1.4050 

0.1854 
1377.9 
1.4374 

0.1996 
1418.6 
1.4658 

0.2128 
1456.5 
1.4914 

0.2252 
1492.6 
1.5149 

0.2371 
1527.4 
1.5369 

0.2485 
1561.3 
1.5576 

0.2702 
1627.3 
1.5962 

0.2908 
1692.0 
1.6320 

0.3106 
1755.9 
1.6654 

3800 

Sh 
v 
h 
s 

0.0799 
1064.2 
1.1888 

0.1169 
1195.5 
1.2955 

0.1395 
1267.6 
1.3517 

0.1574 
1322.4 
1.3928 

0.1729 
1369.1 
1.4265 

0.1868 
1411.2 
1.4558 

0.1996 
1450.1 
1.4821 

0.2116 
1487.0 
1.5061 

0.2231 
1522.4 
1.5284 

0.2340 
1556.8 
1.5495 

0.2549 
1623.6 
1.5886 

0.2746 
1688.9 
1.6247 

0.2936 
1753.2 
1.6584 

4000 

Sh 
v 
h 
s 

0.0631 
1007.4 
1.1396 

0.1052 
1174.3 
1.2754 

0.1284 
1253.4 
1.3371 

0.1463 
1311.6 
1.3807 

0.1616 
1360.2 
1.4158 

0.1752 
1403.6 
1.4461 

0.1877 
1443.6 
1.4730 

0.1994 
1481.3 
1.4976 

0.2105 
1517.3 
1.5203 

0.2210 
1552.2 
1.5417 

0.2411 
1619.8 
1.5812 

0.2601 
1685.7 
1.6177 

0.2783 
1750.6 
1.6516 

4200 

Sh 
v 
h 
s 

0.0498 
950.1 

1.0905 

0.0945 
1151.6 
1.2544 

0.1183 
1238.6 
1.3223 

0.1362 
1300.4 
1.3686 

0.1513 
1351.2 
1.4053 

0.1647 
1396.0 
1.4366 

0.1769 
1437.1 
1.4642 

0.1883 
1475.5 
1.4893 

0.1991 
1512.2 
1.5124 

0.2093 
1547.6 
1.5341 

0.2287 
1616.1 
1.5742 

0.2470 
1682.6 
1.6109 

0.2645 
1748.0 
1.6452 

4400 

Sh 
v 
h 
s 

0.0421 
909.5 

1.0556 

0.0846 
1127.3 
1.2325 

0.1090 
1223.3 
1.3073 

0.1270 
1289.0 
1.3566 

0.1420 
1342.0 
1.3949 

0.1552 
1388.3 
1.4272 

0.1671 
1430.4 
1.4556 

0.1782 
1469.7 
1.4812 

0.1887 
1507.1 
1.5048 

0.1986 
1543.0 
1.5268 

0.2174 
1612.3 
1.5673 

0.2351 
1679.4 
1.6044 

0.2519 
1745.3 
1.6389 

Sh = superheat, °F  h = enthalpy, Btu per lb 
v = specific volume, cu ft per lb s = entropy, Btu per R per lb 
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Appendix B 

B-8 

Table B-1   Superheated Steam - Continued
Abs.  Press Temperature - Degrees Fahrenheit 
Lb/Sq In. 

(Sat Temp) 
Sat. 

Water 
Sat. 

Steam 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1400 1500 

4600 

Sh 
v 
h 
s 

0.0380 
883.8 

1.0331 

0.0751 
1100.0 
1.2084 

0.1005 
1207.3 
1.2922 

0.1186 
1277.2 
1.3446 

0.1335 
1332.6 
1.3847 

0.1465 
1380.5 
1.4181 

0.1582 
1423.7 
1.4472 

0.1691 
1463.9 
1.4734 

0.1792 
1501.9 
1.4974 

0.1889 
1538.4 
1.5197 

0.1982 
1573.8 
1.5407 

0.2071 
1608.5 
1.5607 

0.2242 
1676.3 
1.5982 

0.2404 
1742.7 
1.6330 

4800 

Sh 
v 
h 
s 

0.0355 
866.9 

1.0181 

0.0665 
1071.2 
1.1835 

0.0927 
1190.7 
1.2768 

0.1109 
1265.2 
1.3327 

0.1257 
1323.1 
1.3745 

0.1385 
1372.6 
1.4090 

0.1500 
1417.0 
1.4390 

0.1606 
1458.0 
1.4657 

0.1706 
1496.7 
1.4901 

0.1800 
1533.8 
1.5128 

0.1890 
1569.7 
1.5341 

0.1977 
1604.7 
1.5543 

0.2142 
1673.1 
1.5921 

0.2299 
1740.0 
1.6272 

5000 

Sh 
v 
h 
s 

0.0338 
854.9 

1.0070 

0.0591 
1042.9 
1.1593 

0.0855 
1173.6 
1.2612 

0.1038 
1252.9 
1.3207 

0.1185 
1313.5 
1.3645 

0.1312 
1364.6 
1.4001 

0.1425 
1410.2 
1.4309 

0.1529 
1452.1 
1.4582 

0.1626 
1491.5 
1.4831 

0.1718 
1529.1 
1.5061 

0.1806 
1565.5 
1.5277 

0.1890 
1600.9 
1.5481 

0.2050 
1670.0 
1.5863 

0.2203 
1737.4 
1.6216 

5200 

Sh 
v 
h 
s 

0.0326 
845.8 

0.9985 

0.0531 
1016.9 
1.1370 

0.0789 
1156.0 
1.2455 

0.0973 
1240.4 
1.3088 

0.1119 
1303.7 
1.3545 

0.1244 
1356.6 
1.3914 

0.1356 
1403.4 
1.4229 

0.1458 
1446.2 
1.4509 

0.1553 
1486.3 
1.4762 

0.1642 
1524.5 
1.4995 

0.1728 
1561.3 
1.5214 

0.1810 
1597.2 
1.5420 

0.1966 
1666.8 
1.5806 

0.2114 
1734.7 
1.6161 

5400 

Sh 
v 
h 
s 

0.0317 
838.5 

0.9915 

0.0483 
994.3 

1.1175 

0.0728 
1138.1 
1.2296 

0.0912 
1227.7 
1.2969 

0.1058 
1293.7 
1.3446 

0.1182 
1348.4 
1.3827 

0.1292 
1396.5 
1.4151 

0.1392 
1440.3 
1.4437 

0.1485 
1481.1 
1.4694 

0.1572 
1519.8 
1.4931 

0.1656 
1557.1 
1.5153 

0.1736 
1593.4 
1.5362 

0.1888 
1663.7 
1.5750 

0.2031 
1732.1 
1.6109 

5600 

Sh 
v 
h 
s 

0.0309 
832.4 

0.9855 

0.0447 
975.0 

1.1008 

0.0672 
1119.9 
1.2137 

0.0856 
1214.8 
1.2850 

0.1001 
1283.7 
1.3348 

0.1124 
1340.2 
1.3742 

0.1232 
1389.6 
1.4075 

0.1331 
1434.3 
1.4366 

0.1422 
1475.9 
1.4628 

0.1508 
1515.2 
1.4869 

0.1589 
1552.9 
1.5093 

0.1667 
1589.6 
1.5304 

0.1815 
1660.5 
1.5697 

0.1954 
1729.5 
1.6058 

5800 

Sh 
v 
h 
s 

0.0303 
827.3 

0.9803 

0.0419 
958.8 

1.0867 

0.0622 
1101.8 
1.1981 

0.0805 
1201.8 
1.2732 

0.0949 
1273.6 
1.3250 

0.1070 
1332.0 
1.3658 

0.1177 
1382.6 
1.3999 

0.1274 
1428.3 
1.4297 

0.1363 
1470.6 
1.4564 

0.1447 
1510.5 
1.4808 

0.1527 
1548.7 
1.5035 

0.1603 
1585.8 
1.5248 

0.1747 
1657.4 
1.5644 

0.1883 
1726.8 
1.6008 

6000 

Sh 
v 
h 
s 

0.0298 
822.9 

0.9758 

0.0397 
945.1 

1.0746 

0.0579 
1084.6 
1.1833 

0.0757 
1188.8 
1.2615 

0.0900 
1263.4 
1.3154 

0.1020 
1323.6 
1.3574 

0.1126 
1375.7 
1.3925 

0.1221 
1422.3 
1.4229 

0.1309 
1465.4 
1.4500 

0.1391 
1505.9 
1.4748 

0.1469 
1544.6 
1.4978 

0.1544 
1582.0 
1.5194 

0.1684 
1654.2 
1.5593 

0.1817 
1724.2 
1.5960 

6500 

Sh 
v 
h 
s 

0.0287 
813.9 

0.9661 

0.0358 
919.5 

1.0515 

0.0495 
1046.7 
1.1506 

0.0655 
1156.3 
1.2328 

0.0793 
1237.8 
1.2917 

0.0909 
1302.7 
1.3370 

0.1012 
1358.1 
1.3743 

0.1104 
1407.3 
1.4064 

0.1188 
1452.2 
1.4347 

0.1266 
1494.2 
1.4604 

0.1340 
1534.1 
1.4841 

0.1411 
1572.5 
1.5062 

0.1544 
1646.4 
1.5471 

0.1669 
1717.6 
1.5844 

7000 

Sh 
v 
h 
s 

0.0279 
806.9 

0.9582 

0.0334 
901.8 

1.0350 

0.0438 
1016.5 
1.1243 

0.0573 
1124.9 
1.2055 

0.0704 
1212.6 
1.2689 

0.0816 
1281.7 
1.3171 

0.0915 
1340.5 
1.3567 

0.1004 
1392.2 
1.3904 

0.1085 
1439.1 
1.4200 

0.1160 
1482.6 
1.4466 

0.1231 
1523.7 
1.4710 

0.1298 
1563.1 
1.4938 

0.1424 
1638.6 
1.5355 

0.1542 
1711.1 
1.5735 

7500 

Sh 
v 
h 
s 

0.0272 
801.3 

0.9514 

0.0318 
889.0 

1.0224 

0.0399 
992.9 

1.1033 

0.0512 
1097.7 
1.1818 

0.0631 
1188.3 
1.2473 

0.0737 
1261.0 
1.2980 

0.0833 
1322.9 
1.3397 

0.0918 
1377.2 
1.3751 

0.0996 
1426.0 
1.4059 

0.1068 
1471.0 
1.4335 

0.1136 
1513.3 
1.4586 

0.1200 
1553.7 
1.4819 

0.1321 
1630.8 
1.5245 

0.1433 
1704.6 
1.5632 

8000 

Sh 
v 
h 
s 

0.0267 
796.6 

0.9455 

0.0306 
879.1 

1.0122 

0.0371 
974.4 

1.0864 

0.0465 
1074.3 
1.1613 

0.0571 
1165.4 
1.2271 

0.0671 
1241.0 
1.2798 

0.0762 
1305.5 
1.3233 

0.0845 
1362.2 
1.3603 

0.0920 
1413.0 
1.3924 

0.0989 
1459.6 
1.4208 

0.1054 
1503.1 
1.4467 

0.1115 
1544.5 
1.4705 

0.1230 
1623.1 
1.5140 

0.1338 
1698.1 
1.5533 

8500 

Sh 
v 
h 
s 

0.0262 
792.7 

0.9402 

0.0296 
871.2 

1.0037 

0.0350 
959.8 

1.0727 

0.0429 
1054.5 
1.1437 

0.0522 
1144.0 
1.2084 

0.0615 
1221.9 
1.2627 

0.0701 
1288.5 
1.3076 

0.0780 
1347.5 
1.3460 

0.0853 
1400.2 
1.3793 

0.0919 
1448.2 
1.4087 

0.0982 
1492.9 
1.4352 

0.1041 
1535.3 
1.4597 

0.1151 
1615.4 
1.5040 

0.1254 
1691.7 
1.5439 

9000 

Sh 
v 
h 
s 

0.0258 
789.3 

0.9354 

0.0288 
864.7 

0.9964 

0.0335 
948.0 

1.0613 

0.402 
1037.6 
1.1285 

0.0483 
1125.4 
1.1918 

0.0568 
1204.1 
1.2468 

0.0649 
1272.1 
1.2926 

0.0724 
1333.0 
1.3323 

0.0794 
1387.5 
1.3667 

0.0858 
1437.1 
1.3970 

0.0918 
1482.9 
1.4243 

0.0975 
1526.3 
1.4492 

0.1081 
1607.9 
1.4944 

0.1179 
1685.3 
1.5349 

9500 

Sh 
v 
h 
s 

0.0254 
786.4 

0.9310 

0.0282 
859.2 

0.9900 

0.0322 
938.3 

1.0516 

0.0380 
1023.4 
1.1153 

0.0451 
1108.9 
1.1771 

0.0528 
1187.7 
1.2320 

0.0603 
1256.6 
1.2785 

0.0675 
1318.9 
1.3191 

0.0742 
1375.1 
1.3546 

0.0804 
1426.1 
1.3858 

0.0862 
1473.1 
1.4137 

0.0917 
1517.3 
1.4392 

0.1019 
1600.4 
1.4851 

0.1113 
1679.0 
1.5263 

10000 

Sh 
v 
h 
s 

0.0251 
783.8 

0.9270 

0.0276 
854.5 

0.9842 

0.0312 
930.2 

1.0432 

0.0362 
1011.3 
1.1039 

0.0425 
1094.2 
1.1638 

0.0495 
1172.6 
1.2185 

0.0565 
1242.0 
1.2652 

0.0633 
1305.3 
1.3065 

0.0697 
1362.9 
1.3429 

0.0757 
1415.3 
1.3749 

0.0812 
1463.4 
1.4035 

0.0865 
1508.6 
1.4295 

0.0963 
1593.1 
1.4763 

0.1054 
1672.8 
1.5180 

10500 

Sh 
v 
h 
s 

0.0248 
781.5 

0.9232 

0.0271 
850.5 

0.9790 

0.0303 
923.4 

1.0358 

0.0347 
1001.0 
1.0939 

0.0404 
1081.3 
1.1519 

0.0467 
1158.9 
1.2060 

0.0532 
1228.4 
1.2529 

0.0595 
1292.4 
1.2946 

0.0656 
1351.1 
1.3371 

0.0714 
1404.7 
1.3644 

0.0768 
1453.9 
1.3937 

0.0818 
1500.0 
1.4202 

0.0913 
1585.8 
1.4677 

0.1001 
1666.7 
1.5100 

Sh = superheat, °F  h = enthalpy, Btu per lb 
v = specific volume, cu ft per lb s = entropy, Btu per R per lb
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Table B-1   Superheated Steam - Continued
Abs.  Press Temperature - Degrees Fahrenheit 
Lb/Sq In. 

(Sat Temp) 
Sat. 

Water 
Sat. 

Steam 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1400 1500 

11000 

Sh 
v 
h 
s 

0.0245 
779.5 

0.9196 

0.0267 
846.9 

0.9742 

0.0296 
917.5 

1.0292 

0.0335 
992.1 

1.0851 

0.0386 
1069.9 
1.1412 

0.0443 
1146.3 
1.1945 

0.0503 
1215.9 
1.2414 

0.0562 
1280.2 
1.2833 

0.0620 
1339.7 
1.3209 

0.0676 
1394.4 
1.3544 

0.0727 
1444.6 
1.3842 

0.0776 
1491.5 
1.4112 

0.0868 
1578.7 
1.4595 

0.0952 
1660.6 
1.5023 

11500 

Sh 
v 
h 
s 

0.0243 
777.7 

0.9163 

0.0263 
843.8 

0.9698 

0.0290 
912.4 

1.0232 

0.0325 
984.5 

1.0772 

0.0370 
1059.8 
1.1316 

0.0423 
1134.9 
1.1840 

0.0478 
1204.3 
1.2308 

0.0534 
1268.7 
1.2727 

0.0588 
1328.8 
1.3107 

0.0641 
1384.4 
1.3446 

0.0691 
1435.5 
1.3750 

0.0739 
1483.2 
1.4025 

0.0827 
1571.8 
1.4515 

0.0909 
1654.7 
1.4949 

12000 

Sh 
v 
h 
s 

0.0241 
776.1 

0.9131 

0.0260 
841.0 

0.9657 

0.0284 
907.9 

1.0177 

0.0317 
977.8 

1.0701 

0.0357 
1050.9 
1.1229 

0.0405 
1124.5 
1.1742 

0.0456 
1193.7 
1.2209 

0.0508 
1258.0 
1.1267 

0.0560 
1318.5 
1.3010 

0.0610 
1374.7 
1.3353 

0.0659 
1426.6 
1.3662 

0.0704 
1475.1 
1.3941 

0.0790 
1564.9 
1.4438 

0.0869 
1648.8 
1.4877 

12500 

Sh 
v 
h 
s 

0.0238 
774.7 

0.9101 

0.0256 
838.6 

0.9618 

0.0279 
903.9 

1.0127 

0.0309 
971.9 

1.0637 

0.0346 
1043.1 
1.1151 

0.0390 
1115.2 
1.1653 

0.0437 
1184.1 
1.2117 

0.0486 
1247.9 
1.2534 

0.0535 
1308.8 
1.2918 

0.0583 
1365.4 
1.3264 

0.0629 
1418.0 
1.3576 

0.0673 
1467.2 
1.3860 

0.0756 
1558.2 
1.4363 

0.0832 
1643.1 
1.4808 

13000 

Sh 
v 
h 
s 

0.0236 
773.5 

0.9073 

0.0253 
836.3 

0.9582 

0.0275 
900.4 

1.0080 

0.0302 
966.8 

1.0578 

0.0336 
1036.2 
1.1079 

0.0376 
1106.7 
1.1571 

0.0420 
1174.8 
1.2030 

0.0466 
1238.5 
1.2445 

0.0512 
1299.6 
1.2831 

0.0558 
1356.5 
1.3179 

0.0602 
1409.6 
1.3494 

0.0645 
1459.4 
1.3781 

0.0725 
1551.6 
1.4291 

0.0799 
1637.4 
1.4741 

13500 

Sh 
v 
h 
s 

0.0235 
772.3 

0.9045 

0.0251 
834.4 

0.9548 

0.0271 
897.2 

1.0037 

0.0297 
962.2 

1.0524 

0.0328 
1030.0 
1.1014 

0.0364 
1099.1 
1.1495 

0.0405 
1166.3 
1.1948 

0.0448 
1229.7 
1.2361 

0.0492 
1291.0 
1.2749 

0.0535 
1348.1 
1.3098 

0.0577 
1401.5 
1.3415 

0.0619 
1451.8 
1.3705 

0.0696 
1545.2 
1.4221 

0.0768 
1631.9 
1.4675 

14000 

Sh 
v 
h 
s 

0.0233 
771.3 

0.9019 

0.0248 
832.6 

0.9515 

0.0267 
894.3 

0.9996 

0.0291 
958.0 

1.0473 

0.0320 
1024.5 
1.0953 

0.0354 
1092.3 
1.1426 

0.0392 
1158.5 
1.1872 

0.0432 
1221.4 
1.2282 

0.0474 
1283.0 
1.2671 

0.0515 
1340.2 
1.3021 

0.0555 
1393.8 
1.3339 

0.0595 
1444.4 
1.3631 

0.0670 
1538.8 
1.4153 

0.0740 
1626.5 
1.4612 

14500 

Sh 
v 
h 
s 

0.0231 
770.4 

0.8994 

0.0246 
831.0 

0.9484 

0.0264 
891.7 

0.9957 

0.0287 
954.3 

1.0426 

0.0314 
1019.6 
1.0897 

0.0345 
1086.2 
1.1362 

0.0380 
1151.4 
1.1801 

0.0418 
1213.8 
1.2208 

0.0458 
1275.4 
1.2597 

0.0496 
1332.9 
1.2949 

0.0534 
1386.4 
1.3266 

0.0573 
1437.3 
1.3560 

0.0646 
1532.6 
1.4087 

0.0714 
1621.1 
1.4551 

15000 

Sh 
v 
h 
s 

0.0230 
769.6 

0.8970 

0.0244 
829.5 

0.9455 

0.0261 
889.3 

0.9920 

0.0282 
950.9 

1.0382 

0.0308 
1015.1 
1.0846 

0.0337 
1080.6 
1.1302 

0.0369 
1144.9 
1.1735 

0.0405 
1206.8 
1.2139 

0.0443 
1268.1 
1.2525 

0.0479 
1326.0 
1.2880 

0.0516 
1379.4 
1.3197 

0.0552 
1430.3 
1.3491 

0.0624 
1526.4 
1.4022 

0.0690 
1615.9 
1.4491 

15500 

Sh 
v 
h 
s 

0.0228 
768.9 

0.8946 

0.0242 
828.2 

0.9427 

0.0258 
887.2 

0.9886 

0.0278 
947.8 

1.0340 

0.0302 
1011.1 
1.0797 

0.0329 
1075.7 
1.1247 

0.0360 
1139.0 
1.1674 

0.0393 
1200.3 
1.2073 

0.0429 
1261.1 
1.2457 

0.0464 
1319.6 
1.2815 

0.0499 
1372.8 
1.3131 

0.0534 
1423.6 
1.3424 

0.0603 
1520.4 
1.3959 

0.0688 
1610.8 
1.4433 

Sh = superheat, °F  h = enthalpy, Btu per lb 
v = specific volume, cu ft per lb s = entropy, Btu per R per lb 
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Table C-1: Properties of Water 

Density (ρ) lbs/ft3 

Temp. Sat. PSIA 
°F Liquid 1000 2000 2100 2200 2300 2400 2500 3000 
32 62.414 62.637 62.846 62.867 62.888 62.909 62.93 62.951 63.056 
50 62.38 62.55 62.75 62.774 62.798 62.822 62.846 62.87 62.99 
100 61.989 62.185 62.371 62.390 62.409 62.427 62.446 62.465 62.559 
200 60.118 60.314 60.511 60.53 60.549 60.568 60.587 60.606 60.702 
300 57.310 57.537 57.767 57.79 57.813 57.836 57.859 57.882 57.998 
400 53.651 53.903 54.218 54.249 54.28 54.311 54.342 54.373 54.529 
410 53.248 53.475 53.79 53.825 53.86 53.89 53.925 53.95 54.11 
420 52.798 53.025 53.36 53.40 53.425 53.46 53.50 53.53 53.69 
430 52.356 52.575 52.925 52.95 52.99 53.02 53.06 53.09 53.265 
440 51.921 52.125 52.42 52.45 52.475 52.51 52.54 52.56 52.275 
450 51.546 51.66 52.025 52.065 52.10 52.14 52.175 52.21 52.41 
460 51.020 51.175 51.56 51.61 51.64 51.68 51.725 51.76 51.96 
470 50.505 50.70 51.1 51.14 51.175 51.22 51.25 51.30 51.50 
480 50.00 50.20 50.62 50.66 50.7 50.74 50.78 50.825 51.035 
490 49.505 49.685 50.13 50.175 50.22 50.265 50.31 50.35 50.575 
500 48.943 49.097 49.618 49.666 49.714 49.762 49.81 49.858 50.098 
510 48.31 48.51 49.05 49.101 49.152 49.203 49.254 49.305 49.56 
520 47.85 47.91 48.46 48.515 48.57 48.625 48.68 48.735 49.01 
530 47.17 47.29 47.86 47.919 47.978 48.037 48.096 48.155 48.45 
540 46.51 47.23 47.296 47.362 47.428 47.494 47.56 47.89 
550 45.87 46.59 46.658 46.726 46.794 46.862 46.93 47.27 
560 45.25 45.92 45.994 46.068 46.142 46.216 46.29 46.66 
570 44.64 45.22 45.30 45.38 45.46 45.54 45.62 46.02 
580 43.86 44.50 44.586 44.672 44.758 44.844 44.93 45.36 
590 43.10 43.73 43.825 43.92 44.015 44.11 44.205 44.68 
600 42.321 42.913 43.017 43.122 43.226 43.33 43.434 43.956 
610 41.49 41.96 42.08 42.196 42.314 42.342 42.55 43.14 
620 40.552 40.950 41.083 41.217 41.35 41.483 41.616 42.283 
630 39.53 41.44 
640 38.491 40.388 
650 37.31 39.26 
660 36.01 38.008 
670 34.48 36.52 
680 32.744 
690 30.516 
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Table C-1: Properties of Water (continued) 

Dynamic Viscosity (µ) lbs/hr-ft 

Temp. Sat. PSIA 
Vapor Pressure 

(P) PSIA 
°F Liquid 1000 2000 3000 Saturated 

Liquid 
32 4.34 4.309 4.279 4.248 .8854 
50 3.169 3.154 3.140 3.126 .17811 

100 1.650 1.654 1.658 1.663 .9492 
200 .738 .748 .757 .767 11.526 
300 .452 .460 .468 .476 67.013 
400 .327 .330 .335 .340 247.31 
410 .318 .321 .326 .331 276.75 
420 .310 .312 .317 .322 308.83 
430 .302 .304 .309 .313 343.72 
440 .294 .296 .301 .305 381.59 
450 .287 .289 .293 .298 422.6 
460 .280 .282 .286 .290 466.9 
470 .274 .276 .280 .284 514.7 
480 .267 .270 .273 .277 566.1 
490 .262 .263 .267 .270 621.4 
500 .256 .257 .260 .264 680.8 
510 .251 .251 .255 .258 774.3 
520 .246 .246 .249 .253 812.4 
530 .240 .241 .244 .248 885.0 
540 .235 .239 .243 962.5 
550 .230 .235 .239 1045.2 
560 .225 .231 .234 1133.1 
570 .221 .226 .229 1226.5 
580 .217 .222 .225 1325.8 
590 .214 .217 .221 1431.2 
600 .210 .212 .217 1542.9 
610 .205 .207 .212 1661.2 
620 .200 .202 .208 1786.6 
630 .195 .202 1919.3 
640 .190 .196 2059.7 
650 .183 .189 2208.2 
660 .177 .182 2365.4 
670 .169 .174 2531.8 

Heat Transfer and Thermal Hydraulics Basics



Appendix C 

C-4 

Table C-1: Properties of Water (continued) 

Specific Heat (Cp) Btu/lb - ºF 

Temp. Sat. PSIA 
°F Liquid 1000 2000 2100 2200 2300 2400 2500 3000 
32 1.0083 1.0032 1.0004 1.0002 .9999 .9997 .9994 .9991 .9979 
50 1.0004 .9991 .9963 .9959 .9956 .9953 .9950 .9947 .9933 

100 .9976 .9932 .9958 .9894 .9891 .9887 .9884 .998 .9864 
200 1.0047 1.0008 1.0166 .9952 .9948 .9943 .9937 .9932 .9907 
300 1.0289 1.0232 1.062 1.0159 1.0153 1.0146 1.0146 1.0133 1.0101 
400 1.0794 1.074 1.062 1.0611 1.0602 1.059 1.058 1.057 1.053 
410 1.0861 1.080 1.068 1.0669 1.0659 1.0649 1.064 1.063 1.059 
420 1.0941 1.087 1.075 1.0738 1.0727 1.0716 1.070 1.069 1.065 
430 1.1023 1.095 1.082 1.0808 1.0796 1.0785 1.077 1.076 1.072 
440 1.1114 1.105 1.091 1.0895 1.088 1.0868 1.085 1.084 1.079 
450 1.1212 1.114 1.100 1.099 1.098 1.096 1.095 1.093 1.087 
460 1.1319 1.124 1.109 1.108 1.107 1.105 1.104 1.102 1.095 
470 1.1431 1.136 1.120 1.118 1.117 1.115 1.114 1.112 1.104 
480 1.1545 1.149 1.131 1.129 1.28 1.26 1.124 1.12 1.114 
490 1.1698 1.163 1.143 1.141 1.139 1.138 1.136 1.134 1.125 
500 1.1861 1.176 1.154 1.152 1.150 1.148 1.146 1.144 1.135 
510 1.21 1.19 1.171 1.169 1.167 1.165 1.163 1.161 1.151 
520 1.23 1.21 1.188 1.186 1.184 1.181 1.179 1.17 1.166 
530 1.25 1.23 1.205 1.203 1.200 1.198 1.196 1.194 1.182 
540 l.28 1.225 1.222 1.20 1.217 1.215 1.212 1.199 
550 1.31 1.252 1.249 1.245 1.242 1.238 1.235 1.218 
560 1.34 1.278 1.274 1.270 1.266 1.262 1.258 1.238 
570 1.37 1.304 1.299 1.295 1.290 1.285 1.280 1.257 
580 1.41 1.341 1.335 1.329 1.324 1.318 1.312 1.283 
590 1.46 1.382 1.375 1.368 1.36 1.353 1.346 1.310 
600 1.51 1.448 1.438 1.428 1.417 1.407 1.397 1.346 
610 1.58 1.52 1.5065 1.493 1.480 1.466 1.453 1.385 
620 l.65 1.62 1.602 1.584  1.566 1.548 1.531 1.441 
630 1.71 1.509 
640 1.88 1.597 
650 2.09 1.701 
660 2.34 1.817 
670 2.86 2.14 
680 3.5 2.56 
690 5.5 
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Table C-1: Properties of Water (continued) 

Thermal Conductivity (k) Btu-hr-ft - ºF 

Temp. Sat. PSIA 
Surface Tension, 

Dynes/cm 
°F Liquid 1000 2000 2200 2500 3000 Sat. Liquid 
32 .3185 .3198 .3211 .3214 .3219 .3227 75.64 
50 .3319 .3337 .3356 .3360 .3367 .3377 74.22 

100 .3641 .3659 .3680 .3685 .3692 .3703 70.16 
200 .3935 .3937 .3980 .3985 .3992 .4003 59.90 
300 .3952 .3981 .4013 .4019 .4029 .4045 47.40 
400 .3809 .3840 .3880 .3888 .3900 .3920 36.70 
500 .3494 .3510 .3562 .3572 .3587 .3611 25.25 
510 .3446 .3461 .3519 .3530 .3546 .3574 24.00 
520 .3397 .3410 .3475 .3487 .3505 .3535 22.85 
530 .3348 .3356 .3424 .3436 .3455 .3486 21.65 
540 .3298 .3371 .3384 .3404 .3437 20.45 
550 .3246 .3318 .3332 .3352 .3386 19.25 
560 .3189 .3256 .3270 .3292 .3328 18.05 
570 .3130 .3190 .3205 .3228 .3265 16.80 
580 .3064 .3118 .3134 .3158 .3198 15.60 
590 .2997 .3045 .3062 .3088 .3130 14.40 
600 .2919 .2962 .2981 .3009 .3056 13.20 
610 .2839 .2875 .2896 .2927 .2979 11.95 
0.62 .2753 .2778 .2801 .2835 .2892 10.80 
630 .2662 .2800 9.60 
6l10 .2565 .2700 8.35 
650 .2454 .2588 7.10 
660 .2335 .2469 5.80 
670 .2198 .2319 4.55 
680 .2056 .2161 3.20 
690 .1854 1.95 
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Table C-1: Properties of Water (continued) 

Kinematic Viscosity (µ/ρ) ft2/hr 

Temp. PSIA 
°F 1000 2000 3000 
32 .0688 .0681 .0674 
50 .0504 .0500 .0496 

100 .0266 .0266 .0266 
200 .0124 .0125 .0126 
300 .0080 .0081 .0082 
400 .0061 .0062 .0062 
410 .0060 .0061 .0061 
420 .0059 .0059 .0060 
430 .0058 .0058 .0059 
440 .0057 .0057 .0058 
450 .0056 .0056 .0057 
460 .0055 .0055 .0056 
470 .0054 .0055 .0055 
480 .0054 .0054 .0054 
490 .0053 .0053 .0053 
500 .0052 .0052 .0053 
510 .0052 .0052 .0052 
520 .0051 .0051 .0052 
530 .0051 .0051 .0051 
540 .0051 .0051 
550 .0050 .0050 
560 .0050 .0050 
570 .0050 .0050 
580 .0050 .0050 
590 .0050 .0049 
600 .0049 .0049 
610 .0049 .0049 
620 .0049 .0049 
610 .0049 
640 .0048 
650 .0048 
660 .0048 
670 .0048 
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Table C-1: Properties of Water (continued) 

Entropy (s) Btu/ ºF /lb 

Temp. Sat. PSIA 
°F Liquid 1000 2000 3000 
32 .000 .00015 .0002 .00028 
50 .0361 .03415 .0342 .0343 

100 .1295 .1289 .1283 .1277 
200 .2938 .2926 .2914 .2903 
300 .4369 .4353 .4335 .4318 
400 .5664 .5644 .5618 .5594 
500 .6881 .6873 .6831 .6793 
510 .7008 .6950 .6930 
520 .7130 .7071 .7050 
530 .7252 .7189 .7122 
510 .7374 .7315 .7298 
550 .7497 .7441 .7418 
560 .7621 .7566 .7540 
570 .7746 .7698 .7660 
580 .7872 .7826 .7888 
590 .8001 .7906 .7900 
600 .8131 .8088 .8007 
610 .8264 .8222 .8141 
620 .8398 .8372 .8268 
630 .8536 .8525 .8408 
640 .8679 .8545 
650 .8828 .8700 
660 .8987 .8854 
670 .9159 .9034 
680 .9351 .9231 
690 .9578 .9496 
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Table C-1: Properties of Water (continued) 

Enthalpy (h) Btu/lb 

Temp. Sat. PSIA 
°F Liquid 1000 2000 3000 
32 0.0 2.99 5.97 9.00 
50 18.07 21.64 24.84 27.25 

100 67.97 70.67 73.38 75.85 
200 167.99 170.18 172.5 174.75 
300 269.59 271.34 273.23 275.08 
400 374.97 375.81 377.00 378.30 
500 487.82 487.68 487.44 487.41 
510 499.8 500.00 499.0 
520 511.9 512.50 511.0 
530 524.1 524.10 522.8 
540 536.6 536.2 534.8 
550 549.3 548.8 547.0 
560 652.2 561.2 59.0 
570 55.4 574.2 571.3 
580 588.9 587.8 584.1 
590 602.8 601.1 597.0 
600 617.0 614.5 610.1 
610 631.6 630.7 624.0 
620 646.7 644.9 638.0 
630 662.3 660.0 653.2 
640 678.6 686.3 
650 695.7 685.6 
660 714.2 702.4 
670 734.4 724.8 
680 757.3 745.1 
690 784.4 775.5 
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Chapter Overview
The purpose of this module is to assist the trainee in understanding the basics of Reactor 
Physics.  This module is designed to assist you in accomplishing the learning objectives 
listed at the beginning of the module.

Learning Objectives

1. Recognize what is meant by the following terms:

a. Neutron

b. Proton

c. Electron

d. Isotope

e. Atomic number

f. Atomic mass

g. Atomic mass unit

2. Recognize what is meant by the following terms:

a. Radioactivity

b. Radioactive decay

c. Radiation

d. Radioisotope

e. Half-life

3. Recognize the following major modes of radioactive decay:

a. Alpha particle emission

b. Beta particle emission

c. Gamma ray emission

d. Neutron emission

4. Using the half-life of a radioisotope and a specified decay time, identify the 
approximate amount of the radioisotope that has decayed and the approximate amount 
that is remaining.

5. Recognize the basic fission process including:

2.0
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a. Reactor fuels capable of thermal/fast fission

b. Probability of neutron absorption in a reactor fuel

c. Conversion of fission energy into heat.

6. Recognize what is meant by the following terms:

a. Keff

b. Reactivity

c. Startup rate

d. Reactor period

e. Control rod worth

f. Boron worth

g. Poisons

7. Recognize the differences between the following terms:

a. Critical

b. Subcritical

c. Supercritical

8. Recognize the factors from the neutron life cycle (six-factor formula).

9. Recognize how each of the following provides reactivity feedback to the reactor.

a. Moderator temperature coefficient

b. Fuel temperature (Doppler) coefficient

c. Moderator void coefficient

d. Power coefficient

10. Recognize the differences between differential and integral rod worth.

11. Recognize how Xe-135 and Sm-149 affect reactivity following a power change.

12. Recognize the effects of subcritical multiplication on reactor operation

13. Recognize the reasons for adding burnable poisons to a reactor core.

14. Recognize the purpose of 1/m plots during a reactor startup.

15. Recognize the effects of delayed neutrons on reactor control and stability.
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16. Recognize the source and effects of decay heat following a reactor shutdown.

17. Recognize how the following methods of reactivity control are used by the operators:

a. Control rods

b. Soluble boron (PWR only)

c. Core flow (BWR only)
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Introduction
In the Reactor Physics Course Book, you will learn how heat from thermal fissions is used to 
create the steam that powers the main turbine to generate electricity. These thermal fissions 
also create high energy or fast neutrons that in turn slow down, or lose energy, in order to 
cause subsequent thermal fissions. Therefore, the number of neutrons in the core at any 
particular time is proportional to reactor power. More precisely, the neutron flux, the number 
of neutrons moving through a specific area per unit of time is a measure of the power level.

When the reactor is shutdown, the number of neutrons may be relatively low (source range). 
But as the reactor is taken critical and power increases into the power range, the neutron 
population in the core can be on the order of 12 decades (1012) above the source range 
level. Therefore, the nuclear instruments must be designed to continuously monitor power 
during all power levels during reactor startup and operation. A whole topic is devoted to 
Nuclear Instrumentation, this topic is focused on the basic nuclear physics and nuclear 
reactor design principles.

2.1

Atomic Nature of Matter

Subatomic Particles

Electrons are negatively-charged particles that have 1/1835 the mass of the hydrogen atom.  
Protons are relatively large particles that have almost the same mass as a hydrogen atom 
and a positive charge equal in magnitude (but opposite in sign) to that of the electron.  The 
neutron has almost the same mass as the proton, but it is electrically neutral.  The unit of 
measure for mass is the atomic mass unit (amu). One atomic mass unit is equal to 1.66 x 
10-24 grams.

Bohr Model of the Atom

Niels Bohr proposed that the atom consists of a dense nucleus of protons surrounded by 
electrons traveling in discrete orbits at fixed distances from the nucleus. An electron in one 
of these orbits or shells has a specific or discrete quantity of energy (quantum).  When 
an electron moves from one allowed orbit to another allowed orbit, the energy difference 
between the two states is emitted or absorbed in the form of a single quantum of radiant 
energy called a photon. Figure 2-1 is Bohr’s model of the hydrogen atom showing an 
electron as having just dropped from the third shell to the first shell with the emission of a 
photon.

2.2

2.2.1

2.2.2
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Figure 2-1: Bohr’s Model of the Hydrogen Atom

Properties of Subatomic Particles
Particle Location Charge Mass

Neutron Nucleus None 1.008665 amu

Proton Nucleus +1 1.007277 amu

Electron Shells around Nucleus -1 0.0005486 amu

Nuclides

The total number of protons in the nucleus of an atom is called the atomic number of the 
atom and is given the symbol Z. The number of electrons in an electrically-neutral atom is 
the same as the number of protons in the nucleus. The number of neutrons in a nucleus is 
known as the neutron number and is given the symbol N. The mass number of the nucleus 
is the total number of nucleons, that is, protons and neutrons in the nucleus. The mass 
number is given the symbol A and can be found by the equation Z + N = A.

Each of the chemical elements has a unique atomic number because the atoms of different 
elements contain a different number of protons. The atomic number of an atom identifies the 
particular element.

2.2.3
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Each type of atom that contains a unique combination of protons and neutrons is called 
a nuclide. Not all combinations of numbers of protons and neutrons are possible, but 
about 2500 specific nuclides with unique combinations of neutrons and protons have been 
identified. Each nuclide is denoted by the chemical symbol of the element with the atomic 
number written as a subscript and the mass number written as a superscript.

Because each element has a unique name, chemical symbol, and atomic number, only 
one of the three is necessary to identify the element. For this reason nuclides can also be 
identified by either the chemical name or the chemical symbol followed by the mass number 
(for example, U-235 or uranium-235).  Another common format is to use the abbreviation 
of the chemical element with the mass number superscripted (for example, 235U). In this 
handbook the format used in the text will usually be the element’s name followed by the 
mass number. In equations and tables, the format in the figure above will usually be used.

Isotopes

Isotopes are nuclides that have the same atomic number and are therefore the same 
element, but differ in the number of neutrons. Most elements have a few stable isotopes 
and several unstable, radioactive isotopes. For example, oxygen has three stable isotopes 
that can be found in nature (oxygen-16, oxygen-17, and oxygen-18) and eight radioactive 
isotopes. Another example is hydrogen, which has two stable isotopes (hydrogen-1 and 
hydrogen-2) and a single radioactive isotope (hydrogen-3).

2.2.4

Radioactivity and Radioactive Decay
Radioactivity may be defined as spontaneous nuclear changes that result in the formation 
of new elements.  These changes are accompanied by release of energy.  This energy may 
be observed either as kinetic energy of particulate radiation or as electromagnetic radiation 
(e.g. gamma rays).

Some atoms have combinations of neutrons and protons that are stable and will not 
spontaneously change (stable nuclides). Nuclides with other combinations are unstable and 
will change or transform in an attempt to become stable (radionuclides or radioisotopes).

2.3
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Radioactive decay is the spontaneous process by which an atom with an unstable 
combination of neutrons and protons in the nucleus transforms into a different nuclide with a 
more stable nucleus.

Half-life is the time taken for the radioactivity of a specified isotope to fall to half its original 
value.

Nf = No / 2
x

No = initial amount of a substance

Nf = final amount of substance

x = number of half-lives elapsed

Radiation is the emission of energy as electromagnetic waves or as moving subatomic 
particles.

Alpha Emission

An alpha particle is a highly energetic helium nucleus equivalent that is emitted from 
the nucleus of the radioactive isotope when the neutron to proton ratio is too low.  It is a 
positively charged, massive particle, consisting of an assembly of two protons and two 
neutrons.  The result of alpha emission is a daughter whose atomic number is two less than 
that of the parent, and whose atomic mass is four less than that of the parent.

Beta Emission

At the atomic level, a beta particle is equivalent to an ordinary electron except that it is 
ejected from the nucleus of a beta-unstable radioactive atom.  The particle has a single 
negative electrical charge and a very small mass.  Because nuclear theory precludes the 
existence of electrons within the nucleus, it is postulated that the beta particle is formed 
during the decay of a neutron into a proton.  Therefore, beta decay occurs among those 
isotopes that have a surplus of neutrons.

Gamma Emission

Gamma rays are radiations that are emitted from nuclei of excited atoms following 
radioactive disintegration. They provide a mechanism for ridding excited nuclei of their 
excitation energy.

2.3.1

2.3.2

2.3.3
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Neutron Emission

Some fission products decay by emitting a neutron.  This is discussed further in the section 
describing delayed neutrons.

Fission Process
Nuclear fission is the splitting of the nucleus of an atom into two or more separate nuclei, 
accompanied by the release of a large amount of energy.  Nearly all of the fissions in the 
reactor are generated in the fuel by neutron absorption, which results in the splitting of the 
fissionable atoms that make up the fuel.

Only a few of the heavy isotopes are available in quantities large enough and have a 
high enough probability of fission to be used as reactor fuel.  Commonly used fuels are 
uranium-233 (U-233), uranium-235 (U-235), uranium-238 (U-238), plutonium-239 (Pu-
239), and plutonium-241 (Pu-241).  Several other isotopes also undergo fission, but their 
contribution is always extremely small.  Fission produces heat by the interaction of fission 
products with the fuel matrix.  

U-235 and U-238 are naturally occurring isotopes with very long half-lives; they account for 
the majority of the fuel used in commercial reactors.  Pu-239 is produced by irradiation of 
U-238 in a reactor. 

When a fuel nucleus absorbs a neutron, a fission occurs almost immediately.  In the case of 
U-235, the reaction is represented by the following:

92U
235 + 0n

1 | 92U
236* | ZX

A + ZY
A + 2.430n

1 + Energy

*Indicates that the isotope is unstable

The total energy released per fission is about 200 Mev for U-235 and is distributed as shown 
below:

2.3.4

2.4
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Instantaneous Mev/Fission

K.E. of fission fragments 165.0

Instantaneous gamma ray 
energy 7.0

K.E. of fission neutrons 
(prompt) 5.0

Capture gamma 5.0

Total 182.0

Delayed Mev/Fission

β particles from fission 
products 7.0

Gamma rays from fission 
products 8.0

Neutrinos 10.0

Total 25.0

The energy of the neutrinos, which accompany the radioactivity, is not available for 
producing power because these particles do not interact appreciably with matter; thus, the 
net energy available is approximately 200 Mev per fission. 

Neutron production (neutrons per fission) varies with the different fissionable isotopes and 
with the energy at which the fission reaction takes place.  Table 2-1 shows the number of 
neutrons per fission of various reactor fuels.

Reactor Fuel Neutrons /Fission

U 235 2.43

Pu 239 2.90

U 238 2.30

Table 2-1: Neutrons from Fission

Note that each fission does not produce the same number of neutrons.  The neutrons per 
fission given in the above table represent an average number produced per fission when 
a large number of fissions are used to determine the statistics.  From individual fissions of 
a nucleus some reactions produce only one neutron, possibly none, and some reactions 
produce as many as five neutrons per fission. 
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The neutrons released from fission vary in energy from essentially thermal energy up to 
about 15 Mev.  More than 98% of all the neutrons produced by fission are below 8 Mev.  The 
energy distribution of these neutrons is shown in Figure 2-2.

Figure 2-2: Fission Neutron Energy

Nuclear Cross Section
When a neutron strikes a nucleus, several reactions can occur.  One possibility is that the 
neutron will bounce off a nucleus; this is termed elastic scattering.  A second possibility is 
that the neutron will penetrate the nucleus and form an unstable compound nucleus.  If the 
neutron is then ejected, this is called inelastic scattering.  In both cases, the neutron usually 
will transfer some of its energy to the nucleus.  If the nucleus keeps the neutron after the 
collision, this is called neutron capture.  Finally, the captured neutron can cause the nucleus 
to fission.  The probability that a neutron will undergo one of the aforementioned reactions 
with a nucleus is measured in units of microscopic cross section.  The unit of microscopic 
cross section, σ, is the barn.  (Note that 1 barn = 10-24 cm2.)

The cross sections are probabilities of interaction, and individual probabilities may be 
summed to give the total probability.  The total cross section σt is the sum of the absorption 
and scattering cross sections:

σt = σa + σs 

For fissionable material, the absorption cross section is the sum of the fission and capture 
cross sections:

2.5
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σa = σc + σf 

Microscopic cross sections are a function of the target nucleus (U-235, U-238, etc.) and the 
incident neutron’s energy (thermal, epithermal/resonance, or fast).  In general, the probability 
of a given reaction will be increased for neutrons of lower energy and velocity.  Typical 
values of microscopic cross sections for U-235 and  B-10 are given in Table 2-2.

Nuclide Reactions En σ(barns)

92U235 Absorption .025 ev 690

Absorption .025 ev 10

Fission .025 ev 580

Capture .025 ev 110

Alpha 
emission .025 ev 0

5B10 Absorption .025 ev 4010

Capture .025 ev 0

Alpha 
emission .025 ev 4010

Scattering .025 ev 5

Absorption 1 ev 665

Absorption 10 ev 200

Absorption 100 ev 66.5

Absorption 1,000 
ev 20.0

Absorption 10,000 
ev 6.65

Table 2-2: Microscopic Cross Section (σ) Values

The absorption of neutrons tends to follow an inverse velocity trend.  Figure 2-3 shows 
this general trend in U-235.  Certain isotopes (such as U-238 and Pu-240) exhibit a strong 
resonance capture phenomenon at certain incident neutron energy levels.  A qualitative 
explanation of the resonance phenomenon is that certain nuclei have allowable excited 
states that are discrete.  If the energy of the incident neutron is such that the energy of 
the resultant compound nucleus is equal to one of these states, then the neutron has a 
high probability of being captured.  These excited states occur at certain energies which 
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determine where these isotopes will have an abrupt increase in their capture cross section.  
These spikes in the cross section curve are referred to as resonance peaks and are most 
prevalent in the heavier elements.

Figure 2-3: U-235 Absorption Cross Section vs. Energy

The total effective cross section presented by all of the nuclei of a given isotope in a cubic 
centimeter is referred to as the macroscopic cross section  (Σ):

Σ = Nσ

N = number of individual atoms (or nuclei) per cubic centimeter

σ = microscopic cross section in barns

The macroscopic cross section has dimensions of reciprocal length (cm-1).  It is sometimes 
convenient to consider the macroscopic cross section as the probability of neutron 
interaction per unit track length.  The reciprocal of Σ is called the neutron mean free path 
(denoted by λ) and is a measure of the average distance a neutron will travel in a substance 
before it experiences the nuclear reaction under consideration.  If a material contains several 
isotopes the effective macroscopic cross section is: 

Σt = Σ1+ Σ2 + ... + Σi = N1σ1 + N2σ2 + ... Niσi
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Slowing Down of Neutrons
In an operating reactor, the probability of fission for most reactor fuels is generally inversely 
dependent on the energy of the incident neutrons.  Since fission neutrons are born at high 
energies (fast neutrons), the probability that they will cause a fission while at that energy 
is very small; therefore, it is necessary to reduce this  neutron energy to a value where 
the probability that it will cause fission is increased.  This is accomplished by interposing 
relatively non-absorbing nuclei as collision media to reduce the kinetic energy of fission 
neutrons through the process of scattering.  This medium is called the “moderator.”  It acts to 
moderate (slow down), or “thermalize” the fission neutrons.

Commercial reactors in the U.S. use light water as a moderator.  Fewer collisions are 
necessary in a hydrogen medium to cause complete moderation than in carbon, since the 
atomic mass of hydrogen is smaller, and therefore, able to absorb more kinetic energy from 
the neutron during the scattering process.  The following description is analogous to this 
scattering process:

A moving billiard ball A strikes stationary billiard ball B, ball B moves away and ball A will 
come to rest.  If billiard ball B is replaced by a bowling ball, moving ball A bounces off, barely 
transferring any energy to the bowling ball.  A neutron-proton collision is like a two-billiard 
ball collision and a neutron-carbon collision is like a billiard ball-bowling ball collision.

The amount of moderator in a reactor greatly influences the slowing down process.  If there 
is too little moderator, the neutrons are not adequately thermalized.  Hence, the probability 
of fission is reduced as more neutrons will either leak out of the core or be absorbed in 
nonfissioning materials.  If there is too much moderator, the probability that a thermal 
neutron will be captured by the moderator is greatly increased. 

Multiplication Factor
The ratio of the number of thermal neutrons obtained at the end of the neutron cycle to 
the number of those initiating the cycle is called the effective multiplication factor and is 
denoted by Keff.  It is a significant parameter of the nuclear chain reaction because its value 
determines the rate of neutron level multiplication.

• If Keff > 1, the reactor is supercritical; the neutron population, the fission rate, and 
energy production are increasing exponentially.

• If Keff = 1, the reactor is critical; the neutron population is constant, as is the fission rate 
and the energy production.  The nuclear chain reaction is sustained and controlled.

• If Keff < 1, the reactor is subcritical; the neutron population, the fission rate, and the 
energy production are decreasing exponentially.

2.6

2.7
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The initial value of Keff is affected by the material composition and the geometry of the 
reactor core.  Under normal operating conditions, a power reactor is kept critical; i.e., the 
equilibrium value of Keff is 1.0 all the time.  Subcriticality leads eventually to shutdown of the 
reactor.  Supercritical operation is necessary during startup and power increase, but care 
must be taken not to let Keff become too large or else the reactor will be difficult to control.

The multiplication factor is not a parameter that can be directly observed or measured.  To 
understand how Keff is affected by changes in core parameters, a six factor formula will 
be used to illustrate the factors that must be considered when deriving Keff.  Figure 2-4 
illustrates these factors. 

Keff = ε Lf ρ Lth f η
Keff = effective multiplication factor

ε = fast fission factor

Lf = fast nonleakage probability

ρ = resonance escape probability

Lth = thermal nonleakage probability

f = thermal utilization factor

η = reproduction factor
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Figure 2-4: Neutron Cycle in a Thermal Reactor

Fast Fission Factor (ε)

The fast fission factor (ε) is the contribution to neutron multiplication from the fissions that 
occur at higher-than-thermal energies.  This contribution is mainly from fast fission of U-238.  
U-238 will fission only if it absorbs a neutron with kinetic energy above approximately 1.0 
Mev.  Below 1.0 Mev, the neutron will be captured and will be lost from the fission process.  
The probability of a fission reaction in U-238 is quite low, but there is so much of this 
isotope in the reactor core that there is a significant contribution to the multiplication factor.  
Approximately 7% of the total reactor power is a result of fast fissions.  The fast fission 
factor, ε, is defined as follows:

ε  =  Neutrons from all fission / Neutrons from thermal fission

As moderator temperature is increased, the value of ε increases because neutrons remain 
at higher energies longer (because of the poor moderating properties of the water) and are 
more able to fission the U-238.  There is only a slight (almost insignificant) change over the 
core lifetime as a result of U-238 depletion.  A typical value for ε is 1.03. 

Fast Nonleakage Factor, (Lf)

The fast nonleakage factor, Lf , is the fraction of neutrons that is not lost due to leakage from 
the core during the slowing down process.  It is also the probability that a neutron will remain 
in the core and become a thermal neutron without being lost by fast leakage.

2.7.1

2.7.2
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As the temperature of the moderator increases, Lf decreases because of the increased 
slowing down time and increased leakage from the loss of water. 

Resonance Escape Probability (ρ)

The resonance escape probability, symbolized by ρ, is the probability that a neutron will 
escape resonance capture during the slowing down process.  It is always less than 1.0 when 
there is any amount of U-238 present in the core, which means that resonance capture by 
U-238 always removes some of the neutrons. 

As the moderator temperature increases, the resonance escape probability decreases 
because, as the slowing down time increases, more neutrons are likely to exist at the 
energies susceptible to resonance capture.  The resonance escape probability changes over 
core life because of changes in fuel temperature required for full power operation.  Also, 
other isotopes that are resonance absorbers are being produced.

Thermal Nonleakage Factor (Lth)

The thermal nonleakage factor, Lth , is the fraction of the thermal neutrons that do not leak 
out of the core after becoming thermalized but remain to contribute to the chain reaction.  Lth 
is also the probability that a thermal neutron will remain and be utilized in the core. 

The value of Lth decreases as the temperature of the moderator increases for the same 
reasons given for the fast nonleakage factor.

Thermal Utilization Factor (f)

The thermal utilization factor, f, is the ratio of the probability that a neutron will be absorbed 
in the fuel to the probability that the neutron will be absorbed in all the material in the core.  It 
is described by the following equation:

Σa = macroscopic absorption cross section

2.7.3

2.7.4

2.7.5
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An examination of f shows that the Σa (fuel) comprises only the absorption by the U-235 at 
the beginning of core life.  As Pu-239 begins to build up from the irradiation of U-238 in the 
core, it is necessary to consider the change in fuel composition in determining the value of f 
at different times in the core lifetime.  It is estimated that Pu-239 fissions account for 40% of 
full reactor power at end of core life. 

The plant operator has the greatest effect on this factor since he can control the amount of 
Σa in the core by the insertion and withdrawal of control rods and the addition or dilution of 
soluble boron (in a PWR).  A typical value of f is 0.83. 

Reproduction Factor (η)

The reproduction factor, η, is the average number of neutrons produced per thermal neutron 
absorbed in the fuel.  It is based on physical measurement of each type of fuel used in a 
reactor.

The numerical value of η does not change with core temperature over the range considered 
for most reactors.  There is essentially no change in η over the lifetime of the reactor core 
because of the closeness of the values of η for U-235 and plutonium-239.  A typical value for 
η is 2.05. 

Reactivity (ρ)
Reactivity is the measure of the fractional change in neutron population per generation in a 
reactor and is a measure of a reactor’s departure from criticality.  Reactivity is expressed as 
(ρ) and may be calculated by the formula:

It can then be seen that in a critical reactor Keff = 1, ρ = 0.  A supercritical reactor (Keff > 1) will 
have positive reactivity; a subcritical reactor (Keff < 1) will have negative reactivity.

Although reactivity is unitless, it is assigned the units of ΔK/K for convenience.  Because 
of the very small amount of reactivity usually present in a core, other units are also used.  
These are % ΔK/K and PCM (percent millirho).

The relationship between these units is:

1ΔK/K = 100% ΔK/K = 105 PCM

2.7.6

2.8
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Some of the factors that affect the reactivity of a reactor core throughout core life are fission 
product poisons, fuel depletion, moderator temperature, fuel temperature, steam void 
fraction, reactor pressure, control rods, and burnable poisons.

Reactor Period and Startup Rate
Reactor period is a measure of the rate of change of reactor power and is defined as the 
time required to change reactor power by a factor of e, the natural logarithm.  The following 
equation describes the effect of reactor period on power level as a function of time: 

P = P0e
t/τ

P = Power after elapsed time

P0 = Initial power

t = Elapsed time in seconds

τ = Reactor period

Startup rate is another means of measuring the rate of change of power in a reactor.  The 
startup rate (SUR) is the number of decades (powers of 10) reactor power will change in 1 
minute. 

As with period, an equation can relate SUR to power level as a function of time. 

P = P0 10 SUR(t)

P = Power after elapsed time

P0 = Initial power

t = Elapsed time in minutes

SUR = Startup rate in decades per minute

Reactivity Coefficients
When the operating conditions of the core (coolant temperature, coolant pressure, reactor 
power level, coolant void fraction, fuel temperature, etc.) are changed, the critical status 
of the core is also changed.  A change in any of the above operating parameters will add 

2.9

2.10
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either positive or negative reactivity to the core.  The inherent features in a reactor system 
that automatically change core reactivity upon a change of a core operating parameter are 
known as reactivity coefficients.

Each reactivity coefficient is defined as a change in reactivity divided by a unit change in 
some operating parameter of the reactor.  The coefficients that are significant in reactor 
operations are the moderator temperature coefficient (MTC), moderator void coefficient 
(αv), fuel temperature coefficient (FTC), and power coefficient.  The moderator pressure 
coefficient is normally very small in PWR plants; in BWR plants, pressure changes primarily 
affect the moderator void fraction so the pressure coefficient is included in the moderator 
void coefficient for BWR plants.

Moderator Temperature Coefficient (MTC)
The moderator temperature coefficient (MTC) is defined as the change in reactivity that 
results from a change  in the  temperature  of the  moderator in  the core.  It is measured 
in units of ΔK/K/°F, or change in reactivity per degree Fahrenheit change in the average 
moderator temperature.

When moderator temperature increases, the moderator density decreases, so fewer 
moderator molecules are available within the volume of the core for slowing down and 
thermalizing the neutrons.  This causes the neutrons to remain at higher energies longer 
and travel farther, which results in increased leakage and more nonproductive capture.  The 
effect of a moderator temperature increase on Keff can be determined by examining the 
effect on the fast and thermal nonleakage probabilities (Lf and Lth) and the resonance escape 
probability (p).   As moderator temperature increases, each of these probabilities (Lf, Lth, and 
p) decreases, which results in a decrease in Keff.  Because negative reactivity is normally 
added to the core by an increase in moderator temperature, MTC is normally a negative 
value.

Some reactor parameter changes cause the value of MTC to change.  As moderator 
temperature increases, MTC becomes more negative.  This is because a 1°F increase 
at a high moderator temperature results in a larger density reduction (larger reduction 
in molecules available to thermalize neutrons) than a 1°F increase at a lower moderator 
temperature.  Therefore, a 1°F increase at a high moderator temperature adds more 
negative reactivity than a 1°F increase at a low moderator temperature.  Conversely, a 1°F 
decrease at a high moderator temperature adds more positive reactivity than a 1°F decrease 
at a low moderator temperature.  Figure 2-5 illustrates the effect of moderator temperature 
on MTC.

2.10.1
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Figure 2-5: Moderator Temperature Coefficient

The MTC should usually be negative to contribute to “inherent reactor stability.”  This 
means negative reactivity is be inserted when the temperature of the moderator increases.  
Considering only the reactivity effect of MTC, consider what would happen if the MTC were 
positive.

With a positive MTC, a small increase in moderator temperature would add positive 
reactivity, causing reactor power to increase.  As power increased, more heat would be 
added to the moderator causing moderator temperature to increase.  As the moderator 
temperature increased, with positive MTC  more positive reactivity would be added, further 
increasing power, which would raise moderator temperature, etc.  It can be seen that reactor 
power would be self-escalating with a positive MTC.

Moderator Void Coefficient (αv)
The moderator void coefficient of reactivity is defined as the change in reactivity produced by 
a 1% change in void fraction (ΔK/K/%V) and is illustrated in Figure 2-6.

2.10.2
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Figure 2-6: Void Coefficient

As the moderator boils and the void fraction increases, the moderator density decreases 
resulting in a reactivity change involving several interacting mechanisms.  A decrease in 
moderator density results in less absorption in the moderator, which causes the thermal 
utilization factor to increase.  An increased distance between moderator molecules means 
that the neutrons travel a greater distance while at higher energies and have a greater 
probability of being captured in resonance regions of uranium or plutonium; thus, the 
resonance escape probability decreases.  In addition, the distance a neutron travels after 
thermalizing also increases, producing a decrease in thermal nonleakage probability.  The 
large negative effects of increased resonance capture and, to a lesser degree, increased 
thermal leakage outweigh the positive effect of less absorption in the moderator and result in 
a moderator void coefficient of reactivity which is strongly negative.

The slope of the curve in Figure 2-6 is negative because resonance capture increases 
more rapidly at high void fraction than at low void fraction.  As previously explained, the 
increased resonance capture results from the decrease in moderation in the steam bubbles.  
A 1% increase in voids at a high void content displaces a greater percentage of remaining 
moderator than a 1% increase in voids at a low void content.
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Pressure Coefficient
Some reactor kinetics texts also include a moderator pressure coefficient of reactivity 
with the other reactivity coefficients.  The primary effect of increasing moderator pressure 
is to increase moderator density, both through compression of the liquid and through 
compression/condensing of the voids.  When the moderator density increases, reactivity 
increases.  When the moderator pressure decreases, moderator density decreases, causing 
an insertion of negative reactivity similar to the effects of a temperature increase.  If there 
are no voids in the moderator, however, the moderator density increase per 100 psig 
increase in pressure is very small (water is nearly incompressible).  Therefore, the pressure 
coefficient in a reactor with essentially single-phase moderator (all PWRs under normal 
conditions) is insignificant in relation to the other coefficients.

If there are voids in the moderator, a change in pressure directly effects the moderator 
void fraction.  Therefore, the reactivity effect of a pressure change on a moderator with a 
significant void fraction (all BWRs under normal conditions) is included in the moderator void 
coefficient of reactivity.

Because the pressure coefficient is not a significant factor in PWR reactor operations, and 
because the effects of pressure in BWR plants are included in the moderator void coefficient, 
the pressure coefficient is not further discussed in this manual.

Consider two examples:  10% void fraction and 70% void fraction.  At 10% void fraction 
(90% water fraction), a 1% increase in void fraction decreases water fraction from 90% to 
89% or roughly 1.1%.  At 70% void fraction (30% water fraction), however, a 1% increase 
in void fraction decreases the water fraction from 30% to 29% or a change of 3.45%.  Thus, 
at higher void fractions, there is a greater percent change in moderator fraction for a given 
percent change in void fraction than occurs at low void fractions.  Therefore, the negative 
reactivity added at higher void fractions is greater than at lower void fractions.

Fuel Temperature (Doppler) Coefficient (FTC)
Another reactivity coefficient of major importance is the fuel temperature (or Doppler) 
coefficient of reactivity (FTC), which is defined as the change in reactivity that results from 
a unit change in fuel temperature (ΔK/K/EF).  Like MTC, FTC is negative, adding negative 
reactivity for an increase in fuel temperature.  Normally, FTC is the coefficient that acts 
first to terminate a rapid reactor power increase since a power increase will result in a fuel 
temperature increase before the moderator can be heated or voids can be created.

An understanding of the FTC requires an understanding of the mechanics of resonance 
absorption.  Resonance absorption occurs when the kinetic energy of the neutron will raise 
the target nucleus (mainly U-238 and Pu-240) to an allowable excited state.  The probability 
for absorption of a neutron at any other energy is relatively low.

2.10.3
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Figure 2-7 shows a simplified cross section versus neutron energy curve as discussed 
above.  The resonance peaks are illustrated as straight vertical lines.

 

Figure 2-7: Resonance Absorption, Stationary Nucleus

Figure 2-7 would be a correct representation of the resonance absorption peaks if the 
target nucleus were stationary.  However, the target nucleus is in motion and its movement 
increases with increasing temperature.  We measure neutron energy or velocity from an 
external point of view and not as the target nucleus sees the neutron velocity.

The velocity of a neutron is proportional to the square root of its kinetic energy (KE) so for 
a neutron with energy KE1 we can say that it has a velocity V1 .  Figure 2-8 shows that for a 
stationary target only a neutron with velocity V1 will undergo resonance absorption.
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Figure 2-8: Resonance Capture

Because the temperature of the target nucleus causes it to be in motion, as shown on Figure 
2-8, there is a band of neutron velocities or energies where resonance absorption could 
occur.  In this case, velocities V2 and V3 look exactly like V1 as far as the target nucleus is 
concerned.  Elevating the temperature of the target nucleus will broaden this absorption 
band.  Again, velocities V4 and V5 look exactly like V1 as far as the target nucleus is 
concerned.

When the target nucleus is in motion, its velocity will cause the probability of absorption for 
neutrons with velocity V1 to decrease.  The decrease in the height of the resonance peak as 
well as the increase in width is known as Doppler broadening and is shown on Figure 2-9.
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Figure 2-9: U-238 Cross Section Curve

If the temperature of the target material is increased more, the resonance peaks will again 
broaden and decrease in height.

Since neutrons are slowed down in steps, there is a probability that they will never enter the 
energy band where resonance absorption will take place.  As the resonance band broadens 
due to a temperature increase, more neutrons will enter the band as they are slowing down.  
With more neutrons in the band, more of them will be absorbed.  This increased absorption 
will result in a negative reactivity addition.

In case of a deliberate or inadvertent addition of a positive reactivity to a reactor core, the 
FTC would be the first reactivity coefficient to respond.  It responds almost instantaneously 
because an increase in reactivity causes the fission rate to increase and produce more heat 
in the fuel, which in turn causes a decrease in reactivity.  As quickly as the heating rate is 
increased, the FTC responds.  A graph of FTC versus fuel temperature is provided in Figure 
2-10.
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Figure 2-10: FTC vs. Fuel Temperature

Power Coefficient
A change in reactor power normally causes or is accompanied by a change in fuel 
temperature, moderator temperature, and/or moderator void fraction.  Therefore, it is 
frequently convenient to consider a power coefficient that combines the effects of the fuel 
temperature, moderator temperature, and void coefficients for changes in reactor power.  
Power coefficient is expressed as the change in reactivity per change in percent power, 
ΔK/K/% power, and is negative at all times in core life.

As power is increased, negative reactivity will be added to the core because the power 
coefficient is negative.  Therefore, an equal amount of positive reactivity must be added to 
keep the reactor critical.  When power is decreased quickly, as it is after a trip or scram, 
the power coefficient adds positive reactivity, and negative reactivity insertion is required 
to make and keep the reactor subcritical.  The total amount of reactivity added by a power 
change is called power defect.  Figure 2-11 illustrates power defect as a function of reactor 
power.

2.10.5
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Reactivity Coefficient Values
Approximate numerical values for the major reactivity coefficients are as follows:

2.10.6

Figure 2-11: Total Power Defect
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Note that all the significant coefficients are negative.  Therefore, if a change in some 
reactor condition makes a coefficient more negative in value, its absolute value increases.  
Conversely, if a change in some reactor condition makes a coefficient less negative, its 
absolute value decreases.  This relationship is important to remember.

Behavior of Reactivity Coefficients in a BWR

Moderator Temperature Coefficient - BWR

The moderator temperature coefficient of reactivity is affected by core age.  As core age 
increases, the buildup of Pu-240 increases the chance of resonance absorption, causing 
the coefficient to become more negative (absolute value increases).  As the fuel depletes, 
control rods are withdrawn to add positive reactivity.  As control rods are withdrawn, the 
effective size of the core increases, resulting in decreased fast and thermal neutron leakage, 
thereby causing the coefficient to become less negative (absolute value decreases).  In 
addition, as control rods are withdrawn, more thermal neutrons are utilized by the fuel, 
causing the coefficient to become less negative.  However, the dominant effect is the 
increase in thermal neutron utilization resulting in a less negative moderator temperature 
coefficient at the end of core life.  It must be noted that MTC plays an important role during 
reactor startup and heatup when large moderator temperature changes occur.  However, 
during normal power operation, moderator temperature stays essentially constant and MTC 
has little reactivity effect.

Moderator Void Coefficient - BWR

The behavior of the void coefficient as core age increases is similar to the moderator 
temperature coefficient.  Depending on core design and exposure, the void coefficient may 
increase, decrease, or remain approximately constant.  In general, the void coefficient is 
inversely proportional to the effective core size, which is determined by the control rod 
density.  As control rods are withdrawn to offset fuel burnout, the effective size of the core 
increases, resulting in fewer neutrons leaking out of the core and fewer thermal neutrons 
being absorbed by control rods.  Thus, the void coefficient becomes slightly less negative 
toward the end of core life when all of the control rods are fully withdrawn.

Fuel Temperature (Doppler) Coefficient- BWR

As shown in Figure 2-10, FTC becomes less negative as fuel temperature increases.

2.11
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2.11.2

2.11.3



USNRC HRTDREV 0817 2-33

Figure 2-10: FTC vs. Fuel Temperature

This decrease in the magnitude of FTC is caused by three key factors.  First, the incremental 
broadening of a resonant absorption peak decreases as fuel temperature increases.  
Second, the elevated fuel temperature increases the average neutron flux energies, causing 
the neutrons to move through smaller resonance absorption peaks.  (As can be seen on 
Figure 2-9, the resonance absorption peaks are significantly smaller at higher neutron 
energies.)  Third, as fuel temperature increases, doppler broadening shifts toward the higher 
energy resonance absorption peaks.  Because these peaks are smaller and have already 
broadened at lower temperatures, the effect on the neutrons that are slowing down will 
decrease.
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Figure 2-9: U-238 Cross Section Curve

Any increase in either the moderator temperature or the core void fraction will cause FTC 
to become more negative.  An increase in either of these parameters will result in longer 
neutron slowing down lengths and times, thus increasing the probability of resonance 
absorption.  As resonance absorption increases, FTC becomes more negative.

As the core ages, FTC becomes more negative.  The dominant factor resulting in this 
change is the buildup of Pu-240, which is a strong resonant neutron absorber.  Pu-240 is 
produced when U-238 absorbs a neutron and through a chain of decay results in Pu-239.  
When Pu-239 absorbs a neutron, it will either fission or decay to Pu-240.  As Pu-240 builds 
into the core, the total resonance absorption increases, thereby causing FTC to become 
more negative.

Power Coefficient - BWR

The interaction of the recirculation pumps with reactor power in BWR plants makes the 
prediction of power coefficient trends much more complex in BWR plants than in PWR 
plants.  Normally, the fuel temperature coefficient and the moderator void coefficient are both 
large contributors to the power coefficient.  Any reactor parameter change that affects either 
of these coefficients also affects the power coefficient.

2.11.4
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Behavior of Reactivity Coefficients in a PWR

Moderator Temperature Coefficient - PWR

Over core life, soluble boron concentration can range anywhere from about 1200 ppm 
to 10 ppm.  As soluble boron concentration in the core decreases, MTC becomes more 
negative.  This is because a 1°F increase in moderator temperature at a low soluble boron 
concentration will expel fewer boron atoms (neutron absorbers) from the core than a 1°F 
increase in moderator temperature at a high boron concentration.  The expulsion of boron 
atoms from the core is a positive reactivity component to the MTC.  As boron concentration 
decreases, fewer boron atoms will be expelled from the core for a 1°F moderator increase, 
thereby resulting in MTC becoming more negative at the end-of-core life (EOL).  Figure 2-12 
illustrates the effect of boron concentration on MTC.

Figure 2-12: Moderator Temperature Coefficient

During a reactor startup to full power, control rods are generally fully withdrawn.  When 
control rods are partially inserted, more neutron absorber material is in the core.  Under 
these conditions, a 1°F increase in moderator temperature will result in more neutrons being 
absorbed by the control rods than if the control rods were fully withdrawn.  Therefore, control 
rod insertion results in a more negative MTC.  Conversely, as control rods are withdrawn 
from the core, MTC becomes less negative.

2.12

2.12.1
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Moderator Void Coefficient - PWR

Voiding of the moderator in a PWR occurs only at high power levels and usually does 
not exceed 0.5%.  For this reason, the effects of the void coefficient are negligible when 
compared with the other reactivity coefficients.

Fuel Temperature (Doppler) Coefficient- PWR

The fuel temperature coefficient for a PWR is primarily affected by:

• Fuel temperature

• Moderator temperature

• Core age

Remember:  As fuel temperature increases, FTC becomes less negative.  As core age or 
moderator temperature increases, FTC becomes more negative.  The combined effects 
result in a more negative FTC at end of core life.

Power Coefficient - PWR

At the beginning of core life in a PWR, FTC is the largest contributor to the negative power 
coefficient, so power coefficient largely follows FTC changes.  As a PWR core ages, the 
absolute value of MTC increases significantly (becomes much more negative) so that at 
end of core life, the contributions of FTC and MTC are nearly equal.  Therefore, the power 
coefficient becomes significantly more negative as the core ages, and is nearly doubled by 
the end of core life.

2.12.2

2.12.3

2.12.4

Control Rod Worth
Control rod worth is the amount of negative reactivity that a control rod or group of control 
rods can insert into the core.  A poison is a substance that absorbs neutrons but does not 
fission.  Control rods contain poisons.  The worth of a control rod is approximately equal to 
the fraction of core neutrons that it can absorb and is directly proportional to the square of 
the thermal neutron flux in the vicinity of the rod (or group of rods) and inversely proportional 
to the square of the core average thermal neutron flux.

2.13
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Control rod worth is affected by a variety of factors.  Any change in the reactor core that 
affects the thermal neutron flux will change rod worth.  A control rod that is located in an area 
of the core that exposes it to a high thermal flux will have a greater rod worth.

Changes in moderator temperature will affect control rod worth.  As moderator temperature 
increases, the density of the moderator decreases.  For the control rods, the major effect 
of the density change will be longer thermal neutron diffusion lengths.  Therefore, neutrons 
from deeper within the fuel bundle will be able to travel to the vicinity of a control rod. Hence, 
the thermal flux at the control rod effectively increases as moderator temperature increases, 
resulting in an increased control rod worth.

For BWRs a change in the core void fraction will also result in a change in moderator 
density, thereby changing control rod worth.  However, the density change during voiding is 
much more pronounced.  As the core void fraction increases, the density of the moderator 
decreases significantly.  With respect to control rod worth, the major effect is much longer 
neutron slowing down lengths, meaning that more neutrons will be resonantly absorbed 
as the neutrons slow down, resulting in a lower thermal neutron flux at the control rod.  
Therefore, as voids increase in BWRs, the control rod worth decreases.

Fuel temperature also affects control rod worth but is small in magnitude compared to other 
parameter changes in the core.  As fuel temperature increases, the resonance absorption 
increases, causing a decrease in the thermal flux surrounding the control rod and a 
decrease in control rod worth.

The effect of core age on control rod worth is quite complex.  In BWRs, control rod worth 
may increase or decrease as the core ages depending on the buildup of fission product 
poisons, burnable poison depletion, control rod position, fuel depletion, and depletion of the 
control rod boron.  Toward the end of core life, the fuel depletion and the control rod boron 
depletion are the dominant effects and result in a decreased control rod worth.

In PWRs, as the core ages, soluble boron concentration is reduced.  A higher neutron flux 
exists as less neutrons are absorbed by the boron in the moderator.  The neutrons travel 
farther as less fuel atoms are present and are more likely to be absorbed in a control rod.  
Therefore, in a PWR, control rod worth increases over core life.

Control rods and groups are sequenced and/or overlapped to make the reactivity addition 
rate smoother.  The differential rod worth is the amount of reactivity added by a 1% insertion 
of a control rod or group and is illustrated in Figure 2-13.
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Figure 2-13: Differential Rod Worth Curve

The integral rod worth is the total amount of reactivity added by a control rod or group as it 
moves from fully withdrawn to fully inserted and is shown in Figure 2-14.
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Figure 2-14: Integral Rod Worth Curve

Integral rod worth may also refer to the reactivity added by the rods from one position in the 
core to another, not just fully inserted to fully withdrawn.

Boron Worth
Boron worth is the change in reactivity associated with a ppm change in the soluble boron 
concentration of the moderator in a PWR core.  The moderator in a PWR typically contains 
between 10 and 1000 ppm of soluble boron in the form of boric acid.  Boron-10 (B-10) has 
a very high absorption cross section for thermal neutrons that qualifies B-10 as a reactor 
poison.

Figure 2-15 shows the boron worth versus moderator temperature for BOL and EOL.

2.14
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Figure 2-15: Boron Worth Vs. Moderator Temperature

As moderator temperature increases, boron atoms are spread farther apart, resulting in 
fewer boron atoms present in the core.  Increasing boron concentration by 1 ppm at a higher 
moderator temperature will add fewer boron atoms to the core.  Thus, boron worth becomes 
less negative as moderator temperature increases.

Boron worth becomes more negative over core life.  This is because fuel depletion and 
the reduction of the boron concentration result in less competition within the core for 
thermal neutrons.  The higher thermal neutron flux makes the boron worth more negative.  
The increase in the boron worth over core life is not as pronounced at higher moderator 
temperatures.  This is due to the buildup of plutonium, which competes with boron for 
neutrons.

The boron worth is a ratio of neutrons absorbed in the boron to neutrons absorbed in the 
fuel:
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The reciprocal of this expression would be the inverse boron worth.

Fission Product Poisons
In the fission process, the nucleus absorbs a neutron and the resulting nucleus breaks into 
two or more parts called fission fragments.  A detailed investigation of the thermal neutron 
fission of U-235 has shown that the resultant nucleus splits in many different ways, yielding 
more than 350 primary fission products (or fission fragments).  In Figure 2-16, the percent 
fission yields of U-235 are plotted against the mass numbers.

Figure 2-16: Fission Yield Curve

2.15
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Note that each mass number represents several isotopes (different elements).  During power 
operation, the isotope Xenon-135 (Xe-135) is formed as a fission product.  This isotope has 
an extremely large capture cross section (2.6 million barns).  The isotope is formed in two 
ways:  directly as a fission product (0.3% of the total fission products) and indirectly from the 
radioactive decay of tellurium-135 (5.9% of the total fission products).  The radioactive decay 
chain of tellurium-135 (Te-135) is as follows:

(All decay by β emission)

Te-135 half-life = 2 min.

I-135 half-life  = 6.7 hr.

Xe-135 half-life = 9.2 hr.

Cs-135 is stable

Xe-135 captures a thermal neutron, forming Xe-136, which is stable and has a very small 
capture cross section.  This is called “burnout.”

When the reactor is first brought to power, the Xe-135 concentrations (atoms/cm3) is slowly 
built up to an equilibrium.  This is due primarily to the relatively long half-lives of I-135 
(6.7 hours) and Xe-135 (9.2 hours).  Because of the high thermal neutron cross section of 
Xe-135, as the concentration of the isotope increases, the macroscopic absorption cross 
section will also increase.  Operationally, as xenon builds up, other poisons in the core 
(control material such as control rods or boric acid) must be removed to maintain criticality.  
Provided there is enough control material to remove during this xenon buildup, the xenon 
concentration reaches equilibrium after approximately 40 hours of power operation.  

Equilibrium is a point at which the production of Xe-135 is equal to the removal of Xe-135 by 
neutron capture plus the loss of Xe-135 through radioactive decay.
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The equilibrium value for the xenon concentration is a function of the reactor neutron flux 
level (power level).  Since Xe-135 absorbs thermal neutrons, its effect on the chain reaction 
can be described in terms of reactivity.  The multiplication factor is lowered primarily by 
the decrease in the thermal utilization factor.  The reactivity effect can be shown to be 
approximately equal to the ratio of the macroscopic absorption cross section of the xenon to 
that of the fuel.

A change in power will cause a change in xenon concentration.  At the end of the transient 
(about 2 days) the xenon concentration will reach its new equilibrium, assuming that power 
is left constant after the change.

Refer to Figure 2-17 at time 50 hours.
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Figure 2-17: Xenon Reactivity vs. Reactor Power as Function of Time

The reactor has reached an equilibrium xenon concentration for 50% power.  Power is then 
increased to 100%.  Initially there is only a small increase in production of xenon because 
the production as a direct fission product is small (about 0.3%), and because the iodine 
concentration does not change very quickly, so the production by decay of iodine remains 
practically constant.  However, removal of xenon is increased significantly because of 
increased burnout (xenon absorbs neutrons).  The decay of xenon to cesium remains almost 
constant initially.  These are only the initial effects, but it can be seen that the removal of 
xenon has increased more than the production; therefore, xenon concentration decreases.  
This will continue for a few hours until the iodine concentration has increased enough that 
xenon production by iodine decay is greater than xenon removal.  Eventually, the xenon 
concentration will reach an equilibrium value corresponding to 100% power.  This will 
happen when production and removal rates are again equal.

Refer to Figure 2-17 at time 150 hours.  Power is decreased from 100% to 50%.  Xenon 
production initially is changed very little.  Because of the lower neutron population, burnout is 
reduced and xenon concentration increases.  As iodine concentration decreases, production 
of xenon decreases until removal is greater than production.  Then xenon concentration will 
decrease until equilibrium for 50% power is reached.

A shutdown, shown in Figure 2-18, is similar to a power decrease but causes a greater 
change in xenon concentration.
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Figure 2-18: Xenon Peaking

Production of xenon directly from fission and removal by burnout almost cease.  Radioactive 
decay of iodine (to produce xenon) and radioactive decay of xenon (to remove it) are left.  
Xenon concentration will increase initially, just as in the power decrease case.  However, due 
to the difference in decay times, the increase will continue longer and reach much higher 
levels before a decrease occurs.  The peak occurs about 8 or 9 hours after shutdown.  The 
reactor will be considered xenon free in about 72 hours.

In some cases, Xe-135 presents moderately sensitive reactor operating conditions.  
Consider a reactor that has operated at power long enough to establish a high xenon 
concentration.

Assume that the reactor trips and that a rapid recovery to full power is achieved 
simultaneously with the point in time at which “peak” xenon occurs (time 9.5 hours in Figure 
2-18).

In returning the reactor to power, the negative reactivity associated with the xenon is 
overcome by withdrawing the control rods to a higher position than normally required.  With 
the high flux of full power operation acting to “burnout” the accumulated Xe-135 and the 
decay of Xe-135 resulting from the previous shutdown, the concentration quickly falls off, 
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and the result is a relatively fast, positive reactivity insertion.  It should be pointed out that 
properly designed power reactors will overcome this xenon burnout adequately with the 
proper control rod system operation.

Another important fission product poison encountered in reactor operation is samarium-149 
(Sm-149).  This stable isotope has a capture cross section of about 5 x 104 barns.  It enters 
this system as the end product of the following decay chain:

Nd = neodymium

Pm = promethium

These products occur in about 1.1% of U-235 fissions.  Because Sm-149 is stable, its 
equilibrium value in any reactor produces about 1% DK/K reactivity, independent of the 
neutron flux.  The rate at which Sm-149 approaches this equilibrium is determined by the 
Pm-149 half-life (53 hours).  As shown on Figure 2-19, equilibrium is reached in about 60 
days.

Figure 2-19: Samarium Buildup
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A power increase reduces samarium concentration initially due to increased burnout, but 
the concentration returns to the same equilibrium value.  Upon reactor shutdown, the Sm-
149 builds up to an asymptotic value dependent on the power history of the reactor.  The 
promethium concentration is power level dependent.  Because the only means of Sm-149 
removal (burnout) is essentially removed on a reactor shutdown, the shutdown concentration 
varies (see Figure 2-20).

Figure 2-20: Samarium Peaking

Burnable Poisons
A burnable poison is a neutron absorber that is loaded into the reactor at discrete locations 
during refueling.  They are positioned within the core to maintain an optimum neutron flux 
distribution and to compensate for excess fuel while maintaining a negative MTC (PWR 
only).

Burnable poisons are loaded into the core so that more fuel can be loaded into the core 
at the beginning of life.  By loading this excess reactivity at the beginning of core life, 
reactor power operation at 100% power can be extended, thereby reducing the frequency 
of refueling outages.  Boron or gadolinium are often used as the poison material.  Upon 
neutron absorption, the poison loses some of its reactivity.  At end of core life, nearly all of 
the installed poisons will be depleted.

2.16
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In a BWR, control rods can also be inserted to allow more fuel to be loaded.  However, 
by loading burnable poisons into the core more fuel can be loaded without increasing 
the number of control rods that must be designed into the reactor core. In addition, the 
gadolinium is loaded in varying axial concentrations to flatten the core thermal neutron flux 
to improve the fuel exposure shape in the core.  This flux flattening results in a more even 
burnup of fuel over core life and better margins to fuel limitations.

Subcritical Multiplication
There is some spontaneous fission within the core material.  For example, U-235, with a 
spontaneous fission half-life of 1.8 x 1017 yrs., delivers 8 x 10-4 n/sec/gm; U-238, with a 
spontaneous fission half-life of 8 x 1015 yrs., delivers 1.6 x 10-2 n/sec/gm.

The spontaneous fission process, however, is insufficient to appreciably register on the 
neutron sensors of power reactors.  Previous experience with power reactors indicates a 
background neutron count of 1/6 cps, with the plant cold and a Keff of 0.97.  The specification 
for startup requires a neutron count rate of at least 2 cps with the plant cold at a Keff of 0.97.  
To achieve this count rate, a startup neutron source is installed.

When the reactor is operating in the source range, it is necessary to consider the effect of 
the addition of source neutrons as well as fission neutrons to understand what is happening 
to the total neutron density.  The reason for this is that the factors included in the calculation 
of Keff do not account for source neutrons, which are insignificant when compared with the 
number of fission neutrons at higher power levels.

Subcritical multiplication is the multiplication of source neutrons that occurs as a result of 
fissions in the fuel of a subcritical reactor.  Table 2-3 is discussed below for various reactor 
shutdown cases.

CASE 1:  Keff = 0   No Source

Generation 1 2 3 4 5 6 7 8 9 10

Neutrons 100 0 0 0 0 0 0 0 0 0

CASE 2:  Keff = 0.5  No Source

Generation 1 2 3 4 5 6 7 8 9 10

Neutrons 100 50 25 13 6 3 0 0 0 0

CASE 3:  Keff = 0   Continuous Source – 100 Neutrons/Generation

Generation 1 2 3 4 5 6 7 8 9 10

Neutrons 100 100 100 100 100 100 100 100 100 100

Table 2-3: Ineffective Subcritical Multiplication

2.17
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18. To understand subcritical multiplication first consider a condition in which there is zero 
subcritical multiplication.  If 100 neutrons are inserted into a core with Keff = 0 (no fuel), 
the neutron level will rapidly decrease to zero as they are absorbed in the water or leak 
out.

19. As fuel is added to the core, Keff will increase.  In our second case assume Keff is now 
0.5.  The neutron population will again decrease to zero, but the fuel will cause the rate 
of decrease to lengthen.

In this case, as in the first case, we started with 100 neutrons which were followed to 
absorption.  Now consider a source that supplies 100 neutrons to the reactor at the 
beginning of each generation.

1. Again we will assume Keff = 0.  Because no multiplication is involved, the neutron 
population will be steady at 100 neutrons as a direct result of the source.

2. The last case (Table 2-4) represents the conditions that actually exist in a reactor.  
Assume Keff = 0.5.  Also for convenience assume that a continuous source of 100 
neutrons are introduced at the beginning of each generation.  This shows the effect of 
subcritical multiplication.

CASE 4:  Keff = 0.5 Continuous Source – 100 Neutrons/Generation

Generation 1 2 3 4 5 6 7 8 9 10

Neutrons 100 50 25 13 6 3 2 1 0 0

100 50 25 13 6 3 2 1 0

100 50 25 13 6 3 2 1

100 50 25 13 6 3 2

100 50 25 13 6 3

100 50 25 13 6

100 50 25 13

100 50 25

100 50

100

100 150 175 188 194 197 199 200 200 200

Table 2-4: Subcritical Multiplication
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An equation that yields the equilibrium neutron population is:

NT = equilibrium neutron population

S = source

Remember that subcritical multiplication is the equilibrium neutron population divided by the 
source population.  For more practical application consider subcritical multiplication to equal 
the equilibrium neutron population divided by an initial neutron population following a change 
in Keff.  This concept is utilized by operators to compare neutron population between different 
subcritical conditions.

The term M may be used to represent subcritical multiplication:

CR1 = the initial count rate and

CR2 = the count rate following a change in Keff 

A specific case involving subcritical multiplication involves the count rate doubling (e.g. going 
from 100 cps to 200 cps).  Using the equations it can be shown that for M to be equal to 2 or, 
in other words, the count rate to double, Keff has has moved half way to critical (e.g. starting 
with a Keff of .98 when the count rate doubles Keff will be .99).  If we make a simplifying 
assumption that when the reactor is close to critical, reactivity can be approximated with an 
acceptable error as Keff - 1 (if Keff is close to one, dividing by Keff would be like dividing by 
one), then exactly half of the remaining reactivity needed to make the reactor critical has 
been added.  As an example, a reactor shutdown by 2000 pcm with an initial count rate of 
200 cps has 1000 pcm of positive reactivity added.  The new count rate will be 400 cps.  
To get to 800 cps, half of the remaining reactivity needed to go critical must be added or a 
positive 500 pcm of reactivity.  Doubling is a concept frequently used in the industry. 

The time required for power to level off at some new value following a subcritical reactivity 
change is a function of the average generation time (l) and the number of generations 
required to level off.
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t(sec) = N(generations) x l (sec/generation)

Figure 2-21 shows that when Keff = 0.5, N = 7.  Whereas when Keff = 0.9, N = 44.

Figure 2-21: Subcritical Multiplication

The l/M plot is a tool used in predicting the point at which a subcritical reactor will reach 
criticality as reactivity is added in positive increments.  The l/M plot is used because a plot of 
M would approach infinity as Keff approaches 1.  Since M would approach infinity, the plot of 
1/M would approach zero.

Neutron Production
The multiplication factor Keff was previously discussed in terms of its individual components.  
This section shows how the term is applied to the actual operating core.  Consider a reactor 
in which Keff is exactly 1.0. 

2.18
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With equilibrium established, the neutrons entering into the self-sustaining reaction are a 
mixture of prompt and delayed neutrons.  Prompt neutrons appear at approximately 

10-14 seconds after a fissioning event, whereas delayed neutrons are not a direct result of 
a fission but rather a product of the decay of one of the fission products.  These neutrons 
are produced at some time after the original fission and are dependent on the half-life of the 
fission product.  The fission products are referred to as delayed neutron precursors.  Figure 
2-22 shows the decay scheme for the delayed neutron precursor Bromine-87.

Figure 2-22: Delayed Neutron Production

The fraction of total fission neutrons that are delayed neutrons is known as the β fraction.  
As shown in Table 2-5, each fuel has a characteristic β due to its yield of delayed neutron 
producers.  The total β fraction for the fuel is a weighted average of the β’s of the isotopes 
that combine to make up the fuel.
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Fuel Group Half Life    
T1/2 (Sec)

Decay 
Constant    
λ (Sec-1)

Yield 
(Neutrons/

Fission)

Fraction   
β

U-235

1 55.72 0.0124 0.00052 0.000215

2 22.72 0.0305 0.00346 0.001424

3 6.22 0.111 0.00310 0.001274

4 2.30 0.301 0.00624 0.002568

5 0.610 1.14 0.00182 0.000748

6 0.230 3.01 0.00066 0.000273

Total Yield: 0.0158

Total Delayed Neutrons Fraction (β): 0.0065

U-238

1 52.38 0.0132 0.00054 0.000192

2 21.58 0.0321 0.00564 0.002028

3 5.00 0.139 0.00667 0.002398

4 1.93 0.358 0.01599 0.005742

5 0.490 1.41 0.00927 0.003330

6 0.172 4.02 0.00309 0.001110

Total Yield: 0.0412

Total Delayed Neutrons Fraction (β): 0.0148

Pu-239

1 54.28 0.0128 0.00021 0.000073

2 23.04 0.0301 0.00182 0.000626

3 5.60 0.124 0.00129 0.000443

4 2.13 0.325 0.00199 0.000685

5 0.618 1.12 0.00052 0.000181

6 0.257 2.69 0.00027 0.000092

Total Yield: 0.0061

Total Delayed Neutrons Fraction (β): 0.0021

Table 2-5: Delayed Neutron Fraction for Various Fuels

At BOL 93% of the power generated in the core is generated by the U-235; 7% is generated 
by the U-238.  In a reactor at BOL the total β fraction would be:
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β = (.93)(βU-235) + (.07)(βU-238)

β = (.93)(.0065) + (.07)(.0148)

β = .006045 + .001036

β = .0070 at BOL

At EOL assume 40% of our power is now generated by Pu-239, 7% by U-238 and 53% by 
U-235.  The total β fraction at EOL would be:

β = (.53)(βU-235) + (.07)(βU-238) +  (.40)(βPu-239)

β = (.53)(.0065) + (.07)(.0148) + (.40)(.0021)

β = .003445 + .001036 + .00084

β = .0053 at EOL

Delayed neutrons are born at a lower energy level than the prompt neutrons (.5 Mev vs. 1-2 
Mev).  This will cause the delayed neutrons to have a different value in the multiplication 
factor due to this lower energy effect on the fast fission factor and on fast leakage.

Since the delayed neutrons are born at energy levels below the threshold for fast fission (U-
238 requires neutron energy > 1 Mev to fast fission), βeff will be less than β.

Being borne at this lower energy level also means that there will be less fast leakage of 
delayed neutrons.  This results in βeff being greater than β.  The combined result of these two 
effects will be that βeff is less than β due to the high value of fast fissions in the core.

Effect of Delayed Neutrons on Reactor Control
Even though the fraction of delayed neutrons is very low, 0.7% of all the fission neutrons, 
they have a large effect on the operation of the reactor.  To illustrate this, consider a 
reactivity change using both prompt and delayed neutrons.

The following equation can be used to calculate a change in neutron population over a given 
period of time:

2.18.1
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N  =  N0 e (Keff-1) t/τ

N = Number of neutrons after time

N0 = Number of neutrons at t = 0

t = time period (seconds)

τ = generation time

The generation time (mean life time) is the time between the absorption of a neutron in the 
fuel and the absorption of the resulting fission neutron in some material.

For a prompt neutron, the generation time (Īp) is:

Īp  = 10-14  sec (absorption to fission/birth) 

+ 10-4  sec (birth to absorption)

= 10-4  sec

The average mean lifetime for delayed neutron precursors is about 10 seconds.  This results 
in a delayed neutron generation time (Īd) of:

Īd = 10-14  sec (absorption to fission)

+10 sec (fission to birth)

+ 10-4 sec (birth to absorption)

= 10 sec

The life cycle time or generation time is a weighed average of the lifetimes for prompt and 
delayed neutrons.  Since the delayed neutron fraction is β, then the prompt neutron fraction 
is (1-β).  These are used as the weighting factors.

To compute a weighted generation time, compute a neutron population change using both 
prompt and delayed neutrons.  
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Ī  = (1 - β) Īp+ (β) (Īd)

Assume BOL conditions β = .0070

Ī = (1 - .007)(10 - 4) + (.007)(10)

= .0000993 + .07

= .0700993 seconds

= .07 seconds

Figure 2-23 shows that the reactor would be uncontrollable with a life cycle time due to 
prompt neutrons alone, but with the addition of delayed neutrons the reactor is controllable.

Figure 2-23: Delayed Neutron Effects

Reactor Startup – BWR

The Source Range

2.19

2.19.1
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The source range covers approximately 10-8%  to 10-4% reactor power.  Positive reactivity 
is added by control rod withdrawal to establish the reactor critical.  Further control rod 
withdrawal will then establish a rate of power increase into the intermediate range to 
commence a plant heatup.

The operator verifies, before withdrawing any control rods, that there is a minimum count 
rate indicated on the source range monitor.  As the operator withdraws control rods 
(nonfissioning neutron absorbers) from the core, he is increasing the thermal utilization 
factor (f), and causing Keff to increase.  The source range monitor indications will show a 
slow increase in count rate.  The neutrons being counted are coming from incore neutron 
sources and subcritical multiplication.

Control rods are always withdrawn in a programmed sequence.  The sequencing of rod 
withdrawal minimizes individual rod worth, extends core life, and minimizes the effects of 
transients.

Control rods are further withdrawn to achieve criticality.  The reactor operator announces 
that the reactor is critical when he observes a continuously increasing power level and 
a sustained positive period without control rod motion.  The reactor is actually slightly 
supercritical at this point.  However, it would be difficult and time-consuming to determine 
when the reactor is first exactly critical in the source range.  The operator then adjusts the 
period to about 100 seconds by control rod withdrawal and allows power to increase into the 
intermediate range.

The Intermediate Range and Reactor Heatup

The intermediate range of reactor operation occurs from reactor power levels of about 10-

5% to about 10%.  After criticality is attained, reactor power will continue to steadily increase 
until some effect turns reactor power.  As power increases, the source range monitors will 
approach the high end of their indicating scale and will be withdrawn from the core when the 
intermediate range monitors are on scale.

Reactor power will turn when the point of adding heat (POAH) is reached.  The POAH 
occurs when the heat produced by the fission process in the core exceeds the ambient heat 
losses from the core.  At approximately 1% reactor power, the moderator will begin to heat 
up.  As the temperature of the moderator increases, the MTC adds negative reactivity to 
the core, lengthening the reactor period and slowing the power increase rate.  In addition, 
the fuel temperature is increasing so that the FTC is also adding negative reactivity.  To 
continue the startup, the operator must continue to withdraw control rods to overcome this 
negative reactivity insertion.  As the reactor is heated up, the operator will control the heatup 
rate (HUR) by rod withdrawal.  The operator will maintain a HUR of less than 100°F per 
hour to prevent inducing excessive thermal stresses in the reactor pressure vessel.  When 
moderator temperature reaches 212°F, reactor pressure will begin increasing.  The operator 
will continue rod withdrawal to heat up and pressurize the reactor to about 540°F and 920 
psig, respectively.

2.19.2
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The Power Range

The power range includes reactor operations from reactor power levels of about 1% to 
100%.  As reactor power increases to about 3%, the average power range monitoring 
nuclear instrumentation comes on scale, and at about 10% power, the intermediate range 
nuclear instruments are withdrawn from the core.

Reactor pressure is maintained at approximately 920 psig by opening the main turbine 
bypass valves, which dump steam directly to the main condenser.  The operator continues to 
withdraw rods to increase reactor power and steam production until enough steam is being 
produced to place the main turbine generator in service.

As the operator increases reactor power, the moderator temperature does not change 
significantly since the reactor is maintained at saturated conditions for 920 psig.  Because 
the moderator temperature is no longer significantly changing, the MTC no longer provides 
any significant reactivity changes.  However, as reactor power increases above 1%, steam 
bubbles or voids begin being produced in the core.  As the core void fraction increases, the 
void coefficient (αv) adds negative reactivity to the core, requiring the operator to continue to 
withdraw rods to increase power.

The fuel temperature is continuing to increase as reactor power is increased.  As a result, 
the FTC is also adding negative reactivity to the core, requiring additional control rod 
withdrawal.

During reactor power operation, another method of reactor power control is utilized on 
BWRs.  The reactor core flow is increased to attain 100% power.  Increasing core flow 
increases the amount of heat that can be carried away from the fuel by the moderator.  As 
core flow is increased, the void fraction in the core is reduced.  When the void fraction in the 
core is decreased, fewer neutrons are resonantly absorbed while slowing down and fewer 
neutrons will leak out of the core; therefore, positive reactivity is added to the core.  Hence, 
an increase in core flow results in a reactor power increase.

The operator continues to increase reactor power with a combination of control rod 
withdrawal and core flow increases to ensure reactor operation within core limitations.  
The operator will continue to increase reactor power to increase the output of the main 
turbine generator.  In a BWR, the main turbine is “slaved to the reactor.”  As reactor power 
is increased, steam production is increased.  After the main turbine generator is placed in 
service, the main turbine electro-hydraulic control system opens the turbine control valves 
(and closes the turbine bypass valves) as necessary to maintain a constant 920 psig at 
the inlet to the turbine control valves.  As steam production and steam flow increase with 
increasing reactor power, the control valves must be opened more and more to maintain 
the valve inlet pressure at 920 psig.  As more steam passes through the main turbine, 
more work is done and the main generator output increases.  Therefore, the turbine load is 
controlled by the reactor power.  

2.19.3
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Reactor Startup – PWR
Prior to a reactor startup in a PWR, all shutdown rods are withdrawn to ensure adequate 
shutdown capability.  RCS boron concentration is adjusted to a value that has been 
calculated to produce criticality at a desired rod position during the rod withdrawal.  The 
reactivity added by the boron change is determined using the boron worth.

If the RCS is below normal operating temperature, decay heat or reactor coolant pump 
operation will be used to raise reactor coolant temperature.  This will normally be a negative 
reactivity addition as the MTC is usually negative.  Source range count rate is logged on a 
1/M plot.  The source range count rate is established by the neutron source strength and Keff.

Source and Intermediate Ranges

As control rods are withdrawn, positive reactivity is added causing neutron level to increase.  
After each withdrawal, the startup is paused to allow source range count rate to reach 
an equilibrium value.  These values are logged on the 1/M plot and estimated critical rod 
positions are determined.  Once criticality is attained, neutron level continues to increase 
and the reactor is placed on a positive startup rate.  As reactor power increases through the 
source range and intermediate range, reactivity in the core remains essentially constant.  
Fuel temperature and moderator temperature remain unchanged until reactor power reaches 
the POAH.

Power Range

When reactor power enters the power range, the rate of fissions has increased sufficiently 
to produce heat in the fuel that is carried away by the moderator.  As fuel and moderator 
temperatures increase, the FTC and MTC add negative reactivity, thereby reducing the 
startup rate.  Negative reactivity feedback will continue to reduce the startup rate until 
reactor power stabilizes.  At this point, net reactivity is zero.

As reactor power enters the power range, surplus heat is removed from the moderator by 
the steam generators.  The steam generators are maintained in a saturated condition at 
approximately 1100 psig by automatic steam dumping.  If reactor power increases, more 
steam is dumped to maintain steam generator pressure and moderator temperature nearly 
constant.  As control rods are further withdrawn, reactor power will increase and stabilize as 
FTC and MTC continue to provide negative reactivity feedback.

2.20.1

2.20.2

2.20

The reactor steam pressure also increases as reactor power increases to offset the 
increasing friction losses caused by more steam flow in the main steam lines between the 
reactor and the turbine.  At full power the reactor steam pressure in most BWR plants is 
stable at 985 to 1000 psig with turbine control valve inlet pressure maintained at 920 psig.
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When reactor power reaches approximately 10%, the main turbine-generator is placed 
in service.  The extra steam needed for the main turbine-generator causes a reduction in 
automatic steam dumping.  Reactor power is now being controlled by the electrical load 
carried by the main turbine-generator.  The turbine electro-hydraulic control system gradually 
opens the turbine control valves to increase the electrical output of the generator.  As the 
turbine control valves are opened, more steam is drawn from the steam generators, which 
decreases the coolant temperature.  A negative MTC results in a positive reactivity addition, 
which increases reactor power.  As fuel temperature increases with the increase in reactor 
power, negative reactivity is added by the FTC until net reactivity is zero and reactor power 
stabilizes at a higher value to match the increased electrical load.  Unlike a BWR plant, in a 
PWR plant the reactor is said to be “slaved to the turbine” because reactor power changes 
follow the main turbine generator electrical load/steam flow changes.

Additional electrical load increases will continue to lower the coolant temperature until the 
resulting steam generator temperature is too low for efficient electrical power generation.  
To prevent the coolant temperature decrease when electrical load is increased, positive 
reactivity must be added by other means.  The two methods commonly used to add positive 
reactivity during an electrical load increase are control rod withdrawal and boron dilution.

Decay Heat Production After Shutdown
When the reactor is shut down, the fuel continues to generate heat even though the fission 
rate decreases to the level sustained by subcritical multiplication.  Highly radioactive 
fission products continue to decay by emitting alpha, beta, gamma, and other forms of 
radiation.  These emissions interact with the surrounding fuel and reactor materials, thereby 
transferring significant energy in the form of heat.  Reactor cooling must be maintained after 
shutdown to remove this decay heat and prevent fuel melting.

Decay heat is greatest immediately after a reactor shutdown.  As the shorter-lived 
radioactive fission products complete their decay process, decay heat production tapers 
off.  This accounts for an exponential decrease in decay heat after shutdown.  Table 2-6 
provides approximate levels of decay heat generation at various time intervals after a reactor 
shutdown from full rated power.

Time Since Shutdown Percent of Full Power

1 Second 6.0

1 Minute 4.5

1 Hour 1.6

1 Day 0.7

1 Week 0.5

1 Month 0.1

Table 2-6: Delayed Heat Production Following Reactor Shutdown from Full Power

2.21
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Chapter Overview
The purpose of this module is to assist the trainee in recognizing heat transfer and thermal 
hydraulics as used in Pressurized Water Reactors and Boiling Water Reactors. This module 
is designed to assist you in accomplishing the learning objectives listed at the beginning of 
the module.

Learning Objectives

After studying this chapter, you should be able to:

1. Recognize the relationships between the four temperature scales: 

a. Fahrenheit

b. Celsius

c. Rankine

d. Kelvin

2. Recognize what is meant by the following terms: 

a. Intensive property

b. Extensive property

c. Phase

d. State of a substance

e. Specific volume

f. Sensible heat

g. Latent heat

h. Pressure

i. Density

j. Internal Energy

k. Enthalpy

l. Entropy

m. Mass

n. Specific Gravity

3.0
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3. Recognize the terms used in and the applicability of the following:

a. First Law of Thermodynamics.

b. General Energy Equation.

c. Second Law of Thermodynamics.

4. Recognize the following terms and how they are used in the steam tables:

a. Saturation

b. Quality

c. Superheated steam

d. Subcooled liquid

e. Moisture Content

5. Recognize how the Mollier diagram is used.

6. Recognize the following terminology to describe a thermodynamic process:

a. Adiabatic process

b. Isobaric process

c. Isentropic process

d. Isenthalpic process

e. Isothermal process

7. Recognize how the General Energy Equation is applied to:

a. Boilers

b. Turbines

c. Condensers

d. Pumps

e. Pressurizer/Accumulator

8. Recognize the following mechanisms of heat transfer:

a. Conduction

b. Convection

c. Radiation
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9. Recognize how heat is transferred from the centerline of the fuel pellet to the centerline 
of the reactor coolant channel in a typical reactor.

10. Recognize the meaning of the following terms and concepts:

a. Subcooled nucleate boiling

b. Bulk boiling

c. Onset of transition boiling (OTB)/Departure from nucleate boiling (DNB)

d. Critical heat flux

11. Recognize how boiling can improve or degrade heat transfer capability.

12. Recognize how pressure, temperature, flow, and reactor power can affect the 
departure from nucleate boiling (DNB).

13. Recognize how a heat balance/secondary calorimetric is performed on a PWR and a 
BWR.

14. Regarding Heat Exchangers and Condensers:

a. Recognize basic heat transfer in a heat exchanger.

b. Recognize the difference between indirect and direct contact heat exchangers. 

c. Recognize the classification of shell and tube heat exchangers by flow paths.

d. Recognize the purpose and function of the major components of a heat exchanger.

e. Recognize what is meant by thermal shock.

f. Recognize how temperature control is achieved in heat exchangers.

g. Recognize the relationship between flow rate and temperature.

h. Recognize the effect of heat exchanger flow rates that are too high or too low. 

i. Recognize the effects of heat exchanger tube fouling.

j. Recognize the effects of scaling on heat exchanger operation. 

k. Recognize the consequences of heat exchanger tube failure.

l. Recognize the operation of plate type heat exchangers.

m. Recognize the reasons for non-condensable gas removal from a condenser or heat 
exchanger 

n. Recognize the relationship between condenser vacuum and backpressure.

o. Recognize the purpose and function of the major components of a condenser.
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p. Recognize the principles of operation of condensers.

15. Recognize the following terms on a T-s diagram:

a. Critical point

b. Triple point line

c. Saturated liquid line

d. Saturated vapor line

e. Solid, liquid, gas, vapor, and fluid regions

16. Identify key points of a Carnot cycle using a T-s diagram.

17. Identify key points of a Rankine cycle using a T-s diagram.

18. Recognize the effects of moisture on turbine integrity, efficiency, and design.

19. Recognize the advantages of moisture separator reheaters for the steam cycle.

20. Recognize the advantages of feedwater heaters for the steam cycle.

21. Recognize how changes in secondary system parameters affect plant efficiency.

a. Vacuum

b. Feedwater heating

c. Circulating water temperature

d. Circulating water flow rate

e. Superheat
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System 
A system is a term that describes a quantity of matter or space that is separated from its 
surroundings by system boundaries.  System boundaries are arbitrary in that they may be 
moveable or fixed and can be either real or imaginary.  The boundaries are established to 
set the system apart and to provide a point of study for energy or mass transfer.  Everything 
outside the boundary is called the surroundings.

A system is normally classified according to its relationship with its surroundings.  An isolated 
system has no transfer of mass or energy across the boundary with its surroundings.  A truly 
isolated system is impossible to construct.  There are, however, many systems that can be 
approximated as being isolated systems with negligible error.  A system is considered closed 
if it has no transfer of mass with its surroundings; however, a transfer of energy across the 
boundary may occur.  Many systems are closed (for example, the refrigerant system in an air 
conditioner).  An open system has a transfer of both mass and energy with its surroundings.

As an example, the gas inside a cylinder may be defined as a system.  If the cylinder is 
airtight and its walls are completely insulated to all modes of energy transfer, it would be 
an isolated system (no mass or energy transfer).  If the cylinder is airtight but heat can be 
added to or removed from the gas from outside (the surroundings), it is a closed system.  If 
the cylinder has inlet and/or outlet flow of gas (e.g. a pressure control system), it would be 
considered an open system.

Introduction
Welcome to the Heat Transfer and Thermal Hydraulics topic of the Power Plant Engineering 
Course. The purpose of this module is to assist you in recognizing heat transfer and thermal 
hydraulics as used in Pressurized Water Reactors and Boiling Water Reactors. In nuclear 
power plants, water and steam are the media most commonly used to transfer heat energy 
from the heat production source (reactor) to the mechanical conversion devices (turbines) 
that drive the electric generators.

This topic discusses the application of fundamental thermodynamic and heat transfer 
concepts used in reactor and steam plant energy conversion processes. The main goal of 
the material presented in this topic is to provide a basic understanding of the thermal and 
hydraulic principles that govern normal operation and the conditions that can limit plant 
operation. In order to better understand these concepts, this topic will also review some 
basic concepts related to heat and energy transfer.

3.1

Fundamentals Review3.2

3.2.1
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Phase
Phase is a term used to describe the molecular structure of a substance.  Phases include 
solids, liquids, vapors, gases, and plasmas.  Most people are familiar with the solid, liquid, 
and gas phases of a substance.  The common examples being ice, water, and steam.  Vapor 
refers to a gas phase at a temperature where the same substance can also exist in the liquid 
or solid state, below the critical temperature of the substance.  The vapor phase may be 
difficult to distinguish from the liquid or gas phases depending on its properties.  Clouds or 
fog might be good representations of water vapor.  The plasma phase will not be discussed 
here since it involves ionized particles whose behavior is primarily controlled by the 
electromagnetic forces acting upon them.  Plasmas may be of concern in advanced reactors 
but are not normally of concern in light water reactors.

Properties and State
Properties of a substance are measurable characteristics used to describe the substance.  
Properties can be either intensive or extensive.  An intensive property is independent of 
mass (i.e. it does not depend on how much of the substance is present).  Two examples of 
intensive properties are pressure and temperature.  An extensive property does depend on 
the mass (or how much of the substance is present).  Two examples of extensive properties 
are volume and weight.  Since it is often desired to work with properties independent of 
mass when the mass may vary, it is routine to define an intensive property that can be 
associated with particular extensive property.  For example, the specific volume (v) is volume 
per unit mass; it is an intensive property associated with the extensive property of volume.

The exact state of a pure substance can be specified by two independent properties.  For 
example, if the pressure and temperature of steam are given, other property values for 
specific volume, enthalpy, entropy, and internal energy are fixed.  When a property changes, 
“a change of state” has occurred.  Every state is unique in that every property has one and 
only one value for that state. This is an important concept when working with water or steam 
as the working fluid.

A system that is specifically designed to carry out the transfer of energy from one form to 
another is referred to as an energy transfer system.  A nuclear power plant is an example of 
an energy transfer system.  It converts the heat energy produced by nuclear fission in the 
reactor core to electrical energy produced by the turbine generator.

Regardless of where the boundaries are established in an energy transfer system, the 
system is a fluid (called the working fluid) in which energy can be stored and removed.  A 
fluid is any substance that flows.  It may be either a liquid or a gas.  In a PWR nuclear power 
plant, the working fluid is water or steam.  Other reactor designs may use other working 
fluids, such as helium or liquid sodium.

3.2.3

3.2.2
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Mass
The mass of a body is the measure of the amount of material present in that body.  The 
weight of a body is the force exerted by that body when its mass is accelerated in a 
gravitational field.  Frequently, mass and weight are said to be equivalent; however, this is 
not true, as demonstrated by Newton’s second law.

Equation 3-1

F = force (lbf)

m = mass (lbm)

a = acceleration (ft/sec2)

Force is proportional to mass times acceleration.  Force is necessary only when the mass 
is being accelerated.  No outside force is required to keep an object moving at a constant 
velocity provided we neglect the effects of friction.

The weight of a body is a force produced when the mass of the body is acted upon by a 
gravitational acceleration.  The mass of a certain body will remain constant even though 
the gravitational acceleration acting upon that body changes.  For example, on earth an 
astronaut has a certain mass and a certain weight.  When the same astronaut is placed 
on the moon, the mass is the same, but the astronaut now has a different weight (i.e., 
gravitational acceleration and force are no longer the same).

3.2.4

Changing phase usually indicates a change in molecular or atomic spacing.  In a solid, the 
molecules often exist in a closely packed, crystalline lattice.  As the solid melts, this lattice 
is destroyed, and the spacing between molecules greatly increases.  The substance has 
changed phase from a solid to a liquid.

A thermodynamic process occurs whenever a working substance changes state.  A phase 
change may or may not take place, as the working substance changes state.  As an 
example, water boiling in a steam generator undergoes both a change of state and phase.  
In a pump however, water pressure and flow rate can be increased causing the water to 
undergo a change of state (the property values of pressure, temperature, and density have 
been changed by the pump).  The water is still a liquid therefore, it has not changed phase.
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In the American Engineering System of units, force units are in pounds-force (lbf), mass 
units are in pounds-mass (lbm), and acceleration units are in feet per second squared (ft/
sec2).  Hence, the four basic units are pounds-force (lbf), pounds-mass (lbm), feet (ft), and 
seconds (sec).  The units are used to measure force, mass, length, and time respectively.

In the SI system, the corresponding units are the newton (N) for force, kilogram (kg) for 
mass, meter (m) for length, and seconds (sec) for time.

Equation 3.1 is a proportionality.  To make the equation exact, a gravitational constant, 1/
gc must be included.  This constant is defined with the units necessary to make the left and 
right sides of the equation equal.  Equation 3.1 then becomes:

Equation 3-2

F = force (lbf)

gc = gravitational constant (32.2 ft-lbm /lbf-sec2)

m = mass (lbm)

a = acceleration (ft/sec2)
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Specific Volume
The volume of a substance is the measure of the amount of space it occupies.  Volume is 
expressed in units of cubic feet or cubic meters.  The specific volume of a substance is the 
volume occupied by a unit of mass.  Specific volume has units of cubic feet per pound-mass.

ν = V/m

Equation 3-3

ν = specific volume (ft3/lbm) 

V = volume (ft3)

m = mass (lbm)

3.2.5

Density
The density of a substance is its total mass divided by its total volume.  It has units of pound-
mass per cubic foot.  Density is the reciprocal of specific volume.

ρ = m/V = 1/ν

Equation 3-4

ρ = density (lbm/ft3) 

m = mass (lbm)

V = volume (ft3)

ν = specific volume (ft3/lbm) 

3.2.6
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Specific Weight
Specific weight is the weight per unit volume of a substance.  It has units of pounds-

force per cubic feet.

γ = W/V

Equation 3-5

γ = specific weight (lbf/ft3) 

W = weight (lbf)

V = volume (ft3)

3.2.7

Specific Gravity
The specific gravity of a fluid is the ratio of a fluid density to the density of water at 40°F 
(62.4 lbm/ft3).

Specific Gravity (S.G.) = ρfluid / ρwater 

Equation 3-6

ρfluid = density of fluid being measured (lbm/ft3)

ρwater = density of water at standard temperature (40°F) and pressure (14.7 psia) = (62.4 lbm/
ft3) 

Specific gravity is unitless because it is the ratio of two quantities having the same units.  
Knowing the specific gravity of a substance provides a quick way of determining if the 
substance will float or sink when put in water.  If specific gravity is greater than one, a 
substance will sink; if specific gravity is less than one, it will float.

Specific gravity is commonly used to determine the relative quantities of two fluids in a 
mixture and is usually measured with a hydrometer.

For example, a battery hydrometer measures the specific gravity of the electrolyte in a 
battery.  Determining the specific gravity of the battery’s electrolyte determines its charge.

3.2.8
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Temperature
Temperature is a measure of the motion of the molecules in a system.  It is a basic 
measure of the object’s thermal properties.  Temperature is commonly measured 

with a thermometer that has a scale calibrated either in degrees Fahrenheit (American 
Engineering System units) or in degrees Celsius (SI units).  The Celsius scale used to be 
known as the Centigrade scale and the two terms are frequently interchanged.

The Fahrenheit scale is commonly used in the USA.  The Celsius scale is widely used 
in many scientific applications and in Europe.  Both scales are based on the boiling and 
freezing points of water at a standard atmospheric pressure (this standard is defined since 
the boiling and freezing points of water vary with pressure).  For the Fahrenheit scale, the 
lower defining point, 0 degrees, was established as the temperature of a solution of brine 
made from equal parts of ice and salt.  This explains why water freezes at 32°F instead of at 
0°F.  The scales provide only relative thermal energy content between two points.  In order 
to analyze system thermodynamic properties, an absolute temperature scale is required with 
a reference point corresponding to zero energy content (often referred to as absolute zero).  
Both of the common temperature scales (Fahrenheit and Celsius) have corresponding 
absolute temperature scales (Rankine and Kelvin).  See Figure 3-1.

Figure 3-1: Various Temperature Scales

On the Kelvin scale, a one degree change in Kelvin (K) is equal to a one degree change in 
degrees Celsius (°C). The symbol for SI absolute temperature is technically K, without the 
degree (°) symbol.  However, it may also be seen as °K.

3.2.9
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Another absolute measure of thermal energy content is the Rankine temperature scale.  On 
the Rankine scale, a one degree change in degrees Rankine (°R) is equal to a one degree 
change in degrees Fahrenheit (°F).  Note that 0°R equals 0 K, which is to be expected since 
both use zero energy content as the reference point. 

It is often necessary to convert relative temperatures from Fahrenheit to Celsius or from 
Celsius to Fahrenheit.  The following formulas may be used:

Equation 3-7

This equation shows that every Celsius degree is 9/5 times the magnitude of a Fahrenheit 
degree.  At atmospheric pressure, water freezes and boils over a span of 100 Celsius 
degrees.  A span of 180 degrees is required on a Fahrenheit scale (212° - 32° = 180°).

Also, on the Celsius scale, the freezing point of water is referenced at 0°C.  Therefore, 32 
degrees is added to allow for the shift in the Fahrenheit reference freezing point of 32°F

Thermodynamic equations and definitions generally use the absolute temperature scales 
(°R, K) and not the relative scales (°F, °C).  An exception to this rule is allowable if the only 
concern is a change in magnitude and not the absolute value of temperature.
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Pressure
The force per unit of area that a substance exerts on its surroundings is known as pressure.  
Pressure is a result of the continuous impingement of molecules in motion on the walls or 
boundaries of a container.  Pressure is therefore proportional to the number of molecules 
and the mass (density) of the molecules, and the molecular energy level (temperature) of the 
molecules.

Pressure can be measured in pounds-force per square inch (psi).  In SI units, pressure 
is given in pascals (N/m2).  The base unit for area in the American Engineering System is 
square feet.  It may become necessary to convert pounds-force per square inch (lbf/in2) 
to (or from) pounds-force per square foot (lbf /ft2).  Since there are 144 square inches per 
square foot, this is easily done by multiplying psi by 144 to obtain lbf/ft2, or dividing lbf/ft2 by 
144 to obtain psi.  An additional unit of pressure, the torr (symbol: Torr) is a unit of pressure 
based on an absolute scale, now defined as exactly 1/760 of a standard atmosphere. Thus 
one torr is exactly 101325/760 pascals (~133.3 Pa). Historically, one torr was intended to be 
the same as one “millimeter of mercury”. However, subsequent redefinitions of the two units 
made them slightly different (by less than 0.000015%).  

Pressure is also measured in terms of an equivalent column of liquid, usually water (H2O) or 
mercury (Hg).  The height of the column can be directly converted to a force per unit area.  
The most common units of this type of measurement are feet of water (ft H2O), inches of 
mercury (in. Hg), and, in SI units, millimeters of mercury (mm Hg).  

Pressure gauges indicate pressures that are above atmospheric pressure.  These pressures 
are read as psig (lbf /in2 gauge).  Conversely, pressures below atmospheric pressure are 
measured with vacuum gauges.  Vacuum pressures can be measured in pounds-force per 
square inch vacuum (psiv) or in terms of the height of a column of mercury (in Hg vac).

Absolute pressure provides a reference point for all types of pressure measurements.  
Absolute pressure is pressure relative to the pressure existing in a perfect vacuum (Pabs = 0).

Most pressure gauges measure pressure relative to atmospheric pressure.  Standard 
atmospheric pressure at sea level has been established in SI units as the pressure exerted 
by a column of mercury 760 millimeters in height.  This is equivalent to 29.92 inches of 
mercury, 33.9 feet of water, 14.7 psi, 760 Torr or 101.3 kilopascal (kPa).

3.2.10
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The relationships between the various ways of expressing pressure are shown in the 
following formulas and in Figure 3-2.

Pabs = Patm + Pgauge

Pabs = Patm - Pvac

Pabs = absolute pressure (psia)

Patm = atmospheric pressure (psia)

Pgauge = gauge pressure (psig)

Pvac = vacuum (psiv)

Conversion relationships for pressure:

0.491 psi = 1 in Hg

0.433 psi = 1 ft H2O

0.433 psi = 1 ft H2O

Figure 3-2: Pressure and Vacuum Relationships
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Work
Work is defined as the force (F) used to move a mass, multiplied by the distance (d) the 
mass is moved.  This is the common definition used in physics and thermodynamics.  If an 
object is moved from one position to another, work has been done on the object.  This can 
be written as:

W = Fd

Equation 3-8

W = work (ft-lbf)

F = force (lbf)

d = distance (ft)

The units of work are force times distance.  In the American Engineering System, foot 
pounds-force (ft-lbf) is used.  The SI units are newton-meter (N-m).  The newton-meter is 
also referred to as a joule (J).  In thermodynamics, we generally are concerned with two 
types of work, mechanical work and flow work.

3.2.11
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Flow Work
Flow work is the work required to maintain a continuous, steady flow of a fluid.  Flow work is 
important when moving a fluid from one point to another. If a volume of fluid is forced past a 
boundary in a pipe, the fluid delivers work by moving the volume of fluid in front of it.  Flow 
work is performed by the fluid flowing past the boundary and is equal to a force (F) acting 
through a distance (L).

Wflow = FL
and since

F = PA
then

Wflow = PAL
and since

V = AL
then

Wflow = PV

Equation 3-9

Wflow = flow work (ft-lbf)

F = force (lbf)

L = length (ft)

P = pressure (lbf/ft2) 

A = area (ft2)

V = volume (ft3)

3.2.12
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Power
In engineering practice, power is a term that is used more often than work.  Power is the rate 
of doing work, or the work done per unit of time.  Power is measured in horsepower in the 
American Engineering System.

In SI units, power is measured in watts.

Engines and motors are rated in horsepower or watts.  Using the conversion factor given 
above, the amount of work able to be done in a period of time can be found from a given 
horsepower rating.  Therefore, an engine rated at one hundred horsepower can provide 
55,000 ft-lbf per second of work when required.

3.2.13

Energy
Energy is the capacity of a system to perform work or produce heat.  It is hard to define 
energy in a general sense.  But it is easy to define it in terms of the work done by or on a 
system.  The concept that a system possesses a certain quantity of energy that decreases 
when the system works, and increases when work is done on the system, is fundamental 
to understanding energy transfer systems.  When the working fluid works, fluid energy is 
decreased.  When work is done on the working fluid, fluid energy is increased.

3.2.14

Flow work is mechanical work (ft-lbf) and can also be expressed in British thermal units (Btu) 
by using a conversion factor:

1 British thermal unit (Btu) = 778 ft-lbf 

Flow work can also be referred to as flow energy.  Both terms have the same meaning.
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There are many different forms of energy, among them are: mechanical energy, thermal 
energy, electrical energy, chemical energy, and nuclear energy.  The total energy of a 
substance is the sum of the magnitudes of the various forms of energy that the substance 
possesses.

Normally, the absolute total amount of energy a body possesses cannot be determined 
(referenced to zero energy).  Energy must be measured either with respect to some 
reference or with respect to some other system or body (relative energy).  As an example, 
the potential energy of a pound of lead is defined in terms of its position above some 
reference position or relative to another pound of lead.  This approach works for most 
engineering applications since the change in energy relates to the work done.

There are four forms of energy possessed by the working fluid in an energy transfer system 
that are important in the analysis of such systems: potential energy, kinetic energy, internal 
energy, and PV energy.

Potential Energy
Potential energy (PE) is the energy a substance possesses as a function of its position 
relative to a given reference point (e.g. height above the ground).  Using American 
Engineering System units, it can be defined by the following equation:

Equation 3-10

PE = potential energy (ft-lbf)

M = mass (lbm)

g = acceleration due to gravity (32.2 ft/sec2) 

z = height above reference level (ft)

gc = gravitational constant (32.2 ft-lbm /lbf-sec2)

3.2.15
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In most engineering calculations, the acceleration of gravity (g) is numerically equal to the 
gravitational constant (gc).  Thus, the potential energy, in foot pounds-force, is equal to the 
product of the mass (m), in pounds-mass, times the height (z), in feet above some reference 
level such as sea level.

Kinetic Energy
Kinetic energy (KE) is the energy a substance possesses as a function of its relative motion.  
Using American Engineering System units, it can be defined by the following equation:

Equation 3-11

KE = kinetic energy (ft lbf)

m = mass (lbm)

v→ = velocity (ft/sec) 

gc = gravitational constant (32.2 ft-lbm /lbf-sec2)

3.2.16

Internal Energy
Potential energy and kinetic energy can be referred to as macroscopic forms of energy.  
They can be seen in terms of the position and the velocity of the total system.  But, in 
addition to these macroscopic forms of energy, a substance possesses several microscopic 
forms of energy.  These are due to the rotation, vibration, translation, and interactions among 
the molecules of the substance.

In thermodynamics, the internal energy of a system is energy contained within the system, 
excluding the kinetic energy of motion of the system as a whole and the potential energy of 
the system as a whole due to external force fields. It keeps account of the gains and losses 
of energy of the system that are due to changes in its internal state.  It accounts in other 
words for the microscopic forms of energy.  In engineering applications, the unit of internal 
energy is the British Thermal Unit (Btu), which is also the unit of heat.

3.2.17
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The specific internal energy of a substance is its internal energy per unit mass.  It equals the 
total internal energy divided by the total mass.

Equation 3-12

u = specific internal energy (Btu/lbm) 

U = internal energy (Btu)

m = mass (lbm)

PV Energy
Another form of energy that a working fluid possesses is referred to as PV energy.  It is 
equal to the product of the pressure (P) and volume (V) of the working fluid.

Energy has been defined as the capacity of a system to perform work or produce heat.  
When the fluid in a pressurized system is permitted to expand, the PV energy of the system 
decreases (pressure drops) and work is done on the surroundings.  It can be seen then that 
a fluid under pressure has the capacity to do work.  In engineering applications, the units of 
PV energy are foot pounds-force (ft-lbf).

The specific PV energy of a substance is the PV energy per unit mass.  It is equal to the total 
PV energy divided by the total mass, or the product of the pressure and the specific volume, 
and is written as Pʋ.

Equation 3-13

Pʋ = specific PV energy (ft-lbf /lbm) 

3.2.18
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Overview of the Steam Power Cycle
The main components used in the process of converting heat into work are shown 
schematically in Figure 3-3. The first component shown in Figure 3-3 is the reactor or steam 
generator, where heat enters the system and water is converted into steam. In a nuclear 
power plant, the heat used to boil water comes from the nuclear energy produced by the 
fission process. When the water boils, it turns into steam, a high-temperature, high-pressure 
gas.

Figure 3-3: Basic Steam Water Power Cycle

P = pressure (lbf /ft2) 

V = volume (ft3)

m = mass (lbm)

Steam Power Cycle
Thomas Savery, an English inventor, built the first steam-powered fire engine in the late 
seventeenth century. Before the beginning of the nineteenth century a very simple steam 
engine was being used to pump water out of Scottish coal mines. Since those early times, 
a whole area of scientific study has been developed around the use of steam to produce 
power. This area of study is called thermodynamics (thermo, meaning heat; dynamics, 
meaning work), and it deals with the conversion of heat into work. Thermodynamics is 
important in the study of power plant performance because, in a nuclear power plant, heat is 
used to produce steam to do work. 

3.3

3.3.1
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Saturation
Saturation is a function of temperature and pressure.  Consider a teapot on a stove open to 
the atmosphere and at a location where the pressure is that of a standard atmosphere, 14.7 
psia.  This teapot is partially filled with cold water at 32°F.  If heat is added to the water in the 
teapot, the temperature of the water will rise until it reaches 212°F.  This is called sensible 
heat.  Sensible heat is heat exchanged by a body or thermodynamic system that changes 
the temperature, and some macroscopic variables of the body, but leaves unchanged certain 
other macroscopic variables, such as volume or pressure. At 212°F, the temperature of the 
water will no longer rise, but some of the water will evaporate (change phase) or boil into 
steam.  The heat transfer during this time is referred to as latent heat.  Latent heat measures 
change in internal energy that is hidden from a thermometer (i.e. the temperature reading 
doesn’t change). The temperature at which the water first begins to evaporate into steam, 
while under a given pressure, such as 14.7 psia (atmospheric pressure), is known as the 
saturation temperature. At this temperature, water is said to be saturated water or saturated 

3.3.2

The steam flows through a series of pipes to the next component, the turbine. In the turbine, 
some of the energy carried by the steam is extracted and turned into useful work. The steam 
forces the turbine to rotate, and this action turns the generator, which produces electricity. 
The steam loses some of its energy as it forces the turbine to rotate. When it leaves the 
turbine, the steam is at a lower pressure and a lower temperature than when it entered the 
turbine.

The lower energy steam flows into the next system component, the condenser. The steam 
in the condenser is cooled by an external water system and changed into water called 
condensate. During this process the steam loses more of its energy. The heat energy 
released by the steam is transferred to the cooling water where it is rejected from the system 
and lost from the cycle.

The condensate from the condenser, now at low pressure and low temperature, flows to the 
next system component, the pump. The condensate pump increases the pressure of the 
water and forces it back into the reactor or steam generator so that the process can begin 
again. The condensate pump increases the water pressure by putting work into the water. 

The cycle shown in Figure 3-3 and discussed in this chapter is called the steam-water cycle. 
It is a continuing cycle. Water is heated until it becomes steam, which powers a turbine. The 
lower energy steam leaving the turbine passes to the condenser, where it becomes water 
again. The water is then pumped back into the boiler to restart the cycle.

The steam-water cycle is also a process of heat in/heat out and work in/work out. Heat 
enters or is added to the system in the reactor, steam generator, and feedwater heaters and 
heat is rejected or leaves the system in the condenser. Work enters the system at the pump, 
and work leaves the system at the turbine.
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liquid.  The term “saturation” results from the idea that the water is “saturated” with heat.  If 
any more heat is supplied, the water will evaporate into steam.  Thus, 212°F is the saturation 
temperature corresponding to a saturation pressure of 14.7 psia.

Vaporization is another term that can be associated with the phase change from liquid to 
vapor.  It is the process by which vapor molecules escape from a liquid by reason of their 
greater kinetic energy.  This extra energy enables these molecules to break through the 
surface of the liquid and rise above it.  When a liquid is in an open vessel, evaporation can 
continue until all the liquid is gone.  When a liquid is in a closed vessel, the liquid and its 
vapor phase will be in equilibrium.  Vapor can be seen coming off a liquid when the liquid is 
below the saturation temperature (e.g. a pond of relatively warm water on a cold day).

Suppose the teapot is located where the atmospheric pressure is 10 psia.  As heat is 
added, the water temperature rises from 32°F to 193°F.  Once at 193°F, the water begins 
to evaporate and boil.  Thus, 193°F is the saturation temperature that corresponds to a 
saturation pressure of 10 psia.

Similarly, if the teapot is enclosed in a partial vacuum, for example 5 psia, the water will 
evaporate at a saturation temperature of 162°F.

Suppose the outlet of the teapot is restricted such that the internal pressure becomes 120 
psia.  If heat is added to the water, the water will not begin to evaporate until a temperature 
of 341°F, which is the saturation temperature that corresponds to a pressure of 120 psia.

The following conclusion may now be stated.  For every pressure, there is a corresponding 
temperature, called the saturation temperature, at which water will evaporate.  The converse 
is also true.  For every saturation temperature at which boiling or evaporation occurs, there 
is a corresponding saturation pressure.

Superheat
Superheated vapor is defined as vapor heated beyond the saturated vapor state.  This term 
is applied loosely.  Sometimes, a superheated gas means a gas existing above its critical 
temperature but below its critical pressure.  In this course, the terms superheated vapor, 
gas, or steam will be used to denote a gas that has been heated beyond its saturation 
temperature for a given pressure (e.g. steam at 300°F and at 14.7 psia).

3.3.3

Subcooling
The term “subcooled” infers that the liquid exists at a temperature below saturation for its 
pressure.  Similarly the term “compressed” infers that the pressure of the liquid is above the 
saturation pressure for its temperature.  They both refer to the same state of the liquid.

3.3.4



USNRC HRTDREV 0817 3-29

The amount of subcooling of the liquid, in degrees, is described as the difference between 
the actual temperature of a liquid and its saturation temperature at a given pressure.  The 
difference in the liquid’s pressure and its saturation pressure may also be used to describe 
subcooling.  

To calculate the subcooling, the actual temperature of the liquid is subtracted from the 
saturation temperature of the liquid (pressure works the same way).

subcooling (°F) = Tsat –T

subcooling (°F) = number of degrees of subcooling (°F)

Tsat = temperature of saturated liquid of the given pressure (°F)

T = temperature of subcooled or compressed liquid being considered °F

P-T and P-ʋ Diagrams
A Pressure-Temperature (P-T) diagram, like the one shown in Figure 3-27, graphically 
depicts the phase behavior of a pure substance.  The P-T diagram is a two dimensional 
projection of a three dimensional surface.  It depicts the phase behavior of a substance as a 
function of pressure, temperature, and also specific volume.

A P-T diagram has three regions corresponding to the solid, liquid, and gas phases of a 
substance.  The three phase curves are called the Sublimation, Fusion, and Vaporization 
Lines and they clearly divide the three phases.  The P-T diagram will be different for each 
pure substance.

The Sublimation Line represents values of pressure and temperature at which a substance 
can exist as both a solid and gas in equilibrium.  Equilibrium means there is no net change in 
the quantity of solid or gas as long as the initial conditions of pressure and temperature are 
not changed and no heat is added or removed.

The Fusion Line represents values of pressure and temperature at which a substance 
can exist as both a liquid and solid in equilibrium.  The Fusion Line is believed to continue 
upward indefinitely.  For most substances, the Fusion Line curves to the right gradually 
as pressure increases.  An important exception to this is water.  The Fusion Line for water 
curves to the left, and the melting point of water actually decreases at higher pressures.

3.3.5
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The latent heat of fusion is the amount of heat that must be added to change the phase of a 
solid to a liquid at constant temperature and pressure.  If a liquid is frozen, the latent heat of 
fusion represents the amount of heat that must be added to change it to a liquid.  The latent 
heat of fusion for ice is 144 Btu/lbm at a pressure of one atmosphere and a temperature of 
32°F.

As heat is added to a liquid at some constant pressure below critical pressure (Pc), we 
move to the right on the P-T diagram as the temperature of the liquid is elevated, until the 
Vaporization Line is reached.  At this point, any addition of heat results in a phase change 
as the liquid evaporates into a gas.  The latent heat of vaporization is the amount of heat 
that must be added to cause this phase transition.  The latent heat of vaporization for water 
is 970 Btu/lbm at a pressure of one atmosphere and a temperature of 212°F.  Less heat 
is required at higher temperatures and pressures to produce the same phase change.  
For example, water at a pressure of 2,200 psia requires the addition of only 426.7 Btu 
to vaporize one lbm of water at 649.45°F.  The values associated with the latent heat of 
vaporization for water can be found in the saturated steam tables.

The points at which a substance can exist as both a liquid and gas in equilibrium are 
represented by the Vaporization Line.  Although the Fusion Line has no upper limit, the 
Vaporization Line terminates at a point defined as the “critical point” for the substance.

The highest temperature (critical temperature) and pressure (critical pressure) at which 
a gas and liquid can exist in equilibrium as distinguishable phases is represented by the 
critical point.  At temperatures and pressures higher than the critical point, the substance 
is considered a fluid; something neither gas or liquid. At pressures lower than the critical 
pressure (but at higher temps), the substance is considered a gas.

No definable phase change occurs above the critical point.  Two arbitrarily drawn lines are 
extended to the right and upward from the critical point to constitute an area where a gas 
or liquid state is not readily apparent.  Any substance whose property values cause it to fall 
within this area is referred to as a fluid.  A fluid is considered to be neither gas nor liquid.  
Therefore, a phase transition does not occur at the points that define these lines, but they 
do correspond to an arbitrary definition of what is a liquid and what is a gas.  The fluid region 
simply refers to the indeterminate area in between these states.

The critical point of water occurs at a pressure of 3,208.2 psia and a temperature of 
705.47°F.  At the critical point, the latent heat of vaporization is zero, since steam and water 
are perceived as one and the same.  Most atmospheric gases have critical temperatures 
much lower than water.  For example, the critical temperature of helium is 9.54°R or 
-450.46°F.  Therefore, helium at room temperature is at a temperature approximately 55 
times greater than its critical temperature.  Conversely, the critical temperature of metals is 
typically much higher than the critical temperature of water. Sodium, for example, has an 
extrapolated critical temperature of 4172°F and an extrapolated critical pressure of 5077 
psia.
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The single point at which the three phase lines come together is called the “triple point” for 
the substance. This point is unique because all three phases (solid, liquid, and gas) can 
exist in equilibrium with each other while at this pressure and temperature.  For example, the 
triple point of water is at a temperature of 32.02°F and a pressure of 0.089 psia.  At this state 
point, ice, water, and water vapor would exist together.

P-T diagrams are useful to show some phase relationships, but it must be remembered that 
it is only a two dimensional projection of a three dimensional quantity.  The third dimension 
of specific volume (ʋ) is of considerable use, particularly in studying vapor properties. The 
value of this dimension necessitates another two-dimensional diagram of a substance’s 
properties on a diagram.  This diagram is referred to as a P-ʋ diagram.  A typical P-ʋ 
projection is shown in Figure 3-5 and corresponds to the same substance as shown in 
Figure 3-4.  Of special interest is that on the P-ʋ diagram, the triple point becomes a Triple 
Point Line, separating the solid-liquid, solid-vapor, and liquid-vapor regions.

Figure 3-4: Pressure - Temperature Curve
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Figure 3-5: Pressure - Specific Volume Curve

Most thermodynamic processes are concerned with some sort of liquid-vapor cycle.  Hence, 
it is common to see the P-ʋ diagram simplified to show only the so-called vapor dome of the 
substance.  This way we can concentrate on the liquid-vapor mixture of a working substance 
without the extraneous information concerning its solid phases.

Steam Quality and Moisture Content
The Saturated Liquid Line is a plot of all the state points that corresponded to the saturation 
temperature and pressure of the liquid on the P-ʋ diagram (Figure 3-5).  The Saturated 
Liquid Line for a substance begins at the Triple Point Line and ends at the critical point.

If a saturated liquid is heated, the liquid gradually evaporates, forming a mixture of liquid 
and vapor (sometimes called a wet vapor).  As long as some liquid is present, any heat 
added will be used to vaporize the remaining liquid, and no temperature rise will occur.  If the 
mixture is allowed to expand freely, no pressure increase will occur.  As more of the liquid 

3.3.6
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is vaporized, the specific volume of the mixture will continue to increase.  The graphical 
representation of what occurs as heat is added would be a straight line across the vapor 
dome.

At the point when the last of the liquid has boiled off and become vapor, the vapor is defined 
as saturated (or dry).  Any further addition of heat will once again increase the temperature, 
only now it is heating a vapor.  The temperature will remain constant if any heat is removed 
at this point, but some of the vapor will condense and liquid will appear again.  

Similar to the Saturated Liquid Line, the Saturated Vapor Line is composed of all the 
saturated vapor points.  The Saturated Vapor Line begins at the critical point and ends at 
the Triple Point Line.  Above and to the right of the critical point, the substance takes on the 
characteristics of a fluid that cannot be condensed or vaporized.  The area directly below the 
Saturated Liquid Line and the Saturated Vapor Lines is defined as the vapor dome or wet 
vapor region.

Dry vapor exists on the Saturated Vapor Line.  If additional energy (heat) is added, the 
temperature will rise again.  However, if energy or heat is removed from the dry vapor on the 
Saturated Vapor Line, the vapor will condense and form a wet vapor mixture.

The state points at which a substance can exist in equilibrium in both the liquid and gas 
phases is represented by the entire vapor dome.  The Vaporization Line, shown on Figure 
3-4, corresponds to the area bounded by the vapor dome (Figure 3-5).  The amount of vapor 
present relative to the amount of liquid in the equilibrium mixture determines the position of 
the state point within the vapor dome.

The amount of liquid present in a wet vapor mixture is described as the moisture content (M) 
of the vapor.  Conversely, the vapor quality (X) is the amount of vapor present in the mixture.  
When the mixture is steam, we characteristically speak of steam quality.  As the amount of 
water present in the mixture decreases, the steam quality increases.

The moisture content (M) is defined as:

Quality (X) is defined as:
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Therefore:

X = 1 - M

Quality is often given as a percentage, with a quality of 100% corresponding to saturated 
(dry) steam.

Power plant designers place great importance on steam quality. In steam systems, moisture 
removal components are supplied to ensure only high quality steam (>99%) is supplied 
to the high and low-pressure turbines.  This minimizes turbine blading damage caused by 
moisture impingement, and also results in higher turbine efficiencies, since more energy can 
be extracted from steam than from water.  To determine PWR core thermal power limitations, 
it is important to determine the quality of the saturated water-steam mixture.

Pressure and temperature are not independent properties within the vapor dome.  Unlike 
the superheated vapor or subcooled liquid regions, determining one of these two properties 
(pressure or temperature) within the vapor dome also determines the other.  A substance 
at a given saturation temperature and pressure, may be a saturated liquid, wet vapor, or 
saturated (dry) vapor.  Some other property must be known to determine the actual state 
of the mixture.  Moisture content or vapor quality may be considered properties within the 
vapor dome, and therefore, can be used to derive the remaining properties.  However, both 
moisture content and vapor quality lose all significance and become meaningless outside 
the vapor dome.

The First Law of Thermodynamics
The first law of thermodynamics states that energy is neither created nor destroyed. The 
forms that energy takes may change, but the amount of energy remains constant. In a 
power plant, this law means that the plant cannot produce work unless energy is added. The 
concept of the first law is easily applied to the plant. When the energy into the plant equals 
the energy leaving the plant, the system is said to be balanced. In this case, energy in 
equals energy out (Ein = Eout). The energy in the plant remains constant.

If the plant becomes unbalanced, then energy in does not equal energy out. In the 
unbalanced plant there must be a change in the amount of energy stored in the plant 
because energy cannot just appear or disappear. This relationship is shown by Equation 
3-14:

Equation 3-14

3.3.7
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Energy is usually stored in the plant as heat that has increased the temperature of some part 
of the plant. Energy can be stored in other forms. One example is water stored in a reservoir 
behind a dam. In this case, energy is stored as potential energy.

During steady-state plant operation, the system is balanced, and energy in equals energy 
out. This is not the case during startup and shutdown. During startup, the energy coming into 
the plant is greater than the energy leaving the plant. When this occurs, there is an increase 
in stored energy, and the plant heats up. During shutdown, the energy coming into the plant 
is less than the energy leaving the plant. In this situation, the stored energy decreases, and 
the plant cools down.

The first law of thermodynamics can be used to account for many things that take place 
during plant operation. First, however, Equation 3-14 must be expanded to include the 
various forms of energy that can exist in the plant. For a more detailed breakdown, Equation 
3-14 can be expanded as follows:

Equation 3-15

The following forms of energy are included in Equation 3-15:

Potential energy (PE) - energy due to an object’s vertical position

Kinetic energy (KE) - energy due to an object’s motion

Internal energy (U) - energy due to the motion of an object’s molecules

Flow work (PV) - energy due to pressure times volume

Mechanical work (W) - energy due to a force acting through a distance

Heat (Q) - the transfer of internal energy into or out of an object

This is a form of the General Energy Equation.

Energy is the potential to do work. In a power plant, a certain amount of energy is added to 
the plant, and some part of this energy is turned into work. The amount of energy turned into 
work compared to the energy added is a measure of the power plant efficiency.
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Enthalpy
In looking at the General Energy Equation, we can see that PV and U energy terms are 
themselves properties.  These energy terms often appear together in expressions describing 
the energy possessed by a working fluid.  Thus, for convenience, these properties are 
combined in one term called enthalpy (H).  Because enthalpy is composed entirely of 
properties of the working fluid, it is itself a property.  In equation form, enthalpy is written as:

where:

H = enthalpy (Btu)

U = total internal energy (Btu)

P = pressure (lbf /ft2)

V = total volume (ft3)

J = Joule’s constant (778 ft lbf /Btu)

We define the term specific enthalpy (h), or enthalpy per unit mass, as:

where:

h = specific enthalpy (Btu /lbm)

u = specific internal energy (Btu /lbm)

P = pressure (lbf /ft2)

3.3.8
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ʋ = specific volume (ft3/lbm)

J = Joule’s constant (778 ft-lbf /Btu)

General Energy Equation Simplified for Components
The General Energy Equation can be simplified and applied to the various components of 
the steam power cycle.  Therefore, for a typical boiler process, the General Energy Equation 
reduces to:

P1V1 + U1 = P2V2 + U2

This equation can be reduced even further by replacing the PV + U terms on both sides with 
enthalpy terms and then factoring out the mass.  Making this substitution and rearranging 
will yield the following equation for heat added per unit mass by the boiler:

q = h2 – h1

For a typical nozzle, 

where:

A = cross sectional flow area (ft2)

v→ = fluid velocity (ft/sec)

ρ = density of fluid (lbm/ft3)

The General Energy Equation for a turbine can be simplified by making reasonable 
assumptions.

22. The potential energy terms can be neglected.  This is possible because of    
the small difference in elevation between the entrance and exhaust of the    
turbine.

3.3.9



USNRC HRTDREV 0817 3-38

23. The kinetic energy may also be neglected because the change in velocity    
from the inlet to the outlet is minor in comparison to the other terms.

24. There are heat losses to the surroundings, but because most turbines are    
heavily insulated, it is very small in comparison to the work output.  

Making these simplifications to the General Energy Equation, we obtain:

P1V1 + U1 = P2V2 + U2 + W

The equation can be further simplified by combining the terms into enthalpy and dividing 
through with the mass to make the equation:

W = hin - hout

The General Energy Equation for a pump can be reduced to:

P1V1 + U1 = P2V2 + U2 + W

The equation can be further simplified by combining terms into enthalpy and dividing through 
with the mass to make the equation:

W = hin - hout

Therefore, for a typical heat exchanging process, the General Energy Equation reduces to:

P1V1 + U1 = P2V2 + U2 + Q

This equation can be reduced even further by replacing the PV + U terms on both sides with 
enthalpy terms and then factoring out the mass.  Making this substitution and rearranging 
will yield the following General Energy Equation for a condenser/heat exchanger:

Q = hin - hout
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Bernoulli’s Equation
Bernoulli’s equation results from the application of the general energy equation to a steady 
flow system in which no heat is transferred to or from the fluid, no work is done by or on the 
fluid, and no change occurs in the internal energy of the fluid.  Under these conditions, the 
general energy equation can be simplified to:

PE1 + KE1 +P1V1 = PE2 + KE2 + P2V2

where:

PE = potential energy (ft-lbf)

KE = kinetic energy (ft-lbf)

P = pressure (lbf /ft2)

V = volume (ft3)

3.3.10

Gas Laws
“At low pressures, the volume of a gas at constant temperature is inversely proportional to 
the absolute pressure of the gas.”

This statement is Boyle’s Law, written mathematically as:

P1V1 = P2V2 = PV = K (constant)

at a constant temperature (T)

“At low pressures, the volume of a gas at constant pressure is directly proportional to the 
absolute temperature of the gas.”

This statement is Charles’ Law, written mathematically as:

3.3.11
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at a constant pressure (P).

Charles’ Law and Boyle’s Law are valid for ideal gases and real gases in the pressure range 
that a real gas behaves like an ideal gas.  Therefore, any real gas at low pressure will obey 
these laws and may be combined to derive the following law:

“For a given mass of any gas, the product of the absolute pressure and volume occupied by 
the gas, divided by its absolute temperature, is a constant.”

This statement is the Combined Gas Law, written mathematically as:

By applying the gas laws already presented in this chapter, we can derive the Ideal Gas Law.  
Remember, Boyle worked with constant temperature and Charles with constant pressure.  
Their laws will be further expanded to form the Ideal Gas Law.

An ideal gas was defined as one in which PV/T = K (a constant) under all circumstances.  
PV/T = K is a specific application of the General Energy Equation.  Though no such gas 
exists, the fact that a real gas behaves approximately like an ideal gas provided a specific 
target for theories for the gaseous state.

Experimenters found the constant (K), in terms of the number of moles (n) of gas in a 
sample, by making use of the fact that the molar volume of a gas at 273K (0°C) and 
standard pressure (1 atm or 14.7 psia or ) is 22.4 liters.

where:

Pressure (P) = 1 atmosphere (14.7 psia)
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Volume (V) = 22.4 liters

Temperature (T) = 273 K (0°C)

The complete Ideal Gas Law is usually written as:

PV = nRT

where: 

P = absolute pressure (psia)

V = volume (ft3)

n = number of moles

R = universal or ideal gas constant (atm-liters / mole-R)

T = absolute temperature (R)

The Ideal Gas Law should not be used to determine properties for steam.  The 
characteristic equation of state for a vapor is considerably more complicated than for an 
ideal gas.  Steam is so important to thermodynamic processes, that reliable and accurate 
information concerning steam properties is required.  Properties of steam have been 
extensively measured over most ranges of interest. Steam tables were developed to 
contain this experimentally derived information.  Operators use steam tables to verify plant 
instrumentation and examine equipment performance.  Steam tables allow the operator to 
have additional information of plant conditions, for example, determining the exact steam 
temperature from pressure readings.  These tables give the various properties of steam 
at a given state point, which is usually fixed by the measured properties of temperature or 
pressure.

However, they can be used to approximate or help to explain behavior in the pressurizer for 
a pressurized water reactor and to explain behavior in components such as accumulators.
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Ideal and Reversible Processes
The First Law of Thermodynamics says that energy must be conserved in any process, but 
it gives no information about the feasibility of the process.  If ice and hot water are placed 
in an insulated container, the ice will melt, and once melted, ice will not form again in the 
container.  Although energy can be conserved, heat energy cannot flow from an object of 
lower temperature to an object of higher temperature without work being done.  Although the 
First Law of Thermodynamics is a very useful tool, it does not indicate if a particular energy 
transfer process can take place.

All processes are either reversible or irreversible.  In a reversible process, the system is 
always in a condition that is very close to thermal equilibrium.  A reversible process can be 
reversed and leave no change in the system or its surroundings.  A reversible process is 
synonymous with an “ideal” or “frictionless” process.  However, in reality there are no real 
reversible processes.

3.3.12

The Second Law of Thermodynamics
The second law of thermodynamics states that heat naturally flows downhill, that is, from a 
high temperature region to a low temperature region. A consequence of this phenomenon 
is that work is required to move heat from a low temperature region to a high temperature 
region. This part of the second law is easily observed in everyday life. Hot objects naturally 
lose heat to cooler objects, but work is needed to move heat from the low temperature air in 
a refrigerator to the higher temperature outside air.

As a result, not all heat added to a system can be changed into work. This was discovered 
by the early experimenters with steam engines, who found that all steam engines had to 
reject some heat to the environment to produce work. The rejected heat is lost or wasted 
energy from the viewpoint of the power cycle.

3.3.13

Entropy
It is not enough to know the amount of heat transferred.  When we consider how much work 
might be done with an amount of heat, we must also know the temperature at which it is 
transferred.  Entropy is a property used to describe both the amount of heat transferred and 
the temperature at which it is transferred.

Entropy is a most difficult property to define, particularly in physically meaningful terms.  The 
change in entropy is normally defined instead of entropy itself.  The change in entropy (∆S) 
equals the heat (Q) transferred to or from a system, divided by the absolute temperature 
(Tabs) at which the heat is transferred.

3.3.14
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where: 

∆S = change in entropy (Btu/°R)

≡ symbol for “defined as”

Q = heat transferred (Btu)

Tabs = absolute temperature (°R)

Like pressure, temperature, or enthalpy, changes in entropy can be determined by knowing 
the initial and final conditions of a substance. For any process to be feasible, the change 
in entropy (∆S) must be greater than zero.  If the change in entropy is equal to or less than 
zero, the process is impossible. For a reversible process, the entropy change is equal to 
zero. Irreversible processes result in an entropy change greater than zero.

As with other properties, it is common to refer to specific entropy rather than entropy.  
Specific entropy (s), or entropy per lbm, is defined as:

where:

s = specific entropy (Btu/lbm-°R)

S = entropy (Btu /°R)

m = mass (lbm)
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Thermodynamic Cycle Efficiency
Experiments have shown that the efficiency of a steam plant cannot exceed a definite limit 
that depends on the temperature at which heat is added to the cycle and the temperature at 
which heat is rejected from the cycle. As mentioned above, only some of the heat supplied 
to a power cycle can be converted to work. Thus, even if the equipment in the plant operated 
ideally (i.e., perfect performance with no heat loss and no friction), the plant could not 
achieve 100% thermodynamic efficiency.

This principle can be understood by examining a simple power cycle such as the one shown 
in Figure 3-6.

Figure 3-6: Simple Power Cycle

In the simple cycle, the work done by the cycle is the difference between the heat added in 
the PWR steam generator (or BWR reactor) and the heat rejected in the condenser.

W = Qin + Qout

Further, the thermodynamic efficiency of a plant is defined as the ratio of the work to the heat 
added.

3.3.15
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Since the simple cycle is based on reversible (ideal) processes, another characteristic is that 
the change in entropy during the heat addition process is the same as the change of entropy 
during the heat rejection process.

Combining these relationships yields Equation 3-16, which can be used to determine the 
theoretical maximum efficiency of a heat power cycle.

Equation 3-16

In this equation, Tout is the absolute temperature at which heat is rejected from the cycle, and 
Tin is the absolute temperature at which heat is added to the cycle.

This expression shows why power plants are designed for the highest practical temperature 
for heat addition and the lowest possible temperature for heat rejection because achieving 
either or both will increase plant efficiency.

As an example, the temperatures at which a plant operates can be used to calculate the 
theoretical maximum efficiency for the plant. Assume that all heat is added in the PWR 
steam generator (or BWR reactor) at 540°F and all heat is rejected in the condenser at 
80°F. The maximum theoretical efficiency of the cycle can be calculated using absolute 
temperatures as follows:
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On the basis of this calculation, the maximum theoretical efficiency of this plant cycle is 46%. 
This limit can be used as a point of comparison for the actual efficiency. The actual efficiency 
of a real plant cycle is always less than the theoretical maximum thermodynamic efficiency. 
There are a number of reasons for this. First, not all heat is added at the maximum 
temperature of the plant. This has the effect of reducing the effective temperature for heat 
addition to the plant. Second, the components and equipment in the plant are not perfectly 
insulated and some heat is lost from the components and pipes. This heat never has an 
opportunity to do real work. Third, power cycle components such as pumps and turbines are 
not frictionless. Friction reduces the amount of work produced by the turbine and increases 
the amount of work required by the pump. Lastly, not all heat is rejected at the minimum 
plant temperature. This has the effect of increasing the temperature for heat rejection.

As an example, assume heat addition starts to occur at 440°F. If 440°F is used for the 
thermodynamic efficiency calculation, then:

In practice, heat is added over a range of temperatures between 440°F and 540°F. 
Therefore, the effective temperature for heat addition for the cycle would be between 440°F 
and 540°F, resulting in a maximum theoretical efficiency somewhere between .40 and .46.
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T-S and H-S Cycle Diagrams
To operate a power plant at the best efficiency, an understanding of what is happening 
in each phase of the heat power cycle is needed. A graph called a temperature-entropy 
(T-S) diagram can be used to investigate plant processes. This diagram is useful for 
understanding heat, work, and cycle efficiencies.

Figure 3-7 is a T-S diagram for a PWR steam power cycle.

Figure 3-7: Temperature Entropy Diagram for Analysis of Simple Steam Cycle

The curve shown on the diagram is called the saturation dome. Points on the curve on the 
left portion of the dome represent water just as it is ready to boil at various temperatures 
(i.e., a saturated liquid). Points on the curve on the right portion of the dome represent 
steam just as it is ready to condense at various temperatures (i.e., a saturated vapor). The 
area to the left of the saturation dome represents liquid water. The area to the right of the 
dome represents steam with no water. The area under the dome represents a steam-water 
mixture. The path or processes in the steam cycle are shown on the diagram. Note the 
positions of the four basic PWR components; steam generator, turbine, condenser, and 
pump.

At point 1 on the diagram, water is heated at a constant pressure, and the water temperature 
increases until the saturated liquid curve is reached. At this point, the water starts to become 
steam. Boiling occurs at a constant temperature (isothermal process) and constant pressure 
(isobaric process) under the steam dome until point 2 on the saturated vapor curve is 
reached where all water has changed to steam.

3.3.16
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At point 2 the steam enters the turbine. Because some of the steam’s energy is converted 
into work in the turbine, the steam loses some temperature and pressure. If the turbine is 
assumed to be an ideal or a perfect machine, the steam will expand in the turbine along 
the vertical line until point 3 is reached where the steam enters the condenser at condenser 
pressure. A perfect machine is an idealized concept of a machine that can operate without 
friction and without heat loss (or gain) (adiabatic process).

Recall that steam expansion along the vertical line in the turbine means that entropy of the 
steam remains constant (isentropic) in the turbine. This is only true for an ideal turbine. In 
a real turbine, entropy actually increases during the steam expansion process and point 
3 will lie somewhat to the right of the isentropic expansion point. Because the real steam 
expansion process is not isentropic, less work is extracted from expansion through a real 
turbine than an ideal turbine. The mechanical efficiency of a turbine is the ratio of the real 
turbine work to the ideal turbine work, as shown in Equation 3-17:

Equation 3-17

In the condenser, heat is removed from the steam at constant temperature and pressure 
until point 4 is reached, where all steam condenses to water.

The pump then increases the pressure of the water to point 1 and forces the water back to 
the steam generator. (Some heat is also added to the water by the feedwater preheaters.) If 
the pump is assumed to be an ideal or perfect pump (no friction or heat loss), the pump will 
compress the water along a vertical line, and the entropy will remain constant (isentropic) 
during the pumping process.  In a real pump, entropy actually increases during the pump 
compression process, and point 1 will lie somewhat to the right of the isentropic compression 
point. Because the compression process is not isentropic, more work is required to 
compress water in a real pump than in an ideal pump. The mechanical efficiency of a pump 
is the ratio of the ideal pump work to the real pump work, as shown in Equation 3-18:

Equation 3-18
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The T-S diagram is a useful tool for explaining how a steam power cycle works. However, 
actual calculations are more straightforward if the enthalpy is known at each of the four 
points in the cycle. Enthalpy is not usually found on a T-S diagram, but the required values 
can be obtained from the steam tables if the state of each point is known. For illustration 
purposes, lines of constant enthalpy have been drawn on Figure 3-7.

Another way of finding the enthalpy at each of the four points is to use an H-S or Mollier 
diagram. The Mollier diagram shown in Figure 3-8 is an abbreviated H-S diagram for steam 
and water. An advantage of the Mollier diagram is that values of enthalpy can be read 
directly from the diagram if the state of a point is known.

Figure 3-8: Mollier Diagram
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An inspection of Figure 3-7 shows that some processes in the steam plant cycle are ideally 
isentropic (steam expansion in the turbine, pressure increase in the feed pump) and some 
are isothermal (boiling, condensation); however, no steam cycle events are isenthalpic, or 
constant enthalpy, processes.  One process that occurs in a steam plant that is isenthalpic 
is steam expansion through a throttling device, such as leakage through a safety/relief valve 
or throttling through a pressure reducing valve. A Mollier diagram (Figure 3-8) is useful for 
determining the downstream conditions after this isenthalpic steam expansion occurs.

Carnot Cycle
The basic Carnot cycle involves a theoretically frictionless one-cylinder engine.  The 
engine is assumed to have non-conducting walls, a non-conducting piston, and a 
conducting cylinder head.  The medium within the cylinder is an ideal gas.  Figure 3-9 is a 
representation of this cycle on temperature-specific entropy (T-s) diagram.

Figure 3-9: Carnot Cycle

3.3.17
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In Process 1, a cylinder containing the gas is placed in contact with a high temperature 
reservoir (heat source) at a temperature of TA.  Heat (q1-2) flows reversibly from the reservoir 
to the gas through the cylinder head.  The piston then moves, doing an amount of work (W1-

2) due to the isothermal (constant temperature) expansion of the gas.  This is shown as the 
line between points 1-2 on Figure 3-9.

In Process 2, following the isothermal expansion of the gas, the cylinder head is removed 
from the heat source.  The gas is then allowed to finish expanding adiabatically (no heat 
flows into or out of the gas), and an amount of work (W2-3) is done.  The work done is 
represented by a drop in temperature of the gas from TA to TR, and is shown as the line 
between points 2-3 on Figure 3-9.

In Process 3, the cylinder head is placed in contact with a low temperature reservoir 
(heat sink) at temperature TR.  The piston is used to isothermally compress the gas, and 
an amount of heat (q3-4) is transferred to the heat sink through the cylinder head.  This 
isothermal compression requires some amount of work (W3-4) to be done on the piston.  This 
is shown as the line between points 3-4 on Figure3-9.

In Process 4, the cylinder head is removed from the heat sink.  The piston is returned to its 
initial state by undergoing adiabatic compression, which requires some amount of work (W4-

1) to be done.  The cycle is completed when the cylinder head is again placed in contact with 
the heat source.  This is shown as the line between points 4-1 on Figure 3-9.

During the Carnot cycle just described, a certain amount of heat and work was added to 
or removed from the system.  Heat was added to the system when the cylinder head was 
exposed to the heat source (QA = q1-2).  This process is represented on Figure 3-9 as an 
isothermal increase in system-specific entropy, and the process line (1-2) moves from left to 
right.

Work was done by the system when the gas expanded and caused the piston to move out 
of the cylinder (W2-3).  This process is represented on Figure 3-9 as a constant entropy 
reduction in system temperature from TA to TR, and the process line (2-3) moves from top to 
bottom.

Heat was rejected from the system when the cylinder head was exposed to the heat sink 
(QR = q3-4).  This process is represented on Figure 3-9 as an isothermal reduction in system-
specific entropy, and the process line (3-4) moves from right to left.

Work was done on the system when the gas was compressed by movement of the piston 
into the cylinder (W4-1).  This process is represented on Figure 3-9 as a constant entropy 
increase in system temperature from TA to TR, and the process line (4-1) moves from bottom 
to top.
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Thermodynamic cycle efficiency is defined as the ratio of net work (W) or energy output of 
the system divided by the heat energy added to the system.  The greater the percentage of 
energy input converted to work, the greater the cycle efficiency.

In a 100% efficient cycle, all of the energy put into the cycle would be converted to a useful 
work output.  However, as previously discussed, heat must be rejected for the cycle to be 
continuous.

Rankine Cycle
From the previous discussion and examples of the Carnot cycle, it is obvious that some 
other method is necessary to more closely approximate the processes in a cycle to actual 
operation.  This was accomplished by a Scottish engineer, William Rankine, who proposed a 
more realistic cycle called the Rankine cycle.  The Rankine cycle is shown in Figure 3-10.

Figure 3-10: Rankine Cycle

3.3.18
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The processes that comprise the Rankine cycle are:

1-2: Heat is added to the system to raise liquid temperature to saturated conditions, and 
then further to cause a phase change from saturated liquid to saturated vapor (steam).

2-3: Constant specific entropy expansion (in an ideal turbine) with shaft work output.

3-4: Constant pressure transfer of heat to the heat sink.  Unavailable heat is rejected to the 
atmospheric sink.

4-1: Liquid is compressed with no change in specific entropy (by an ideal pump).

Steam Power Cycle Analysis
A basic steam cycle similar to those employed by nuclear power plants is shown in Figure 
3-11. Included in the system are a reactor or steam generator, a turbine, a condenser, and a 
feed pump.

Figure 3-11: Basic Steam Cycle

3.3.19
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This cycle is also shown on a T-S diagram in Figure 3-12.

Figure 3-12: T-S Diagram for Basic Steam Cycle

To summarize the cycle:

1-2: Heat addition at constant pressure in the reactor or steam generator.

2-3S: Isentropic expansion of the steam through an ideal turbine.

3S-4: Heat rejection at constant pressure in the condenser.

4-1: Isentropic compression in an ideal pump.

The line 2-3 shows the effect of a non-ideal turbine. Notice the increase in entropy, Δs, which 
reduces the actual work output of the turbine. In this case, heat rejection in the condenser 
would occur along line 3-4.

Quantities of energy and work can be calculated directly by plotting the steam cycle on the 
H-S diagram in Figure 3-13.
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Figure 3-13: H-S Diagram for Basic Steam Cycle

The important relationships for these calculations are:

1. Heat added:

2. Energy converted to work in the ideal turbine is:

Energy converted to work in the real turbine is:
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where ET is the real turbine efficiency and is given by:

ET is a characteristic of the specific turbine and the value is provided by the manufacturer. A 
typical value for ET is 85%.

3. Heat rejected in the condenser following an ideal steam expansion is:

Since the turbine is not ideal, the actual energy rejected in the condenser is:

Because h3 is greater than h3S, the absolute value of q3-4 is greater than the absolute value of 
q3S-4. The negative sign simply indicates heat rejection rather than heat addition.

4. Work used by the feed pump to increase feedwater pressure is:

A typical value for Ep = 90%. In practice, WP actual and WP ideal are assumed to be 
the same since the error introduced by this assumption has little effect on overall plant 
performance calculations.
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Example Cycle Analysis
For the purpose of an example, the following quantities will be determined assuming the 
mass flow rate (ṁ) in the plant is 2 x 106 lbm/hr:

• Heat added in the reactor or steam generator (in a PWR, the heat added in the steam 
generator is approximately equal to the heat obtained from the reactor),

• Useful work out of the turbine,

• Heat rejected in the condenser,

• Work required to drive the feed pump, and

• The cycle efficiency.

Turbine Work

Refer to Figure 3-13, where the analysis starts at point 2 in the cycle. This point is the outlet 
of the reactor or steam generator and the inlet to the turbine. The assumption is made that 
the steam supplied to the turbine is a saturated vapor with no superheat. The reactor or 
steam generator outlet steam pressure is 1015 psia (1000 psig) and the steam mass flow 
rate is 2 x 106 lbm/hr.

3.3.20

3.3.20.1
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Figure 3-13: H-S Diagram for Basic Steam Cycle

From the steam tables or directly from the Mollier diagram, the specific enthalpy of saturated 
vapor, hg, at 1015 psia is about 1191 BTU/lbm. This enthalpy corresponds to point 2 on 
Figure 3-13.

The steam expands through the turbine and exhausts at the same pressure as the 
condenser (in this instance, 2 in Hg absolute). Solving for the point 3S enthalpy can be done 
on a Mollier diagram. With an isentropic expansion, the steam expands through the turbine 
along the constant entropy line until point 3S is reached where the constant pressure line 
for 2 in Hg is intersected. From the Mollier diagram enthalpy axis, h3S is determined to be 
approximately 774 BTU/lbm.

To determine h3, the actual enthalpy of the exhaust steam, the turbine efficiency relationship 
and an assumed efficiency of 85% is used.
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h3 is plotted on the Mollier diagram at the intersection of the 2 in Hg constant pressure line 
and the 836 BTU/lbm constant enthalpy line.

The actual turbine work output per lbm of steam is:

W2-3 = h2 - h3

W2-3 = 1191 - 836 = 355 BTU/lbm

The turbine power can be found by multiplying W2-3 by the steam flow rate:

Turbine Power = ṁ x W2-3

Turbine Power = 2 x 106lbm/hr x 355 BTU/lbm

Turbine Power = 7.1 x 108 BTU/hr

Turbine power can be converted to ft-lbf/hr, horsepower, or megawatts (MW) as desired by 
using the proper conversion factors.
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Condenser Heat Rejection

The heat rejected in the condenser is given by:

q3-4 = h4 - h3

The pressure at point 4 is 2 in. Hg absolute or .98 psia. The saturation temperature is 101°F. 
The saturated steam tables show that point 4 corresponds to a saturated liquid with an 
enthalpy, hf, of about 69 BTU/lbm. Using this value for h4, the amount of heat rejected in the 
condenser per lbm of steam is:

q3-4 = 69 - 836 = -767 BTU/lbm

The negative sign means a loss of heat from the system. The rate of heat rejection is this 
value multiplied by the exhaust flow rate:

Note that more than twice as much heat is rejected in the condenser as is extracted by the 
turbine.

Feed Pump Work

Work is required to drive the feed pump which increases the pressure of the feedwater to 
1015 psia. This work is given by:

W4-1 = h4 - h1 BTU/lbm

Since the saturation temperature corresponding to 1015 psia is about 546°F, the pump 
discharge is subcooled water. From subcooled water tables, the enthalpy for h1, compressed 
water at 101°F and a pressure of about 1000 psia, is about 71.7 BTU/lbm.

Therefore, the pump work is:

W4-1 = 69 - 71.7 = -2.7 BTU/lbm

3.3.20.3

3.3.20.2
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The negative sign arises because this is work that must be put into the cycle or done on 
the system. The pump work load or pumping power is determined by multiplying W4-1 by the 
mass flow rate:

Pumping Power = ṁ x W4-1

Pumping Power = 2 x 106 lbm/hr x (-2.7 BTU/lbm)

Pumping Power = -5.4 x 106 BTU/hr

The pumping power can be converted to horsepower, ft-lbf/hr, or megawatts (MW) as 
desired by using the proper conversion factor.

Neglecting the minus sign, the magnitude of the ratio of the pumping power to the turbine 
power is:

Thus, the ratio of the required pumping power to the turbine power is less than 1%. This 
small ratio is the primary justification for ignoring pump efficiency in the overall analysis as 
discussed earlier.

Heat Addition

The heat added to the cycle is:

The values of h2 and h1 were determined earlier so:

3.3.20.4
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The heat added to the cycle, which is about equal to the reactor thermal power, is found by 
multiplying q1-2 by the steam flow rate:

Since 1 megawatt equals 3.413 x 106 BTU/hr, reactor thermal power can be given as:

Cycle Efficiency

The actual cycle efficiency is given by:

Wact is the net work of the cycle which is the difference between the turbine and pump work. 
If pump work is neglected, the net work is the turbine work.

Eact = 31.7%, which is representative of the actual cycle efficiency of modern nuclear plants.

The actual efficiency can be compared to the maximum theoretical efficiency for this cycle 
which is given by:

3.3.20.5
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Tout = (Saturation Temperature in Condenser) = 101°F = 561°R

Tin = (Saturation Temperature in reactor / steam generator = 546°F = 1006°R

Ethmax = .442 = 44.2%

As expected, the actual efficiency is less than the theoretical maximum efficiency.

Improving Cycle Efficiency
Any improvements that can be made in cycle efficiency will increase the amount of electric 
power that can be generated from a given amount of nuclear fuel. Either increasing the 
effective temperature during heat addition or decreasing the effective temperature during 
heat rejection will improve cycle efficiency. Various methods are used to improve the 
efficiency of the steam plant cycle. Two methods commonly used in nuclear power plants are 
discussed in the following sections.

3.3.21
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Feedwater Heating

Feedwater heating is used to preheat the feedwater prior to entering the reactor/steam 
generator. Feedwater heating is accomplished by directing the feedwater through a series of 
heat exchangers called feedwater heaters. A steam cycle incorporating feedwater heating is 
shown in Figure 3-8.

Figure 3-8: Steam Cycle with Feedwater Heating and Reheating

The heating medium for the feedwater heaters is typically turbine extraction steam. 
Extraction steam from the turbines has a high moisture content and is removed from various 
turbine stages to prevent erosion of the latter stage blades. After transferring heat to the 
feedwater, the extraction steam remnants exiting the feedwater heaters are drained to the 
condensate system or sent to the main condenser.

Preheating the feedwater with extraction steam uses energy that would otherwise be 
rejected or lost from the steam cycle. Essentially, heating increases the effective temperature 
for heat addition during steam generation. With warmer feedwater entering the reactor/
steam generator, less reactor heat is required to change each pound of feedwater to steam. 
The overall effect is an improvement in cycle efficiency. The effect of feedwater heating on 
the steam plant cycle is shown on a T-S diagram in Figure 3-9.

3.3.21.1
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Figure 3-9: T-S Diagram for Steam Cycle (Ideal) with Feedwater Heating & Steam Reheating

Steam Reheating

Steam reheating is used to dry and slightly superheat (reheat) the steam that has been 
partially expanded in the turbine. In nuclear power plants, reheating is typically accomplished 
by directing the high pressure turbine exhaust through a heat exchanger called a moisture-
separator/reheater (MSR). The dried and reheated steam is then directed to the low 
pressure turbine for more expansion. A steam plant cycle incorporating reheating is shown in 
Figure 3-8.

The heating medium for the MSR is typically main steam or high temperature turbine 
extraction steam. After transferring heat to the cooler high pressure turbine exhaust in the 
MSR, the heating medium steam remnants are drained to the condensate system or sent 
to the main condenser. In some plants with feedwater heating, the heating medium steam 
remnants may also be used in the feedwater heaters.

Removing the moisture from and reheating the high pressure turbine exhaust steam prior 
to sending it to the low pressure turbine allows the steam expansion to continue to a lower 
pressure/temperature and thereby reduces the effective temperature for heat rejection 
during steam condensation. The lower heat rejection temperature is manifested in a lower 
condenser pressure that permits greater steam expansion in the turbines. A greater steam 

3.3.21.2
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expansion extracts more work from each pound of steam, which results in an improvement 
in cycle efficiency. The effect of reheating on the steam plant cycle is shown on a T-S 
diagram in Figure 3-9.

Plant Parameter Changes Affecting Efficiency

Plant operators must be aware of how changing plant parameters will affect plant efficiency.  
Any change in plant efficiency will cause a change in power output from the reactor.  Plant 
parameter changes affecting plant thermodynamic efficiency include:

• Increasing condenser vacuum – the lower the pressure in the main condenser, 
the greater the work done by the turbine and, hence, the greater the overall plant 
efficiency.

• Increasing circulating water system flow rate – a higher circulating water system flow 
rate reduces condenser temperature, lowering the pressure at the exhaust of the 
turbine.  Lower pressure at the exhaust of the turbine increases plant efficiency. 

• Lowering circulating water system inlet temperature – lower circulating water system 
inlet temperature increases the heat transfer rate in the condenser, resulting in lower 
condenser temperature and pressure.  Lower pressure at the exhaust of the turbine 
increases plant efficiency.

• Reducing condensate depression – the less heat energy rejected to the circulating 
water system by excessively subcooling the condensate, the more efficient the plant.  
If less energy is rejected to the circulating water, the condensate and feedwater 
temperature will require less energy from the fission process to raise the temperature 
to operating temperatures.

• Increasing feedwater heating – for greatest efficiency, heat transfer should occur at a 
constant temperature.  By raising feedwater temperature to near Tsat for the existing 
boiler pressure, plant efficiency is increased.  Now less energy from the fission process 
is required to raise feedwater temperature to operating temperatures.

• Increasing steam temperature at the turbine entrance – higher inlet steam temperature 
increases the available work that can be extracted from the turbine.  More work results 
in an increase in plant efficiency.  Some plants have steam superheaters to serve 
a similar function for the high-pressure turbine.  Moisture separator/reheaters are 
included in typical steam systems to serve this function for the low-pressure turbine.

3.3.21.3



USNRC HRTDREV 0817 3-67

Basic Heat Transfer Mechanisms and Principles
There are two primary mechanisms of heat transfer: conduction and radiation. Convection, 
sometimes referred to as separate mechanism, is actually a combination of conduction, 
radiation, and mass transfer. Conduction heat transfer is a flow of heat through a body or 
between bodies in direct contact. It results from the transfer of kinetic energy by molecular 
motion. Radiation heat transfer occurs when energy is exchanged between bodies through 
an intervening space by electromagnetic waves. Convection is the transfer of heat between 
a fluid and a surface by circulation or mixing of the fluid. Because convection depends on 
the fluid’s direct contact with the surface, the heat transfer between the fluid molecules and 
the associated surface involves the mechanism of conduction.

3.4

Conduction
Conduction is the basic method of heat transfer through any solid material, such as the 
cladding around fuel elements or the wall of a steam generator tube. Conduction is heat 
transfer from one molecule to another molecule. Figure 3-10 shows the cladding of a fuel 
element, with the heat source on one side and water on the other. For simplicity, the cladding 
is modeled as a wall.

3.4.1
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Figure 3-10: Heat Conduction Through a Plane Wall

The molecules in the metal wall are constantly vibrating. As the temperature of the metal 
increases, the energy of the molecules increases and the vibrations become stronger. When 
a hot molecule strikes a cool molecule, energy transfers to the cool molecule. This cool 
molecule, in turn, will transfer energy to a still cooler molecule. The process continues until a 
flow of energy or heat across the metal wall is achieved.

The transfer of energy from hot molecules to cool molecules is the fundamental principle of 
conduction heat transfer. Therefore, if heat is to be conducted, there must be a temperature 
difference between the molecules. If there is no temperature difference, no heat will flow.

The fundamental principles of conduction heat transfer can be summarized as follows:

There must be a temperature gradient (ΔT) for heat to be transferred through a material.
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The amount of heat transferred per unit time will depend upon the thickness (X) of the 
material. If the material is very thick, little or no heat will be transferred through the wall.

The amount of heat transferred per unit time will depend on the area (A) of the material.

The amount of heat transferred per unit time will depend upon the thermal conductivity (k) of 
the material. A material that is a poor conductor of heat or a good insulator will have a small 
k. A material that is a good conductor of heat or a poor insulator will have a large k.

With these principles, a word and a mathematical equation can be written to describe 
conduction heat transfer. The amount of heat transferred is directly proportional to the 
temperature gradient and total area, and inversely proportional to the material thickness.

To make this proportionality an equality, a constant of proportionality can be introduced. This 
constant is the “coefficient of thermal conductivity” or “thermal conductivity” of the material. 
The expression then becomes:

In mathematical terms, this expression becomes Equation 3-19:

Equation 3-19

where:

Q̇ = rate of heat transfer (BTU/hr),

k = coefficient of thermal conductivity (BTU/hr-ft-°F),

A = area of surface (ft2),

T1 = higher temperature (°F),
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T2 = lower temperature (°F), and

X = material thickness (ft).

Equation 3-19 is called Fourier’s Law for time independent, steady-state heat flow.

Thermal conductivity of different materials varies greatly. Metals and alloys have high values 
of k, while most insulating materials such as glass wool, cork, and kapok have low values. 
In actuality, thermal conductivity is somewhat dependent upon temperature, and generally 
increases with increasing temperature. The variation of k with temperature in metals is 
small, however, and for many crystalline substances the thermal conductivity decreases 
with temperature. For most practical purposes, k can be assumed to be constant. However, 
at high temperatures such as those existing in reactor fuel, this assumption can introduce 
substantial error.

Another frequently used term is “heat flux:”(Q̇/A). Heat flux is the heat flow rate per unit area 
and its units are BTU/hr-ft2. Heat flux is a convenient way of expressing heat transfer rate on 
a per unit basis.

Fourier’s Law is readily adapted to produce results in terms of heat flux by dividing both 
sides by the area (A), as shown in Equation 3-20:

Equation 3-20

Radiation
Radiation is the transmission of energy by electromagnetic waves across an intervening 
space. A body emits electromagnetic waves by virtue of its absolute temperature. In general, 
the body must be extremely hot for a substantial amount of energy to be emitted in this form.

A body having a temperature above absolute zero radiates energy. Electromagnetic waves 
emitted by such a body are similar to light waves but usually have longer wave lengths. 
These waves may either be absorbed, transmitted, or reflected by objects which they strike. 
In turn, the body receives energy from other radiating bodies and either absorbs, transmits, 
or reflects these waves.

Radiation heat transfer can be a significant method of energy transfer wherever very high 
temperatures are found. Radiation heat transfer is quite important in high temperature 
furnaces and internal combustion engines.

3.4.2
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Radiation heat transfer from a body depends upon the absolute temperature of the body, the 
shape of the surface of the body, and a term called the emissivity (ability to emit) of a body. 
In general, radiation heat transfer from a body can be quite difficult to calculate because 
the net radiation heat transfer rate is the difference between the energy being radiated by 
a body and the energy being absorbed by the body. An important point to remember about 
radiation heat transfer is that the radiation heat transfer between two bodies at temperatures 
T1 and T2 is proportional to T1

4  - T2
4 (when T is in units of Kelvinor Rankine) not T1 - T2 as for 

conduction and convection.

Radiation heat transfer is not an especially important heat transfer mechanism during 
normal plant operation. One place where radiation heat transfer can be important for nuclear 
reactors is following a loss-of-coolant accidents (LOCA) when the nuclear fuel is uncovered. 
Under these conditions, the primary means by which the high temperature fuel element can 
cool itself prior to initiation of Emergency Core Cooling Systems (ECCS) is by heat radiation 
to cooler fuel rods and surroundings. Prevention of this condition is one reason for the 
thermal safety limits provided for all power reactors.



USNRC HRTDREV 0817 3-72

Convection
Convection is the transfer of heat between a fluid and a surface by the circulation or mixing 
of a fluid. Figure 3-11 shows the convection process.

Figure 3-11: Convection Heat Transfer From a Surface

In Figure 3-11, a fluid is flowing over a heated wall surface. Whenever fluid is in contact 
with a wall, a very thin layer of stagnant fluid exists immediately next to the surface. Such a 
layer is known as a stagnant (or fluid) film. The film contains several slowly moving layers 
of fluid only a few molecules thick. Any heat passing from the wall to the bulk fluid must 
pass through this film. The film’s thermal properties are the same as the fluid, but the film’s 
thickness depends on fluid viscosity and the fluid flow conditions. The film is thickest for 
laminar flow and free convection (natural circulation). It is thinnest during turbulent flow and 
forced convection. A typical film thickness for free convection is 0.04 inch.

Heat is transferred across the fluid film in a process similar to conduction. The process is 
slightly different in that there is a mechanical motion of the film (albeit slow). Hence, heat 
energy is carried away from the surface by two mechanisms as follows:

3.4.3
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The physical collision of fluid molecules and wall material, thereby transferring heat energy 
in a manner identical to conduction, and

The mechanical movement of fluid molecules away from the surface and out into the fluid, 
where stored energy is transferred through random collisions with other fluid molecules.

Convection heat transfer from the heated surface, through the film, and into the bulk fluid, 
is described by the same fundamental relationships as conduction heat transfer. The rate 
at which heat is transferred across the film is proportional to the temperature gradient, 
the thermal conductivity of the stagnant film, and the total area from which the heat is 
transferred. The heat transfer rate is inversely proportional to the thickness of the fluid film. 
Fourier’s law can be written for the heat transfer across the film as Equation 3-21:

Equation 3-21

where:

Q̇ = total heat transfer rate (BTU/hr),

kf = thermal conductivity of the stagnant film (BTU/hr-ft-°F),

A = total surface area (ft2),

Tw = wall surface temperature (°F),

Tf = bulk fluid temperature (°F), and

Xf = stagnant film thickness (ft).

The heat flux equation is Equation 3-22:

Equation 3-22
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Where

The use of this equation would be simple if not for the extreme difficulty of determining actual 
film thickness (Xf) which depends on:

• Fluid velocity,

• Fluid viscosity,

• Heat flux,

• Surface roughness, and

• Type of flow (single- or two-phase flow).

Because of these difficulties, it is customary to combine kf/Xf and call this new term the 
film heat transfer coefficient, (hf). Film heat transfer coefficients are normally determined 
empirically and have units of BTU/hr-ft2-°F. The basic equation for heat convection from a 
surface then becomes:

If the bulk fluid temperature (Tf) is higher than the surface temperature, the heat flux 
calculated by this equation will be negative. This indicates that the heat flow is from the fluid 
to the surface (i.e., the fluid is losing heat).
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Practical Applications of Heat Transfer in the Plant3.5

Physical Parameters of Basic Heat Transfer
Conduction and convection are the important heat transfer mechanisms in power plants. 
The key factors affecting conduction and convection are temperature difference across 
the transferring material, the thickness of the material, the surface area of the transferring 
material, the type of material, and the flow of fluid along the heated surface.

Temperature Difference

Heat flows from a high temperature to low temperature. This high to low temperature 
difference is represented by ΔT. For conduction and convection, heat flow is proportional to 
ΔT. The relationship between heat flow and ΔT can be expressed mathematically as follows:

where KT is a constant of proportionality.

Example:

Heat is being transferred from a source through a wall. Assume that 10 BTUs per hour are 
transferred when the ΔT across the wall is 5°F. How much ΔT is required to transfer 12 BTUs 
per hour?

3.5.1

3.5.1.1
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Material Thickness

The heat transfer rate is approximately inversely proportional to the material thickness. This 
relationship can be expressed mathematically as follows:

where Kx is a constant of proportionality.

Example:

Heat is being transferred at a 20 BTU/hr rate through a wall. If the ΔT across the wall 
remains constant, what will be the heat transfer rate if the wall thickness is halved?

3.5.1.2
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Area

The heat transfer rate is proportional to the heat transfer area. If every other factor involved 
in the heat transfer process remains constant when the heat transfer surface area doubles, 
the total heat transfer would also double. Changing heat transfer area is something that is 
actually done in the plant. For example, different numbers of feedwater heaters are used for 
operation at different power levels, as are different numbers of lube oil coolers.

The mathematical relationship is:

where KA is a constant of proportionality.

Material

The metals in the plant are good conductors. An obvious poor conductor is the insulation 
used on the piping and turbine. This insulation keeps excess heat from being wasted and 
keeps the building from becoming unbearably hot.

Other poor conductors are deposits that can build up on the walls of heat transfer surfaces 
in the reactor, steam generator, or condenser. If deposits build up on heat transfer surfaces, 
the temperature of the heat source must increase to provide the larger ΔT that is necessary 
to maintain the same heat transfer rate. If the heat source is the reactor fuel, the higher 

3.5.1.3

3.5.1.4
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temperature could cause fuel damage unless power levels are decreased. If the heat source 
is the steam in the condenser, an increase in the steam temperature would result in a 
smaller temperature drop across the turbine and reduced plant efficiency.

Heat transfer rate is proportional to thermal conductivity. Mathematically, this relationship is:

where Kk is a constant of proportionality.

Flow

Heat is transferred from the tube walls of the steam generator to the water by convection, 
which includes conduction through the fluid film before the heat enters the moving water. 
The thicker the film, the more difficult it is for the heat to be carried away from the heated 
surface.

Water flowing past a surface strips off the heated water molecules sticking to the surface. An 
increase in the flow rate causes the removal of more water molecules. Thus, an increase in 
flow rate decreases the thickness of the film, which decreases the required temperature drop 
from the wall to the moving water. The result is either a larger amount of heat transfer or a 
smaller ΔT.

The effects of flow on heat transfer from a heat transfer surface into water can be shown 
on a heat transfer curve as in Figure 3-12. Both of the axes on the graph are logarithmic 
because the graph has to cover such a wide range. The vertical axis is the heat flux (Q̇/A), 
the amount of heat transferred per unit time. The horizontal axis is the ΔT between the 
surface of the wall and the bulk of the water. The heat transfer curve assumes that pressure, 
flow, and enthalpy are all constant. If any of these properties change, the curve will change.

3.5.1.5
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Figure 3-12: Heat Transfer Curve

The solid line A in Figure 3-13 is a close up of the convection part of the heat transfer curve 
in Figure 3-12. Because the slope of line A is 1, the heat transfer rate doubles if the ΔT is 
doubled. If flow is increased, the curve shifts left to line B. If the flow is decreased, the curve 
shifts right to line C. Thus, for a constant heat transfer rate line D, the higher flow rate will 
have a smaller ΔT.

Figure 3-13: Effect of Flow on Convection Heat Transfer



USNRC HRTDREV 0817 3-80

Heat Transfer from the Fuel to the Coolant

The heat generated in the fuel must be transferred through the fuel pellet, across the pellet-
clad gap, and then through the clad to the coolant (Figure 3-14). The heated coolant is 
circulated out of the core and used to boil the water in the secondary side of the steam 
generators. The thermal conductivity (ability to transfer heat) of the fuel is quite low. The fuel 
is manufactured in a form that is ceramic or nonmetallic in structure. This results in good 
fission product retention and a high melting point. Unfortunately, it also results in poor heat 
transfer characteristics.

Figure 3-14: Local Radial Temperature and Velocity

Because of this resistance to heat transmission, the temperature gradient within the fuel 
must be high to achieve a satisfactory rate of heat transfer. Fortunately, the melting point of 
UO2 is high enough (5080°F for unirradiated fuel, approximately 4890°F for expended fuel) 
so that acceptable heat transfer rates can be attained.

3.5.1.6
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Another resistance to heat transfer from the fuel pellet to the coolant is presented by the gap 
between the pellet and the interior walls of the cladding. The gap conductance is dependent 
upon the size of the gap, the nature of the gas in the gap, and the extent of direct pellet-to-
clad contact. When the fuel is cold, there is clearance between the fuel pellets and the inner 
walls of the zircaloy rods.

At operating conditions, the highest temperature pellets will be in at least partial contact 
with the cladding’s inner wall. As irradiation progresses, the pellets swell and crack to some 
extent, increasing the amount of pellet-to-clad contact. Fission product gases mix with the 
helium gas originally present in the fuel rods. All these factors make the gap conductance 
variable and difficult to predict. Compared with the other thermal resistances, the cladding 
presents the least thermal resistance, and the temperature gradient from the inner to outer 
wall of the cladding is very small.

Heat Transfer in Heat Exchangers
The main area of difficulty in calculating heat transfer rates in heat exchangers is 
determining the heat transfer coefficient (h). The heat transfer coefficient is normally 
determined empirically for different fluids, fluid viscosities, heat flux rates, surface 
roughnesses, and fluid flow rates. By measuring heat flux and temperature differences, 
values of hf can be found using the heat flux equation discussed earlier. These values 
are then tabulated in engineering manuals for conditions of common interest. In addition, 
research has produced formulas that can be used to calculate approximate values of hf if 
conditions such as viscosity and surface roughness are known.

In many heat exchanger applications, a need exists to transfer heat from one fluid, across 
a solid divider surface (a wall or tube), to another fluid. In this instance, two stagnant 
films must be considered. In addition, it is quite common that the fluids and their thermal 
properties differ. Some examples of this application are the turbine lube oil heat exchangers 
(oil to water) and the generator hydrogen gas coolers (hydrogen to water).

3.5.2
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Figure 3-15 is a simple sketch of heat transfer in a typical heat exchanger. Fluid 1 is hotter 
than fluid 2 and releases its stored energy by heat transfer to fluid 2 (note the thermal 
gradients).

Figure 3-15: Heat Transfer for a Typical Heat Exchanger

For simplicity, most heat exchanger calculations are performed for steady-state conditions. 
Under steady-state conditions the same amount of heat flows through each fluid stagnant 
film as flows through the heat exchanger tube wall. Because most fluids have smaller 
thermal conductivities than metals, the thermal gradient is greater across the fluid films than 
the tube wall. The temperature gradients shown in Figure 3-15 are characteristic of all heat 
exchangers.
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Types of Heat Exchangers

Heat exchangers are devices that remove heat from, or add heat to, a working fluid.  They 
can be classified in many different ways.  One way they can be classified is by dividing them 
into two major categories, single-phase and two-phase.  In single-phase heat exchangers, 
both the cooling (heating) fluid and the cooled (heated) fluid remain in their initial gaseous 
or liquid phase (i.e., no phase change occurs).  Examples of a single-phase heat exchanger 
are a liquid cooled oil cooler or an air-cooled automobile radiator.  In two-phase heat 
exchangers, either the cooling (heating) fluid or the cooled (heated) fluid changes phase.  
One important two-phase heat exchanger, in a PWR nuclear power plant, is the main 
condenser.  The gland exhaust condenser, the air ejector condenser, and the feedwater 
heaters are other two-phase heat exchangers.  These all have steam changing phase to 
liquid water.

Single-phase heat exchangers and two-phase heat exchangers are similar in design.  
The primary difference between single-phase and two-phase heat exchangers is in their 
operation.

There are also two general types of heat exchangers that can be categorized by the type 
of heat transfer implemented, indirect heat exchangers and direct contact heat exchangers.  
In indirect heat exchangers, the two fluids are separated by a solid surface such as a tube 
or metal plate.  In direct contact heat exchangers, the two fluids come in contact with each 
other.

Heat exchangers can also be categorized as either regenerative or non-regenerative.  In a 
regenerative heat exchanger, the same fluid is used as the cooling fluid and the cooled fluid.  
The regenerative heat exchanger reduces heat losses from the plant because it returns heat 
back to the working fluid.

In a Non-Regenerative Heat Exchanger (NRHX), the hot fluid is cooled by a colder fluid, 
which is supplied by another system, where the heat is eventually transferred to a heat sink.  
The heat rejected in this way is wasted and contributes to reduced cycle efficiency.

In addition to the categories stated above, heat exchangers are also classified by their fluid 
flow direction.  The most common arrangements of flow paths within a heat exchanger are 
parallel flow, counter flow, and cross flow.

In a parallel flow heat exchanger, both fluids in the heat exchanger flow in the same 
direction.  When the cold fluid enters the heat exchanger, the heat transfer rate is large 
because the temperature difference (ΔT) is large.  As heat is transferred from the hot fluid 
to the cold fluid, their temperatures become closer together, and the ΔT becomes smaller.  
Therefore, the heat transfer rate decreases, as the fluids travel through the parallel heat 
exchanger.

3.5.2.1
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In a counter flow heat exchanger, the direction of flow of one working fluid is primarily 
opposite to the direction of flow of the other fluid.  As fluids flow through a heat exchanger, 
the fluid temperatures change constantly.  

If enough heat is transferred in a counter flow heat exchanger, the exiting temperature of the 
cold fluid (t2) may be higher than the exiting temperature of the hot fluid (T2).  A counter flow 
heat exchanger can transfer a relatively large amount of heat energy for its size, compared 
with the parallel flow and cross flow types, because of the large ΔT present through out the 
heat exchanger.  For this reason, most shell and tube heat exchangers are of the counter 
flow type.

In some cases, the fluid outside the tubes flows across a bank of tubes.  This is referred 
to as cross flow heat exchanger.  In a cross flow heat exchanger, the fluids flow at a 90° 
angle to one another.  Cross flow heat exchangers are often used to condense or evaporate 
liquids.  The main condensers at a power plant are cross flow heat exchangers.  Exhaust 
steam from the turbine condenses as it flows across the condenser tubes.  The latent heat of 
condensation given off by the condensing steam is transferred through the condenser tube 
walls and is absorbed by the circulating water.

Steam at temperature T1 condenses to condensate at the same temperature T2.  Remember, 
the latent heat of condensation and vaporization involves a phase change, gas to liquid 
or liquid to gas, not a temperature change T1 = T2.  Therefore, the temperature on the 
outside of the condenser tubes is constant (assuming no subcooling).  Circulating water 
enters the condenser tubes at temperature t1 and exits at a higher temperature t2.  The 
greatest temperature difference is located where the circulating water first enters the tubes.  
More heat is transferred, and therefore, more steam is condensed at this end of the heat 
exchanger.  As the circulating water temperature increases along the tube, less heat is 
transferred.

Heat transfer within a heat exchanger involves both the conductive and convective 
modes of heat transfer.  Conduction takes place across the heat exchanger tubes and the 
stagnant boundary layers.  Convection takes place in both bulk fluid flow paths.  One fluid 
convectively transfers heat to the tube wall, where conduction takes place across the tube to 
the opposite wall.  From this tube wall, the heat is once again convectively transferred to the 
second fluid in the heat exchanger.

The difficulty in applying the relationship for combined heat transfer by conduction and 
convection to real heat exchangers is that the overall temperature difference (ΔTo) is 
not constant.  In order to apply the relationship, an average temperature difference that 
accurately reflects the overall process must be used.

The inlet and outlet of the heat exchanger are commonly specified based on the fluid in 
the tubes.  The temperature differences between the two fluids at the ends of the heat 
exchanger is defined by the following relationship:
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where:

ΔTlm = log mean temperature difference (°F)

ΔT1 = temperature difference at inlet (°F)

ΔT2 = temperature difference at outlet (°F)

For many real heat exchangers, the log mean temperature difference (ΔTlm) accurately 
reflects the overall heat transfer process.  The conditions required for the use of the log 
mean temperature difference are that the temperature of one fluid varies linearly from inlet 
to outlet, while the temperature of the other fluid is either constant or varies linearly.  Under 
these conditions, the heat transfer rate equals the product of the overall heat transfer 
coefficient (Uo), the overall cross-sectional area for heat transfer (Ao), and the log mean 
temperature difference (ΔTlm).

where: 

Q̇ = heat transfer rate (Btu/hr)

Uo = overall heat transfer coefficient (Btu/hr-ft2-°F)

Ao = overall cross-sectional area for heat transfer (ft2)

ΔTlm = log mean temperature difference (°F)

The analysis of heat exchanger operation just presented is a simplified representation of 
heat exchanger operation.  Actually, analysis of heat exchanger operation is significantly 
more detailed.  In our example, we stated that the temperature differential in the heat 
exchanger was linear.  In real heat exchangers, this may not be true.  We assumed that the 
value of overall heat transfer coefficient (Uo) was the same throughout the heat exchanger.  
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The value of overall heat transfer coefficient (Uo) varies throughout the heat exchanger 
due to heat exchanger geometry and changes in the nature of fluid flow or fluid properties.  
However, these inaccuracies create only a small error in our calculations and are of primary 
concern only to the designer.

In addition to the previous methods of analyzing the processes in a heat exchanger, we can 
also use the General Energy Equation.  Recalling from earlier in the text, the General Energy 
Equation can be expressed as follows:

where: 

Q̇ = heat transfer rate (Btu/hr)

ṁ = mass flow rate (lbm/hr)

Δh = change in enthalpy of working fluid (Btu/lbm)

The typical shell and tube heat exchanger consists of a shell, a tube bundle, tube sheets, 
two waterboxes, and two fluids.  The shell forms a casing around the region where heat 
transfer occurs.  One fluid flows through the tube bundle.  That fluid is called the tube side 
fluid and is usually the fluid with the lowest temperature.  The other fluid flows outside the 
tubes and is called the shell side fluid.  The tube sheets are metal plates that the tubes are 
attached to.  The tube sheets separate the two fluids in the heat exchanger and provide 
support for the tubes.  The areas at each end of the tubes are the waterboxes.  The tube 
side fluid enters through one of the waterboxes, flows through the tubes, and exits through 
the other waterbox. 

A large number of tubes are used in a typical heat exchanger to increase the surface area 
for heat transfer.  When several tubes are used in a heat exchanger, they make up a tube 
bundle.  Tubes are attached to a tube sheet.  The tube sheet separates the shell side fluid 
from the tube side fluid.  The tube side fluid enters the heat exchanger through a nozzle in 
one head of the heat exchanger.

As the tubes heat up, they expand.  For example, a typical feedwater heater tube 30 feet 
long would expand 1.4 inches in length if heated from a shutdown temperature of 70°F to 
an operating temperature of 470°F.  To prevent damage to the tubes, one end of the tube 
bundle is designed to expand and contract with thermal expansion.  One way to allow a tube 
bundle to expand and contract is to use a floating head, where one tube sheet is allowed to 
slide, to absorb the expansion.
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Tubes within the shell can be arranged in several different ways, including (1) straight tube, 
(2) U-tube, (3) coil tube, and (4) bowed tube.

In straight tube heat exchangers, the tubes are arranged in a bundle and enclosed by the 
shell.  Straight tubes allow easy mechanical cleaning of the tube interiors and can be easily 
removed for replacement.  Normally, straight tube bundles have one floating head.

U-tube bundles have two advantages: (1) the expansion problem is simplified, and (2) half 
as many tube-to-tube sheet joints are needed.  Since the tubes are U-shaped, only one tube 
sheet is needed.  This tube sheet is rigidly attached to the shell.  The tubes are free to move 
back and forth within the shell when heated and cooled.  Exceptionally long U-tubes are 
supported in the shell.  A disadvantage of U-tube bundles is that it is difficult to mechanically 
clean the tube surfaces.

Coil tube heat exchangers have one or more coils of tubing installed inside a shell.  Since 
expansion is absorbed in the coiled tube like a spring, seals or gaskets are not needed 
between the floating head and the shell.  Coil tube heat exchangers are, therefore, suitable 
for high pressure.  These heat exchangers are usually small and are often used for sample 
coolers.

A bowed tube bundle can be solidly bolted to the shell at each end.  The bow in the tubes 
allows for thermal expansion.  An important advantage of bowed tubes is that when the 
tubes cool, any scale buildup on the inside or outside of the tubes will crack off in the 
sections that flex, as the tubes bend.

Tube surfaces can be plain or extended.  Plain surface tubes are smooth.  Examples of plain 
surface heat exchangers in the power plant are the condenser, feedwater heaters, and lube 
oil coolers.  Some tube surfaces are extended with fins, rings, studs, grooves, or some other 
type of extension.

The advantage of extended surfaces is the increase in surface area for heat transfer.  Gas-
to-liquid heat exchangers often use extended surface tubes with the gas on the finned side 
of the tube.  Gases need a larger surface for heat transfer because they have lower heat 
transfer coefficients.  Examples of extended surface heat exchangers are hydrogen coolers, 
economizers, and room heaters/coolers.

The largest shell and tube heat exchanger in the plant is the main condenser.  It is 
rectangular in shape and has thousands of tubes carrying circulating water.  Most other 
shell and tube heat exchangers found in the plant are cylindrical.  The shell may be oriented 
horizontally or vertically, depending on operational and space considerations.
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Shell and tube heat exchangers can be arranged with any number of tube or shell passes.  
A pass occurs each time either fluid flows across or along the heat exchangers’ length.  
Multiple passes allow the heat exchanger to be shorter with effectively the same tube length 
as a longer single pass exchanger.

This, however, does not make full use of the tube surfaces for heat transfer in the heat 
exchanger.  Baffles are often added to the shell interior to direct the fluid over the tubes in all 
parts of the heat exchanger.

Baffles cause the fluid to cross the tubes several times while still maintaining an overall 
counter flow direction to the fluid in the tubes.  The heat exchanger, therefore, has a 
combination of cross and counter flow heat transfer.

Plate and Frame Heat Exchangers

Plate and Frame Heat Exchangers (or just Plate Heat Exchangers) consist of two 
rectangular end members which hold together a number of embossed rectangular plates 
with holes on the corner for the fluids to pass through. Each of the plates is separated by a 
gasket which seals the plates and arranges the flow of fluids between the plates. This type of 
exchanger is becoming more common in the nuclear industry because it can easily be taken 
apart to clean and the compact size. If leakage to the environment is a concern it is possible 
to weld two plate together to ensure that the fluid flowing between the welded plates cannot 
leak. However, as there are still some gaskets present it is still possible for leakage to occur. 
Brazed plate heat exchangers avoid the possibility of leakage by brazing all the plates 
together and then welding on the inlet and outlet ports.  An exploded plate heat exchanger 
can be seen in Figure 3-16 and an assembled plate heat exchanger is shown in Figure 3-17.

Figure 3-16: Plate Heat Exchanger - Exploded

3.5.2.2
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Figure 3-17: Plate Heat Exchanger - Assembled

Heat Exchanger Operation

Before a heat exchanger can be operated, it must be filled with the operating fluids.  While 
filling a heat exchanger, the differential thermal expansion between the tubes and the 
shell should be minimized.  This is done by gradually introducing the fluids into the heat 
exchanger by throttling the inlet valves.  Warming of a heat exchanger should be done 
gradually to prevent thermal shock.  Thermal shock occurs when the temperature of the fluid 
in a system suddenly increases or decreases, causing a differential expansion or contraction 
of the metal.  If the internal pressure of the system is high or suddenly becomes high, it is 
possible for brittle fracture of the system to occur due to the additional stresses.

The heat exchanger vent valves must also be open while filling a heat exchanger.  This lets 
air escape and prevents air binding of the heat transfer surfaces.  As the heat exchanger fills 
up, the air space becomes smaller and smaller until it is gone.  At the instant the air space 
disappears, the heat exchanger is solid with water, and the pressure increases to near 
the discharge pressure of the pump being used to fill the heat exchanger.  This causes a 
pressure spike that can damage pumps, valves, pipes, and heat exchangers.

This pressure spike is one form of fluid (water) hammer.  Fluid hammer occurs when the 
velocity of a fluid flowing in a system suddenly changes.  This can happen in a steam pipe 
if it is not pre-warmed before allowing full system flow.  As the steam travels down the cold 
pipe, it condenses, forming slugs of water, which are accelerated along the pipe and impact 
on any pipe bends or restrictions in the pipe.  These impacts, or in this case water hammer, 
will cause the pipe to move and can damage pipes, pipe hangers, valves, etc.  Fluid (water) 
hammer can also be caused by starting or stopping a pump or quickly opening or closing a 
valve.  Water hammer is minimized by slowly opening and closing valves and keeping fluid 
systems filled and vented.

3.5.2.3
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The heat exchanger inlet valve is throttled to limit the inlet flow and minimize the pressure 
spike.  Once the heat exchanger is full, the vent valves are closed.

To place the heat exchanger in service, the cold fluid is circulated first.  Utilizing the vent 
connections ensures air evacuation.  A heat exchanger containing trapped air is less efficient 
because the air effectively reduces the heat transfer surface area.  The hot fluid is valved 
in last to prevent thermal shock.  Air evacuation is again accomplished using the vent 
connections.

To shutdown a heat exchanger, the flow of the hot fluid should be gradually reduced to zero.  
Then the flow of the cold fluid should be stopped.  In those heat exchangers with a cold fluid 
significantly cooler than the hot fluid or cooler than the ambient temperature, the flow should 
be stopped quickly.  This minimizes the thermal contraction during cooling.

The heat exchanger can then be drained or placed in wet lay-up (heat exchanger filled to 
the vents, and the vents open).  Draining of a heat exchanger is done by opening the vent 
valves and then the drain valves.  A heat exchanger is placed in wet lay-up if it is to be 
returned to service after a short time and the heat exchanger does not require maintenance.

Control of Heat Transfer in a Heat Exchanger

The dynamic operation of a heat exchanger depends upon many factors.  The equations 
used for determining the temperature change or enthalpy change presented in the text 
assume that the overall heat transfer coefficient is a constant throughout the length of the 
heat exchanger.  The overall heat transfer coefficient depends upon the convective heat 
transfer on both sides of the heat exchanger tubes and the conductive heat transfer through 
the tube walls.

The conductive heat transfer is determined by the thermal conductivity of the heat exchanger 
tubes and the driving ΔT across the tube walls.  The thermal conductivity is temperature 
dependent.  The driving ΔT changes along the length of the heat exchanger.

The convective heat transfer is determined by the convective heat transfer coefficients of 
the fluids on both sides of the heat transfer tubes.  The convective heat transfer coefficient 
is higher for higher mass flow rates, fluids with higher specific heat capacity, and fluids with 
higher thermal conductivity.  For a given system, the only parameter that can be easily 
controlled is the mass flow rate of the fluids.

Hot fluid outlet temperature (Tout2) can be decreased by increasing the flow of the cold fluid 
or decreasing the flow of the hot fluid.  This assumes that the change in flow rate is small 
enough so that the heat transfer coefficients of the fluids do not change.  For given mass 
flow rates for both the hot and cold fluids, the hot fluid outlet temperature changes in the 
same manner as the hot fluid inlet temperature changes.  If Tin2 increases, Tout2 increases.

3.5.2.4
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It is not as obvious what happens to the hot fluid outlet temperature when the cold fluid inlet 
temperature changes.  Assume that the hot fluid inlet temperature and the cold fluid inlet 
temperature are the same.  Then the outlet temperatures will also be the same.  As the 
cold fluid inlet temperature is gradually reduced, the outlet temperatures will also decrease.  
The outlet temperature of the cold fluid will be higher than the cold fluid inlet temperature 
because of the heat transfer taking place.  The outlet temperature of the hot fluid will be 
lower than the hot fluid inlet temperature because of the heat transfer taking place.  A 
decrease in cold fluid inlet temperature causes a corresponding decrease in the hot and cold 
outlet temperatures, and the inlet and outlet temperature differences become larger.

To summarize, the hot fluid outlet temperature can be decreased by reducing the mass flow 
rate of the hot fluid or increasing the mass flow rate of the cold fluid (small mass flow rate 
changes).  A decrease in the hot inlet fluid temperature or a decrease in the cold fluid inlet 
temperature will result in a reduction of the hot fluid outlet temperature.

Typically, throttling an inlet or outlet valve controls the mass flow rate through a heat 
exchanger.  Sometimes a heat exchanger has a bypass valve that is used to place the 
exchanger in and out of service without disrupting the flow of fluid.  The bypass valve 
and flowpath can also affect the mass flow rate through the heat exchanger.  For a heat 
exchanger with a bypass valve, opening the bypass valve allows the fluid to bypass the heat 
exchanger, and the resulting outlet temperature will be higher because less fluid is cooled by 
the heat exchanger.

The flow rate of the fluids passing through a heat exchanger is an important factor in 
determining the performance of the exchanger.  At low flows, when the flow is in the laminar 
region, heat transfer is by conduction from the metal surface and through the fluid.  This 
can lead to thermal stratification of the fluid.  This reduces the performance of the heat 
exchanger because part of the fluid is not actively participating in heat transfer.  The low fluid 
velocity also allows more time for scale and sediment deposits to form.

When the flow increases enough to become turbulent, the amount of heat transferred 
increases greatly, and so does the differential pressure across the heat exchanger.  The heat 
transfer increases because convective heat transfer now occurs in the fluid.  The differential 
pressure increases due to the turbulence.

The turbulence and high flow rate helps remove scale deposits and prevent suspended 
materials from settling.  The accumulation of solid material in a heat exchanger is known 
as fouling.  This fouling restricts the flow through the heat exchanger and increases the 
pressure drop across the exchanger.  Heat transfer is decreased as fouling and solid 
material build up on the heat transfer surfaces.  A type of fouling, known as scale, refers 
to deposits occurring due to inorganic salts coming out of solution on the heat transfer 
surfaces.  Another type of fouling is biofouling.  This fouling is due to the growth of marine 
animals or plants.  In some plants, the zebra mussel is of particular concern.
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Increasing the mass flow rate will decrease the scale formation and fouling.  Unfortunately, 
the higher fluid velocity leads to higher tube erosion and vibration.  Tube erosion is the 
wearing away of the tube surfaces due to the flow of fluid.  Vibration of the heat exchanger 
tubes may cause them to come in contact with the other tubes or the baffles.  This leads to 
denting and fretting wear of the tubes.  Fretting wear occurs as the tube material is chipped 
off at the point of contact of the tubes.  Vibration can also lead to fatigue failure of the heat 
exchanger tubes.  The fatigue failure occurs at points where the tube position is relatively 
fixed (e.g., tube sheets joints, baffles, and tube supports).  Fatigue failure is caused by 
repeated application of stress (cyclic stress) to the material.  Even though the stress applied 
is below the level required to cause an immediate catastrophic failure, sufficient cycles will 
result in fatigue failure.

The failure of a heat exchanger tube will allow the higher-pressure fluid to mix with the 
lower pressure fluid.  A tube failure will also result in loss of (fluid) inventory from the high-
pressure system.  If the higher-pressure fluid contains radioactive materials, a release of 
these radioactive materials to the environment may occur.  If the high-pressure fluid is in the 
tubes, the shell may rupture if its design pressure is exceeded.  The rupture of a tube in a 
condenser will cause a decrease in condenser vacuum (increase in absolute pressure) from 
water in-leakage.  In addition, intrusion of impurities from the circulating water system, such 
as chlorides, will increase the conductivity of the condensate and increase the corrosion 
occurring in the condensate system.

Main Condensers

Main condensers are large, vacuum-tight, shell and tube heat exchangers.  Low-pressure 
steam is exhausted over the tubes, while circulating water flows through the tubes.  The 
shell side of the main condenser is called the steam side.  The tubes and water boxes make 
up the water side.  The condenser has two main functions: (1) to provide a high vacuum 
environment for turbine exhaust steam, and (2) to condense turbine exhaust steam so that it 
can be reused in the power cycle.

To increase plant efficiency, it is important for the steam side of the main condenser to 
operate in a vacuum.  A low turbine exhaust pressure allows the steam passing through 
the turbine to do more work.  The large volume reduction that occurs when the steam 
condenses helps maintain the vacuum in the main condenser.  Vacuum is often expressed 
in terms of condenser backpressure.  Condenser backpressure is measured in inches of 
mercury absolute and is equal to atmospheric pressure (29.92 in Hg abs/14.7 psia) minus 
condenser vacuum.

As the exhaust steam contacts the cold condenser tubes, it condenses into condensate.  
The condensate falls from the tubes to collection trays that drain to the hotwell.  The 
condensate is then pumped through secondary plant components and to the feedwater 
heater trains.  Remember that circulating water flowing through the tubes keeps them cold 
and provides the surface on which the steam is condensed.  The latent heat of condensation 
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is transferred to and warms the circulating water through the tube walls.  Large quantities of 
cooling water are needed.  Approximately 65 to 100 pounds, or 8 to 12 gallons, of cooling 
water are needed for each pound of steam condensed.

This cooling water can be supplied from an ocean, river, reservoir, or a closed cooling water 
system.  This cooling water system, called the circulating water system, is constructed 
of very large pipes, perhaps as large as 10 or 15 feet in diameter.  Typically, two or more 
circulating water pumps take their suction from the cooling water source (or cooling 
tower basin) and discharge through the system piping to the main condenser water box.  
The water then enters the main condenser tubes where it picks up heat from the steam 
condensing on the surface of the tubes.  The circulating water is then returned directly to the 
suction source (river, lake, and ocean) or to cooling towers for reuse.

Condensers also deaerate the condensate.  Several non-condensable gases are released 
from the steam as it condenses.  Oxygen, hydrogen and carbon dioxide are typical of these 
non-condensable gases.  Condensers use either vacuum pumps (hoggers) or air ejectors 
to remove these gases as they are generated.  If these gases are not removed, they will 
collect in the condenser and make it difficult to maintain a vacuum.  The pressure will begin 
to increase (vacuum will decrease), and plant efficiency will decrease.

Condenser Construction

The main condenser is the largest shell and tube heat exchanger in a power plant.  It is 
located directly below the low-pressure turbine.  Steam exiting from the last stage of each 
low-pressure turbine section enters the top of the condenser.

There are many variations in the size, shape, and arrangement of condensers.  However, all 
condensers have a shell, tubes, tube sheets, water boxes and a hotwell.

The condenser shell can be round, oval, or rectangular.  Most modern power plants have 
rectangular condenser shells.  The shell is supported with bracing to withstand the force 
exerted by the vacuum inside and atmospheric pressure outside.

If the pressure inside the condenser is 2 psia, and the pressure outside is atmospheric (14.7 
psia), the differential pressure on the shell is 12.7 psia.  This pressure exerts a force on 
the shell plates of more than 1800 lbf for each square foot.  Condenser shells are usually 
constructed of steel with some copper added for corrosion resistance.

Located in the top of the condenser are the lowest pressure feedwater heaters.  Often, 
baffle plates are added to the neck of the condenser shell to distribute steam throughout 
the condenser and prevent the exhaust steam from striking the tubes directly (called 
impingement).  Steam impingement causes tube erosion and eventually leads to tube leaks.

3.5.2.5.1
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Condenser tubes provide the surface on which the steam condenses.  There may be 40,000 
or more tubes in the condenser, depending on the size of the plant.  The tubes are 2/3 to 
1 inch in outside diameter and usually not longer than 40 feet.  The tube material may be 
brass, copper-nickel, stainless steel, or titanium, depending on cost, corrosion and erosion 
considerations, and on the required heat transfer coefficient.

The upper rows of tubes in the condenser are farther apart than the lower rows of tubes.  
This maintains the velocity of the steam and non-condensable gases as they pass down 
through the condenser.  It also facilitates access of the steam to the lower tubes and reduces 
vibration and erosion damage to the upper tubes.

Tube support plates support the tubes in the condenser shell.  These plates not only support 
the weight of the tubes and the water inside, but also keep the tubes from vibrating when the 
steam passes over them.

Condenser tube sheets separate the steam side from the circulating water in the water box.  
Condenser water boxes direct the cooling water into and out of the tubes.  Condensers can 
have one, two, or several passes of cooling water, depending on the arrangement of the 
water boxes.

In a one pass condenser, water enters the inlet water box and exits through the outlet 
water box.  In a two pass condenser, the water enters one side of a divided water box.  It 
flows through half of the tubes, reverses flow in the opposite end water box, and flows back 
through the remaining tubes.  Then it enters the other side of the divided inlet water box.  
The water then leaves the condenser through the outlet piping.

One-pass condensers are used when cooling water is plentiful.  Where the supply of 
cooling water is less plentiful, a multiple pass condenser is used to increase the time the 
water is in the condenser and allow it to absorb more heat.  The hotwell is the area in which 
condensate collects.  The hotwell level is very important.  If the hotwell level is too high, the 
lower tubes of the condenser can become flooded.  That would decrease the amount of heat 
transfer surface between the steam and the circulating water.  Therefore, less heat would 
be transferred, and a smaller amount of steam would be condensed.  A decrease in heat 
transfer rate would also cause a decrease in vacuum, and would reduce the efficiency of the 
turbine.  In extreme cases of high level, moisture might flow back into the turbine and cause 
damage.  There may also be problems if hotwell level gets too low.  Since the level provides 
net positive suction head for the condensate pumps, a decrease in hotwell level may result 
in pump cavitation.

The normal operating temperature range for the main condenser is from ambient (68°F) to 
about 120°F.  Because of its large size and the fact that it may be exposed to temperatures 
as high as 212°F if the vacuum is lost, the condenser support system must be able to handle 
a great amount of thermal expansion.
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Operation of the Condenser

The condenser removes both latent and sensible heat from the turbine exhaust steam.  
Latent heat was described earlier.  Sensible heat is heat which results in a temperature 
change in the substance to which it is added (circulating water, in this case).  These 
processes are described below.

As water circulates through the tubes, steam exhausted from a turbine enters the top of 
the condenser.  The steam flows down and around the tubes.  Heat is transferred from the 
steam through the tubes and into the circulating water.  The temperature of the circulating 
water increases, and the temperature of the steam remains the same.  However, a phase 
change does take place.  The steam condenses on the tubes, and its volume decreases, 
creating a vacuum in the condenser shell.  This vacuum determines the backpressure of 
the turbine.  The condensate on the outside of the tubes gravity drains to the hotwell of the 
condenser where it provides net positive suction head for the condensate pumps.

The presence of air and non-condensable gases greatly reduces condenser efficiency 
because the steam must diffuse through a film of air and non-condensable gases before 
reaching the condensing surface.  A temperature gradient is created because the air and 
non-condensable gases blanket the condenser tubes.  This causes less cooling of the steam 
and a higher “backpressure” (less vacuum) for the turbine, reducing overall plant efficiency.

Condensers are sized to condense a certain amount of steam under given conditions.  
Steam entering the condenser has a latent heat of condensation of approximately 975 Btu/
lbm.  The circulating water absorbs this heat.  The absorbed heat causes a temperature 
rise in the circulating water as it passes through the tubes.  The temperature rise of the 
circulating water across a one pass condenser is typically 10°F.  For a two pass condenser, 
the temperature rise is usually about 15°F.  The circulating water in a two pass condenser 
absorbs more heat per pound than a one pass condenser.  Therefore, less circulating water 
is required by a two pass condenser to condense the same amount of steam.

Typical condenser pressures are designed to be about 2.0 inches of mercury absolute.  
However, the pressure varies with the circulating water inlet temperature.  A higher 
circulating water temperature causes less heat to be transferred from the steam, resulting in 
a lower condenser vacuum (higher absolute pressure) and reduced plant efficiency.  A lower 
circulating water temperature causes more heat to be transferred from the steam, resulting 
in a higher condenser vacuum (lower absolute pressure) and increased plant efficiency.  At 
many power plants, the electrical output can vary significantly from summer to winter based 
on circulating water temperatures.

Circulating water velocity through the tubes is generally about 6 to 8 feet per second.  Eight 
feet per second is typical when a plant uses cooling towers and a two pass condenser.  The 
higher velocity provides for a greater heat transfer, which is required due to the generally 
higher water temperatures.  A circulating water velocity of 6 feet per second is common for 
plants using seawater for condenser cooling.  Plenty of cool water is available for cooling, so 
the increased rate of heat transfer from a higher velocity is not needed.

3.5.2.5.2
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As previously discussed, when steam condenses it releases non-condensable gases into 
the condenser.  Leaks in the condenser shell also allow air to enter since the condenser 
operates below atmospheric pressure.  Baffles in the steam side direct the air and the non-
condensable gases to the air suction nozzles in the condenser shell.  This portion of the 
condenser is called the air cooler section.  Most of the air that leaks into the condenser 
mixes with the steam and enters the air cooler section.  Here, the steam is condensed and 
drains to the hotwell.  The gases are exhausted through the air suction and cooled.  Cooling 
reduces their volume, reducing the load on the air removal equipment.  The air and non-
condensable gases are removed by a vacuum pump (sometimes called an air removal pump 
or “hogger”) or by steam jet air ejectors.

Condenser pressure (vacuum) is one measure of condenser performance.  Low condenser 
pressure (high vacuum) means good performance, and a high-pressure (low vacuum) 
means poor performance.  If condenser pressure gets too high (vacuum too low), the turbine 
will trip, causing the plant to go off line.

High condenser pressure (low vacuum) can cause the turbine to overheat (due to 
insufficient steam flow to cool the turbine).  Factors that increase condenser pressure are 
high air in-leakage, low circulating water flow rate, or fouled condenser tubes.  Lower inlet 
temperatures (in the winter) will tend to mask these problems while in the summer; higher 
inlet temperatures will magnify their effects.

An effect similar to tube fouling occurs if condenser tubes become plugged.  As with tube 
fouling, plugged tubes cause condenser pressure and hotwell temperature to increase.  This 
adverse effect is due to the reduced flow through the tubes.  Additionally, due to the reduced 
heat transfer, plugged or fouled tubes will result in decreased circulating water outlet 
temperatures.  Again, condenser performance will be affected.

Operators are responsible for monitoring condenser hotwell level, air removal rate, pressure, 
and inlet temperature.  The level of condensate in the hotwell must be kept within its upper 
and lower limits.  If the condensate level is too high, the lower tubes may be covered. 
This leaves fewer tubes for condensing steam, resulting in a decrease in vacuum.  If the 
condensate level is too low, there may not be sufficient net positive suction head for the 
condensate pumps, causing cavitation at the pump impeller.

Heat Transfer Across Tube Walls
To facilitate heat exchanger calculations, an overall heat transfer coefficient (U) is defined. 
The overall heat transfer coefficient is used for heat transfer between two fluids across a 
tube wall or several tube walls. U is an inclusive thermal conductivity factor that can be 
determined for a specified combination of fluids, flows, and operating conditions. By using 
previously developed equations for conduction and convection heat transfer, Equation 3-23 
that describes the rate of heat transfer from fluid 1 to fluid 2 across several tube walls can be 
written:

3.5.3
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Equation 3-23

where

Q̇ = total heat transfer rate (BTU/hr),

A = total tube wall surface area (ft2),

T1 = fluid 1 temperature (°F),

T2 = fluid 2 temperature (°F), and

U = overall heat transfer coefficient (BTU/hr-ft2-°F).

Equation 3-23 is used to calculate the heat transfer rate across a tube wall, or several tube 
walls, as from the reactor coolant to the feedwater across the tube walls of a PWR steam 
generator.

The value of U incorporates the heat transfer coefficients of the fluid films and the thermal 
conductivity of the tube wall material. Typical values of U for various heat exchangers found 
in a power plant are:

Component U

Condenser and Feedwater Heaters 600 BTU/hr-ft2-°F

Lube Oil Cooler 40 BTU/hr-ft2-°F

Air Preheater 5 BTU/hr-ft2-°F
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Heat Transfer Within One Fluid

The heat transfer within one fluid in a heat exchanger can be determined using a mass and 
energy approach. The heat transferred by or to a single-phase fluid within a heat exchanger 
can be calculated using Equation 3-24:

Equation 3-24

where

Q̇ = total heat transfer rate (BTU/hr),

ṁ = mass flow rate (lbm/hr),

Cp = heat capacity of the fluid (BTU/lbm-°F)

∆T = temperature change within the fluid (°F)

∆T = Tout - Tin (within the one fluid).

Equation 3-24 does not depend upon the area of the heat exchanger or the heat transfer 
coefficient. The heat capacity term, Cp, refers to the amount of heat contained in each pound 
mass of the fluid per °F.

Equation 3-24 is used only for single-phase fluid (when there is no change in state within the 
fluid). The variation of Equation 3-24, used when the fluid changes state (boils to steam or 
condenses to condensate), is Equation 3-25:

Equation 3-25

where

h = specific enthalpy of the fluid (BTU/lbm), and enthalpy hout and hin represent the energy 
contained in each pound-mass of the fluid at the exiting state and the entering state.

3.5.3.1
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Boiling Heat Transfer
Boiling heat transfer is heat transferred by the boiling of water. Boiling occurs in the 
BWR reactor and in the PWR steam generator by design. During an unusual transient, 
large amounts of additional core boiling could occur and safety limits could be exceeded; 
therefore, boiling heat transfer is an extremely important topic for accident considerations. 
Boiling heat transfer is not a fourth method of heat transfer, but it is considered separately 
because of its importance.

Figure 3-18 is the heat transfer curve that was introduced earlier. The area of concentration 
this time is the region above the dotted line that is the boiling heat transfer region. The 
boiling heat transfer portion of the curve is steeper than the convection portion of the curve. 
This means that more heat is transferred per ∆T, and heat transfer is more effective. In 
convection heat transfer, heat flow is proportional to ∆T. For boiling heat transfer, however, 
heat flow is proportional to ∆T to approximately the 4.5 power (∆T4.5).

Figure 3-18: Boiling Heat Transfer

A microscopic look at a typical heat transfer surface shows small irregularities called 
nucleation points. Heat is being transferred all along the surface, but the heat at a 
nucleation point is concentrated into a small amount of water. When the surface temperature 
gets high enough, a steam bubble forms, grows, and finally breaks away from the surface. 

3.6
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This is called nucleate boiling. Unlike single-phase convection, boiling heat transfer is a 
fast process. During nucleate boiling the water absorbs its latent heat of vaporization and 
then moves quickly from the heated surface.

There are two requirements for nucleate boiling. First, there must be nucleation points 
so that steam bubbles can form. Second, the surface temperature must be about 8 to 10 
degrees higher than the saturation temperature of the liquid. If the surface is not hot enough, 
there will be no boiling, and the heat transfer will be only by convection.

As each steam bubble is formed, it moves away from the wall. If the bulk of the water is 
at a temperature less than saturation, the bubble will cool and condense. This is called 
subcooled nucleate boiling because the bulk of the water is subcooled below the 
saturation temperature. If the bulk of the water is at saturation temperature, however, the 
steam bubble will not cool and condense as it moves away. It will remain as a steam bubble 
mixed in the bulk water. This process is commonly called bulk boiling or fully developed 
nucleate boiling.

Convection heat transfer, subcooled nucleate boiling, and bulk boiling are the normal 
modes of heat transfer expected during normal plant operation. Another mode of boiling 
heat transfer is film boiling. Film boiling occurs when so much boiling takes place that all 
of the steam cannot be removed from the heated surface. When this happens a film of 
steam forms on the heat transfer surface or wall. The steam acts as an insulator and further 
impedes heat transfer from the wall, resulting in an immediate jump in wall temperature. 
Experiments with film boiling have shown that the wall temperature can jump by 25 degrees 
almost instantaneously. Film boiling is an undesirable mode of heat transfer in nuclear power 
reactors.

The process of going from nucleate boiling to film boiling is called transition boiling.  
Transition boiling is shown as a dotted line on the heat transfer curve in Figure 3-19. The line 
is dotted because the process is so unstable that the heat transfer process actually moves 
back and forth between nucleate boiling and film boiling. The amount of heat required to 
cause transition boiling is called the critical heat flux (CHF). This point is also called the 
departure from nucleate boiling (DNB) point. At DNB, the heat transfer literally departs from 
nucleate boiling.
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Figure 3-19: Transition Boiling

Figure 3-19 shows the change in ∆T that occurs between nucleate and film boiling at DNB. 
Most of the time, the heat produced in the reactor core will remain constant. Therefore, if the 
film boiling stage is reached during some transient, the wall temperature will increase rapidly. 
This could cause the fuel to overheat or “burn out.” For this reason, many safety limits are 
included during plant design to prevent film boiling.

Physical Parameters of Boiling Heat Transfer
The plant operator has control over pressure, temperature, and flow in the plant. A change in 
any of these physical parameters can have an effect on boiling heat transfer.

Pressure

If the pressure increases while nucleate boiling heat transfer is taking place, the saturation 
temperature of the water increases and more heat is required for nucleate boiling to 
continue. If additional heat is not provided, nucleate boiling heat transfer will stop and 
convection will become the primary means of heat transfer. Since nucleate boiling promotes 
more effective heat transfer, a sudden increase in pressure could cause a corresponding 
increase in the temperature of the heat source.

3.6.1

3.6.1.1
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Figure 3-20 shows the effect of an increase in pressure on the heat transfer curve. Points on 
curve A indicate the initial boiling curve. An increase in pressure shifts the curve to the right 
to the new boiling curve line B. If heat flux is constant in the nucleate boiling region (Q̇/A)1, 
a higher ∆T is needed because nucleate boiling has been suppressed by the pressure 
increase. On the other hand, if heat flux is constant in the convection heat transfer region 
(Q̇/A)2, a change in pressure has little effect on ∆T.

Figure 3-20: Effect of pressure Increase on Boiling heat Transfer

If nucleate boiling is taking place and the pressure suddenly decreases, the saturation 
temperature decreases, and more boiling will occur. Depending upon the initial heat transfer 
rate, such a change could improve the heat transfer or could cause film boiling to occur, 
resulting in a large increase in the temperature of the heat source. The effect of a pressure 
decrease on boiling heat transfer is shown in Figure 3-21. Points on curve A represent the 
initial boiling curve. Decreasing pressure shifts the curve to the left as indicated by curve 
B. If the initial boiling point is low on the nucleate boiling curve such as point C, and heat 
flux remains constant during the pressure decrease, a ∆T decrease will occur as point C 
moves to curve B. In this case the heat transfer improves, and the temperature of the heat 
source is reduced. On the other hand, if the initial boiling point is high on the nucleate boiling 
curve, such as point D, and heat flux remains constant during the pressure decrease, a 
large ∆T increase will occur as point D moves to curve B. This shift represents an immediate 
departure from nucleate boiling, which will cause rapid overheating of the heat source.
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Figure 3-21: Effect of a Pressure Decrease on Boiling Heat Transfer

Therefore, a loss of pressure may be a major concern for plant safety. A loss of pressure 
could cause immediate film boiling and consequent damage to the reactor fuel. For normal 
plant operations, it is best to maintain a constant pressure and make only slow changes in 
power level.

Temperature and Reactor Power

The principal direct effect of temperature on heat transfer is through ∆T. The greater the 
∆T between the wall and the bulk fluid, the greater the heat transfer rate and vice-versa. 
The temperature of the bulk fluid relative to the saturation temperature of the fluid will also 
influence heat transfer because of the differences that occur between convection and boiling 
heat transfer. The maximum fluid bulk temperature for saturated conditions is limited by the 
fluid saturation temperature.

An increase in reactor power level will increase the fuel temperature. The resulting increased 
wall temperature will increase the ∆T, increasing the heat transfer rate. If nucleate boiling is 
occurring prior to the reactor power increase, additional nucleate boiling and increased heat 
transfer will occur. If parameters such as pressure and flow remain unchanged, the bulk 
fluid temperature and heat transfer rate will increase as the boiling point moves up the heat 
transfer curve and closer to DNB. If DNB is reached, the heat transfer rate will decrease 
rapidly causing a corresponding rapid increase in fuel temperature.

3.6.1.2
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Flow

If the flow of water is suddenly increased during heat transfer, the wall temperature will 
decrease, which could decrease the amount of nucleate boiling. If the flow is suddenly 
decreased, the wall temperature will increase, which could cause film boiling depending 
upon the initial heat transfer rate. During plant operations, it is best to make only gradual 
changes to the flow rate through the reactor.

Figure 3-22 shows the effects of a flow increase on boiling heat transfer. The solid line 
represents the boiling heat transfer curve for the initial flow. The dotted line shows the heat 
transfer curve for an increased flow. In the convection heat transfer region, an increase in 
flow at a constant heat flux (Q̇/A)1 results in a decrease in ∆T. This decrease is due to a 
larger heat transfer coefficient for the higher flow. An increase in flow also increases the 
critical heat flux for the respective boiling curve. This increase occurs because the increased 
flow more readily sweeps steam bubbles from the heat transfer surface so that a higher heat 
transfer rate is need for a steam film to form.

Figure 3-22: Effect of a Flow Increase on Boiling Heat Transfer

3.6.1.3
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Summary of Parameter Effects on Margin to DNB

One of the requirements for reactor safety is the prevention of reaching DNB conditions on 
the reactor heat transfer curve. An important duty of the plant operator is to control plant 
parameters such that a safe margin to DNB (or distance from DNB on the heat transfer 
curve) is maintained. Any sudden, large change in the following plant parameters/directions 
will DECREASE the margin to DNB:

• Decrease in reactor coolant pressure,

• Decrease in reactor coolant flow rate,

• Increase in reactor power,

• Increase in reactor coolant inlet temperature.

Therefore, the function of the operators and the plant design is to prevent a sudden, large 
change in these plant parameters/directions.

Steam Generation Characteristics

Steam Moisture Content and Removal

Boiling is the principal heat transfer mechanism in BWR reactors and PWR steam 
generators. The steam produced may contain a small quantity of water. This water is 
referred to as carryover. Carryover has the potential for causing erosion of steam piping and 
turbine rotor blading.

To prevent carryover, the steam-water mixture flows through separators. There are two basic 
types of steam-water separators in use:

• Cyclone moisture separator and

• Chevron moisture separators

Figure 3-23 shows a cross-section of a cyclone-type moisture separator. The mixture of 
water and steam flows through fan-shaped blades. The higher-density water is thrown to 
the outside, and the steam flows through the middle. The cyclone moisture separator is a 
very common piece of equipment. Several cyclone separators are located on top of the heat 
transfer portion of the BWR reactor and PWR steam generator, and virtually all exiting steam 
flows through them. The water is returned to mix with the entering feedwater.

3.6.2

3.6.2.1

3.6.1.4
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Figure 3-23: Cyclone-Type Moisture Separator

Figure 3-24 shows a top view of a chevron type moisture separator, which is used when 
there are smaller amounts of water in the steam. The chevron separator gets its name from 
the shape of its plates. Steam and water pass through the separator horizontally. The steam 
flows through easily, but the water hits the sides and drains down. This action causes the 
water and steam to separate. The steam exits the separator and the water is returned to mix 
with the incoming feedwater.
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Figure 3-24: Chevron Type Moisture Separator

The quality of the exiting steam-water mixture is used to measure the efficiency of the 
moisture separators. If the quality is 100%, then only steam is present; if the quality is 0%, 
only water is present. The BWR and PWR steam separation devices provide dry steam with 
a quality of 99% or greater.

Sometimes excessive moisture carryover can occur. One cause is improper water chemistry. 
A high concentration of impurities will cause large bubbles to form when steam is produced. 
When these bubbles collapse, more moisture droplets are carried along. Another cause of 
sudden carryover is steam-separator flooding, which can occur if the water level is too high.

Since steam quality is less than 100%, a small amount of moisture is present in the steam.  
Because the velocity of moisture particles is less than that of the steam in expanding through 
the turbine, less energy is converted to work.  This implies that turbine efficiency is reduced 
as the moisture content of the steam is increased.  The moisture in the steam will also result 
in increased impingement and erosion of the turbine blades and nozzles.

Turbine lifetime is affected by moisture impingement on the blades.  This makes it desirable 
to limit moisture content into every stage of the turbine.  To improve the quality of steam 
entering the next lower-pressure turbine, some form of moisture removal is normally used.  
The turbine casing also has a drainage system to remove condensed moisture from between 
the stages.  This “extraction steam” is then used to provide the heat to the feedwater 
heaters.  The heat of the moisture (which would do little additional work and actually damage 
the turbine) in this way is not rejected in the condenser which increases the cycle efficiency.
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Water Level Changes

Two types of sudden level changes occur in BWR reactors and PWR steam generators. 
These sudden level changes are called “shrink” and “swell.” Swell occurs when there is a 
sudden decrease in steam pressure, and shrink occurs when there is a sudden increase in 
steam pressure.

If the turbine control valves are suddenly opened more, the amount of steam supplied to 
the turbine is rapidly increased. This increase in the supply of steam to the turbine means 
that more steam is removed from the BWR reactor or PWR steam generator than is being 
produced at the moment. This results in a rapid decrease in pressure. When the pressure 
drops, the steam bubbles in the water increase in size and some of the hot water flashes 
into steam, creating more steam bubbles. Additionally, the temperature is decreased which 
produces a greater ∆T for heat transfer, so more heat is transferred to the water to produce 
more steam. All of these factors cause an apparent expansion of the amount of steam-water 
present. This expansion causes a sudden level increase called swell.

If the steam supply to the turbine is suddenly reduced, an increase in pressure occurs in the 
BWR reactor or PWR steam generator. Some of the steam bubbles in the water collapse 
resulting in a contraction of the steam-water mixture. The contraction causes a sudden level 
decrease called shrink.

Shrink and swell are important because a rapid power change might result in sudden high or 
low water levels. The feedwater system can compensate for these conditions by maintaining 
a programmed level. Program level is usually high for high power and low for low power to 
account for a certain amount of shrink and swell.

3.6.2.2
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Performance Objectives
The reactor core consists of a large number of vertical tubes made of Zircaloy. These tubes 
enclose (clad) the nuclear fuel, which is in the form of ceramic pellets of uranium dioxide. 
These pellets produce the heat in the plant.

When the reactor is operating, water is pumped through the core, and it flows around the 
Zircaloy tubes. Nuclear fission occurs in the fuel pellets, and energy (primarily in the form of 
heat) is released. The heat is transferred from the ceramic pellet, through the Zircaloy tube, 
and into water.

To begin to understand thermal and hydraulic performance, it is necessary to look at 
heat generation and heat removal in the core and the ways that fuel might be damaged 
during these processes. This information will determine the basis of many of the technical 
specification operating limits that are designed to protect the plant as well as provide the 
basis for understanding much of the material on accidents that is included in the Final Safety 
Analysis Report (FSAR).

The basic consideration of reactor core design is for water to remove the heat generated by 
the core. One performance goal is to have as much heat as possible transferred from the 
fuel to the water in the most efficient way. There are, however, certain objectives that must 
be met in achieving the best possible performance level and ensuring fuel integrity.

The first objective of thermal and hydraulic design is to ensure that the fuel will not melt. In 
formal terms, the thermal and hydraulic design of the plant should ensure that the center of 
the hottest fuel pellet does not melt. Figure 3-25 shows a line drawn through the middle of 
the fuel pellets called a “centerline.” The highest temperature reached in this area is called 
the “peak centerline temperature.” If this temperature exceeds approximately 5000°F, the 
fuel will melt. (The exact melting temperature will vary slightly over core life.)

Reactor Thermal and Hydraulic Performance
The principles associated with heat, work, and the movement of water will be applied 
to the study of thermal and hydraulic performance in the reactor. Thermal and hydraulic 
performance is the relationship between the heat that is produced in the reactor and the 
water that flows through the reactor and carries the heat to the steam cycle.

3.7

3.7.1
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Figure 3-25: Fuel Arrangement Showing Centerline

The second objective of thermal and hydraulic design of the core is to ensure that the 
fuel clad is not damaged because the fuel clad is the first barrier against release of fission 
products to the environment. The reactor design should ensure that the temperature of the 
clad is not too high because excessive temperature itself can weaken the clad, and because 
excessive temperature can damage the clad by raising the internal gas pressure in the fuel 
tube. This pressure, in conjunction with the high temperature, causes the clad to stretch 
(strain) slightly. If the strain becomes too great, the clad can rupture and release fission 
products. Normally, the thermal and hydraulic design limits the strain of the fuel clad to less 
than 1%.

Because fuel and clad damage can occur if reactor core temperatures are too high, reactor 
designers have to consider the causes of excessive temperature. The two primary causes of 
excessive temperature are excessive peak power and film boiling.

If too much power is produced, that is, if the nuclear fuel produces too much heat, the 
temperature of the clad and the fuel rise to the point where they can be damaged. Damage 
from too much power is prevented by establishing design limits that are defined in terms of 
power produced.
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Film boiling can cause excessive fuel temperature. As described earlier, water goes through 
a transition just after the departure from DNB point, and film boiling occurs. Thus, to prevent 
damage from film boiling, additional limits are set for heat and temperature in the reactor 
core water in terms of DNB. The overall objective is that the water should not approach the 
conditions at which the transition to film boiling occurs.

One of the causes of film boiling is the production of too much heat in the fuel. To 
understand how excessive heat creates excessive temperature and affects core design, it is 
necessary to examine how heat is generated and distributed in the core. Heat is produced 
by uranium fissions in the fuel, but this heat is not produced evenly throughout the core. This 
means that local power levels vary throughout the core. Thus, the local power in the core is 
determined along the vertical and radial axis of the core. The distribution of power levels at 
different points in the core is called power distribution, and the variance from average power 
is called power peaking.

Power peaking involves a factor called the nuclear peaking factor (NPF). The NPF is the 
power of any local point in the core divided by the average power of the entire core as 
described in Equation 3-26:

Equation 3-26

Another factor is the maximum nuclear peaking factor (MNPF). The MNPF is the highest 
local power divided by the average power. This is shown in Equation 3-27.

Equation 3-27

The MNPF represents the power being generated at the hottest point in the core compared 
with an average point. If the MNPF gets too high, the fuel could be damaged. Even though 
the average power generation might be well within the limits for fuel safety, the local power 
at one point in the reactor might be high enough to cause damage.

The power in the reactor is measured in units of kilowatts. Using these units, the average 
power generated per foot in the core can be calculated as shown in the following example.
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Example:

The first step in calculating the average power per foot is to multiply the total reactor power 
in megawatts by 1000 to obtain the total reactor power in kilowatts.

(reactor power in MW) x (1000 kW/MW) = (reactor 
power in kW)

The total reactor power in kilowatts divided by the number of fuel rods in the core yields the 
average power in kilowatts produced by each rod.

(total power in kW) ÷ (number of rods) = (average kW 
per rod)

The final step is to divide the kilowatts per rod by the length in feet of each rod. This yields 
the average heat generation rate in kilowatts per foot of fuel rod.

(average kW per rod) ÷ (length of rod in ft) = (average 
kW per ft)

Because power is not produced evenly in the reactor, it is also necessary to determine 
the maximum heat that will be generated locally. This is done by multiplying the average 
kilowatts per foot by the MNPF.

(average kW per ft) x (MNPF) = (peak kW per ft)

The result of this calculation is the maximum local heat generation rate or the peak kilowatts 
that will be produced in one foot of fuel rod. These calculations can be used to determine 
how much heat the hottest part of the reactor will be generating. Reactor designers use the 
same relationships to determine limits in the reactor to avoid damage to the clad and the 
fuel.

Fuel damage will occur when the centerline temperature of the fuel exceeds approximately 
5000°F. To determine how much heat must be generated to produce this temperature, 
reactor designers must consider more than just the highest local power generated. Other 
considerations include heat transfer factors specifically, the thermal conductivity of the fuel, 
the conductivity of the gas between the fuel and the clad, the conductivity of the clad, and 
the efficiency of the heat transfer from the fuel to the water.
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Departure from Nucleate Boiling
Reactor designers must set thermal limits that will prevent film boiling. Excessive 
temperatures in the reactor core can be caused by the generation of too much heat and/or 
film boiling.

To account for the possibility of film boiling, reactor designers have developed a ratio called 
the departure from nucleate boiling ratio (DNBR) as shown in Equation 3-28:

Equation 3-28

The DNBR establishes how high local heat generation in the reactor can be before film 
boiling occurs. In actuality, the reactor is designed to ensure that the departure from nucleate 
boiling point is never reached.

Example:

Assume that enough heat will be generated to reach the DNB point when the local power 
reaches 27 kilowatts per foot. Calculate the DNBR when the actual local power is 9 kilowatts 
per foot.

A major difficulty in considering safety limits for heat generation in the core is that the factors 
involved in heat transfer do not remain constant over the life of the fuel. The conductivity of 
the fuel changes during irradiation. Cracks that form on the surface of the fuel pellets tend 
to decrease their heat transfer capability. Fuel pellets swell as time passes. This swelling 
decreases the gap between the pellets and the clad and tends to improve heat transfer. 
Thus, it is not only the factors involved in heat transfer, but also the changes in these factors 
that must be taken into account in reactor design.

3.7.2
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Film boiling does not occur when the DNBR is 3. However, if the actual local power 
increases to 27 kilowatts per foot, the DNBR will drop to 1, and film boiling is just about to 
occur.

In many plants a limit for the DNBR is set at a value greater than 1.0 to provide a margin 
of safety and to ensure that DNB will never be reached by excessive heat generation. 
Maintaining the recommended DNBR is one of the most important thermal and hydraulic 
aspects of safe reactor operation.

As stated before, Departure from Nucleate Boiling Ratio (DNBR) is the ratio of the Critical 
Heat Flux (CHF) to the actual heat flux.  A common value that was used was 1.3.  Better 
analysis methods have allowed it to be reduced to around 1.17.  This allows for a greater 
power level (actual heat flux) without exceeding the limit.  By keeping DNBR above the 
limit, there is confidence that DNB is not occurring.  If it drops below 1, DNB has occurred.  
Between 1 and the limit, DNB may occur.  As mentioned earlier, there are limits placed on 
operating parameters such as pressure, temperature, power, and flow to ensure that DNBR 
is maintained above the limit.

Excessive heat generation is not the only cause of film boiling. Other causes depend 
on whether or not certain factors exceed their design limits. Some of these factors are 
related to the water properties, the flow, the pressure, the inlet temperature, etc. Additional 
factors are related to the physical design of the water flow passages. Thus, factors such 
as manufacturing tolerances in all parts of the reactor must be considered. In many cases, 
all of the water-related factors are considered in relation to the amount of heat generated 
(the nuclear factor). It is important to include every consideration in the reactor design 
calculations to ensure that film boiling does not occur in the core.

As has been mentioned, film boiling can occur in different ways and can involve different 
factors. The examination of some of these processes can begin with a look at the flow of 
water past the fuel rods as shown in Figure 3-26.  Water enters the reactor core where heat 
is produced and flows between the fuel rods. It is subcooled, and heat is transferred by 
convection. As the water moves past the fuel rods, its temperature rises. Subcooled nucleate 
boiling and then bulk nucleate boiling occur. The flow at this point is often called bubbly flow 
because bubbles flow with the water. If the total flow is low, film boiling may occur. During 
film boiling a layer of bubbles (not actually a film) forms along the fuel rod and prevents 
water from contacting with the wall of the fuel rod. The temperature of the rod and the fuel 
increase, and both can be damaged. With normal heat transfer rates, this condition only 
occurs when the flow of water through the reactor is very low. Normal operating conditions 
provide sufficient flow to prevent film boiling.
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Figure 3-26: Fuel Channel Boiling Conditions

Heat is constantly added as the water-steam bubbles move along the fuel rod, and the 
bubbles join together to form larger and larger bubbles. If the flow is reduced or if the heat 
being transferred is too high, the bubbles may become large enough to fill the whole area 
between the fuel rods. The rods are alternately wet and dry as these bubbles, followed by 
slugs of water, pass by. This is called slug flow.
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If boiling creates so much steam that the steam fills the whole central area and the only 
water left is a thin layer between the walls of the fuel rods, the flow is called annular flow. A 
phenomenon called dryout occurs when all the water has been boiled farther up in the core 
and heat can only be transferred to steam. If this happens, the heat transfer rate is reduced, 
the temperature of the clad increases, and the clad and the fuel may be damaged.

Since dryout and film boiling have the same effect on the fuel and the clad, the two are 
usually grouped together. The two most important variables involved are heat transfer rate 
and flow. Any time that the heat generated is too great or the flow is too low, the DNB point 
can be reached and film boiling may follow.

Other factors that are important in limiting the approach to the DNB point include the 
pressure and the inlet temperature of the water. During routine operations, there is usually 
not much change in these factors. However, during some accidents, the pressure and inlet 
temperature may change enough to reach the DNB point.

During steady-state operations, the water in the core is hot and at high pressure. If the 
pressure drops suddenly, as is possible during an accident, an occurrence similar to the 
“swell” that was described earlier would occur. As previously discussed, the pressure drop in 
itself is enough to cause film boiling. In addition, the decreasing pressure would also cause 
large amounts of steam to form, and this could lead to dryout.

The water that enters the core contains considerable heat. If the temperature of the inlet 
water is too high, the heat added by the fuel in the reactor will cause too much boiling in the 
reactor. This excessive boiling could, again, lead to dryout and fuel “burn out.”

The conditions at each point in the reactor core are unique and, therefore, the calculation of 
the CHF is difficult. The CHF must be calculated for every point with the expected operating 
conditions at that point. The point used for determining plant operating limits will be the one 
that reaches the DNB point first. Of course, the most critical location in the reactor may vary 
with changing operating conditions. Normally, however, plant safety analyses and operating 
procedures will give the values for only the worst case, and the point itself will not be 
located.
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Reactor Plant Heat Balances
A reactor plant heat balance, which is also called a primary plant calorimetric, is performed 
to determine the thermal power being produced by the reactor core. A calorimetric is 
done frequently in a nuclear plant to provide a reliable point of comparison for nuclear 
instrumentation. Although nuclear power levels can be read directly from nuclear 
instrumentation, nuclear instrumentation has a tendency to drift. The reactor plant 
calorimetric is used to keep the nuclear instrumentation accurate.

Heat balances are often done by the unit computer, but operators must know how to do them 
by hand. This is necessary for several reasons. 

1. Hand calculations provide a backup to the computer, if it fails.

2. Hand calculations are often done to ensure that operation is within the    
technical specifications limit.

3. The reactor heat balance is a basic concept of power plant operation.

PWR Heat Balance
Figure 3-27 shows a typical PWR reactor system and identifies the important parameters 
used for a PWR heat balance.

Figure 3-27: PWR Reactor Core Heat Balance Diagram

3.8.1

3.8
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The heat balance for this PWR is given by the following equation:

where

Q̇c= core thermal power (BTU/hr) 

Q̇sg= heat delivered to the steam generator (BTU/hr)

Q̇misc= miscellaneous heat losses (BTU/hr)

Q̇p= heat input from main coolant pumps (BTU/hr)

Q̇bh= heat input from pressurizer backup heaters (BTU/hr)

The first important point to note is that a calorimetric must be performed while the reactor 
plant is at steady state power. This is necessary to ensure that a transient condition does not 
lead to a false calculation.

In a typical PWR heat balance, several factors are either assumed to be constant or are 
considered to be insignificant. The power input from the reactor coolant pumps (Q̇p) is 
typically considered to be a known constant that has been determined from prior plant 
testing. Similarly, the miscellaneous heat loss is considered to be another known constant 
determined from prior plant testing. Another assumption is that the plant is operated in such 
a manner that only the pressurizer backup heaters are energized. The backup heater heat 
input (Q̇bh) is then determined from the time the backup heaters are energized during the 
heat balance. Lastly, the above expression is based on the assumption that steam generator 
blowdown is secured during the heat balance.  Steam generator blowdown removes some 
water from the steam generators for chemistry control.  This water then, is not turned into 
steam.

As an example, assume the following average temperatures and pressures were determined 
during a heat balance.

Psg = 1000 psia

ṁfw = 15x106 lbm/hr (total for all steam generators)

Tfw = 440°F
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Backup heaters are energized 50% of the time.

The enthalpy of the main steam (hms from the steam generators can be determined using the 
saturated steam tables (assuming 100% quality):

hms = hg at 1000 psia = 1193 BTU/lbm

The enthalpy of the feedwater (hfw) entering the steam generators can also be determined 
using the steam tables:

hfw = hf at 440°F = 419 BTU/lbm

Therefore, the heat delivered to the steam generator (hsg) can be calculated using Equation 
3-25:

Further, assume that Q̇p and Q̇misc are known from prior testing to be 64.1x106 BTU/hr and 
7.71x106 BTU/hr, respectively. Also, the input power of the pressurizer backup heaters is 
known to be 1200 KW while energized. Therefore,

Q̇p = 64.1x106 BTU/hr

Q̇misc = 7.71x106 BTU/hr

Q̇bh = (1200 KW) (.5) (3413 BTU/KW-hr) = 2.05x106 BTU/hr
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Therefore, the core thermal power (Q̇c) can be calculated:

Assuming a rated thermal power of 3752 MWth:

Correct performance of heat balance calculations is vital because a heat balance is 
the standard by which the nuclear instrumentation is calibrated. For example, suppose 
(hypothetically) that the levels in the steam generators were allowed to drop from a high 
level to a low level during performance of a heat balance. This would affect the calculations 
because the feedwater flow would be less than the steam flow. The calculated power 
production would be less than the true power production. Enthalpy rise is multiplied by 
feedwater flow to find power. In this case, feedwater flow would be artificially low, so 
calculated power would also be low. If the nuclear instruments were indicating true power, 
they might be incorrectly adjusted to indicate a lower power. This is why heat balance 
calculations are checked and double-checked.
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BWR Heat Balance
Figure 3-28 shows a typical BWR reactor system and identifies the important parameters 
used for a BWR heat balance.

Figure 3-28: BWR Reactor Core Heat Balance Diagram

The heat balance for this BWR is given by the following equation:

Q̇c = ṁfw (hms - hfw ) + ṁrd (hms - hrd ) + ṁcu (hin - hout ) + Q̇fl 
+ Q̇p

where:

Q̇c = core thermal power (BTU/hr)

hms= the enthalpy of the main steam (BTU/lbm)

3.8.2
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ṁcu = the clean up demineralizer flow (lbm/hr)

hin = the enthalpy of the flow to the cleanup demineralizer (BTU/hr)

hout = the enthalpy of the flow from the cleanup demineralizers (BTU/lbm)

Q̇fl = the fixed heat losses from the reactor (BTU/lbm),

ṁfw = the feedwater flow (lbm/hr),

hfw =the enthalpy of the feedwater (BTU/lbm),

Q̇p = the recirculation pump energy input (BTU/hr),

ṁrd =the control rod drive flow to the reactor (BTU/lbm), and

hrd =the enthalpy of the control rod drive flow to the reactor (BTU/lbm).

The equation assumes that all of the cleanup flow is returned to the reactor.

As was the case for the PWR, the calorimetric must be performed with the plant at steady 
state power to ensure a transient condition does not lead to a false calculation.

The feedwater flow value is taken from a calibrated flow meter, which automatically 
compensates for temperature. This is the most important parameter in the heat balance, and 
extreme care must be taken to make sure that it is accurate. Recirculation pump power is 
obtained from calibrated megawatt meters.

In practice, several of the terms of the heat balance are treated as constants because 
system operation is nearly constant and because the terms themselves do not significantly 
affect the heat balance calculation. These terms are the control rod drive energy input, the 
cleanup demineralizer heat extraction, and heat losses from the reactor.

Feedwater flow can be measured more accurately than steam flow. Thus, steam flow is 
evaluated by measuring the feedwater flow and the control rod drive flow to the reactor with 
a constant water level. The BWR heat balance equation includes more terms than the PWR, 
but the method of solving proceeds in the same manner.
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When core power is low, or when an approximate core power value is needed quickly, a 
simplified determination method can be used. These methods should be used cautiously, 
and it should be noted that they are only approximations of true core power. There are three 
methods for approximating core power.

The first method uses the following simplified equation:

Q̇c = ṁfw (hms - hfw ) + constant

The constant in the equation includes the heat losses and gains caused by the cleanup 
demineralizer system, the recirculation pumps, and the control rod drive flow. These and 
other fixed losses can be considered as a single combined fixed quantity because all have a 
standard mode of operation. When this constant is used, the total operating condition of the 
plant must be considered. Any nonstandard occurrences such as feedwater heaters being 
out of service must be considered before the core power value can be given any degree of 
reliability.

With the second simplified method, core thermal power is related to plant electrical output. 
Core power and electric generator output are plotted on a graph, and then the graph can be 
used for a quick determination of core power for given generator outputs. An improvement 
on this method involves the use of a family of curves with condenser cooling water 
temperature as the other variable if there is a sizable seasonal variation in temperature. As 
with the first method, the total operating condition of the plant must be considered.

The third method determines core power from nuclear instrumentation. The accuracy of 
this method may depend on the number, type, location of neutron sensors, the stability of 
the power distribution shape, and the suitability of the calibrating heat balance. The main 
advantage of this method is the short response time of the nuclear instrumentation.
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Reactor Period and Startup Rate
Reactor period is a measure of the rate of change of reactor power and is defined as the 
time required to change reactor power by a factor of e, the natural logarithm.  The following 
equation describes the effect of reactor period on power level as a function of time: 

P = P0e
t/τ

P = Power after elapsed time

P0 = Initial power

t = Elapsed time in seconds

τ = Reactor period

Startup rate is another means of measuring the rate of change of power in a reactor.  The 
startup rate (SUR) is the number of decades (powers of 10) reactor power will change in 1 
minute. 

As with period, an equation can relate SUR to power level as a function of time. 

P = P0 10 SUR(t)

P = Power after elapsed time

P0 = Initial power

t = Elapsed time in minutes

SUR = Startup rate in decades per minute

3.9
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Chapter Overview
The purpose of this module is to assist the trainee in recognizing basic principles and terms 
as used in Process Chemistry.  This module is designed to assist you in accomplishing the 
learning objectives listed at the beginning of the module.

Learning Objectives

After studying this chapter, you should be able to:

1. Describe how reaction rates are affected by:

a. Temperature

b. Pressure

c. Concentration

2. Describe what is meant by the following terms:

a. pH 

b. acids

c. bases

3. Describe how temperature and pressure affect gases in solution.

4. Identify sources of impurities in solutions and problems that impurities may cause in 
power plants.

5. Describe how the boiling process affects the concentration of impurities in power 
plants.

6. Identify factors that influence general and localized corrosion rates.

7. Identify the ways in which general and localized corrosion can be minimized.

8. Identify the following types of corrosion:

a. Pitting

b. Crevice

c. Galvanic

d. Flow-Assisted

e. Intergranular

4.0
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f. Fretting

9. Describe how activation products are produced or introduced into the reactor coolant 
system.

10. Describe how radiolysis and recombination occurs in the reactor coolant system.

11. Describe the concern caused by tritium production.

12. Describe how isotopic data can be used as an engineering diagnostic tool for failed fuel 
monitoring and system leakage monitoring.

13. Describe the purposes for controlling primary and secondary chemistry.

14. Describe the processes used to control primary and secondary chemistry.

15. Describe the purpose of a demineralizer.

16. Describe the two general types of demineralizer resins.

17. Describe how a typical ion exchange reaction occurs.

18. Describe how pH is controlled utilizing the ion exchange process.

19. Describe the following demineralizer terms:

a. Regeneration

b. Breakthrough

c. Leakage

d. Decontamination factor (DF)

20. Describe the advantages and disadvantages of deep-bed and powdered resin 
demineralizers.

21. Describe the reason for sampling the inlet and outlet conductivity of a demineralizer.

22. Describe the effect of excessive differential pressure on demineralizer performance.

23. Describe the effects of channeling in a demineralizer.

24. Describe the reason for demineralizer temperature limitations.
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Introduction
Welcome to the Chemistry Topic of the Power Plant Engineering Course! The purpose of 
this topic is to assist the trainee in recognizing basic principles and terms as used in Process 
Chemistry.

Chemistry is a branch of physical science that studies the composition, structure, properties 
and change of matter. Chemistry includes topics such as the properties of individual 
atoms, how atoms form chemical bonds to create chemical compounds, the interactions of 
substances through intermolecular forces that give matter its general properties, and the 
interactions between substances through chemical reactions to form different substances.

Chemistry is important in the operation of nuclear power plants for such reasons as 
equipment performance, corrosion control, and radiation dose. Poor chemistry practices can 
lead to premature failure of components, reduced heat transfer, catastrophic overheating of 
piping, and increases in radiation levels that can cause large doses to plant workers and the 
public, as well as plant trips due to releases/leaks of radioactive process flows/effluents.

4.1

Basic Chemical Concepts and Terminology
The interaction of most chemicals is an electrochemical phenomenon: that is, there is an 
interaction or transfer of the electrons of each chemical with other chemicals that it reacts 
with.  The behavior of individual atoms of an element generally coincides with the number of 
electrons that are contained in the outer shell (orbit) of that particular element.  The electrons 
of the atom basically orbit around the central nucleus of the atom, where the majority of 
the mass is contained in the form of positively-charged protons and neutral neutrons.  The 
number of protons contained in the nucleus determines the specific element of that atom, 
while the number of neutrons in the nucleus (which can vary) determines the isotope of that 
specific element.

For example, all xenon (Xe) atoms have a nucleus that contains fifty-four (54) protons.  
However, xenon has thirty-six (36) distinct isotopes, where the number of neutrons in the 
nucleus varies from fifty-six (Xe-110) to ninety-three (Xe-147).

However, regardless of the number of neutrons in the nucleus, it is the electron count in the 
outer shell of the atom that primarily dictates the chemical interaction available to that atom.  
This outer shell is called the valence shell, where the reactive electrons orbit.  Atoms will 
attempt to accept or give up electrons, in varying numbers, to make that valence shell full.  
This will result in an atom either having a positive or a negative charge, once the electrons 
are shifted.  In addition, the electrons may actually be transferred between atoms (ionic 
bonds) or shared between the atoms (covalent bonds).

4.2
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Elements can be grouped together based on whether they have the same number of 
electrons in their outer shell, known as an atomic group, or the same number of shells, 
known as atomic period.  Atomic grouping shows how many electrons the atom will gain or 
lose in order to achieve a full outer shell.  Figure 4-1 shows the periodic table.

Figure 4-1: Periodic Table of the Elements

If you look at the first vertical column of elements, these represent elements that have a 
single electron in their outer shell (hydrogen, lithium, sodium, potassium, rubidium, and 
cesium).  These elements will tend to easily give up, or share, that single electron, and 
become positively charged ions (cations).  The next to the last column (fluorine, chlorine, 
bromine, iodine, and astatine) are missing a single electron to fill out their outer shell.  These 
elements will tend to accept, or share, a single electron to fill their shells and become 
negatively charged ions (anions).

The elements in the last column on the right are known as noble or inert elements that are 
typically always in gaseous form (helium, neon, argon, krypton, xenon, radon).  Since their 
outer shells are full, they tend to not give up or accept other electrons, hence the term ‘inert.’  
They exhibit very low chemical reactivity.
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Since chemical reactions include the transfer or sharing of electrons, it is convenient to 
characterize the reaction as whether the atom gains or loses electrons.  Simply put, when 
an atom loses electrons, it is termed oxidation.  This parallels the reaction of atoms with 
oxygen, which has a strong tendency to gain electrons to fill its outer shell.  Hence, the term 
for the loss of electrons by an atom is oxidation.  Conversely, the gain of electrons will result 
in the formation of a negatively-charged anion, a term defined as reduction.

An easy mnemonic for remember oxidation vice reduction is:  “LEO the lion says GER.”  
LEO is an acronym for the Loss of Electrons is Oxidation; GER is the acronym for Gain of 
Electrons is Reduction.

Chemical Reactions and Reaction Rates
Chemical reactions occur when certain elements are mixed together and the aforementioned 
electron transfer or sharing occurs.  The elements that interact are called reactants and the 
reaction will result in new chemical substances being produced, known as products.

These chemical reactions can occur very quickly or very slowly, and anywhere in between.  
One example of a slow chemical reaction is the rusting of iron in Earth’s atmosphere.  This 
reaction can take years.  The other side of the spectrum is a very fast reaction, such as the 
ignition of gasoline in a fire.  The gasoline will burn (oxidize) by reacting  with oxygen in the 
air.

The speed of this reaction, known as the reaction rate, can be affected by many different 
factors.

4.3

Temperature Effects on Reaction Rates
Temperature will generally be a direct effect on reaction rate.  As the temperature of the 
chemicals increase, the reaction rate will increase.  However, as shown in Figure 4-2, the 
effect of temperature on reaction rate is an exponential function.

Figure 4-2: Temperature Effects on Reaction Rates

4.3.1
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Pressure Effects on Reaction Rates
Pressure effects on the reaction rates are dependent on the state of the substances, but are 
generally direct effects where increasing pressure causes an increase in reaction rates.  As 
shown in Figure 4-3, for gaseous reactions, increasing pressure causes the reaction rate to 
increase.  For solids and liquids, reaction rates are unaffected by pressure changes.

Figure 4-3: Pressure Effects on Reaction Rates

4.3.2
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Concentration Effects on Reaction Rates
Concentration effects on the reaction rates are generally direct effects where increasing 
concentrations of the reactants causes an increase in reaction rates.  There are a few cases 
where increasing reactant concentrations does not appreciably change the reaction rate.  As 
shown in Figure 4-4, the change in reaction rates will depend on whether both reactants are 
dissolved or not.

Figure 4-4: Concentration Effects on Reaction Rates

4.3.3

Acids and Bases
Many of the chemicals that are put into water solutions in the plant can be categorized as 
either acids or bases.  When acids or bases are dissolved in water, they dissociate, forming 
cations (positively charged ions) and anions (negatively charged ions).  Ions are atoms or 
groups of atoms with an excess of either positive or negative charges.

When an acid dissolves in water, the cation formed is the hydrogen ion (H+).   Acids in a 
water solution always yield positively charged hydrogen cations along with counterpart 
negative anions.  Because the hydrogen ion immediately forms an electrostatic bond with a 

4.4
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water molecule, it is sometimes written as H3O+, and called the hydronium ion.  Chemically, 
the two notations are equivalent; this chapter uses the H+ notation.  Therefore, when a 
sulfuric acid molecule (H2SO4) ionizes in water, it produces two hydrogen (H+) cations and 
one sulfate (SO4

--) anion.

H2SO4 (in water) → 2H+ + SO4
-

When a base dissolves in water, the anion formed is the hydroxide ion (OH-), which is 
sometimes called the hydroxyl ion.  Bases in a water solution always yield negatively 
charged hydroxide anions along with counterpart positive cations.  Thus, the ionization of 
sodium hydroxide (NaOH) produces sodium (Na+) cations and hydroxide (OH-) anions.

NaOH (in water) → Na+ + OH-

In neutral water, the concentrations of hydrogen and hydroxide ions are equal; there is no 
excess of either ion.  If the hydrogen ion concentration is greater than the hydroxide ion 
concentration, the solution is called an acid.  If the hydroxide ion concentration is greater 
than the hydrogen ion concentration, the solution is called a base.  This is a significant 
consideration in the plant because hydrogen and hydroxide ions in the plant waters affect 
the rate at which plant piping and components corrode.  In extreme cases, strong acidic 
solutions and very strong basic solutions can rapidly cause metal damage through corrosive 
attack.

It is important to know whether the water in the plant is either a basic solution (also called 
alkaline) or an acidic solution, and to what degree the water is basic or acidic.  It is possible 
to define how acidic or how alkaline a solution is by determining the concentration of the 
hydrogen ions or hydroxide ions in the solution.  Because these ionic concentrations are 
normally very small, using negative powers of 10, the concept of the pH of the solution was 
developed.  The pH of a solution is an inverse logarithmic measure of the concentration 
of hydrogen ions in the solution; therefore, the pH is an inverse measure of how acidic or 
alkaline the solution is.  The definition of pH is the negative logarithm (to the base 10) of 
the hydrogen ion concentration (in moles/liter).  The bracket symbol is the notation for the 
concentration of a solute in solution in moles/liter.

pH = - log [H+] = - log [H3O
+]

The pH of a solution is measured on a scale numbered from zero to fourteen as shown 
below.  On this scale, the strongest acidic solutions with very high concentrations of 
hydrogen ions have a pH approaching 0.  As the concentration of hydrogen ions is reduced 
(by dilution with neutral water or by the addition of hydroxide ions), the pH increases and the 
pH measurement value moves up the scale.  Up to a pH value of 7, a solution will be acidic.  
If the pH is greater than 7, the solution will be basic.  The strongest basic solutions, with very 
high concentrations of hydroxide ions, have a pH approaching 14.
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In pure water, a small amount of water dissociates into hydrogen and hydroxide ions in a 
reversible reaction as shown in Equation 4-1:

H2O ←→ H+ + OH-

Equation 4-1

Pure water at 25°C dissociates to form equal concentrations of hydrogen and hydroxide 
ions, each at 10-7 moles per liter.  This hydrogen ion concentration yields a pH of 7.  A 
solution with a pH of 7, at the midpoint of the scale, will have equal concentrations of 
hydrogen and hydroxide ions.  At this point, the hydrogen cations and the hydroxide anions 
are balanced, and the solution is said to be neutral.  Pure water is an example of a neutral 
solution.

Note that a solution with a pH of 7 does not have to be pure water.  If ionic substances other 
than acids or bases, such as salts or minerals are present in the solution, the ions from 
these substances will increase the total ionic concentration of the solution without affecting 
the pH of the solution.  If the solution is very pure water, however, and free of other ionic 
substances, the hydrogen and hydroxide ions produced by the dissociation reaction shown 
in equation 4-1 will produce a small but measurable total ionic concentration in the solution.  
This total ionic concentration will be about 2 x 10-7 moles/liter, which is a very small total 
ionic concentration.  This pure water solution is often called demineralized water because 
there are no minerals or mineral salts present in the solution and the total ionic concentration 
is very small.

If sulfuric acid (H2SO4) is added to a pure water solution the hydrogen ion concentration 
in the solution is increased (with a corresponding decrease in pH), and the total ionic 
concentration is increased due to the increase in hydrogen ion concentration and the 
increased sulfate ion concentration.  Conversely, if the base sodium hydroxide (NaOH) is 
added to the pure water solution, the hydrogen ion concentration in the solution is decreased 
(with a corresponding increase in pH), but the total ionic concentration is increased due to 
the increase in hydroxide ion concentration and the increase in sodium ion concentration, In 
both cases, as the pH is changed farther away from 7(either downward for an acid addition 
or upward for a base addition), the total ionic concentration of the solution increases.
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The pH scale is a bit more complicated than it looks.  Because it is a decade scale, a change 
in the number on the pH scale represents a change in the hydrogen ion concentration (and 
in the hydroxide ion concentration) by a factor of ten.  Therefore, a solution with a pH of 3 
has a hydrogen ion concentration ten times greater than a solution with a pH of 4.  The same 
relationship holds true for basic solutions.  A solution with a pH of 12 has a hydroxide ion 
concentration that is one hundred times greater than a solution with a pH of 10.  Table 4-1 
shows the relative concentrations of hydrogen and hydroxide ions associated with specific 
values on the pH scale.

pH H+ Concentration 
(moles.liter)

OH- 
Concentration 
(moles/liter)

Increasingly Acid 
Solutions

↑
Neutral

↓

Increasingly 
Basic (Alkaline) 

Solutions

0 100 10-14

1 10-1 10-13

2 10-2 10-12

3 10-3 10-11

4 10-4 10-10

5 10-5 10-9

6 10-6 10-8

7 10-7 10-7

8 10-8 10-6

9 10-9 10-5

10 10-10 10-4

11 10-11 10-3

12 10-12 10-2

13 10-13 10-1

14 10-14 10-0

Table 4-1: pH and Ion Concentration

It is possible to measure the pH of a solution by measuring the voltage developed across a 
cell composed of two electrodes and the solution to be tested.  The pH meter is actually a 
very sensitive voltmeter, with the readout scale calibrated in pH.  One of the two electrodes 
used is a reference electrode, and the other is an electrode made of special pH sensitive 
glass.
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As the H+ ion concentration of the solution changes, the voltage developed between the 
glass electrode and the reference electrode also changes.  The pH meter measures the 
voltage developed and reads out in pH.

As the temperature of the solution is increased above 25°C, the number of ions produced by 
the water disassociation reaction (Equation 4-1) increases, and the mobility of the resultant 
ions also increases.  Therefore, the pH of a neutral or near neutral solution is very sensitive 
to changes in the temperature of the solution. To take this factor into account during pH 
measurements, the temperature of the solution is measured, and a compensating dial on 
the pH meter is adjusted.  Some pH measuring systems measure the temperature and 
compensate the meter circuit automatically.  These automatic systems are generally used for 
the in-line pH meters that are installed in nuclear plants.

A pH meter is always calibrated with a solution of known pH to ensure that it is operating 
properly.  The solutions used are called buffer solutions because they have the special 
characteristic of maintaining a constant pH over a range of concentrations and in the 
presence of small amounts of acidic or basic impurities.  Whenever there is any doubt about 
a pH reading, the meter should be checked with a buffer solution that has a pH near the pH 
of the test solution.

Conductivity
The ability of a material to conduct electricity is called conductance.  Solutions that contain 
ionized materials conduct electricity because the ions carry the electricity through the 
solution.  The conductance of ionic solutions varies widely.  One reason for the variation is 
that different ions have different mobilities (velocities) through the solution.  The hydrogen 
ion has the greatest mobility, the hydroxide ion is next (having about half the mobility of the 
hydrogen ion), and all other ions have considerably less mobility.  The more important cause 
of the variation in conductance between solutions is the variation in ionic concentrations.  As 
the ionic concentrations in a solution increase, the conductance increases because there are 
more ions to carry the electricity.

The solutions in a power plant are usually dilute water solutions, which are very poor 
conductors of electricity.  In comparison to metals (good conductors with a large number of 
free electrons), dilute water solutions have very few ions available to carry electricity.  Under 
plant operating conditions, the flow of electricity through or across water systems is so 
limited that it is difficult to measure its conductance.

4.5
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For situations in which very few ions are available to conduct electricity, we actually 
measure the resistance, or inability of the solution to carry or conduct electricity.  Because 
conductance is the ability to conduct an electric current and resistance is the “inability” to 
conduct an electric current, these two concepts are inversely related, as shown in Equation 
4-2:

Equation 4-2

Because resistance is commonly expressed in units of ohms, the unit mho (ohm spelled 
backwards) is used for conductance.  The solutions generally found in the plant are very 
dilute, and the conductance is very low.  Therefore, the conductance of solutions in the plant 
is usually expressed in terms of micromhos (10-6 mhos).

As with pH measurements, the conductance of a solution varies with temperature.  For 
this reason, conductance is usually measured at a temperature of 25°C.  This constant 
temperature measurement allows for comparing values from one conductance reading to the 
next or from one point in a system to another.

Because there are other variables that must be considered in measuring conductance, 
a specific set of measuring conditions has been established to ensure the validity of 
comparable readings.  The conductance of a solution measured at 25°C between two 
electrodes that are each 1 cm2 in area and are spaced 1 cm apart is called the specific 
conductance, or the conductivity.  The units of conductivity are micromhos/cm (micromhos 
per cm3 of solution per cm2 of electrode).

The theoretical conductivity of pure water has been established at 0.054 micromhos/cm 
at 25°C.  The conductivity of the water coming out of a plant makeup system will often 
approach this very low value.  If a sample of the makeup system effluent is taken to the 
lab for analysis, its conductivity will probably be between 0.5 and 1.0 micromhos/cm.  The 
increase occurs because the sample absorbs gaseous impurities from the air while it is 
being taken and carried to the lab, and while it is being measured.  The only way to measure 
the conductivity of very pure water is to use an in-line conductivity measuring device.  If the 
measuring device is actually in the line, it will measure only the impurities in the stream, not 
those absorbed after sampling.

Conductivity measurements are used to determine the concentration of dissolved ions in 
all reactor plants, but the manner of usage varies slightly between BWR and PWR plants.  
In BWR plants the pH of the reactor feed water is kept as close to neutral as possible.  
Since the conductivity of pure water has been established, any significant increase in the 
conductivity of the feedwater above this value indicates either that ionic impurities have 
entered the feed system, or that the pH of the feed water has suddenly increased above, or 
decreased below, the neutral pH (7) of pure water.
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On the other hand, PWR Reactor Coolant Systems contain boric acid for reactivity control.  
Many PWR plants also use lithium hydroxide, LiOH, in the reactor coolant to maintain a 
slightly basic pH for corrosion control.  PWR plants must measure the pH and boric acid 
concentrations in the coolant and plot these values on a standard curve to determine the 
expected conductivity.  If the measured conductivity differs significantly from the expected 
value, it indicates that other ionic impurities are reaching the reactor coolant system.

Generally speaking, higher levels of conductivity in aqueous solutions is indicative of higher 
levels of contaminants.  The more pure the coolant, the lower the value of the conductivity 
will be.

Radiolysis of Water
The discussions of nuclear plant corrosion later in this chapter will highlight that dissolved 
oxygen in nuclear plant waters is a significant contributor to piping system corrosion.  The 
one source of dissolved oxygen that is specific to nuclear power plants is the radiolysis of 
water.  The oxygen atom that is bound with the two hydrogen atoms in a water molecule, or 
is bound with one hydrogen atom in a hydroxide ion, is not a significant corrosion problem.  
Oxygen is a significant corrosion problem when it exists as a free oxygen ion or is dissolved 
as a free oxygen molecule (O2).  Radiolysis is the dissociation of molecules by radiation, 
and the radiolysis of water molecules in the reactor core can be an important source of free 
oxygen in reactor coolant when the reactor is operating at power.

Under a strong neutron flux, such as in the reactor core at power, the hydrogen-oxygen 
bonds in the water molecules can be broken, and the molecules separated into the individual 
atoms.  The chemical equation for this radiolysis or radiolytic dissociation of water can be 
written as follows:

Under neutron flux: H2O → 2H + O (unbalanced)

The complete balanced reaction is shown in Equation 4-3:

Under neutron flux: 2H2O → 2H2 + O2     

Equation 4-3

Only a small percentage of the water molecules in the core undergo the dissociation 
reaction, but because there is a huge amount of water in the core, a significant amount of 
free oxygen is formed by this reaction.

With a strong gamma flux (as exists in the reactor core at power), a reverse radiolytic, or 
recombination reaction, will also occur, as shown in Equation 4-4:

4.6
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Under gamma flux: 2H2 + O2 → 2H2O

Equation 4-4

The recombination reaction may not go strongly enough to the right to remove all the free 
oxygen in the coolant unless it is somehow assisted.  In BWR plants, the oxygen gas comes 
out of solution and leaves the core with the generated steam.  The normal practice at PWR 
plants is to maintain an excess concentration of dissolved hydrogen in the reactor coolant 
when the coolant is at elevated temperatures and subject to strong gamma radiation.  
The hydrogen does not contribute to plant corrosion, but it does force the recombination 
reaction strongly to the right and thereby “scavenges” any available dissolved oxygen.  The 
chemical oxygen scavengers, like hydrazine, that are added when the coolant is cold, break 
down under high temperature and high flux and cannot remove the dissolved oxygen in 
an operating reactor core.  PWR plants cannot stop the formation of dissolved oxygen by 
the dissociation reaction, but the maintenance of an excess hydrogen concentration in the 
coolant ensures that any dissolved oxygen formed by the dissociation reaction is promptly 
removed by the recombination reaction.  Generally, hydrogen gas is added to the volume 
control tank (VCT) in the PWR Chemistry and Volume Control System (CVCS).  When the 
plant is going to be shut down and depressurized (i.e., the RCS opened to atmosphere), the 
operators will degas the plant by venting this hydrogen gas from the VCT and replacing it 
with nitrogen gas.

Hydrazine is added to the reactor coolant when the plant is at temperatures below 200°F 
and the reactor is shutdown.  The addition of hydrazine results in the following reaction:

2O2 + 2N2H4 → 2N2 + 4H2O

For either hydrogen or hydrazine, as the chemical concentration in the coolant is increased, 
the scavenging reaction is driven more strongly to the right, and oxygen is removed from 
solution.  This is a desirable condition because the concentration of oxygen in the coolant 
directly affects the amount of system corrosion experienced.

Voltaic Cells
The voltaic cell or galvanic cell typically consists of two bars or plates of dissimilar materials 
immersed in an electrolytic (or ionic) solution.  Because this arrangement can produce a 
voltage potential between the two bars, the bars are known as electrodes, with the positive 
electrode called a cathode and the negative an anode.  (The electrodes can have any 
shape, but they are normally shown as bars.)  Copper and zinc are frequently used as 
electrodes.  The electrolyte normally consists of a water solution of an acid, base, or salt that 
is strongly ionized in water.  A sulfuric acid (H2SO4) solution is used as the electrolyte in the 
simple voltaic cell shown in Figure 4-5.

4.7
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Figure 4-5: Voltaic Cell Operation

As sulfuric acid dissolves in water, complete ionization occurs; the acid rapidly dissociates 
into hydrogen ions (H+) having a single positive charge and sulfate ions carrying two 
negative charges (SO4

--).

If a zinc electrode is immersed in the acid solution, some of the zinc will corrode or undergo 
oxidation.  In corroding, zinc ions containing two positive charges (Zn++) leave the electrode 
and pass into the electrolyte.  Each zinc ion that goes into the solution leaves two electrons 
behind, causing a negative charge to accumulate on the zinc electrode.  As the zinc 
electrode becomes negative, it attracts the positive ions in the solution, causing some of the 
zinc ions to return to the electrode.  In a short time, an equilibrium is established and the rate 
of loss of ions from the zinc is equal to the rate of ion return.  The zinc electrode remains 
negative and a cloud of positive ions forms in the nearby electrolyte.

When a copper bar is also immersed in the acid solution, some of the positive hydrogen ions 
(H+) in the electrolyte contact the surface of the copper.  Each positive ion then pulls one 
of the many free electrons out of the copper and becomes a neutral atom of hydrogen gas.  
The copper electrode, which has given up its electrons to the hydrogen ions, accumulates a 
positive charge and a blanket of hydrogen gas.
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The chemical equations for the reactions that occur at the electrodes of the voltaic cell 
shown in Figure 4-5 are:

Zn (in electrode) → Zn++ (goes into solution) + 2e- 
(accumulate on electrode)

2H+ (in solution) + 2e- (on electrode) → H2 
(accumulates on electrode)

As a consequence of the above chemical action, the zinc electrode becomes negative and 
the copper electrode becomes positive.  Therefore, a voltage difference, or potential, is 
created between the two electrode terminals, and the cell is capable of supplying electrical 
energy to an external electrical circuit that can be connected between the two terminals.  A 
voltaic cell constructed with copper and zinc electrodes will develop a potential between the 
electrode terminals of about 1.08 volts.

After an external conductor has been connected, the electrodes become the conductors 
by which the current leaves or returns to the electrolyte.  In the example voltaic cell, the 
electrodes are copper and zinc rods that are immersed in the electrolyte; in the dry cell 
(flashlight “battery”), the electrodes are the carbon rod in the center and the zinc container in 
which the cell is assembled.

The electrolyte is the solution that acts upon the electrodes which are immersed in it, and 
completes the electrical circuit by allowing electron flow (through ion transport) between the 
electrodes.  The electrolyte may be a salt, an acid, or an alkaline solution.  In the simple 
galvanic cell and in the lead-acid storage battery, the electrolyte is in a liquid form; in the dry 
cell, the electrolyte is a paste.

The electrodes of a voltaic cell are often referred to in other terms.  The negative electrode 
from which electrons leave the cell to flow to the external circuit is called the anode.  The 
positive electrode into which electrons flow from the external circuit is called the cathode.

Corrosion
Uncontrolled corrosion in a nuclear power plant can cause many serious problems.  
Corrosion occurs continuously in the plant, and every metal in the plant is subject to some 
type of corrosion.  If corrosion is allowed to become excessive, the following types of 
problems can occur:

4.8
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• As corrosion products are carried into the core and build up on core surfaces, the water 
channels become smaller and the core pressure differential increases.  The resultant 
flow decrease may force the plant to reduce the total power output of the reactor.

• The buildup of corrosion deposits on fuel surfaces will decrease the rate of heat 
transfer from the fuel to the water.  As a result the fuel can overheat, and fuel cladding 
failures may occur.

• Increased activated corrosion product levels in the coolant may increase plant radiation 
levels and eventually overload the waste disposal system.

• Increased corrosion may cause fuel cladding breaches which will increase fission 
product concentration in the coolant.

• Piping failures may occur in the coolant system.

• Failures caused by corrosion may cause release of radioactivity in the plant.

Even though corrosion in the plant cannot be eliminated, it can be controlled to prevent 
the adverse consequences listed above.  For this reason, it is important to understand the 
reason that corrosion occurs and the steps that can be taken to control corrosion effects.

In simple terms, corrosion is the action of a metal trying to return to its natural state.  In the 
natural state, a metal exists as a metal oxide.  Metal ores are refined before they are used 
in the manufacture of plant components.  The refining process reduces the metal oxides that 
are part of the natural metal ores and produces pure metal.  During corrosion, the refined or 
pure metal is oxidized to return to its natural or oxide state.

Corrosion of Iron
Many of the systems and components in the plant are made from iron.  When iron corrodes, 
it is trying to return to its natural state by forming iron oxides, which we normally see as red 
rust (hematite) or black rust (magnetite).  In nuclear systems, the corrosion of iron does 
not always form red rust because there are other factors involved in the corrosion process.  
Proper chemical control of aqueous systems can force the iron corrosion to form the tightly 
adhering magnetite layer.  This is preferred as magnetite will not readily be removed from 
the base material, hence creating a protective layer on the iron component (e.g., internal 
piping surface).  Magnetite formation is enhanced by maintaining slightly basic (greater than 
7) pH levels.

Corrosion is an electrochemical process; that is, it involves both electricity and chemistry.  
Because of some difference in materials or environment between two locations, an anode 
and a cathode are formed on an iron surface that is exposed to an ionic solution.  The 
solution conducts electron flow like the electrolyte in a voltaic cell.  A voltage potential will 

4.8.1
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be created to cause electrons to flow through the iron from the anode to the cathode.  A 
complete circuit is formed and electron flow continues while the anode is corroding. Figure 
4-6 illustrates the corrosion of iron.

Figure 4-6: Corrosion of Iron

The figure has been drawn to indicate reactions that take place on a very small scale.  The 
anode and cathode in these reactions may be adjacent iron grains.  The metallic iron atoms 
at the anode are in equilibrium with iron ions in the electrolyte (water) at the anode.  Some 
of the iron ions in solution at the anode combine with the hydroxide ions in the water to form 
a low-stability, transitional-state of ferrous hydroxide, Fe(OH)2.  An equilibrium condition 
also exists between the iron ions in solution and the iron ions that are combined with the 
hydroxide ions.

The concentration of ferrous hydroxide in the electrolyte is directly affected by the 
concentration of dissolved oxygen in the solution.  Oxygen promptly oxidizes the ferrous 
hydroxide and forms FeO3 (rust), which plates out on the iron surface.  When the ferrous 
hydroxide is oxidized by the oxygen in the solution, and thereby removed from the 
electrolyte, additional iron atoms must be removed from the metal and converted to iron ions 
to maintain the ionic equilibria.  The presence of dissolved oxygen, therefore, accelerates 
the removal of iron atoms from the metallic surface and accelerates the corrosion process.

Figure 4-6 also contrasts the sequence of events discussed in the above paragraph with the 
case where there is no dissolved oxygen present in the solution.  In the latter case, when 
the iron ions enter the water, two free electrons are released to move through the metal from 
the anode to the cathode.  At the cathode, the electrons combine with positively charged 
hydrogen ions from the water to form hydrogen gas molecules.  The hydrogen gas forms a 
blanket at the cathode.
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Corrosion Rate
The actual rates at which corrosion occurs in the plant are affected by a number of different 
factors.  For example, it has been shown that a protective oxide film can slow down the 
corrosion rate of a metal surface.  However, the flow of water past the metal surface can 
prevent the formation of a good oxide coating.  When the water velocity is extremely 
high, the impact of the water can remove the oxide layer, thus exposing more fresh metal 
to corrosion.  Water velocity can be considered a problem when it increases beyond 
approximately 30 to 40 feet per second.

4.8.2

Once again the iron ions react with hydroxide ions in the solution to form the low-stability, 
transitional ferrous hydroxide Fe(OH)2.  If no dissolved oxygen is present, the ferrous 
hydroxide molecules will slowly coalesce and form a new material, Fe3O4 (called magnetite), 
that tends to plate out on the iron surface.

As the corrosion of the iron continues, the oxide that forms at the anode and the hydrogen 
gas that forms at the cathode act as electrical insulators and resist the flow of ions.  Thus, 
when an iron surface becomes covered with oxide film, the corrosion film serves as a barrier 
to slow down additional corrosion.  Common red rust, Fe2O3, is porous, however, and quickly 
flakes off to expose fresh metal.  At the cathode, the hydrogen gas that is formed normally 
coalesces to escape as bubbles, thereby removing the hydrogen gas layer that had acted to 
prevent additional corrosion.

If there is no dissolved oxygen in the water and the water temperature is kept high, like the 
coolant in a nuclear plant, the magnetite produced at the anode will form a dense, protective 
oxide film on the iron surfaces.  This film of black iron oxide (magnetite) is very adherent 
at high temperatures if a slightly basic pH can be maintained in the coolant.  Therefore, 
it acts as a good barrier against further corrosion.  Modern nuclear plants follow special 
procedures to form this type of oxide film early in plant life.  PWR plants also maintain the pH 
of the reactor coolant slightly basic to promote the adherence of the magnetite film at high 
temperatures.

Having some dissolved oxygen in the coolant is often unavoidable, especially during 
refueling operations.  Therefore, coolant piping surfaces are normally made of, or clad, 
with stainless steel.  Stainless steel alloys contain chromium and exhibit enhanced general 
corrosion resistance due to the formation of a protective chromium oxide film by the following 
oxidation process:

4Cr + 3O2 → 2Cr2O3

This chromic oxide film is not impervious to penetration at the high temperatures used in 
reactor plants, but it does assist the magnetite film in retarding additional corrosion.
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Water temperature can also affect the rate at which corrosion proceeds.  In general, 
chemical reactions proceed faster at high temperatures, and this is true of the oxidizing of 
metals.  Water temperatures are usually high in the plant, and they must be considered as a 
factor that tends to accelerate the corrosion of plant materials.

Another factor that affects the corrosion rate is pH.  This can be controlled in some cases by 
keeping the pH of plant water somewhere between neutral and slightly alkaline to maintain 
the adherence of the protective oxide layer described in the previous section.

Two other factors that can be controlled are dissolved oxygen and dissolved solids/ions in 
the plant water.  High dissolved oxygen levels greatly accelerate the corrosion process.  If 
dissolved ions are kept to a minimum, the ability of the water to conduct a current will be 
greatly reduced and the rate of the electrochemical process corrosion will be decreased.

Types of Corrosion
Corrosion can take place under a number of different circumstances, and the effects that the 
basic process causes can also be different.  The most common type of corrosion is uniform 
corrosion, the general oxidation of a metal surface by the processes described in section 
on the Corrostion of Iron.  Uniform corrosion takes place very slowly and produces an even 
oxide coating over the surface of the metal.  The anodes and the cathodes are usually very 
close together and cannot be distinguished.  The metal surfaces in the reactor coolant piping 
normally undergo very slow uniform corrosion.  The small metal loss that occurs is allowed 
for in the plant design.

A more serious type of corrosion in the plant is crevice corrosion, which can occur in or 
near a crevice in a metal surface.  Crevice corrosion takes place where there is a difference 
in the concentration of some material between the general environment and the crevice 
area.  The concentration differences can occur in coolant systems because the flow through 
the crevice area is very restricted or nonexistent.  When a material in the metal or the 
conducting solution (dissolved oxygen, metal ions, or other ions) is deficient in a relatively 
small, restricted area, but present in the remaining areas, the net effect is the formation of 
an anode in the deficient area and the rapid onset of localized corrosion.  Figure 4-7 is a 
simplified drawing of the initial stages of crevice corrosion.

4.8.3



USNRC HRTDREV 0817 4-24

Figure 4-7: Crevice Corrosion

Figure 4-8 shows some of the factors affecting crevice corrosion.

Figure 4-8: Factors Affecting Crevice Corrosion
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Pitting corrosion is similar to crevice corrosion.  The main difference is that pitting can 
begin on almost any metal surface.  It does not require the existence of a pre-existing flaw 
or other area of restricted flow.  Pitting is a localized attack that occurs in the form of holes 
that are about as wide as they are deep.  As corrosion products accumulate in these holes, 
the pits become, in essence, a form of crevice corrosion.  As with crevice corrosion, pitting 
requires a difference in the makeup of the metal or the conducting solution (dissolved 
oxygen, metal ions, or other ions).  Most pitting is caused by chloride and chloride-containing 
ions or by differences in dissolved oxygen concentrations.  Pitting can cause rapid metal 
failure in pitted locations even though the remainder of the metal component is unaffected.  
Figure 4-9 illustrates some example types of pitting corrosion.  Crevice corrosion and pitting 
are of particular concern because they can occur almost anywhere in the plant.  

Figure 4-9: Pitting Corrosion

A third type of specific attack, galvanic corrosion, only occurs when two dissimilar metals 
are in contact in a conductive solution. Galvanic corrosion uses the same electrochemical 
processes that have been previously described for general corrosion, but in this case 
separate components made of different metals or alloys are involved, rather than just small 
localized areas on the same metal surface.  Galvanic corrosion may occur where heat 
exchanger tubes are welded to the tubesheets, or where two components with different alloy 
compositions are welded together.
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In galvanic corrosion the weld area forms a good path for the flow of electrons between the 
two metals.  The component made of the metal or alloy that has less corrosion resistance 
will become the anode, and the component made of the metal with more corrosion 
resistance will become the cathode.  The severity of the corrosion will be determined by the 
potential (voltage) that is developed between the two metals, and this, in turn, will depend 
on the specific metals that are involved.  Figure 4-10 shows galvanic corrosion between zinc 
and copper electrodes with seawater as the electrolyte.

Figure 4-10: Cu-Zn Galvanic Cell

The severity of attack that occurs as a result of galvanic corrosion is affected by the 
environment (including solution temperature and rate of flow) and the area ratio between the 
two metals involved.  In general, the other metals in the environment will determine which 
metal is the anode and which metal is the cathode.  Thus, the metal that is less corrosion 
resistant in a specific environment will be the anode, but this same metal in another 
environment might be the cathode.  The size of the anode with respect to the cathode will 
determine the electric current density at the anode and, the amount of metal lost per unit 
area.  If the cathode is much larger than the anode, the attack at the anode will be severe.  If 
the anode is larger than the cathode, the attack will be less serious because the corrosion is 
spread over a much larger area.

One way to combat galvanic corrosion is to place an electrical insulating material between 
the two metals involved (do not weld them together).  Another way is to use two metals that 
are very close to each other in their degree of corrosion resistance.  The tendency toward 
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a galvanic reaction is much less when the two metals used are similar in their resistance to 
corrosion.  Reducing the conductance of the solution that contacts the metals will also help 
to slow down galvanic corrosion.

In some instances, galvanic corrosion of plant materials can be controlled by using sacrificial 
anodes.  For example, zinc bars may be mounted in a seawater heat exchanger to protect 
the heat exchanger from corrosion.  The zinc will become the anode and will corrode; the 
heat exchanger metal will become the cathode, and it will not be affected by the corrosion.  
This technique is also known as cathodic protection.  The metal to be protected is forced to 
become a cathode, and it will corrode at a much slower rate than the sacrificial anode.

A type of corrosion that did not become widely monitored in the nuclear industry until the 
1990’s is flow-accelerated corrosion (FAC).  This type of corrosion is a corrosion mechanism 
in which a normally protective oxide layer on a metal surface dissolves in a fast flowing 
water. The underlying metal corrodes to re-create the oxide, and thus the metal loss 
continues, at an accelerated rate.

FAC is distinct from erosion and is primarily an electrochemical corrosion process aided by 
chemical dissolution and mass transfer. 

• The rate of FAC depends on the flow velocity.

• FAC often affects carbon steel piping carrying ultra-pure, deoxygenated water or wet 
steam.

• Stainless steel does not suffer from FAC.

• FAC of carbon steel halts in the presence of small amounts of oxygen dissolved in 
water.

• FAC rates rapidly decrease with increasing water pH.

Another type of corrosion that can be a real problem in the plant is intergranular corrosion, 
which takes place in the areas between the grains of a metal (see Figure 4-11).  When a 
metal is manufactured, it is cooled from a liquid state to a solid state.  As it solidifies, the 
metal forms millions of tiny crystals or grains.  The point at which two grains meet is called 
a grain boundary.  In general, grain boundaries are more active chemically than the grains, 
and the grain boundaries usually corrode sooner and more rapidly.



USNRC HRTDREV 0817 4-28

Figure 4-11: Intergranular Corrosion

Intergranular corrosion is usually the result of some chemical difference between the grain 
boundaries and the grains of the metal.  The composition of the solution that contacts the 
metal also has a significant effect on the rate of attack.  Intergranular corrosion begins on the 
surface of the metal, where the grains and the grain boundaries involved are in contact with 
the conducting solution.  Once it starts, this type of corrosion can spread rapidly through the 
metal along the grain boundaries.  Even though the actual loss of metal is relatively small, 
the whole structure of the metal can be weakened, and failure can occur very rapidly.

Intergranular corrosion is of particular concern for some cast and welded stainless steel 
components.  Under certain conditions, some stainless steels that have been subjected 
to the high heat input of welding or stress relief become sensitized.  Sensitization refers to 
the precipitation of chromium atoms as chromium carbides at the grain boundaries.  The 
precipitated chromium atoms are no longer available to form the protective chromic oxide 
film, and the associated grain boundaries are then subject to accelerated corrosion attack.

Stress corrosion cracking, like intergranular corrosion, can cause metal failure with 
relatively little metal loss.  The stress involved is normally tensile stress, caused by bending 
or rolling the metal or by containing high system pressure.  Stress corrosion cracking may 
attack along the grain boundaries in the metal, or it can cut across the grains.  Because 
it can be extremely rapid under the right conditions, stress corrosion cracking is the most 
serious type of corrosion discussed in this section.
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Much of the piping in reactor plants carries fluid under high pressure, and much of the 
piping is either bent or rolled, like tubing.  Therefore, most of the piping in a reactor plant is 
susceptible to stress corrosion cracking.  Although much testing has been done on stress 
corrosion cracking, the root causes of this type of corrosion are still unclear.  It is known, 
however, that even very small concentrations (.15 ppm) of chloride or fluoride ions in the 
presence of dissolved oxygen will significantly increase the incidence of stress corrosion 
cracking.  The prevention of stress corrosion cracking is the basis for the very stringent 
requirements (Technical Specifications) maintained by all nuclear plants on chloride ions in 
the coolant.  If there are absolutely no chloride ions in the coolant, normal stress corrosion 
cracking will not occur.  PWR plants also have stringent limits on fluoride ions and dissolved 
oxygen in the coolant because these impurities promote stress corrosion cracking.  In BWR 
plants, the fluoride and oxygen impurities are removed by the boiling process; BWRs try to 
maintain low levels of these impurities in the makeup water and feedwater.

Finally, there has been increased concern regarding fretting corrosion.  Fretting corrosion 
refers to corrosion damage at the asperities (uneven areas/roughness) of contact surfaces. 
It is induced under load and in the presence of repeated relative surface motion (e.g., by 
vibration).

Pits or grooves and oxide debris characterize this damage, typically found in machinery, 
bolted assemblies and ball or roller bearings. Contact surfaces exposed to vibration during 
transportation are exposed to the risk of fretting corrosion.

Crud
Crud is a colloquial term for corrosion and wear products (rust particles, etc.) in the coolant 
that become radioactive when exposed to radiation.  The term is actually an acronym for 
Chalk River Unidentified Deposits, named for the Canadian plant at which the activated 
deposits were first identified.  Crud may be defined as deposited or suspended circulating 
corrosion products, principally metal oxides, formed by the reaction of water with piping 
materials.  The term crud includes both radioactive corrosion products and nonradioactive 
corrosion products.  Crud takes on special significance in nuclear plants because a large 
portion of it is radioactive.

The formation, transportation, and deposition of crud can be described in a sequence of six 
steps, which is called the crud cycle:

1. Corrosion products form and build up on out-of-core metal surfaces.

2. Part of the corrosion film that builds up on these surfaces is released into the 
circulating coolant where it is carried as a suspended impurity.

3. The corrosion products redeposit on other surfaces, frequently on the fuel surfaces in 
the core.

4.9
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4. Corrosion products that have deposited in the core are activated by the intense 
radiation with the degree of activity depending in part upon how long the corrosion 
products remain in the core.

5. Some of the activated corrosion products are released from the core and are circulated 
in the reactor coolant, again as a suspended impurity.

6. The activated corrosion products may be redeposited on out-of-core surfaces and 
collected in low velocity crud traps.

In a BWR, much of the activated corrosion products is removed by the Reactor Water 
Cleanup System while a small fraction may be carried off by the steam, thus contaminating 
the steam separators and the steam dryers. In a PWR, some of the crud is carried into the 
Chemical and Volume Control System (CVCS) for removal from the primary system.

There is really no end to the crud cycle.  Deposited material can be released again and 
carried back to the core surfaces, and the cycle will continue.  Crud tends to deposit on plant 
surfaces because the crud particles tend to build up an electrical charge on them and so do 
the metal surfaces.  If the two charges are the same, the crud particle is repelled and will 
not deposit.  If the two charges are opposite, the crud particle will be attracted to the metal 
surface, and will tend to deposit on the surface.

Even though the crud cycle cannot be stopped completely, it can be slowed down. General 
corrosion of metal surfaces is slowed down by maintaining the protective oxide film. 
Circulating crud should be removed by filtration in the Reactor Water Cleanup System 
(BWR) or Chemical and Volume Control System (PWR).

Crud can have a number of adverse effects on the plant and its components.  These can 
include the following:

• Mechanical fouling of equipment that has small clearances.

• Increase in the pressure drop across the core, which could cause a reduction in reactor 
flow that would require or produce a corresponding reduction in reactor power.

• High after-shutdown radiation levels as a result of the activated corrosion products 
being deposited on system surfaces.

• The discharge of radioactive corrosion products to the environment.

The potential adverse effects of crud must be considered when a nuclear plant is designed.  
The designer must select materials that minimize corrosion and deposition.  The design 
must also allow for efficient removal of corrosion products with the purification system.  
Equipment must be designed and arranged to minimize crud deposition, and coolant 
chemistry selected to reduce corrosion.
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Because crud is a mixture of corrosion and wear products (rust particles, etc.) that have 
become radioactive when exposed to radiation, the radioactivity of the crud depends on 
several parameters.  Included in the parameters that affect the radioactivity of crud are 
the length of time the corrosion and wear products spend in the core, the amount of crud 
present, the time that has passed since the crud was activated, and the activated metal 
species of the crud’s component atoms.  One component of crud that is especially important 
is cobalt-60 (Co-60), which emits relatively high level radiation upon decay and is present for 
long periods of time once produced.

Normal plant arrangements include many built-in crud traps.  A crud trap is a low-velocity 
area where crud carried by the coolant stream can settle out and concentrate.  The severity 
of the crud trap problem depends upon how radioactive the crud is (in general, the longer 
the crud is deposited in the core area, the more radioactive it will be upon release) and how 
much crud tends to concentrate in the trap.  Some typical crud trap locations in the plant are:

• Instrument lines (particularly D/P cells)

• Valves (especially if they are installed with bonnets sloped downwards)

• Pump volutes

• Heat exchanger heads

• Vent and drain fittings

• Check valves

• Test connections

• Socket-welded fittings

• Connections of an auxiliary system to a main system

• Thermal sleeves

• Bypass lines

• Relief valves

• Handholes or manways

• Sampling lines

The amount of crud deposited on equipment surfaces is a function of (among other things) 
the concentration, electric charge, and solubility of the crud particles in the coolant, the 
velocity of the coolant in the area of the deposition, the physical shape of the component 
on which deposition is occurring, and the type of material on which deposition is occurring.  
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Crud is continually released and redeposited on reactor coolant piping surfaces.  Crud is 
less easily released from crud traps than from other piping surfaces where fluid velocity may 
be higher or the physical shape of the surface may be different.  The lower release rates of 
crud from crud traps will result in thicker deposition layers in the crud traps than on other 
piping surfaces.  Because the amount of activity in an area is proportional to the amount of 
crud present, the activity level experienced from a crud trap is higher than the activity level of 
other piping surfaces.

Crud traps can cause localized areas of high radiation, which may complicate work in 
these areas.  The problem can be reduced by making provisions for local flushing and 
decontamination, or by using extra shielding.  To prevent these problems, the plant should 
be designed to have as few crud traps as possible.  Proper design and positioning of 
components may significantly reduce the amount of crud that is trapped.

Problems in the plant may also occur as a result of crud bursts.  A crud burst occurs when 
many crud particles that have been deposited on piping surfaces are jarred loose to circulate 
with the coolant as a result of some disturbance.  Changing coolant flow rates can loosen 
crud particles, as can thermal shocks created by heat-ups and cooldowns.  Other types 
of disturbances which could cause a crud burst are physical shocks, such as a reactor 
scram, or a chemical shock, such as the adding of hydrogen peroxide to the system before 
refueling.

When a crud burst occurs, crud may plate out on the fuel cladding, where the resulting 
poor heat transfer capabilities could cause the fuel to overheat.  This could, in turn, lead to 
cladding failures and shorter fuel life.  In addition, crud that is deposited on plant surfaces 
following a crud burst can be released again if it does not adhere tightly.  Thus, following a 
crud burst, the amount of crud available for additional release and deposit increases.

Many nuclear plants have gone to a new chemical control regimen that involves the injection 
of zinc chemicals (e.g., zinc acetate) into the reactor coolant to control crud adherence and 
shutdown radiation levels.

Zinc injection to the Reactor Coolant System (RCS) of PWRs holds the promise to alleviate 
two key challenges facing PWR plant operators: (1) reducing degradation of coolant system 
materials, including nickel-base alloy tubing and lower alloy penetrations due to stress 
corrosion cracking, and (2) lowering shutdown dose rates.

Zinc injection achieves the noted benefits via mechanisms at the molecular level. As zinc 
is incorporated into the oxide films of wetted surfaces in an operating PWR, it changes the 
morphology and composition of oxide films, thereby changing their corrosion characteristics. 
In addition, it is believed that zinc displaces nickel and cobalt from the crystalline lattice sites 
in the inner layer of system surfaces. With time, this process makes the oxide layers thinner, 
more stable and more protective.



USNRC HRTDREV 0817 4-33

Impurities in Reactor Coolant
The discussion of the various types of corrosion showed a distinct effect on the corrosion 
rate brought about by the presence of impurities in the aqueous process solution.  These 
impurities can be introduced into the system by the addition of water or chemicals from 
outside the system (normal injection into the coolant), creation of the impurities by chemical 
reactions between the system components and the solution, and by the interaction of 
radiation with materials that cause creation of radioisotopes.

Light water reactors universally create heat that is used to bring water to a boil in order to 
use steam as a power generation source.  Certain physical characteristics of the plant can 
increase the concentration of impurities through this boiling process.

Any chemicals or contaminants that are not volatile (i.e., they remain in solution under 
boiling conditions) will remain with the liquid water during boiling.  As new feedwater is 
added to the systems to replace the exiting steam, the concentration of any impurities will 
continually increase in the aqueous system.

Mitigation of this increase in impurity concentration from the boiling process generally takes 
place as removal of portions of the process fluid, cleaning it, and reintroducing it to the 
system.   BWR plants have a system called Reactor Water Cleanup (RWCU); this system 
will continually remove small amounts (~ 100 gpm) of coolant from the reactor vessel, the 
cleanup stream will be filtered and passed through demineralizers, and the now-clean 
coolant reinjected into the reactor coolant.   PWR plants utilize a similar system known as 
the Chemical Volume Control System (CVCS); PWRs have the additional concern with 
controlling its coolant boron concentration while removing unwanted impurities.

4.10

Sources of Radioactivity in Reactor Coolant
The following sections discuss the major sources of various radioactive isotopes found in 
light water power reactors.

4.11

Activation of Corrosion Products
Corrosion products can become activated when they are exposed to high levels of neutron 
radiation in the core.  The activated corrosion products can lead to radiation hazards and 
can directly affect the safety and efficiency of plant operations.

Activation occurs when corrosion products are carried into the core by the reactor coolant.  
In addition, the fuel cladding and other core components are already radioactive, and 
they release corrosion products into the reactor water when they corrode.  Table 4-2 lists 
some of the more common activated corrosion products with their half-lives and formation 
mechanisms.

4.11.1
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Nuclide Half-Life Formation Mechanism

Cr-51 27.8 days Cr50(n, γ)Cr51

Mn-54 312 days Fe54(n, p)Mn54

Mn-56 2.58 hours

Fe56(n, p)Mn56

and

Mn55(n, γ)Mn56

Fe-59 45 hours

Fe58(n, γ)Fe59

and

Co59(n, p)Fe59

Co-58 71 days Ni58(n, p)Co58

Co-60 5.24 years

Co59(n, γ)Co60

and

Ni60(n, p)Co60

Cu-64 12.9 hours Cu63(n, γ)Cu64

Zn-65 243 days Zn64(n, γ)Zn65

W-187 24 hours W186(n, γ)W187

Table 4-2: Activated Corrosion Products

One of the isotopes listed in the table is Co-60.  Cobalt, which exists naturally as Co-59, is 
widely used in the plant in various alloys for turbine blade tips, valve seats, and some control 
rod drive mechanisms.  There are also traces of cobalt in most stainless steels.  If Co-59 is 
activated by a neutron in the reactor, it becomes radioactive Co-60 by the following radiation 
reaction:

Co59 (n, γ) Co60

The reaction which produces Co-60 from Co-59 is not a chemical reaction like the combining 
of hydrogen and oxygen to form water.  Instead, it is a radiation reaction, a reaction that 
occurs as a result of radiation interacting with atoms.  A radiation reaction can produce a 
new isotope of the same element (Co-60 from Co-59), or it can change one element into 
another, as will be shown later.
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Cobalt-60 is a potential problem in isolated or shut-down equipment.  It has a relatively long 
half-life (about 5.2 years), and emits two high energy gammas (one 1.17 Mev and one 1.3 
Mev).  It also emits beta radiation.  The emission of a particle (an alpha, a beta, or a proton) 
means that the product nuclide is a new element.

Cobalt-58 is a radiation product of nickel-58, which is found in all of the nickel-bearing alloys 
used in the plant.  The radiation reaction is written as follows:

Ni58 (n, p) Co58

In this reaction, nickel-58, the target nuclide, is bombarded by a neutron.  The particle 
emitted is a proton (symbol letter p), and the product nuclide is Co-58.  Cobalt-58, with a 
half-life of 71.4 days, can be a problem especially during the first few years of plant life.

The most prominent nonradioactive corrosion product in the plant is iron because much 
of the plant equipment and piping is made of iron.  Iron-58 is activated by the following 
radiation reaction:

Fe58 (n, γ)  Fe59

Iron-59 has a half-life of 45.1 days and emits either a 1.10 Mev gamma or a 1.29 Mev 
gamma plus beta radiation.

The specific corrosion products that are important in an individual plant will depend upon the 
metal alloys used in the systems that handle the water going into the reactor.  The activation 
products listed in table 4-2 are among the most common seen in the plants.

Activation of Water
In addition to the corrosion products that can be activated in the core, the plant water may 
also be activated by the neutron radiation in the core.  The oxygen in the water may become 
activated and form many radioactive nuclides.  The water does not remain in the core very 
long at any one time, but the large number of water molecules passing through the core 
means that, statistically, some will be activated.

The most abundant isotope of oxygen is oxygen-16 (O-16).  Neutron activation of O-16 
forms nitrogen-16 (N-16), and proton activation of O-16 forms nitrogen-13 (N-13).  Of these 
two products, there is far more N-16 because more neutrons than protons are available to 
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activate the O-16 in the water.  N-16 is the most abundant activation product in the reactor 
core.  It has an extremely high gamma decay energy (6.13 Mev), and is the most limiting 
radionuclide for shielding that is installed around any equipment that carries reactor coolant.

For a BWR, this restriction also applies to any equipment that carries steam from the reactor.  
Because N-16 decays very rapidly (half-life of 7.13 seconds), it does not contribute to 
radiation levels after shutdown or after a portion of the system has been isolated.  N-13, on 
the other hand, has a half-life of 10 minutes, and it does contribute to the gaseous activity of 
the plant.  This is the primary reason that the area surrounding a BWR steam turbine, while 
at power, is shielded and access to it restricted as a High Radiation Area.

Oxygen may also exist in plant water as O-17 or O-18.  When these isotopes are activated, 
they create radionuclides such as nitrogen-17 (N-17), fluorine-18 (F-18), and O-19, but the 
amounts produced are very small in comparison with N-16.  N-17 has a very short half-life 
(4.14 seconds), so it decays very rapidly after shutdown or system isolation.  O-19 has a 
half-life of 26.8 seconds, and it does not cause significant problems.  F-18 has a relatively 
long half-life, 109.8 minutes, and becomes significant after the decay of the shorter-lived 
activation products.

Activation of Water Impurities
In addition to the water molecules, the reactor coolant also contains trace impurities that 
may be activated as the water passes through the core.  Of the impurities in water that may 
become activated, the most common are sodium and potassium.  Sodium is activated to 
sodium-24, which has a high-energy gamma and can produce significant radiation levels 
for relatively long periods of time.  Potassium is activated to form either of two nuclides, 
potassium-39 or potassium-41.  Another element, argon, can become a radiation factor 
if there is air leakage into one of the water systems leading to the reactor.  Argon, which 
occurs naturally in air, can become activated to argon-41.

Although it is normally found only in very small concentrations in a nuclear plant, tritium is 
an isotope of concern as a radiation hazard.  The tritium isotope (hydrogen isotope with one 
proton and two neutrons) is not really an external hazard due to the very low energy of the 
emitted beta particle.  However, it is a very significant ingestion hazard.  Tritium will replace 
the normal hydrogen in water molecules to form tritium oxide.  If the tritium oxide is then 
inhaled, the tritium will replace the hydrogen in the walls of the lungs, and the beta particle 
which is emitted can cause severe damage to the lung tissue.  The radioactive half-life of 
tritium is 12.33 years.

There are four production mechanisms of tritium in a pressurized water reactor.  First is a 
ternary fission.  This is a fission in which there are two fission fragments and a tritium.  If it 
is assumed that 0.1% of the tritium enters the coolant, ternary fission contributes about 40 
curies per year to coolant activity.
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A second source of tritium is the activation of deuterium (hydrogen isotope with one 
proton and one neutron).  When deuterium absorbs a neutron, it converts to tritium.  Since 
deuterium is such a small part of naturally occurring hydrogen, this source contributes only 
about 10 curies a year to the tritium activity.

The third source of tritium is from a lithium-6 isotope absorbing a thermal neutron to yield a 
tritium and a helium.  To minimize the amount of tritium produced by this reaction, the lithium 
used in the lithium hydroxide pH additive is enriched to about 99.9% lithium-7.  This reaction 
contributes about 17 curies per year to the tritium activity.

The fourth and major contributor to tritium activity is the absorption of a greater than or equal 
to 1.5 Mev neutron by a boron-10 atom.  When this occurs, the boron-10 breaks down into 
a tritium and two helium particles.  This contributes about 90% of the yearly production of 
tritium, or about 560 curies per year.  The total yearly production of tritium for a PWR is 
about 627 curies per year.

For a BWR, the amount of tritium produced is considerably less than a PWR.  This is 
because the BWR does not use boron for reactivity control during normal operations, and 
it does not use lithium hydroxide for pH control.  Therefore, the only contributors to tritium 
production in a BWR would be ternary fission and the absorption of a neutron by a deuterium 
atom.

Fission Products
Another source of radioactive material in the plant is the fission products that are released 
during the fission process, primarily from the fission of uranium-235 and plutonium-239.  
Fission products are often grouped into three categories:

• Iodine, particularly iodine-131 and iodine-133 (see Table 4-3).

• Fission gases -- krypton and xenon, particularly krypton-85 and xenon-133 (see Table 
4-4).

• Soluble metal ions, particularly strontium-90 and cesium-137 (see Table 4-5).

Nuclide Half-Life Fission Yield (%) Fission Gas Daughter

I-131 8.05 days 2.835%

I-132 2.28 hours 4.208%

I-133 20.8 hours 6.165% Xe-133

I-134 52.6 minutes 7.612%

I-135 6.58 hours 6.406% Xe-135m / Xe-135

m = metastable variant

Table 4-3: Radioiodines
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Nuclide Half-Life Fission Yield (%)

Xe-138 14.s minutes 6.235

Kr-87 76 minutes 2.367

Kr-88 2.79 hours 3.642

Kr-85m 4.4 hours 1.332

Xe-135 9.16 hours 6.723

Xe-133 5.27 days 6.776

Xe-135m 15.7 minutes 0.05

Kr-85 10.76 years 0.27

m = metastable variant

Table 4-4: Fission Gases

Nuclide Half-Life Fission Yield (%)

Mo-99, Tc-99m 66.6, 6.0 hours 6.136, 5.399

Zr-95. Nb-95 65.5, 35.1 days 6.503, 6.505

Ba-140, La-140 12.8 days, 40.2 hours 6.300, 6.322

Cs-137 30.2 years 6.228

Sr-89 50.8 days 4.814

Sr-90 28.9 years 5.935

Ce-141 32.5 years 5.867

m = metastable variant

Table 4-5: Soluble Metal Ions

Fission products get into the reactor water in two ways.  First, they could be released from 
tramp uranium in the fuel cladding.  This means that there may be some fuel residue on the 
outside of the fuel cladding that was left there during the fuel fabrication process.  When this 
fuel fissions, the fission fragments will be in direct contact with the water.  Also, the Zircaloy 
cladding usually contains trace amounts of uranium as an impurity.  This fuel, if it is close 
enough to the surface, will release its fission products with enough kinetic energy to get to 
the surface of the cladding and then into the reactor water.  Figure 4-12 shows that for the 
fission fragments to make it to the coolant they must be within the recoil range of the coolant.  
Recoil is the ejection of the fission fragments after fission occurs.  If the fragments are within 
7 to 11 microns of the cladding surface, they will have a good chance of being ejected from 
the clad, out into the coolant.
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Figure 4-12: Recoil Range

The second way for fission products to get into the coolant is through a defect in the 
cladding.  In this case, it is possible for fission fragments produced in the fuel to enter the 
reactor coolant.  This source produces significantly more activity in the coolant than the 
tramp uranium does.  Because the fission product activity in the coolant is much higher 
when there is a defect in the cladding, an increase in fission product activity can be one of 
the first indications of a fuel cladding defect.  For a large fuel cladding defect, the change in 
activity will be rapid.  However, the change in activity for a very small cladding defect may be 
so gradual as to not even be noticeable.

Tritium Production
Tritium is produced by numerous reactions and is released in a number of different types 
of nuclear activities.  At present most tritium problems are encountered at heavy-water 
reactors, where the tritium hazard is as important as all other radionuclide hazards combined 
under normal operating conditions.  Large quantities of tritium are also produced and 
released to the environment during the detonation of thermonuclear devices.

90% of the total tritium in PWR reactor coolant is produced in the coolant by the soluble 
boric acid reactivity shim.  The remaining 10% is produced by ternary fission, B-10 burnable 
poisons, Li-6 neutron capture, and deuterium activation.  BWR tritium production is 
significantly lower than PWR due to absence of boric acid in the coolant.

Boron (chemical shim used in PWRs) has increased:
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• Early core designs used other poisons

• Most PWR’s have extended cycles from 18 to 24 months

• Longer cycles require higher initial boron concentration in Reactor coolant

• Core power uprates require more boron

• Increased boron caused increased tritium

Neutron capture by B-10 has several results:

5B
10 + 0n

1 → [5B
11]* → 3Li7 + 2He4

5B
10 + 0n

1 → [5B
11]* → 1H

3 + 2(2He4)

More information on tritium and its production can be found at the following NRC website:

http://www.nrc.gov/reactors/operating/ops-experience/tritium/grndwtr-contam-tritium.
html

Radiochemistry
Radiochemistry is the chemistry of radioactive materials, where radioactive isotopes of 
elements are used to study the properties and chemical reactions of non-radioactive 
isotopes (often within radiochemistry the absence of radioactivity leads to a substance 
being described as being inactive as the isotopes are stable). Much of radiochemistry deals 
with the use of radioactivity to study ordinary chemical reactions. This is very different from 
radiation chemistry where the radiation levels are kept too low to influence the chemistry.

Fuel failures can lead to a larger release of radioactive materials to the environment and, 
therefore, higher dose rates to occupational workers and members of the public.

Licensees will utilize numerous methods of tracking whether there have been failures of the 
fuel cladding that could cause release of fission products.

These monitoring methods include those that take place during operation and while 
shutdown or conducting refueling operations:
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• Chemical analysis of reactor coolant samples

• Fuel sipping during fuel assembly movement

During operation of a nuclear reactor facility an equilibrium level of fission products is 
established in the reactor coolant.  These fission products are the result of trace impurities of 
fuel material contained in the cladding surfaces as either natural impurities or a result of the 
fuel fabrication process.

The mechanism by which the fission products enter the coolant is normally by fission recoil.  
Porosity of a weld is another potential path for the fuel, but generally quality control prevents 
this from occurring.

During normal facility operation, these fission products are minor contributors to the overall 
radioactivity of the Reactor Coolant System.  If a defect was present or a failure of a fuel 
element occurred, large amounts of fission products would potentially have a path to 
the coolant system.  If this happened, significant changes would occur within the reactor 
coolant chemistry parameters.  Most facilities analyze for gross coolant radioactivity either 
continuously or periodically; therefore the analysis would be likely to detect all but the 
minutest failures.  When routine gaseous radioactive levels are monitored, an increase in 
this parameter’s value would be seen.  This is because many of the fission products are 
gaseous, and these gases are more mobile than particles of exposed fuel (the exposed fuel 
generally undergoes a process of erosion that washes the fuel into the coolant stream).

The other parameter that may change is the ion exchange efficiency, because many of the 
fission products released have a lower affinity for the exchange sites on the resin beads than 
the exchange anion or cation.  Accordingly, the ion exchanger would not effectively remove 
these fission products and effluent radioactivity levels would increase significantly.

Demineralization and Ion Exchange
We have seen that operation of nuclear power plants require strict control of the chemical 
make-up of their fluid systems.  The introduction or creation of impurities in the various 
process systems requires the ability to not only detect, but to remove these impurities down 
to acceptable levels.

One method of removing or controlling these impurities is the use of demineralizers, also 
called ion exchangers.  Portions of the process solutions will be introduced into vessels that 
will contain varying amounts of substances called ion exchange resins.

The resins are differing types of small, plastic-type beads.  Resin beads are generally 
polymers that acts as a medium for ion exchange. It is an insoluble matrix (or support 
structure) normally in the form of small (0.5–1 mm diameter) microbeads, usually white or 
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yellowish, fabricated from an organic polymer substrate.  These resin beads are porous and 
contain chemical sites that can exchange pre-charged ions for less desirable ions in the 
process stream.

Resins will take the form of either cation or anion resins.  These will remove the respective 
ion from the stream.  The resin beads will be charged ahead of time with ions that are 
desired to be released into the process stream in exchange for less desirable contaminants.

Generally, purification ion exchange resin will be regenerated (charged or re-charged) with 
strong acids and bases.  This regeneration will result in the resin containing either H+ or 
OH- ions.  When other anions or cations in the stream come into contact with the resin bead, 
a transfer occurs where the contaminant is removed and the H+ or OH- ions are released.  
Obviously, these two ions will recombine and form pure water.

Some ion exchange beds will be charged with other substances in order to remove or 
release specific ions.  PWR plants will many times have de-borating and de-lithiating resin 
beds to control boron concentrations and, by removing lithium, assist in the control of pH in 
the coolant.

These resins are susceptible to overheating, therefore the coolant being introduced into the 
bed must be cooled down.  In general, most resins will begin to break down, releasing their 
contaminants, at about 145°F.

In addition to the type of resins contained in the bed, there are generally two types of ion 
exchanger designs:  deep bed and powdered-resin demineralizers.  The determining factor 
in what type of design to use is generally driven by the expected ionic concentrations that 
may be encountered in the plant.

Plants that can be exposed to influent streams with large ionic loads, such as seawater 
cooling systems, will use deep bed demineralizers.  Deep bed demineralizers will generally 
be large (several hundred cubic feet of resin) in order to be able to remove large amounts 
of ionic contaminants.  When the chance of contamination is low, or the process stream has 
low levels of contaminants, plants will utilize filter demineralizers.  In these cases, the actual 
amount of resin material is small.

Deep Bed Demineralizers
As stated before, deep bed demineralizers will contain large amounts of resin material.  
The resin beads will be whole (intact).  These resin beads, being very small, will be packed 
closely together.  This close spacing will also allow the deep bed resin beads to act as 
mechanical filters.
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The deep bed demineralizer vessel will direct the influent stream to the top of the vessel.  
Introducing the flow stream from the bottom would tend to lift the beads due to the buoyant 
force of the flow and would cause the beads to migrate to various levels based on their 
density.  There is a significant density difference between anion and cation beads so this 
bottom flow would cause the bed to separate out into distinct layers of resin.  This can 
reduce the efficiency of the bed for removing all the contaminants possible.  However, when 
it is time to regenerate the resin, it is necessary to create this separation.  In this case, 
before the resin is transferred to another vessel for regeneration, flow will be reversed to 
cause the separation.  Removal piping will be located at different elevations in the vessel 
that will correspond to the height of the respective resin type.

Total flow rate through the resin bed will also be controlled as excessive flow can cause 
issues with bed performance.  An example of a deep bed demineralizer is shown in Figure 
4-13.

Figure 4-13: Deep Bed Demineralizer

Powdered Filter Demineralizers
Powdered filter demineralizers will contain smaller amounts of resin material.  The resin 
beads will be powdered (crushed).  This resin powder will be applied to the outside of 
smaller filter assemblies.  These filters (septa) may be metallic, with small perforations, or 
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fibrous materials with small, interstitial spaces among the fibers.  The powdered resin is 
applied to the outside of the filter so that process flow will contact the resin to remove ions 
while the filter assembly mechanically removes larger, insoluble materials.

Powdered filter demineralizers are generally smaller, less expensive to install and maintain, 
and will remove far less ions than deep bed demineralizers.  These types are routinely used 
in BWR reactor cleanup systems.  An example of a powdered filter demineralizer is shown in 
Figure 4-14.

Figure 4-14: Typical Filter/Demineralizer Unit
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Demineralizer Operation and Issues
As discussed previously, demineralizers use resins that are treated with chemicals so 
they contain ions that are acceptable to be released into the process streams.  As the 
contaminants are removed and the suitable ions released, the bed will eventually reach a 
point where it can no longer remove unsuitable ions.

This point is known as bed exhaustion.  Once the bed is exhausted, the resin will need to be 
regenerated.  In the case of deep beds that use intact beads, the vessel will be brought off-
line, the resin will be separated into distinct layers of anion and cation resin, and the different 
types of resin will be moved to their respective regeneration vessel.  Resins that have been 
removing cations (positive ions) will be regenerated with some type of strong acid (e.g., 
sulfuric acid).  Once the cation resin is regenerated it will be free of undesirable ions and 
saturated with H+ ions.  It will be rinsed with pure water and transferred back to the deep bed 
vessel.  Anion resin will be regenerated with a strong base/caustic (e.g., sodium hydroxide), 
resulting in the resin being saturated with OH- ions.  It will also be rinsed and returned to the 
deep bed vessel.  Once both resins are in the vessel, it will be rinsed and the beads mixed 
as much as possible.

Chemistry personnel will closely monitor the ionic content of the influent and effluent streams 
of the demineralizers.  This will be the best indicator of whether the bed has reached the 
point of exhaustion and needs regeneration.  The chemist will calculate a value known as 
decontamination factor (DF).   The equation for DF is:

Resin will generally be changed out, or taken off-line and regenerated, when DF drops to 
25.  If the resin is not replaced at this point, the bed may start allowing small amounts of 
undesirable ions to pass out with the effluent.  This phenomenon is known as leakage and 
can result in an increase in contaminants that may lead to increased corrosion rates or build-
up of radioactivity in the process stream.

Ion exchange resin is also susceptible to degradation at high temperatures.  The purification 
systems in nuclear plants utilize cooling systems to reduce the purified coolant to less than 
140°F.  At that temperature, the resin will begin to break down, releasing any ions that have 
been captured.  The degradation will typically have a dead fish smell.

Flow rates through ion exchange beds are closely monitored.  In addition to removing 
ionic impurities, the design of the beds will also result in the mechanical removal of solids.  
The build-up of solids can increase the flow resistance through the bed.  Bed differential 
pressures (d/p) will be monitored to ensure that the bed is performing properly.  Some 
systems utilize d/p instruments that will automatically open a bypass around the bed if d/p 
increases to too high a value.
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Excessive flow rates can also result in a phenomenon known as channeling.  In this 
scenario, the excess flow can result in the movement of the resin beads in such a manner as 
to create short circuits through the resin, or channels.  Channeling will result in process flow 
passing through the bed without any demineralization occurring.  Ions and solid materials, 
both, will be able to pass through without removal, thus reducing DF and efficiency of the 
bed.

Summary
The preceding text has presented a basic description of the terminology regarding basic 
power plant process chemistry.  Although there are numerous protocols for the control of 
chemistry of nuclear plants, the topics discussed in this chapter are generic and applicable 
to most commercial nuclear plants in the country.
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Introduction
The purpose of this module is to assist the trainee in recognizing basic information and 
terminology as used in print reading.  This module is designed to assist you in accomplishing 
the learning objectives listed at the beginning of the module. 

Learning Objectives

After studying this chapter, you should be able to: 

1. Describe the characteristics of a “controlled” drawing and an “information only” 
drawing.

2. For a piping and instrumentation drawing (P&ID):

a. Trace a flow path from the source through to the delivery point.

b. Determine whether a specific valve is normally open or normally closed.

c. Determine the type of actuator and fail position of a specific valve.

d. Determine the meaning of the notations used on a specific piping run.

3. For elementary electrical drawings (control wiring diagrams):

a. Determine whether specific relay contacts are shown open or closed, and what 
actuates them to the other condition.

b. Trace a start/stop signal through to the closing/trip coil.    

4. Use one-line electrical distribution system drawings to determine system and 
component voltages.

5. Given a logic diagram for an actuation function and the status of the accompanying 
inputs, determine the output condition of the function.

6. Describe the characteristics of coincidence logic and selective coincidence logic.

5.0
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Introduction
Welcome to Power Plant Engineering (PPE) online course, Print Reading topic.  The ability 
to read and understand information contained on drawings is essential to an inspector’s 
role in ensuring that a facility is operated and maintained properly. Engineering drawings 
are the industry’s means of communicating detailed and accurate information on how to 
fabricate, assemble, troubleshoot, repair, and operate a piece of equipment or a system. 
To understand how to “read” a drawing, it is necessary to be familiar with the standard 
conventions, rules, and basic symbols used on the various types of drawings. Because of 
the extreme variation in format, location of information, and types of information presented 
on drawings from vendor  to vendor and site to site, all drawings will not necessarily contain 
the following information or format, but will usually be similar in nature.1

As an Inspector, you will use a variety of different types of engineering reference documents 
to support inspection activities.  Mechanical drawings, electrical schematics, and logic 
diagrams are among the most important and common engineering references used when 
performing system walk downs, maintenance reviews, or reviewing event reports.

As an example Inspection Procedure 71111.04, Equipment Alignment identifies a goal of 
12 to 16 partial system walkdowns and 2 complete walkdowns per calendar year for a site 
resident inspector. In accordance with the inspection procedure the inspector will 

“…Review documents to determine the correct system/train lineup.  Consider plant 
procedures, abnormal and emergency operating procedures, updated final safety 
analysis report, vendor technical manuals, piping and instrument drawings, valve, 
switch and breaker lineups, and plant tagout logs….”

As you can see being able to review and use drawings is a critical element to an inspectors 
mission.

The terms print, drawing, diagram, and schematic are used interchangeably to denote the 
complete drawing. Each plant or industrial complex produces their drawings in a slightly 
different format depending on the plant’s architect or equipment vendor that designs or 
builds the facility. Various examples of these drawings will be used throughout this topic, but 
the print reading concepts are the same no matter what variation of the drawings you have 
access to at a particular facility. At the end of this topic you will have sufficient familiarity to 
use the facilities drawings and schematics to support your inspection activities.

1 DOE-HDBK-1016/1-93, Introduction to Print Reading

5.1
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Print Reading Basics
A generic engineering drawing can be divided into the following major areas or parts. 

• Title Block

• Grid System

• Modifications and Revisions

• Drawing Indexes

• Notes and Legends

• Engineering Drawing (graphic portion)

Print Reading Basics topic will address the information most commonly seen in the non-
drawing areas of a nuclear grade engineering type drawing. The engineering portion of the 
drawings will be discussed in separate topics on each of the key drawing categories.

Your ability to understand the information contained in these areas is as important as being 
able to read the drawing itself. Failure to understand these areas can result in improper or 
misinterpretation of the drawing.

5.2

Title Block

The title block of a drawing, usually located on the bottom or lower right hand corner, 
contains the information necessary to identify the drawing and to verify its validity. The title 
block is divided into several sections. The figure below is an example of a title block from 
TTC-M-200; Piping & Instrument Diagram Piping Symbols & Drawing Index print.

Figure 5-1: Title Block from drawing TTC-M-200

5.2.1
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The title block contains the drawing title and drawing number, which are used for 
identification and filing purposes. The number is unique to the drawing and is comprised of 
a code that contains information about the drawing, such as the site, system, and type of 
drawing. The drawing number may also contain information such as the sheet number, if the 
drawing is part of a series, or it may contain the revision level. Remember that the drawing 
number characteristics are unique to each plant and the facility typically has an index for the 
various types of drawings and number configurations used. Typically the first drawing will 
also contain an index. The signatures and approval dates provide information on when and 
who designed the component or system and who drafted and verified the final version of the 
print.

Other types of information provided in the title blocks consists of drawing scale, revisions, 
abbreviations used on the drawing, and notes related to naming conventions or explanations 
that help in understanding the drawing.

Grid System

Engineering drawings tend to be large and complex. Finding a specific point or piece of 
equipment on a drawing can be quite difficult. This is especially true when a wire or pipe 
run is continued on to a second drawing. To help locate a specific point on a referenced 
print, most drawings (especially Piping and Instrument Drawings and electrical schematic 
drawings) have a grid system. The grid typically consists of letters, numbers, or both that run 
horizontally and vertically around the drawing as illustrated in the below figure.

Figure 5-2: Grid System

As an example, in Figure 5-3 (drawing TTC-M462), EDG Cooling Water Pumps P-527 A & B 
are located at grid location G-7.

5.2.2
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Figure 5-3: Drawing TTC-M462

For piping that is continued from one drawing to another, the second drawing is referenced 
on the first drawing to provide a location on the other drawing and typically includes the grid 
coordinates. As you can see on Figure 5-4(A) at grid location E-8, Service Water continues 
on this drawing from TTC-M-216, SHT 1, at grid location D-1 on Figure 5-4(B). This makes it 
easier to search for the connections to other drawings.

Figure 5-4: Example of connections between drawings
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Drawing Modifications and Revisions

Drawing revisions are provided to keep the prints up-to-date with modifications made to 
the plant.  The number of times a print has been revised (Revision Number) is located 
in or near the title block.  A separate revision block is sometimes included near the title 
block.  The revision block summarizes the changes made by each revision and includes the 
effective dates and approval signatures.  The part of the drawing affected by the revision 
may be identified by a small triangle containing the revision number. Also, areas that have 
been recently modified may be enclosed in a wavy “cloud” line.  Some plants use red-line 
revisions on control room drawing copies to indicate modifications that have not yet been 
annotated on the formal drawing.  Other plants use different identification methods for these 
recent revisions, such as colored paper or green-line annotations.

Over time, plant systems and equipment will be updated. Drawings supporting these 
updates are required to be maintained so that they represent the current configuration of 
the facility. Drawing modifications are typically categorized by the status of changes and/
or modifications that have been made. Listed below are the different types of drawing 
modification types.

• As-Designed drawings reflect the original design for the system (often modified during 
construction due to unforeseen interferences).

• Baseline or As-Built drawings reflect the current as-is conditions in the plant.

• Interim drawings reflect proposed changes to a baseline drawing or modifications not 
yet installed.

• Construction drawings are interim drawings used to modify the plant.

• As-Installed drawings reflect a complete modification that has been installed in the 
plant.

It is important to note that in some cases both as-designed and as-built drawings (and 
sometimes even interim drawings) can exist simultaneously for the same system.  
Additionally, current system component lineups may have been altered from what is 
shown on the plant drawings to perform surveillances, maintenance, testing, or temporary 
alterations.  Ensure that the drawing selected is correct for the intended use and that any 
short-term alterations to the drawing are known.

5.2.3

Drawing Indexes

Drawing indexes, sometimes called print indexes, are usually organized by drawing purpose. 
There is an index for P&ID drawings, one-line electrical drawings, etc.  Each index contains 
the print number and a brief title of the print.  The index below shows a partial print index 
showing some of the various types of drawings available.

5.2.4
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Figure 5-5: Index from TTC-M-200

Other types of indexes are usually provided with prints. These include, but are not limited 
to, an equipment index, valve designation list, and instrument log list.  Equipment indexes 
usually include the equipment noun name and number, print number (and in some cases 
the grid location), horsepower or kilowatt load, speed in rpm, pump ratings in gpm, or heat 
exchanger capacity in BTU/hr. Valve designation lists usually include the valve identification 
number, print number and grid location, valve size, pressure rating, and valve type. 
Instrument log lists usually include the instrument identification number, brief description, 
P&ID drawing number, one-line electrical drawing number, logic diagram number, and the 
location or panel number of the instrument readout.

Notes and Legends

Drawings are comprised of symbols and lines that represent components or systems. 
Although a majority of the symbols and lines are self-explanatory or standardized (as 
described in later modules), a few unique symbols and conventions must be explained for 
each drawing. The notes and legends section of a drawing lists and explains any special 
symbols and conventions used on the drawing (as illustrated). Also listed in the notes 
section is any information the designer or draftsman felt was necessary to correctly use or 
understand the drawing. Because of the importance of understanding all of the symbols 
and conventions used on a drawing, the notes and legend section must be reviewed before 
reading a drawing.

5.2.5
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Figure 5-6: Notes and Legend from TTC-M-200

Engineering Drawing Categories

Several different organizations produce drawings for use at a nuclear facility.  For example, 
the Plant’s architect or engineering firm produces construction and system drawings and 
plant vendors provide vendor manuals for specific pieces of equipment installed (such as 
turbines, generators, and pumps). The Plant’s Engineering department is responsible for 
maintaining and modifying plant drawings once the facility is operational.

Drawings and schematics are traditionally categorized by their purpose.  Below is a lists of 
the most frequently used types of diagrams employed by inspectors in various inspection 
activities.

• Piping and Instrumentation Drawings (P&IDs) describe piping system connections

• Electrical Control Circuitry Drawings describe control circuit wiring diagrams for 
breakers or motors

• One-Line Electrical System Drawings describe power supplies, loads and the 
electrical connections between them

• Logic Diagrams describe the conditions required for automatic operation of system 
components

5.2.6
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• Elevation Drawings describe the physical location of equipment components with 
respect to one another

• Isometric Drawings are used to show spatial arrangements of three-dimensional 
piping systems or components on a two-dimensional surface

Controlled verses Information Only Drawings

Official plant drawings are typically maintained in files at several locations throughout the 
plant or facility.  Each of these locations will have either “controlled” or “information only” 
copies, depending on the normal usage at that location.

Controlled copies are kept current per the guidance provided in plant procedures.  Controlled 
drawings imply that they are the most accurate and up-to-date drawings available. They 
will include all revisions and represent the current configuration of the facility. As a matter of 
policy, only controlled drawings should be used for construction, maintenance, operations, 
or testing.  As an Inspector, you need to ensure that you are using the most accurate 
information for your inspection activities.

As shown in Figure 5-7, the common method for identifying a drawing as a controlled print is 
by using a specific paper color and/or a large red “CONTROLLED” stamp on each drawing. 
A controlled set of plant drawings and schematics are maintained in or near the control room 
or in the facility’s library.

Figure 5-7: Example of a CONTROLLED print

5.2.7
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Drawing copies not identified as CONTROLLED are normally identified as INFORMATION 
ONLY copies.  Information only copies are typically used for reference and training.  
They can be obtained by requesting a copy of a CONTROLLED drawing from one of the 
designated locations within the facility.  As shown in Figure 5-8, Information Only copies will 
be stamped “INFORMATION ONLY”.

Figure 5-8: Example of an INFORMATION ONLY print

Piping and Instrumentation Diagrams
P&IDs are used to describe piping systems throughout the plant.  Figure 5-9 below is a 
simplified P&ID showing the functional relationship between the various system components. 
P&IDs are usually used to determine and/or verify one or more of the following:

• The function of a valve or other component known to exist in the plant;

• The identification number of a system component;

• Valve lineups necessary to establish a desired flowpath or isolate a specific component 
for maintenance;

• The cause of an undesirable flow restriction or isolate an undesirable leak;

• The function or purpose of part or all of a system and its components;

5.3
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• The type and location of instrumentation; and

• Valve types and pipe sizes.

Figure 5-9: Simplified P&ID

P&IDs are usually designed to present functional information about a system or component. 
As a general rule P&IDs present only relationships between components. Just because two 
pumps or valves are next to each other on the P&ID it does not mean they are in the same 
building or room at the facility. The intent is to show how a system functions, not the actual 
plant locations.

As in Example 1, the Diesel Cooling Water System has a number of control devices such as 
temperature and pressure switches and indications. These devices will affect and support 
operations of the system, but do not affect tracing flow of service and cooling water through 
the system.

Two important elements of reading P&ID drawings from this example is how information is 
shared between drawings with the service water supply and return symbols and how multiple 
system flows can be indicated on a single drawing.

P&ID Symbols

An example of a P&ID symbol list is included in Figure 5-10 (M-200). To interpret the 
information provided on P&IDs, personnel must be familiar with the symbols used on the 
prints.  The P&ID legend or symbol list includes the name and a brief description of each 

5.3.1
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symbol.  Usually P&ID legends from different plants are slightly different; however, many 
common symbols are consistent throughout the industry. Appendix A, P&ID Symbols 
Reference provides a detail description of each symbol used.

Figure 5-10: Drawing M-200

Reading Engineering P&IDs

As you can see in the symbol reference appendix and on drawing TTC-M-200 there is a 
large amount information that can be found on engineering P&IDs. In this next section let’s 
take a look at how to use the drawings to trace a basic system flow path.

Flow Path Example #1, Diesel Generator Air Start System

In our first example, let’s use Figure 5-11 (TTC-M-460, SHT 1, EDG K-106A Air Start 
System) to trace the flow of air from Tank, T-112A (located at grid location G-5) to Air Motor, 
K-516 (located at grid location D-5). The emergency diesel generator air start system 
provides low pressure air to air motors that move the engine crankshaft until the combustion 
cycle takes over.  This is accomplished by supplying air via a solenoid operated valve to 
the air motors. In this first example we will trace the flow of air from the supply tanks to the 
air motors. Our goal is to identify the solenoid operated valve that controls air flow to the air 
motors.

5.3.2
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Using Table 5-1 below follow the Air Start System flowpath.

Sequence Component # Grid Location Description

1 T-112A G-5 Diesel Air Supply Tank

2 DA016 G-5 Gate Valve, Open

3 DA030 F-4 Gate Valve, Locked Open

4 YS517 E-4 Strainer

5 PV7702 E-4 Pressure-Reducing Regulator Valve, 
Open

6 DA256 E-4 Ball Valve, Locked Open

7 CV7702 E-5 Pneumatic Operated Valve, Air Open 
(AO), Closed

8 K-503 E-5 Air Motors Lubricator

9 K-516 D-5 Air Motor

Table 5-1

Figure 5-11: TTC-M-460, SHT 1, EDG K-106A Air Start System
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As you can see there is a number of pressure indicating devices and other instrument type 
of components along the path from the tank to the air motor. These devices play a role in 
how the system functions and is operated by the facility staff, but for purposes of tracing the 
flow path they have no impact to air flow. Note that CV7702 is the only valve in the flow path 
closed, so it would need to be opened in order to admit air to the air motors.

Flow Path Example #2, Diesel Generator Cooling Water System

In our second example let’s take on a more complicated dual flow path P&ID. Using Figure 
5-12 (TTC-M-462, Diesel Generator Cooling Water System P&ID), we will trace two different 
flow paths. Our first goal will be to trace the flow service water used to cool the Diesel 
Engine’s Jacket Water Cooler and our second goal will be to trace the flow of cooling water 
through the diesel engines After Coolers and the Jacket Water Coolers keeping the diesel 
engine cool.

Using Table 5-2 and Figure 5-12 below, follow Flowpath Parts I & II.

The cooling water system uses a heat exchanger that has service water passing through 
the shell side and diesel engine cooling water passing through the heat exchange tubes. 
The combination of these two flowpaths keep the diesel engine at the proper operating 
temperatures while running.

5.3.2.2
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Flow 
Sequence Component # Grid 

Location Description

Flowpath: 
Part I

1 Service Water 
Supply E-8 Service Water Supply, 

M-218, Sheet 1 (F-2)

2 EJ-153A F-7 Expansion Joint

3 E-120A E-8 Jacket Water Cooler (shell 
side)

4 EJ-154A E-7 Expansion Joint

5 Service Water 
Return E-8

Service Water Return 
to Dilution & Discharge 
Structure, M-216, Sheet 1 
(D-1)

Flowpath: 
Part II

1 T-132A G-7 Water Expansion Tank

2 EJ-155A G-7 Expansion Joint

3 P-527A&B G-7 Inlet to EDG Cooling 
Water Pumps

4 K-106A G-6 Diesel Engine After 
Coolers

5 EJ-156A G-7 Expansion Joint

6 TCV2126A H-8 Temperature Control Valve

7 E-120A E-7 Jacket Water Cooler (tube 
side)

8 E-121A G-8 Lube Oil Cooler

9 P527A&B G-7 Inlet to EDG Cooling 
Water Pumps

Table 5-2
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Figure 5-12: TTC-M-462, Diesel Generator Cooling Water System P&ID

As in Example 1, the Diesel Cooling Water System has a number of control devices such as 
temperature and pressure switches and indications. These devices will affect and support 
operations of the system, but do not affect tracing flow of service and cooling water through 
the system.

Two important elements of reading P&ID drawings from this example is how information is 
shared between drawings with the service water supply and return symbols and how multiple 
system flows can be indicated on a single drawing.

One-Line Electrical Diagrams and Control Wiring Diagrams
Electrical systems are usually composed of conductors and many power circuit devices such 
as circuit breakers, transformers, meters, relays, and fuses installed in one or more lines.  
This is illustrated in the simple circuit shown in Figure 5-13, called an elementary electrical 
diagram or three-line diagram.  This figure shows the details of the electric power circuit for a 
motor, which allows the current paths to be traced through all conductors and components in 
the circuit.

5.4
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Figure 5-13: Simplified Three-Line Electrical Motor Diagram

Three-line diagrams become very complex and difficult to read when several power supplies 
and loads are included.  Therefore, a simplified version, called a one-line electrical diagram, 
is often used when the purpose is to represent the path of energy transfer (as opposed to 
the current paths) between sources and loads.  This topic deals almost exclusively with one-
line electrical diagrams. Appendix B provides a detailed description of the various symbols 
used in electrical related diagrams.

Electrical Single Lines and Schematics

Electrical single lines and schematics are designed to present functional information about 
the electrical design of a system or component. They provide the same types of information 
about electrical systems that P&IDs provide for piping and instrument systems. Like P&IDs, 
electrical prints are not usually drawn to scale. Examples of typical single lines are site or 
building power distribution, system power distribution, and motor control centers. Figure 
5-14 is an example of an electrical single line. Electrical schematics provide a more detailed 
level of information about an electrical system or component than the single lines. Electrical 
schematic drawings present information such as the individual relays, relay contacts, fuses, 
motors, lights, and instrument sensors. Examples of typical schematics are valve actuating 
circuits, motor start circuits, and breaker circuits.

Essentially one-line electrical diagrams are used to describe the paths available from 
power supplies to loads.  These diagrams are usually used to determine one or more of the 
following:

5.4.1
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• The power source to a component,

• The prerequisites for energizing or de-energizing a component,

• The sequence of events when a control switch is repositioned, and

• The location of one component with respect to another component.

Figure 5-14: Example of a Single Line

Figure 5-15 is an example of a motor start circuit schematic. Electrical single lines and 
schematics provide the most concise format for depicting how electrical systems should 
function, and are used extensively in the operation, repair, and modification of the plant.
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Figure 5-15: Example of a Schematic

Types of Electrical Diagrams or Schematics

There are three ways to show electrical circuits. They are wiring, schematic, and pictorial 
diagrams. The two most commonly used are the wiring diagram and the schematic diagram. 
The uses of these two types of diagrams are compared in Table 5-3.

5.4.2
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Wiring Diagrams Schematic Diagrams

1 Emphasize connections between 
elements of a circuit or system Emphasize “flow” of system

2 Use horizontal and vertical lines to 
represent the wires

Use horizontal and vertical lines to 
show system flow

3 Use simplified pictorials that clearly 
resemble circuit/system components

Use symbols that indicate function of 
equipment, but the symbols do not 
look like that actual equipment

4
Place equipment and wiring on 
drawing to approximate actual 
physical location in real circuit

Drawing layout is done to show the 
“flow” of the system as it functions, not 
the physical layout of the equipment

Table 5-3: Comparison between wiring and schematic diagrams

When dealing with a large power distribution system, a special type of schematic diagram 
called an electrical single line is used to show all or part of the system. This type of diagram 
depicts the major power sources, breakers, loads, and protective devices, thereby providing 
a useful overall view of the flow of power in a large electrical power distribution system.

On power distribution single lines, even if it is a 3-phase system, each load is commonly 
represented by only a simple circle with a description of the load and its power rating 
(running power consumption).  Unless otherwise stated, the common units are kilowatts 
(kW).  Figure 5-16 shows a portion of an electrical distribution system at a nuclear power 
plant.
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Figure 5-16: Electrical Single Line Example

One-Line Electrical Diagrams and Control Wiring Diagrams

Reading Electrical Diagrams and Schematics

To read electrical system diagrams and schematics properly, the condition or state of each 
component must first be understood. For electrical schematics that detail individual relays 
and contacts, the components are always shown in the de-energized condition (also called 
the shelf- state).

To associate the proper relay with the contact(s) that it operates, each relay is assigned a 
specific number and/or letter combination. The number/letter code for each relay is carried 
by all associated contacts. Figure 5-17(A) shows a simple schematic containing a coil (M1) 
and its contact. If space permits, the relationship may be emphasized by drawing a dashed 
line (symbolizing a mechanical connection) between the relay and its contact(s) or a dashed 
box around them as shown in Figure 5-17(B).  Figure 5-17(C) illustrates a switch and a 
second set of contacts that are operated by the switch.

5.4.3
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Figure 5-17: Examples of Relays and Relay Contacts

When a switch is used in a circuit, it may contain several sets of contacts or small switches 
internal to it. The internal switches are shown individually on a schematic. In many cases, 
the position of one internal switch will affect the position of another. Such switches are called 
ganged switches and are symbolized by connecting them with a dashed line as shown in 
Figure 5-18(A). In that example, closing Switch 1 also closes Switch 2. The dashed line 
is also used to indicate a mechanical interlock between two circuit components.  Figure 
5-18(B) shows two breakers with an interlock between them.

Figure 5-18: Ganged Switch Symbology
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In system single line diagrams, transformers are often represented by the symbol for 
a single-phase air core transformer; however, that does not necessarily mean that the 
transformer has an air core or that it is single phase. Single line system diagrams are 
intended to convey only general functional information, similar to the type of information 
presented on a P&ID for a piping system.  The reader must investigate further if more detail 
is required.  In diagrams depicting three-phase systems, a small symbol may be placed 
to the side of the transformer primary and secondary to indicate the type of transformer 
windings that are used.

Figure 5-19(A) shows the most commonly used symbols to indicate how the phases are 
connected in three-phase windings.  Figure 5-19(B) illustrates examples of how these 
symbols appear in a three-phase single line diagram.

Figure 5-19: Three-Phase Symbols

Common Terms and Notation

To interpret the information provided on wiring diagrams, the symbols discussed in the 
previous sections and Appendix B makeup the legends. Many of the key words and 
their abbreviations are listed in the following tables. The tables highlight a number of key 
abbreviations for meters, relays, lamps, and contacts used to read electrical diagrams. 
Additionally, a complete list of the standard electrical device numbers and functions is 
provided in Appendix C. This list is used throughout the industry in one-line electrical 
diagrams.

5.4.4
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Abbreviation Description Abbreviation Description

A Ammeter PH Phase Meter

AH Ampere-Hour SYN Synchroscope

CRO Oscilloscope TD Transducer

DM Demand Meter V Voltmeter

F Frequency VA Volt-ammeter

GD Ground Detector VAR Varmeter

OHM Ohmmeter VARH Varhour-meter

OSC Oscillography W Wattmeter

PF Power Factor WH Watthour Meter

Table 5-4: Meter Abbreviations

Abbreviation Description Abbreviation Description

CC Closing Coil TD Time Delay Relay

CR Closing / Control Relay TDE Time Delay Energize

TC Trip Coil TDD Time Delay De-energize

TR Trip Relay X Auxiliary Relay

Table 5-5: Relay Abbreviations

Abbreviation Description Abbreviation Description

A Amber G Green

B Blue R Red

C Clear W White

Table 5-6: Lamp Abbreviations
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Standard abbreviations for different types of contacts and switches are indicated below.  
All contacts included in one-line diagrams are shown in the position they would be in with 

their associated relay de-energized.

Abbreviation Description Abbreviation Description

a Breaker “a” contact PB Pushbutton

b Breaker “b” contact PS Pressure Switch

BAS Bell Alarm Switch PSD Differential Pressure Switch

BLPB Backlighted Push button TDO Time Delay Open

CS Control Switch TDS Time Delay Shut

FS Flow Switch TS Temperature Switch

LS Level Switch XSH Auxiliary Switch

Table 5-7: Contact Abbreviations

Electrical Diagram Examples

When reading an electrical print “a” and “b” contacts usually refer to contacts that have their 
positions determined by the position of an associated breaker.  “a” contacts are open when 
the associated breaker is open and closed when the breaker is closed.  “b” contacts are 
closed when the associated breaker is open and open when the breaker is closed.

Similarly, contacts operated by relays are typically shown on electrical drawings as being in 
the condition (open or closed) associated with the relay being de-energized.  If the relay is 
subsequently energized, the associated contacts will change to the opposite condition.

To avoid confusion, the junctions between two conductors must be very clearly identified in 
one-line electrical diagrams.  Two wires that simply cross one another do not form a junction.  
Junctions are normally indicated by two wires crossing with a large solid dot drawn at their 
intersection.

Breaker Control Circuit Example

One of the more common types of one-line electrical diagrams are control wiring diagrams.  
These diagrams describe the system conditions required for a circuit breaker to open or 
shut, or for a motor to be energized or de-energized.  Figure 5-20 shows a drawing of the 
control wiring diagram for a diesel generator tie breaker T1.

5.4.5
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Figure 5-20: Control Wiring Diagram for Diesel Generator Tie Breaker T1

The position of breaker T1 is determined by a control switch located in a remote location.  
The breaker control switch has three positions -- close, trip, and neutral.  The switch spring 
returns the switch to the neutral position upon release by the operator.  The diagram in the 
lower left hand corner of the figure describes the position of the control switch contacts for 
every position of the control switch.  For example, contact 3 is shut when the control switch 
is held in both the “Close” or “Trip” positions.
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To close breaker T1, the closing coil (CC) must be energized by the 125V DC power 
supply.  This occurs when contacts 24AX-2 and 24AX-3 are shut to provide a complete path 
for current flow from the positive terminal of the 125V DC power supply on the top of the 
diagram, through 24AX-2, through the closing coil, through 24AX-3, and back to the negative 
terminal of the 125V DC power supply on the bottom of the diagram.  Since contacts are 
always shown with their associated relay de-energized, relay 24AX must be energized to 
shut contacts 24AX-2 and 24AX-3.  Therefore, to energize the closing coil and shut breaker 
T1, a complete path for current flow must be provided from the 125 V DC power supply 
through either relay 24AX-HC or 24AX-PC. 

When the control switch is placed in the close position, contacts CS/1B-3 and CS/1B-4 (near 
the top of the diagram) shut.  Contacts 52b-G1 and 52b-G2 are shut only when breakers 
G1 and G2 are open, because they are both “b” contacts.  These contacts ensure that at 
least one of these breakers (G1 or G2) is open before T1 can be closed.  Contact 24A-IS is 
shut unless the T1 breaker is racked out for maintenance.  Therefore, relay 24AX-HC and 
the closing coil will be energized and breaker T1 will shut if the control switch is taken to the 
close position, and provided breaker T1 is not racked out for maintenance.

When breaker T1 shuts, the 24b-T1 contact opens, de-energizing the green, breaker open, 
indicating light, and both 24a-T1 contacts shut, energizing the red, breaker closed, indicating 
light, and preparing the trip coil (24A-TC) to be energized.

The trip coil is energized and the breaker is opened if the control switch is taken to the trip 
position, shutting contact CS1B-2, or if either overcurrent relay contact (51/CO) closes due 
to excessive current flow through breaker T1.

Electrical Distribution System Example

Another common use of the one-line electrical diagram is for plant electrical distribution 
systems.  Figure 5-21 shows a simplified one-line diagram of a plant electrical distribution 
system.

The distribution system diagram describes the power flow path from the source to each 
of the major switchboards.  It includes all major electrical components (generators, 
transformers, circuit breakers, disconnects, and electrical buses) and is arranged to 
minimize the number of crossing lines.  It does not accurately portray the physical 
arrangement of the components.  Two loads powered from the same bus may be located 
hundreds of feet from each other, but are shown close together on the one-line diagram.

An important attribute of the one-line diagram is it provides the component bus voltage. As 
an example the voltage supplied to the distribution system is 345KV. Bus voltage for Bus 
1B3B is 480V, which is supplied to Charger #1, which along with Battery #1 supplies DC Bus 
#1 with 240V.

5.4.5.2
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Figure 5-21: Simplified one-line diagram of a plant electrical distribution system

Logic Diagrams
Logic diagrams are used to describe the conditions required for automatic operation of 
system components.  The automatic operation of system components is also referred to 
as control function.  For example, if reactor power is too high, a control function causes the 
reactor to scram automatically.  Logic diagrams are usually used by operators for one or 
more of the following reasons:

5.5
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• Determine which systems provide inputs to a control function;

• Determine how many instruments must fail before a control function is either caused or 
prevented;

• Determine how many instruments must detect an out of specification condition to 
cause a control function to occur; and

• Determine the maximum or minimum system conditions allowed before a control 
function occurs.

Logic diagrams have many uses. In the solid state industry, they are used as the principal 
diagram for the design of solid state components such as computer chips. They are used 
by mathematicians to help solve logical problems (called Boolean algebra). However, their 
principle application at reactor facilities is their ability to present component and system 
operational information. The use of logic symbology results in a diagram that allows the 
user to determine the operation of a given component or system as the various input signals 
change.

To read and interpret logic diagrams, the reader must understand what each of the 
specialized symbols represent. This section discusses the common symbols used on logic 
diagrams. When mastered, this knowledge should enable the reader to understand most 
logic diagrams.

Facility operators and technical staff personnel commonly see logic symbols on equipment 
diagrams. The logic symbols, called gates, depict the operation/start/stop circuits of 
components and systems. The following two figures, which use a common facility start/
stop pump circuit as an example, clearly demonstrate the reasons for learning to read logic 
diagrams. Figure 5-22 presents a schematic for a large pump and Figure 5-23 shows the 
same pump circuit using only logic gates.
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Figure 5-22: Schematic for a large pump

Figure 5-23: Large pump circuit using only logic gates
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It is obvious that when the basic logic symbols are understood, figuring out how the pump 
operates and how it will respond to various combinations of inputs using the logic diagram 
is fast and easy, as compared to laboriously tracing through the relays and contacts of the 
schematic diagram for the same information.

Symbols

There are three basic types of logic gates.  They are AND, OR, and NOT gates.  Each gate 
is a very simple device that only has two states, true and false. The states of a gate are also 
commonly referred to as high or low, 1 or 0, or on or off, where on = high = 1 = true, and off 
= low = 0 = false. The state of the gate, also referred to as its output, is determined by the 
status of the inputs to the gate, with each type of gate responding differently to the various 
possible combinations of inputs.

Specifically, these combinations are as follows.

• AND gate - provides an output (true) when all its inputs are true.  When any one of the 
inputs is false, the gate’s output is false.

• OR gate - provides an output (true) when any one or more of its inputs is true.  The 
gate is false only when all of its inputs are false.

• NOT gate - provides a reversal of the input.  If the input is true, the output will be false. 
If the input is false, the output will be true.

Because the NOT gate is frequently used in conjunction with AND and OR gates, special 
symbols have been developed to represent these combinations. The combination of an AND 
gate and a NOT gate is called a NAND gate. The combination of an OR gate with a NOT 
gate is called a NOR gate.

• NAND gate - is the opposite (NOT) of an AND gate’s output.  It provides an output 
(true) except when all the inputs are on.

• NOR gate - is the opposite (NOT) of an OR gate’s output.  It provides an output only 
when all inputs are false.

Figure 5-24 illustrates the symbols covering the basic logic gates. It displays the various 
types used by a variety of organizations and manufactures. In some cases more than one 
type will be used for one facility. So the legends for each type of drawings plays an important 
role in being able to use a particular drawing. For purposes of the examples used in this 
topic we will be using the G.E. symbols.

5.5.1



USNRC HRTDREV 0817 5-36

Figure 5-24: Symbols of basic logic gates

Coincidence Logic

The AND gate has a common variation called a COINCIDENCE gate.  Logic gates are 
not limited to two inputs. Theoretically, there is no limit to the number of inputs a gate can 
have. But, as the number of inputs increases, the symbol must be altered to accommodate 
the increased inputs. There are two basic ways to show multiple inputs. Figure 5-25 
demonstrates both methods, using an OR gate as an example. The symbols used in Figure 
5-25 are used extensively in computer logic diagrams.   Process control logic diagrams 
usually use the symbology shown in Figure 5-23.

Figure 5-25: OR gate example

The COINCIDENCE gate behaves like an AND gate except that only a specific number of 
the total number of inputs needs to be true for the gate’s output to be true. The symbol for a 
COINCIDENCE gate is shown in Figure 5-26. The fraction in the logic symbol indicates that 
the AND gate is a COINCIDENCE gate. The numerator of the fraction indicates the number 
of inputs that must be true for the gate to be true. The denominator states the total number 
of inputs to the gate.

5.5.2
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Figure 5-26: Symbol for a COINCIDENCE gate

Two variations of the OR gate are the EXCLUSIVE OR and its opposite, the EXCLUSIVE 
NOR. The EXCLUSIVE OR and the EXCLUSIVE NOR are symbolized by adding a line on 
the back of the standard OR or NOR gate’s symbol, as illustrated in Figure 5-27.

Figure 5-27: EXCLUSIVE OR and the EXCLUSIVE NOR symbols

• EXCLUSIVE OR - provides an output (true) when only one of the inputs is true. Any 
other combination results in no output (false).

• EXCLUSIVE NOR - is the opposite (NOT) of an EXCLUSIVE OR gate’s output.  It 
provides an output only when all inputs are true or when all inputs are false.

Selective Coincidence Logic

A variation on coincidence logic is the selective 2 out of 4 logic, also known as 1 out of 2 
taken twice.  In this logic, the 4 inputs are divided into 2 pairs, each with an OR gate whose 
output is combined in a normal AND gate.  Normally each pair has a separate power supply.  
At least one input for each pair must be present to produce an output from this logic.  This 
selective coincidence logic prevents a false output being caused by a transient on a single 
power supply.

5.5.2.1
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Time Delays

When logic diagrams are used to represent start/stop/operate circuits, the diagrams must 
also be able to symbolize the various timing devices found in the actual circuits.  There are 
three major types of timers.

Type-One Time Delay

Upon receipt of the input signal, the Type-One Time Delay Device delays the output (on) 
for the specified period of time, but the output will stop (off) as soon as the input signal is 
removed, as illustrated by Figure 5-28.  The symbol for this type of timer is illustrated in 
Figure 5-28.

Figure 5-28: Symbol for Type-One Time Delay Device

Type-Two Time Delay

The Type-Two Time Delay Device provides an output signal (on) immediately upon receipt 
of the input signal, but the output is maintained only for a specified period of time once the 
input signal (off) has been removed.  Figure 5-29 demonstrates the signal response, and 
Figure 5-29 illustrates the symbol used to denote this type of timer.

Figure 5-29: Symbol for Type-Two Time Delay Device

5.5.3

5.5.3.1

5.5.3.2
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Type-Three Time Delay

Upon receipt of an input signal, Type-Three Time Delay Devices provide an output signal for 
a specified period of time, regardless of the duration of the input. Figure 5-30 demonstrates 
the signal response and illustrates the symbol used to denote the timer.

Figure 5-30: Symbol for Type-Three Time Delay Device

Reactor Trip Logic Diagram Example

Figure 5-31 shows a drawing of a simplified version of a reactor trip logic diagram.  As 
an inspector you should be able to trace the logic circuit and be able to determine for a 
particular actuation function how that signal determines a particular output condition.

5.5.4

5.5.3.3



USNRC HRTDREV 0817 5-40

Figure 5-31: Simplified diagram for the Reactor Trip Logic

When using a logic diagram the first thing to do is determine the condition of the logic 
diagram and its associated signals in an as-is-state. For our first example the Reactor is at 
50% power. The second step will determine how the circuit will respond if Pressurizer (PZR) 
High Level conditions occurs.

Using the above figure of a Simplified Reactor Trip Logic diagram, the following conditions 
exists:

• Coincidence Logic Gate (@E-2) for Power Range Nuclear Instrumentation output 
is true due to all four channel inputs are at 25%. This results in more than 2 of the 4 
signals above 25% which, results in an output signal of true.

• OR Logic Gate (@E-3) for the Turbine Power is above 25% since the Turbine First 
Stage Pressure is above the 25% turbine power setting. This results in a true output of 
the OR Gate.
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• P-7 Permissive Logic OR Gate (@D-2) output is true since it has both Power Range 
and Turbine Power inputs above 25%. (Note that it only required one of these to be 
above 25% in order for the OR gate to produce a true output.

• Reactor Trip AND Gates (@B-1 through B-4) now have half of the required inputs 
needed to produce a true output, the AND gates output are false.

• Reactor Trip OR Gate (@A-2) output is false.

Now that we have established our initial conditions of the logic diagram lets determine what 
happens when Pressurizer Level is above 92% for 2 of the 3 channels.

When 2 of the 3 channels go above 92% the AND Coincidence Gate (@C-3) output is now 
true. This results in a true output of the Reactor Trip AND Gate (@B-3). This results in the 
Reactor Trip OR Gate output becoming true. This will send a Reactor Trip signal shutting 
down the reactor.

Summary
This chapter has provided an introduction to print reading.  There are several different 
types of prints including P&IDs, one-line electrical diagrams, and logic diagrams.  Each 
diagram serves a different purpose and provides users with different types of information.  
To fully understand the plant systems and their operation, personnel must be able to locate, 
recognize, and interpret information available on these diagrams.

Each plant maintains their diagrams in a different manner and may use slightly different 
symbols and numbering systems; however, each set of prints contains a legend that should 
always be used to clarify any doubts or uncertainties.  The fundamentals presented in this 
chapter apply to the majority of prints in the industry.

5.6
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Introduction
To read and interpret P&IDs you must learn the meaning of the symbols. Appendix A: P&ID 
Symbols discusses the common symbols that are used to depict fluid system components. 
Having an understanding of the various symbols used aids in your ability to interpret most 
P&IDs.

You should note that Appendix A is only representative of fluid system symbology, rather 
than being all-inclusive. The symbols presented herein are those most commonly used in 
engineering P&IDs.

5A.0

Valve Symbols

Valves are used to control the direction, flow rate, and pressure of fluids. Figure 5A-1 shows 
the symbols that depict the major valve types. It should be noted that globe and gate valves 
will often be depicted by the same valve symbol. In such cases, information concerning the 
valve type may be conveyed by the component identification number or by the notes and 
legend section of the drawing; however, in many instances even that may not hold true.

Figure 5A-1: Symbols of major valve types

5A.1
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Valve Status, Standards, and Conventions

P&IDs are typically drawn to show component lineups as they exist during normal at-
power operation of the plant.  Therefore, the valve symbols are shaded to indicate they are 
normally closed and not shaded to indicate they are open when the plant is operating at 
power.

Before a diagram or print can be properly read and understood, the basic conventions used 
by P&IDs to denote valve positions and failure modes must be understood. The reader must 
be able to determine the valve position, know if this position is normal, know how the valve 
will fail, and in some cases know if the valve is normally locked in that position. Figure 5A-2 
illustrates the symbols used to indicate valve status. Unless otherwise stated, P&IDs indicate 
valves in their “normal” position. This is usually interpreted as the normal or primary flowpath 
for the system. An exception is safety systems, which are normally shown in their standby or 
non-accident condition. 3-way valves are sometimes drawn in the position that they will fail 
to instead of always being drawn in their “normal” position. This will either be defined as the 
standard by the system of drawings or noted in some manner on the individual drawings.

Figure 5A-2: Symbols used to indicate valve status

5A.2
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Valve Actuators

Some valves are provided with actuators to allow remote operation, to increase mechanical 
advantage, or both. Figure 5A-3 shows the symbols for the common valve actuators. Note 
that although each is shown attached to a gate valve, an actuator can be attached to any 
type of valve body. If no actuator is shown on a valve symbol, it may be assumed the valve 
is equipped only with a handwheel for manual operation.

The combination of a valve and an actuator is commonly called a control valve. Control 
valves are symbolized by combining the appropriate valve symbol and actuator symbol, as 
illustrated in Figure 5A-3. Control valves can be configured in many different ways. The most 
commonly found configurations are to manually control the actuator from a remote operating 
station, to automatically control the actuator from an instrument, or both.

Figure 5A-3: Symbols for common valve actuators

In many cases, remote control of a valve is accomplished by using an intermediate, small 
control valve to operate the actuator of the process control valve. The intermediate control 
valve is placed in the line supplying motive force to the process control valve, as shown in 
Figure 5A-4. In this example, air to the process air-operated control valve is controlled by the 
solenoid-operated, 3-way valve in the air supply line. The 3-way valve may supply air to the 
control valve’s diaphragm or vent the diaphragm to the atmosphere.

5A.3
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Figure 5A-4: Intermediate control valve

Note that the symbols alone in Figure 5A-4 do not provide the reader with enough 
information to determine whether applying air pressure to the diaphragm opens or closes 
the process control valve, or whether energizing the solenoid pressurizes or vents the 
diaphragm. Further, Figure 5A-4 is incomplete in that it does not show the electrical portion 
of the valve control system nor does it identify the source of the motive force (compressed 
air). Although Figure 5A-4 informs the reader of the types of mechanical components in 
the control system and how they interconnect, it does not provide enough information to 
determine how those components react to a control signal.

Control valves operated by an instrument signal are symbolized in the same manner as 
those shown previously, except the output of the controlling instrument goes to the valve 
actuator. Figure 5A-5 shows a level instrument (designated “LC”) that controls the level in 
the tank by positioning an air-operated diaphragm control valve. Again, note that Figure 5A-5 
does not contain enough information to enable the reader to determine how the control valve 
responds to a change in level.

Figure 5A-5: Level controller (“LC”)
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An additional aspect of some control valves is a valve positioner, which allows more precise 
control of the valve. This is especially useful when instrument signals are used to control 
the valve. An example of a valve positioner is a set of limit switches operated by the motion 
of the valve. A positioner is symbolized by a square box on the stem of the control valve 
actuator. The positioner may have lines attached for motive force, instrument signals, or 
both. Figure 5A-6 shows two examples of valves equipped with positioners. Note that, 
although these examples are more detailed than those of Figure 5A-4 and Figure 5A-5, the 
reader still does not have sufficient information to fully determine response of the control 
valve to a change in control signal.

Figure 5A-6: Examples of valves equipped with positioners 

In Example 5A-6(A), the reader can reasonably assume that opening of the control valve 
is in some way proportional to the level it controls and that the solenoid valve provides an 
override of the automatic control signals. However, the reader cannot ascertain whether it 
opens or closes the control valve. Also, the reader cannot determine in which direction the 
valve moves in response to a change in the control parameter. Figure 5A-6(B), the reader 
can make the same general assumptions as in Example 5A-6(A), except the control signal is 
unknown. Without additional information, the reader can only assume the air supply provides 
both the control signal and motive force for positioning the control valve. Even when valves 
are equipped with positioners, the positioner symbol may appear only on detailed system 
diagrams. Larger, overall system diagrams usually do not show this much detail and may 
only show the examples of Figure 5A-6 as air-operated valves with no special features.
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Control Valve Designations

A control valve may serve any number of functions within a fluid system. To differentiate 
between valve uses, a balloon labeling system is used to identify the function of a control 
valve, as shown in Figure 5A-7. The common convention is that the first letter used in the 
valve designator indicates the parameter to be controlled by the valve. For example: 

• F = flow

• T = temperature

• L = level

• P = pressure

• H = hand (manually operated valve)

The second letter is usually a “C” and identifies the valve as a controller, or active 
component, as opposed to a hand-operated valve. The third letter is a “V” to indicate that the 
piece of equipment is a valve.

Figure 5A-7: Balloon labeling system 

5A.4
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Piping Systems

The piping of a single system may contain more than a single medium. For example, 
although the main process flow line may carry water, the associated auxiliary piping 
may carry compressed air, inert gas, or hydraulic fluid. Also, a fluid system diagram 
may also depict instrument signals and electrical wires as well as piping. Figure 5A-8 
shows commonly used symbols for indicating the medium carried by the piping and for 
differentiating between piping, instrumentation signals, and electrical wires. Note that, 
although the auxiliary piping symbols identify their mediums, the symbol for the process flow 
line does not identify its medium.

Figure 5A-8: Common symbols for piping, instrumentation signals, and electrical wires

5A.5
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Instrumentation

One of the main purposes of a P&ID is to provide functional information about how 
instrumentation in a system or piece of equipment interfaces with the system or piece of 
equipment. Because of this, a large amount of the symbology appearing on P&IDs depicts 
instrumentation and instrument loops. The symbols used to represent instruments and their 
loops can be divided into four categories. Generally each of these four categories uses the 
component identifying (labeling) scheme identified in Table 5A-1. The first column of Table 
5A-1 lists the letters used to identify the parameter being sensed or monitored by the loop 
or instrument. The second column lists the letters used to indicate the type of indicator or 
controller. The third column lists the letters used to indicate the type of component. The 
fourth column lists the letters used to indicate the type of signals that are being modified by a 
modifier.

Sensed 
Parameter

Type of Indicator 
or Controller

Type of 
Component Type of Signal

F = Flow

T = Temperature

P = Pressure

I = Current

L = Level

V = Voltage

Z = Position

R = Recorder

I = Indicator

C = Controller

T = Transmitter

M = Modifier

E = Element

I = Current

V = Voltage

P = Pneumatic

The first three columns above are combined such that the resulting instrument identifier 
indicates its sensed parameter, the function of the instrument, and the type of instrument. 
The fourth column is used only in the case of an instrument modifier and is used to indicate 
the types of signals being modified. The following is a list of example instrument identifiers 
constructed from Table 5A-1.

• FIC = flow indicating controller

• FM = flow modifier

• PM = pressure modifier

• TE = temperature element

5A.6
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Sensing Devices and Detectors

The parameters of any system are monitored for indication, control, or both. To create a 
usable signal, a device must be inserted into the system to detect the desired parameter. In 
some cases, a device is used to create special conditions so that another device can supply 
the necessary measurement. Figure 5A-9 shows the symbols used for the various sensors 
and detectors.

Figure 5A-9: Symbols for various sensors and detectors

5A.7
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Modifiers and Transmitters

Sensors and detectors by themselves are not sufficient to create usable system indications. 
Each sensor or detector must be coupled with appropriate modifiers and/or transmitters. The 
exceptions are certain types of local instrumentation having mechanical readouts, such as 
bourdon tube pressure gages and bimetallic thermometers. Figure 5A-10 illustrates various 
examples of modifiers and transmitters. Figure 5A-10 also illustrates the common notations 
used to indicate the location of an instrument, i.e., local or board mounted. Transmitters are 
used to convert the signal from a sensor or detector to a form that can be sent to a remote 
point for processing, controlling, or monitoring. The output can be electronic (voltage or 
current), pneumatic, or hydraulic. Figure 5A-10 illustrates symbols for several specific types 
of transmitters. The reader should note that modifiers may only be identified by the type of 
input and output signal (such as I/P for one that converts an electrical input to a pneumatic 
output) rather than by the monitored parameter (such as PM for pressure modifier).

Figure 5A-10: Symbols for several specific types of transmitters

5A.8
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Indicators and Recorders

Indicators and recorders are instruments that convert the signal generated by an instrument 
loop into a readable form. The indicator or recorder may be locally or board mounted, and 
like modifiers and transmitters this information is indicated by the type of symbol used. 
Figure 5A-11 provides examples of the symbols used for indicators and recorders and how 
their location is denoted.

Figure 5A-11: Symbols for indicators and recorders

5A.9
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Controllers

Controllers process the signal from an instrument loop and use it to position or manipulate 
some other system component. Generally they are denoted by placing a “C” in the balloon 
after the controlling parameter as shown in Figure 5A-12(A). There are controllers that 
serve to process a signal and create a new signal. These include proportional controllers, 
proportional-integral controllers, and proportional-integral-differential controllers. The 
symbols for these controllers are illustrated in Figure 5A-12(B). Note that these types of 
controllers are also called signal conditioners.

Figure 5A-12: Controller symbols

5A.10
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Examples of Simple Instrument Loops

Figure 5A-13 shows two examples of simple instrument loops. Figure 5A-13(A) shows a 
temperature transmitter (TT), which generates two electrical signals. One signal goes to 
a board mounted temperature recorder (TR) for display. The second signal is sent to a 
proportional-integral-derivative (PID) controller, the output of which is sent to a current-to-
pneumatic modifier (I/P). In the I/P modifier, the electric signal is converted into a pneumatic 
signal, commonly 3 psi to 15 psi, which in turn operates the valve. The function of the 
complete loop is to modify flow based on process fluid temperature. Note that there is not 
enough information to determine how flow and temperature are related and what the setpoint 
is, but in some instances the setpoint is stated on a P&ID. Knowing the setpoint and purpose 
of the system will usually be sufficient to allow the operation of the instrument loop to be 
determined.

The pneumatic level transmitter (LT) illustrated in Figure 5A-13(B) senses tank level. 
The output of the level transmitter is pneumatic and is routed to a board-mounted level 
modifier (LM). The level modifier conditions the signal (possibly boosts or mathematically 
modifies the signal) and uses the modified signal for two purposes. The modifier drives a 
board-mounted recorder (LR) for indication, and it sends a modified pneumatic signal to 
the diaphragm-operated level control valve. Notice that insufficient information exists to 
determine the relationship between sensed tank level and valve operation.

Figure 5A-13: Simple instrument loops

5A.11
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Components

Within every fluid system there are major components such as pumps, tanks, heat 
exchangers, and fans. Figure 5A-14 shows the engineering symbols for the most common 
major components.

Figure 5A-14: Engineering symbols for common major components

5A.12
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Introduction
To read and interpret electrical diagrams and schematics, the reader must first be well 
versed in what the many symbols represent. This appendix discusses the common symbols 
used to depict the many components in electrical systems. Once mastered, this knowledge 
should enable the reader to successfully understand most electrical diagrams and 
schematics.

The information that follows provides details on the basic symbols used to represent 
components in electrical transmission, switching, control, and protection diagrams and 
schematics.

5B.0

Transformers

The basic symbols for the various types of transformers are shown in Figure 5B-1(A). Figure 
5B-1(B) shows how the basic symbol for the transformer is modified to represent specific 
types and transformer applications.

Figure 5B-1: Basic Transformer Symbols

5B.1
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In addition to the transformer symbol itself, polarity marks are sometimes used to indicate 
current flow in the circuit. This information can be used to determine the phase relationship 
(polarity) between the input and output terminals of a transformer. The marks usually appear 
as dots on a transformer symbol, as shown in Figure 5B-2.

Figure 5B-2: Transformer Polarity

On the primary side of the transformer the dot indicates current in; on the secondary side the 
dot indicates current out.

If at a given instant the current is flowing into the transformer at the dotted end of the primary 
coil, it will be flowing out of the transformer at the dotted end of the secondary coil. The 
current flow for a transformer using the dot symbology is illustrated in Figure 5B-2.
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Switches

Figure 5B-3 shows the most common types of switches and their symbols. The term “pole,” 
as used to describe the switches in Figure 5B-3, refers to the number of points at which 
current can enter a switch. Single pole and double pole switches are shown, but a switch 
may have as many poles as it requires to perform its function.  The term “throw” used in the 
figure refers to the number of circuits that each pole of a switch can complete or control.

Figure 5B-3: Switches and Switch Symbols

Figure 5B-4 provides the common symbols that are used to denote automatic switches and 
explains how the symbol indicates switch status or actuation.

5B.2
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Figure 5B-4: Switch and Switch Status Symbology
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Fuses and Breakers

Figure 5B-5 depicts basic fuse and circuit breaker symbols for single-phase applications.  In 
addition to the graphic symbol, most drawings will also provide the rating of the fuse next to 
the symbol. The rating is usually in amps.

Figure 5B-5: Fuse and Circuit Breaker Symbols

When fuses, breakers, or switches are used in three-phase systems, the three-phase 
symbol combines the single-phase symbol in triplicate as shown in Figure 5B-6. Also shown 
is the symbol for a removable breaker, which is a standard breaker symbol placed between 
a set of chevrons. The chevrons  represent  the  point  at  which  the  breaker  disconnects  
from  the  circuit  when removed.

5B.3
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Figure 5B-6: Three-phase and Removable Breaker Symbolss
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Common Electrical Components

Figure 5B-7 shows the common symbols for relays, contacts, connectors, lines, resistors, 
and other miscellaneous electrical components.

Figure 5B-7: Common Electrical Component Symbols

5B.4
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Large Components

The symbols in Figure 5B-8 are used to identify the larger components that may be found in 
an electrical diagram or schematic. The detail used for these symbols will vary when used 
in system diagrams. Usually the amount of detail will reflect the relative importance of a 
component to the particular diagram.

Figure 5B-8: Large Common Electrical Symbols

5B.5
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Introduction
A device function number, with appropriate suffix letter or letters where necessary, is 
used to identify the function of each device in all types of partial automatic and automatic 
and in many types of manual switchgear. These numbers are to be used on drawings, 
on elementary and connection diagrams, in instruction books, in all publications, and in 
specifications.

5C.0

Purpose of Device Function Number

Device function designations, which have been developed as a result of usage over many 
years, may define the actual function the device performs in an equipment or they may 
refer to the electrical or other quantity to which the device is responsive. Hence, there may 
be in some instances a choice of the function number to be used for a given device. The 
preferable choice to be made in all cases should be the one that is recognized to have the 
narrowest interpretation so that it most specifically identifies the device in the minds of all 
individuals concerned with the design and operation of the equipment.

5C.1

Standard Device Function Numbers

Standard device function numbers, each with its corresponding function name and the 
general description of each function, are listed below:

1. MASTER ELEMENT is the initiating device, such as a control switch, voltage relay,
float switch, etc., that serves either directly or through such permissive devices as
protective and time delay relays to place an equipment in or out of operation.

2. TIME DELAY STARTING OR CLOSING RELAY is a device that functions to give a
desired amount of time delay before or after any point of operation in a switching
sequence or protective relay system, except as specifically provided by device
functions 48, 62, and 79.

3. CHECKING OR INTERLOCKING RELAY is a relay that operates in response to the
position of a number of other devices (or to a number of predetermined conditions) in
an equipment, to allow an operating sequence to proceed, or to stop, or to provide a
check of the position of these devices or of these conditions for any purpose.

4. MASTER CONTACTOR is a device, generally controlled by device function 1 or the
equivalent and the required permissive and protective devices that serves to make and
break the necessary control circuits to place an equipment into operation under the
desired conditions and to take it out of operation under other or abnormal conditions.

5. STOPPING DEVICE is a control device used primarily to shut down an equipment
and hold it out of operation.  This device may be manually or electrically actuated,
but excludes the function of electrical lockout (see device function 86) on abnormal
conditions.

5C.2
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6. STARTING CIRCUIT BREAKER is a device whose principal function is to connect a
machine to its source of starting voltage.

7. ANODE CIRCUIT BREAKER is a device used in the anode circuits of a power rectifier
for the primary purpose of interrupting the rectifier circuit if an arcback should occur.

8. CONTROL POWER DISCONNECTING DEVICE is a disconnecting device, such as a
knife switch, circuit breaker, or pullout fuse block, used for the purpose of respectively
connecting and disconnecting the source of control power to and from the control bus
or equipment.  Note: Control power is considered to include auxiliary power which
supplies such apparatus as small motors and heaters.

9. REVERSING DEVICE is a device that is used for the purpose of reversing a machine
field or for performing any other reversing functions.

10. UNIT SEQUENCE SWITCH is a switch that is used to change the sequence in which
units may be placed in and out of service in multiple unit equipment’s.

11. Reserved for future application.

12. OVERSPEED DEVICE is usually a direct connected speed switch which functions on
machine overspeed.

13. SYNCHRONOUS SPEED DEVICE is a device such as a centrifugal speed switch, a
slip frequency relay, a voltage relay, an undercurrent relay, or any type of device that
operates at approximately the synchronous speed of a machine.

14. UNDERSPEED DEVICE is a device that functions when the speed of a machine falls
below a predetermined value.

15. SPEED OR FREQUENCY MATCHING DEVICE is a device that functions to match and
hold the speed or the frequency of a machine or of a system equal to, or approximately
equal to, that of another machine, source, or system.

16. Reserved for future application.

17. SHUNTING OR DISCHARGE SWITCH is a switch that serves to open or to close a
shunting circuit around any piece of apparatus (except a resistor), such as a machine
field, a machine armature, a capacitor, or a reactor. Note: This excludes devices that
perform such shunting operations as may be necessary in the process of starting a
machine by devices 6 or 42, or their equivalent, and also excludes function 73 that
serves for the switching of resistors.

18. ACCELERATING OR DECELERATING DEVICE is a device that is used to close or
to cause the closing of circuits which are used to increase or decrease the speed of a
machine.

19. STARTING TO RUNNING TRANSITION CONTACTOR is a device that operates to
initiate or cause the automatic transfer of a machine from the starting to the running
power connection.
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20. VALVE is one used in a vacuum, air, gas, oil, or similar line, when it is electrically
operated or has electrical accessories such as auxiliary switches.

21. DISTANCE RELAY is a relay that functions when the circuit admittance, impedance, or
reactance increases or decreases beyond predetermined limits.

22. EQUALIZER CIRCUIT BREAKER is a breaker that serves to control or to make and
break the equalizer or the current balancing connections for a machine field, or for
regulating equipment, in a multiple unit installation.

23. TEMPERATURE CONTROL DEVICE is a device that functions to raise or lower the
temperature of a machine or other apparatus, or of any medium, when its temperature
falls below, or rises above, a predetermined value. Note: An example is a thermostat
that switches on a space heater in a switchgear assembly when the temperature falls
to a desired value as distinguished from a device that is used to provide automatic
temperature regulation between close limits and would be designated as device
function 90T.

24. Reserved for future application.

25. SYNCHRONIZING OR SYNCHRONISM CHECK DEVICE is a device that operates
when two alternating current circuits are within the desired limits of frequency, phase
angle, or voltage, to permit or to cause paralleling of these two circuits.

26. APPARATUS THERMAL DEVICE is a device that functions when the temperature of
the shunt field or the amortisseur winding of a machine, or that of a load limiting or load
shifting resistor or of a liquid or other medium, exceeds a predetermined value; or if the
temperature of the protected apparatus, such as a power rectifier, or of any medium
decreases below a predetermined value.

27. UNDERVOLTAGE RELAY is a relay that functions on a given value of undervoltage.

28. FLAME DETECTOR is a device that monitors the presence of the pilot or main flame in
such apparatus as a gas turbine or a steam boiler.

29. ISOLATING CONTACTOR is a device that is used expressly for disconnecting one
circuit from another for the purposes of emergency operation, maintenance, or test.

30. ANNUNCIATOR RELAY is a nonautomatically reset device that gives a number of
separate visual indications upon the functioning of protective devices, and which may
also be arranged to perform a lockout function.

31. SEPARATE EXCITATION DEVICE is a device that connects a circuit, such as the
shunt field of a synchronous converter, to a source of separate excitation during the
starting sequence; or one that energizes the excitation and ignition circuits of a power
rectifier.

32. DIRECTIONAL POWER RELAY is a device that functions on a desired value of power
flow in a given direction or upon reverse power resulting from arcback in the anode or
cathode circuits of a power rectifier.
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33. POSITION SWITCH is a switch that makes or breaks contact when the main device or
piece of apparatus, which has no device function number, reaches a given position.

34. MASTER SEQUENCE DEVICE is a device such as a motor operated multicontact
switch, or the equivalent, or a programming device, such as a computer, that
establishes or determines the operating sequence of the major devices in an
equipment during starting and stopping or during other sequential switching operations.

35. BRUSH OPERATING OR SLIPRING SHORT CIRCUITING DEVICE is a device
for raising, lowering, or shifting the brushes of a machine, or for short circuiting its
sliprings, or for engaging or disengaging the contacts of a mechanical rectifier.

36. POLARITY OR POLARIZING VOLTAGE DEVICE is a device that operates, or permits
the operation of, another device on a predetermined polarity only, or verifies the
presence of a polarizing voltage in an equipment.

37. UNDERCURRENT OR UNDER POWER RELAY is a relay that functions when the
current or power flow decreases below a predetermined value.

38. BEARING PROTECTIVE DEVICE is a device that functions on excessive bearing
temperature, or on other abnormal mechanical conditions associated with the bearing,
such as undue wear, which may eventually result in excessive bearing temperature or
failure.

39. MECHANICAL CONDITION MONITOR is a device that functions upon the occurrence
of an abnormal mechanical condition (except that associated with bearings as covered
under device function 38), such as excessive vibration, eccentricity, expansion, shock,
tilting, or seal failure.

40. FIELD RELAY is a relay that functions on a given or abnormally low value or failure of
machine field current, or on an excessive value of the reactive component of armature
current in an AC machine indicating abnormally low field excitation.

41. FIELD CIRCUIT BREAKER is a device that functions to apply or remove the field
excitation of a machine.

42. RUNNING CIRCUIT BREAKER is a device whose principal function is to connect a
machine to its source of running or operating voltage.  This function may also be used
for a device, such as a contactor, that is used in series with a circuit breaker or other
fault protecting means, primarily for frequent opening and closing of the circuit.

43. MANUAL TRANSFER OR SELECTOR DEVICE is a manually operated device that
transfers the control circuits to modify the plan of operation of the switching equipment
or of some of the devices.

44. UNIT SEQUENCE STARTING RELAY is a relay that functions to start the next
available unit in a multiple unit equipment upon the failure or nonavailability of the
normally preceding unit.

45. ATMOSPHERIC CONDITION    MONITOR is a device that functions upon the
occurrence of an abnormal atmospheric condition, such as damaging fumes, explosive
mixtures, smoke, or fire.
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46. REVERSE PHASE OR PHASE BALANCE CURRENT RELAY is a relay that functions
when the polyphase currents are of reverse phase sequence, or when the polyphase
currents are unbalanced or contain negative phase sequence components above a
given amount.

47. PHASE SEQUENCE VOLTAGE RELAY is a relay that functions upon a predetermined
value of polyphase voltage in the desired phase sequence.

48. INCOMPLETE SEQUENCE RELAY is a relay that generally returns the equipment to
the normal or off position and locks it out if the normal starting, operating, or stopping
sequence is not properly completed within a predetermined time.  If the device is used
for alarm purposes only, it should preferably be designated as 48A (alarm).

49. MACHINE OR TRANSFORMER THERMAL RELAY is a relay that functions when
the temperature of a machine armature or other load carrying winding or element of
a machine or the temperature of a power rectifier or power transformer (including a
power rectifier transformer) exceeds a predetermined value.

50. INSTANTANEOUS OVERCURRENT OR RATE OF RISE RELAY is a relay that
functions instantaneously on an excessive value of current or on an excessive rate of
current rise, thus indicating a fault in the apparatus or circuit being protected.

51. AC TIME OVERCURRENT RELAY is a relay with either a definite or inverse time
characteristic that functions when the current in an AC circuit exceeds a predetermined
value.

52. AC CIRCUIT BREAKER is a device that is used to close and interrupt an AC power
circuit under normal conditions or to interrupt this circuit under fault or emergency
conditions.

53. EXCITER OR DC GENERATOR RELAY is a relay that forces the DC machine field
excitation to build up during starting or which functions when the machine voltage has
built up to a given value.

54. Reserved for future application.

55. POWER FACTOR RELAY is a relay that operates when the power factor in an AC
circuit rises above or falls below a predetermined value.

56. FIELD APPLICATION RELAY is a relay that automatically controls the application of
the field excitation to an AC motor at some predetermined point in the slip cycle.

57. SHORT CIRCUITING OR GROUNDING DEVICE is a primary circuit switching device
that functions to short circuit or to ground a circuit in response to automatic or manual
means.

58. RECTIFICATION FAILURE RELAY is a device that functions if one or more anodes of
a power rectifier fail to fire, or to detect an arcback, or on failure of a diode to conduct
or block properly.

59. OVERVOLTAGE RELAY is a relay that functions on a given value of overvoltage.
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60. VOLTAGE OR CURRENT BALANCE RELAY is a relay that operates on a given
difference in voltage, or current input or output, of two circuits.

61. CURRENT BALANCE RELAY is a device which actuates on a given difference in
current input or output of two circuits.

62. TIME DELAY STOPPING OR OPENING RELAY is a time delay relay that serves in
conjunction with the device that initiates the shutdown, stopping, or opening operation
in an automatic sequence or protective relay system.

63. LIQUID OR GAS PRESSURE OR VACUUM RELAY is a relay that operates on given
values of liquid or gas pressure or on given rates of change of these values.

64. GROUND PROTECTIVE RELAY is a relay that functions on failure of the insulation
of a machine, transformer, or of other apparatus to ground, or on flashover of a DC
machine to ground. Note: This function is assigned only to a relay that detects the flow
of current from the frame of a machine or enclosing case or structure of a piece of
apparatus to ground, or detects a ground on a normally ungrounded winding or circuit.
It is not applied to a device connected in the secondary circuit of a current transformer,
or in the secondary neutral of current transformers, connected in the power.

65. GOVERNOR is the assembly of fluid, electrical, or mechanical control equipment used
for regulating the flow of water, steam, or other medium to the prime mover for such
purposes as starting, holding speed or load, or stopping.

66. NOTCHING OR JOGGING DEVICE is a device that functions to allow only a specified
number of operations of a given device, or equipment, or a specified number of
successive operations within a given time of each other.  It is also a device that
functions to energize a circuit periodically or for fractions of specified time intervals, or
that is used to permit intermittent acceleration or jogging of a machine at low speeds
for mechanical positioning.

67. AC DIRECTIONAL OVERCURRENT RELAY is a relay that functions on a desired
value of AC overcurrent flowing in a predetermined direction.

68. BLOCKING RELAY is a relay that initiates a pilot signal for blocking of tripping on
external faults in a transmission line or in other apparatus under predetermined
conditions, or cooperates with other devices to block tripping or to block reclosing on
an out of step condition or on power swings.

69. PERMISSIVE CONTROL DEVICE is generally a two position, manually operated
switch that, in one position, permits the closing of a circuit breaker, or the placing of an
equipment into operation, and in the other position prevents the circuit breaker or the
equipment from being operated.

70. RHEOSTAT is a variable resistance device used in an electric circuit, which is
electrically operated or has other electrical accessories, such as auxiliary, position, or
limit switches.

71. LIQUID OR GAS LEVEL RELAY is a relay that operates on given values of liquid or
gas level or on given rates of change of these values.
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72. DC CIRCUIT BREAKER is a circuit breaker that is used to close and interrupt a
DC power circuit under normal conditions or to interrupt this circuit under fault or
emergency conditions.

73. LOAD RESISTOR CONTACTOR is a contactor that is used to shunt or insert a step of
load limiting, shifting, or indicating resistance in a power circuit, or to switch a space
heater in circuit, or to switch a light or regenerative load resistor of a power rectifier or
other machine in and out of circuit.

74. ALARM RELAY is a relay other than an annunciator, as covered under device function
30, which is used to operate, or to operate in connection with, a visual or audible alarm.

75. POSITION CHANGING MECHANISM is a mechanism that is used for moving a
main device from one position to another in an equipment; as for example, shifting
a removable circuit breaker unit to and from the connected, disconnected, and test
positions.

76. DC OVERCURRENT RELAY is a relay that functions when the current in a DC circuit
exceeds a given value.

77. PULSE TRANSMITTER is used to generate and transmit pulses over a telemetering or
pilot wire circuit to the remote indicating or receiving device.

78. PHASE ANGLE MEASURING OR OUT OF STEP PROTECTIVE RELAY is a relay
that functions at a predetermined phase angle between two voltages or between two
currents or between voltage and current.

79. AC RECLOSING RELAY is a relay that controls the automatic reclosing and locking out
of an AC circuit interrupter.

80. LIQUID OR GAS FLOW RELAY is a relay that operates on given values of liquid or gas
flow or on given rates of change of these values.

81. FREQUENCY RELAY is a relay that functions on a predetermined value of frequency
(either under or over or on normal system frequency) or rate of change of frequency.

82. DC RECLOSING RELAY is a relay that controls the automatic closing and reclosing of
a DC circuit interrupter, generally in response to load circuit conditions.

83. AUTOMATIC SELECTIVE CONTROL OR TRANSFER RELAY is a relay that operates
to select automatically between certain sources or conditions in an equipment, or
performs a transfer operation automatically.

84. OPERATING MECHANISM is the complete electrical mechanism or servomechanism,
including the operating motor, solenoids, position switches, etc., for a tap changer,
induction regulator, or any similar piece of apparatus that otherwise has no device
function number.

85. CARRIER OR PILOT WIRE RECEIVER RELAY is a relay that is operated or restrained
by a signal used in connection with carrier current or DC pilot wire fault directional
relaying.
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86. LOCKING OUT RELAY is an electrically operated hand, or electrically, reset relay or
device that functions to shut down or hold an equipment out of service, or both, upon
the occurrence of abnormal conditions.

87. DIFFERENTIAL PROTECTIVE RELAY is a protective relay that functions on a
percentage or phase angle or other quantitative difference of two currents or of some
other electrical quantities.

88. AUXILIARY MOTOR OR MOTOR GENERATOR is one used for operating auxiliary
equipment, such as pumps, blowers, exciters, rotating magnetic amplifiers, etc.

89. LINE SWITCH is a switch used as a disconnecting, load interrupter, or isolating switch
in an AC or DC power circuit, when this device is electrically operated or has electrical
accessories, such as an auxiliary switch, magnetic lock, etc.

90. REGULATING DEVICE is a device that functions to regulate a quantity, or quantities,
such as voltage, current, power, speed, frequency, temperature, and load, at a certain
value or between certain (generally close) limits for machines, tie lines, or other
apparatus.

91. VOLTAGE DIRECTIONAL RELAY is a relay that operates when the voltage across an
open circuit breaker or contactor exceeds a given value in a given direction.

92. VOLTAGE AND POWER DIRECTIONAL RELAY is a relay that permits or causes the
connection of two circuits when the voltage difference between them exceeds a given
value in a predetermined direction and causes these two circuits to be disconnected
from each other when the power flowing between them exceeds a given value in the
opposite direction.

93. FIELD CHANGING CONTACTOR is a contactor that functions to increase or decrease,
in one step, the value of field excitation on a machine.

94. TRIPPING OR TRIP FREE RELAY is a relay that functions to trip a circuit breaker,
contactor, or equipment, or to permit immediate tripping by other devices; or to prevent
immediate reclosure of a circuit interrupter if it should open automatically even though
its closing circuit is maintained closed.

95. - 99. Used only for specific applications in individual installations where none of the
assigned numbered functions from 1 to 94 are suitable.
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Supervisory Control and Indication

A similar series of numbers, prefixed by the letters RE (for remote) shall be used for the 
interposing relays performing functions that are controlled directly from the supervisory 
system.  Typical examples of such device functions are: RE1, RE5, and RE94.

Note: The use of the RE prefix for this purpose in place of the former 200 series 
of numbers now makes it possible to obtain increased flexibility of the device function 
numbering system.  For example, in pipeline pump stations, the numbers 1 through 99 are 
applied to device functions that are associated with the overall station operation.  A similar 
series of numbers, starting with 101 instead of 1, are used for those device functions that 
are associated with unit 1; a similar series starting with 201, for device functions that are 
associated with unit 2; and so on, for each unit in these installations.  For switchyard use the 
device function numbers derived from the switch numbers.  The common equipment will use 
the same series as is used for the switch numbers and the equipment associated with each 
bay will be formulated by adding a zero to the series being used for the switch numbers.

5C.3

Suffix Letters

Suffix letters are listed and classified in several general groupings and may be used with 
device function numbers for various purposes.  They permit a manifold multiplication of 
available function designations for the large number and variety of devices used in the 
many types of equipment covered by this standard.  Suffix letters may also serve to denote 
individual or specific parts or auxiliary contacts of these devices or certain distinguishing 
features, characteristics, or conditions that describe the use of the device or its contacts in 
the equipment.

Letter suffixes should, however, be used only when they accomplish a useful purpose.  For 
example, when all of the devices in an equipment are associated with only one kind of 
apparatus, such as a feeder or motor or generator, to retain maximum simplicity in device 
function identification, the respective suffix letter F or M or G should not be added to any of 
the device function numbers.

To prevent any possible conflict or confusion, each suffix should preferably have only one 
meaning in an individual equipment.  To accomplish this, short distinctive abbreviations, 
such as contained in Drafting Standards Abbreviations, or any appropriate combination of 
letters, may also be used as letter suffixes, where necessary.  However, each suffix should 
not consist of more than three (preferably not more than two) letters, in order to keep the 
complete function designation as short and simple as possible.

The meaning of each suffix used with a device function number should be designated in the 
following manner on the necessary drawings or publications applying to the equipment:  TC, 
Trip Coil; V, Voltage; X, Auxiliary Relay.

5C.4
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In the cases where the same suffix (consisting of one letter or a combination of letters) has 
different meanings in the same equipment, depending upon the device function number 
with which it is used, then the complete device function number with its suffix letter or letters 
and its corresponding function name should be listed in the legend in each case, as follows:  
63V, Vacuum Relay; 7OR, Raising Relay for Device 70; 90V, Voltage Regulator.

Letters for Separate Auxiliary Devices 

These letters denote separate auxiliary devices, such as:

C - Closing relay or contactor

CL - Auxiliary relay, closed 
(energized when main device is in 
closed position)

CS - Control switch

D - ‘Down’ position switch relay

L - Lowering relay

O - Opening relay or contactor

OP - Auxiliary relay, open 
(energized when main device is in 
open position)

PB - Pushbutton

R - Raising relay

U - ‘Up’ position switch relay

X, Y, Z - Auxiliary relays

Note: In the control of a circuit breaker with an X Y control scheme, the X relay is the 
device whose main contacts are used to energize the closing coil or the device which in 
some other manner, such as by the release of stored energy, causes the breaker to close.  
The contacts of the Y relay provide the antipump feature for the circuit breaker.

5C.4.1
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Letters for Condition/Electrical Quantity

These letters indicate the condition or electrical quantity to which the device responds, or the 
medium in which it is located, such as:

A - Air or amperes

C - Current

E - Electrolyte

F - Frequency or flow or 
fault

L - Level or liquid

P - Power or pressure

PF - Power factor

Q - Oil

S - Speed

T - Temperature

V - Voltage or volts or 
vacuum

VAR - Reactive power

VB - Vibration

W - Water or watts

5C.4.2
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Letters for Location of Main Device in the Circuit

These letters denote the location of the main device in the circuit, or the type of circuit in 
which the device is used, or the type of circuit or apparatus with which it is associated, when 
this is necessary, such as:

A - Alarm or auxiliary power

AC - Alternating current

AN - Anode

B - Battery or blower or bus

BK - Brake

BP - Bypass

BT - Bus tie

C - Capacitor or condenser 
or compensator or carrier 
current

CA - Cathode

D - Discharge

DC - Direct Current

E - Exciter

F - Feeder or field or 
filament

G - Generator or ground*

H - Heater or housing

L - Line or logic

M - Motor or metering

N - Network or neutral*

P - Pump or phase comparison

R - Reactor or rectifier

S - Synchronizing or secondary

T - Transformer or thyratron

TH - Transformer (high voltage 
side)

TL - Transformer (low voltage 
side)

TM - Telemeter

U - Unit

*Suffix ‘N’ is generally used in preference to ‘G’ for devices connected in the secondary
neutral of current transformers or in the secondary of a current transformer whose primary
winding is located in the neutral of a machine or power transformer.  In the case of
transmission line relaying, the suffix ‘G’ is more commonly used for those relays that operate
on ground faults.

5C.4.3
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Letters for Parts of the Main Device

These letters denote parts of the main device that are divided into the following categories:

1. All parts, such as the following, except auxiliary contacts, position switches, limit
switches, and torque limit switches.

BK - Brake

C - Coil, condenser or 
capacitor

CC - Closing coil

HC - Holding coil

M - Operating motor

MF - Fly ball motor

ML - Load limit motor

MS - Speed adjusting or 
synchronizing motor

S - Solenoid

SI - Seal in

TC - Trip coil

V - Valve

2. All auxiliary contacts and position and limit switches for such devices and equipment as
circuit breakers, contactors, valves and rheostats, and contacts of relays.

An “a” contact is open when the main device is in the standard reference position, commonly 
referred to as the nonoperated or deenergized position, and closes when the device 
assumes the opposite position.

A “b” contact is closed when the main device is in the standard reference position, commonly 
referred to as the nonoperated or deenergized position, and opens when the device 
assumes the opposite position.

Standard reference position of some typical devices are as follows:

5C.5
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Device Standard Reference Position

Power Circuit Breaker Main Contacts Open

Disconnecting Switch Main Contacts Open

Load break Switch Main Contacts Open

Valve Closed Position

Gate Closed Position

Clutch Disengaged Position

Turning Gear Disengaged Position

Power Electrodes Maximum Gap  Position

Rheostat Maximum Resistance Position

Adjusting Means** Low or Down Position

Relay+ Deenergized Position

Contactor+ Deenergized Position

Relay (latched in type) See 5A.7

Contactor (latched in type) Main Contacts Open

Temperature Relay# Lowest Temperature

Level Detector# Lowest Level

Flow Detector# Lowest Flow

Speed Switch Lowest Speed

Vibration Detector# Minimum Vibration

Pressure Switch# Lowest Pressure

Vacuum Switch# Lowest Pressure (Highest Vacuum)

**These may be speed, voltage, current, load, or similar adjusting devices 
comprising rheostat, springs, levers, or other components for the purpose.

+ These electrically operated devices are of the nonlatched in type, whose
contact position is dependent only upon the degree of energization of
the operating or restraining or holding coil or coils that may or may not
be suitable for continuous energization.  The deenergized position of the
device is that with all coils deenergized.

# The energizing influences for these devices are considered to be, 
respectively, rising temperature, rising level, increasing flow, rising speed, 
increasing vibration, and increasing pressure.
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The simple designation "a" or  "b" is used in all cases where there is no need to adjust the 
contacts to change position at any particular point in the travel of the main device or where 
the part of the travel where the contacts change position is of no significance in the control 
or operating scheme.  Hence the "a" and "b" designations usually are sufficient for circuit 
breaker auxiliary switches.

Auxiliary Switches with Defined Operating Positions

When it is desired to have the auxiliary, position, or limit switch designation indicate at what 
point of travel the contacts change position, as is sometimes necessary in the case of valves 
and for other main devices, then an additional letter (or a percentage figure, if required) is 
added (as a suffix to the "a" and "b" designation) for the purpose.

For a valve, the method of designating such position switches is shown in the diagram 
and legend designated “valve position.”  There are two points to consider in visualizing or 
describing the operation of these position switches.  The first is whether another contact 
is an "a" or "b" as indicated by the first letter.  The second is where the contact changes 
position, either at or near:

• The closed position of the valve (c)

• The open position of the valve (o), or

• A specified percentage, such as 25% of the full open position.

When applied to devices other than valves, gates, circuit breakers, and switches for which 
the letters "o" and "c" are used for "open" and "closed" respectively, it will be necessary 
to use other applicable letters.  For example, for such devices as a clutch, turning gear, 
rheostat, electrode, and adjusting device, the letters "d", "e", "h", "l", "u", and "d" meaning 
"disengaged", "engaged", "high", "low", "up", and "down", respectively, are applicable.  
Also, other appropriate suffix letters may be used for special "a" or "b" position switches, 
when these are considered more appropriate and if their meaning is clearly indicated.  For 
example, in the case of an early opening auxiliary switch on a power circuit breaker, adjusted 
to open when the breaker is tripped before the main contacts part, it may be thus described 
and then designated as an “ac” auxiliary switch.

Eight possible valve positions can be described as follows:

ac - "a"contact that changes position at or near the closed position of the valve (i.e., open 
only when valve is fully closed).

ao - "a"contact that changes position at or near the open position of the valve (i.e., closed 
only when valve is fully open).

5C.5.1
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bc - "b" contact that changes position at or near the closed position of the valve (i.e., closed 
only when valve is fully closed).

bo - "b"contact that changes position at or near the open position of the valve (i.e., open only 
when valve is fully open).

a25 - "a" contact that changes position when valve is 25% open (i.e., closed only when valve 
is open 25% or more).

a75 - "a" contact that changes position when valve is 75% open (i.e., closed only when valve 
is open 75% or more).

b25 - "b" contact that changes position when valve is 25% open (i.e., closed only when valve 
is open less than 25%).

b75 - "b" contact that changes position when valve is 75% open (i.e., closed only when valve 
is open less than 75%).

Auxiliary Switches for Circuit Breaker Operating 
Mechanisms

For the mechanically tripfree mechanism of a circuit breaker the following designations are 
used:

“a” - Contact that is open when the operating mechanism of the main device is in the 
nonoperated position and that closes when the operating mechanism assumes the opposite 
position.

“b” - Contact that is closed when the operating mechanism of the main device is in the 
nonoperated position and that opens when the operating mechanism assumes the opposite 
position.

The part of the stroke at which the auxiliary switch changes position should, if necessary, 
be specified in the description.  "LC" is used to designate the latch checking switch of such 
a mechanism, which is closed when the mechanism linkage is relatched after an opening 
operation of the circuit breaker.

5C.5.2
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Limit Switches

"LS" designates a limit switch.  This is a position switch that is actuated by a main device, 
such as a rheostat or valve, at or near its extreme end of travel.  Its usual function is to open 
the circuit of the operating motor at the end of travel of the main device, but it may also serve 
to give an indication that the main device has reached an extreme position of travel.  The 
designations "ac", "ao", "bc", and "bo", as illustrated above, are actually more descriptive 
for valve limit switches than such designations as "LSC" or "LSO".  Also, in the case of 
a fuel transfer device, designations such as a100G, b100G, a100L, and b100L are more 
descriptive than "LS" designations.  In both cases they indicate whether the specific contact 
is an "a" or a "b".

Torque Limit Switches

This is a switch that is used to open an operating motor circuit at a desired torque limit at the 
extreme end of travel of a main device, such as a valve.  This switch should be designated 
as follows:

tqc - Torque limit switch, opened by torque   responsive mechanism, to stop valve closing.

tqo - Torque limit switch, opened by torque responsive mechanism, to stop valve opening.

Other Devices

If several similar auxiliary, position, and limit switches are present on the same main device, 
they should be designated with supplementary numerical suffixes as 1, 2, 3, etc., when 
necessary.

5C.5.3
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Other Letter Designations

The following letters cover all other distinguishing characteristics or conditions that  serve to 
describe the use of the device or its contacts in the equipment.

A - Accelerating or automatic

B - Blocking or backup

C - Close or cold

D - Decelerating or detonate 
or down or disengaged

E - Emergency or engaged

F - Failure or forward

H - Hot or high

HR - Hand reset

HS - High speed

L - Left or local or low or 
lower or leading

M - Manual

O - Open

OFF - Off

ON - On

P - Polarizing

R - Right or raise or reclosing 
or  receiving or remote or 
reverse

S - Sending or swing

T - Test or trip or trailing

TDC - Time delay closing

TDO - Time delay opening

U - Up

Lower Case Letters  

Lowercase (small) suffix letters are used in practically all instances on electrical diagrams 
for auxiliary, position, and limit switches.  Capital letters are generally used for all other suffix 
letters.

The letters in the previous section called "Suffix Letters" should generally form part of 
the device function designation and are usually written directly after the device function 
number, (e.g., 52CS, 70W, or 49D).  When it is necessary to use two types of suffix letters 
in connection with one function number, it is often desirable for clarity to separate them by a 
slanted line or dash, as (e.g., 20D/CS or 20D-CS).

5C.5.6
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The suffix letters in section "Letters for Parts of the Main Device", which denote parts of the 
main device, and those in "Other Letter Designations", which cannot or need not form part 
of the device function designation, are generally written directly below the device function 
number on drawings, (e.g., ).

Suffix Numbers

If two or more devices with the same function number and suffix letter (if used) are present in 
the same equipment, they may be distinguished by numbered suffixes, as for example, 4X 1, 
4X 2, and 4X 3, when necessary.

5C.6

Devices Performing More Than One Function

If one device performs two relatively important functions in an equipment so that it is 
desirable to identify both of these functions, a double function number and name, such as 
50/51 Instantaneous and Time Overcurrent Relay, may be used.

5C.7

Representation of Device Contacts on Electrical Diagrams 

On electrical diagrams the "b" contacts of all devices, including those of relays and those 
with suffix letters or percentage figures, should be shown as closed contacts, and all "a" 
contacts should be shown as open contacts.  The use of the single letters "a" and "b" with 
the contact representation is generally superfluous on the diagrams. However, these letters 
are a convenient means of reference in the test of instruction books, articles, and other 
publications.

The opening or closing settings of the contacts and auxiliary, position, and limit switches 
should (when necessary for the ready understanding of the operation of the devices in the 
equipment) be indicated on the elementary diagram for each such contact.  In the case of 
relay contacts, this indication would consist of the numerical settings; and in the case of the 
switches, would consist of a chart similar to that illustrated in the section, "Auxiliary Switches 
with Defined Operating Positions".

For those devices that have no deenergized or nonoperated position, such as manually 
operated transfer or control switches (including those of the spring return type) or auxiliary 
position indicating contacts on the housings or enclosures of a removable circuit breaker 
unit, the preferred method of representing these contacts is as an "a" switch.  Each contact 
should, however, be identified on the elementary diagram as to when it closes.  For example, 
the contacts of the Manual Automatic Transfer Switch, device function 43, which are closed 
in the automatic position, would be identified with the letter "A", and those that are closed in 
the manual position would be identified with the letter "M".  The auxiliary position switches on 

5C.8
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the housing 52H of a removable circuit breaker unit, which are closed when the unit is in the 
connected position, may be identified by the suffix letters "IN", and those which are closed 
when the unit is withdrawn from the housing may be identified by the suffix letters "OUT".

In the case of latched in or hand reset locking out relays, which operate from protective 
devices to perform the shutdown of an equipment and to hold it out of service, the contacts 
should preferably be shown in the normal nonlocking out position.  In general, any devices, 
such as electrically operated latched in relays, which have no deenergized or nonoperated 
position, and have not been specifically covered in the above paragraphs  should have their 
contacts shown in the position most suitable for the ready understanding of the operation of 
the devices in the equipment, and sufficient description should be present, as necessary, on 
the elementary diagram to indicate the contact operation.
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Chapter Overview
This module provides an introduction to basic electrical systems and terminology. 

Learning Objectives

1. Recognize the relationship between the following terms for both series and parallel
circuits using Ohm’s Law and Kirchhoff’s Law:

a. Voltage (e)

b. Current (i)

c. Resistance (R)

2. Recognize the concept and purpose of an electrical ground.

3. Recognize how a voltage is induced into a conductor.

4. Recognize the difference and significance of voltage and current’s:

a. Peak values,

b. Average values and

c. Root mean square (rms) values.

5. Recognize the following properties of and their significance to AC electrical circuits:

a. Resistance

b. Inductance

c. Inductive Reactance

d. Capacitance

e. Capacitive Reactance

f. Impedance

6. Recognize the following properties, characteristics and their units of measure of:

a. Real power,

b. Reactive power,

c. Apparent power, and

d. Power factor:

6.0
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i. Leading

i. Lagging.

7. Recognize the basic operation of transformers:

a. Wye (Ү) wound,

b. Delta (Δ) wound, and

c. Step up,

8. Recognize the basic operation of a relay.

9. Recognize why 3-phase AC power is preferred over single-phase AC power.

10. Recognize the significant differences of the terms used in equations for:

a. DC power,

b. Single-phase AC power, and

c. Three-phase AC power.

11. Recognize the electrical flow path and the following electrical components used in
prints and drawings:

a. Resistors,

b. Capacitors,

c. Inductors,

d. Batteries,

e. Relays,

f. Generators,

g. Motors,

h. Transformers,

i. Indicating lights,

j. Installed grounds,
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Introduction
Electricity is the movement of negatively charged electrons between atoms.  Electrical 
charges move most easily through conductors.  Conductors are typically made of metals 
that have at least one outer shell electron that can break free to create a moving charge.  
Examples of good conductors include copper, silver, gold, and aluminum.  In contrast, 
insulators are poor conductors of electricity and resist electron movement. Insulators are 
comparable to the “pipes” in electrical circuits that contain the charge movements along 
conductor paths. Glass, mica, and rubber are good examples of insulating materials.  
Semiconductors neither act as good conductors nor good insulators. Semiconductors are 
used to make certain devices used in circuits such as transistors and diodes. Germanium 
and silicon are examples of semiconductor material. 

Voltage

Voltage (e) represents the work required to move an electrical change (q) from one position 
to another.  Voltage may also be considered the potential energy between two points 
or charges (q) within a circuit.  Voltage, or sometimes called the potential difference or 
electromotive force (emf), is measured in volts.  One volt is the amount of energy required to 
pass one joule per coulomb of charge through a point.  

e = dw / dq

Voltage (e) is equal to the time rate of change of work per charge

Voltage is referenced against a ground (Figure 6-1).  Most alternating current (AC) systems 
are reference to a “true-earth” ground.  For these cases, voltage is measured against the 
earth’s potential. Typical house circuits are earth-grounded with about 115 volts with respect 
to the potential of the earth. Transmission lines may have voltages of 500,000 volts above 
the earth’s potential.  It is convenient to think of voltage as the force available to move 
charges. For example, a battery has a potential difference (voltage) across its terminals that 
can be applied to charges to move them through a conductor.

6.1
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Figure 6-1: Graph of Alternating Current in an AC Circuit

Current 

Current (i) is the time rate of change for charges moving through a conductor.  Current is 
measured in ampere (amps). One ampere is produced for every coulomb per second of 
charge (q) that follows through a circuit.  A coulomb is the charge produced by 6.3 x 1018 
electrons.

i = dq/dt

By convention, current flow is in the direction of the positive charge, opposite to the direction 
of electron movement.

In direct current (DC) circuits, current will only flow in only one direction.  In alternating 
current (AC) circuits, the current flow will reverse at a given frequency measured in hertz 
(Hz) or cycles per second. 

6.1.2



USNRC HRTDREV 0817 6-8

Resistance

Resistance (R) is the opposition of current flow when charges move through a material. The 
resistance of a material is measured in ohms (Ω).  Ohm’s Law expresses the relationship 
between voltage (e), current (i) and resistance:

e = iR  →  R = e / i

For example, 1 amp of current passing through a 1 Ω resistor will result in a potential 
difference of 1 volt across the resistor.   

Kirchhoff’s Law provides the relationship of resistors connected in series or in parallel in a 
circuit.  Resistors connected in series (Figure 6-2A) will pass the same current for a given 
voltage.

Figure 6-2a: Resistors in Series

For series resistors, the total resistance (RT) can be expressed as: 

RT = R1 + R2 + R3 +….

Resistors connected in parallel (Figure 6-2B) will have the same potential difference or 
voltage drop.

Figure 6-2b: Resistors in Parallel

6.1.3
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For parallel restores, the total resistance (RT) can be expressed as:

Electricity and Magnetism
A magnetic field is a force that acts on ferromagnetic material. Magnetic field may be 
generated either artificially or naturally.  Every magnet will have a north and south pole. 
Magnetic field lines run from the north to south-pole as shown in Figure 6-3.  Artificial 
magnets are used in most power plant applications due to the capability to produce greater 
field strength than natural magnets.

Figure 6-3: Direction of Magnetic Field is from North to South Pole

Ferromagnetic materials are more receptive to a magnetic flux than either air or free space. 
These materials, typically iron and iron alloys, are used in devices to concentrate a magnetic 
flux.  The magnetic potential difference, or magneto-motive force (MMF), that forces a flux 
through a magnetic circuit is similar to the electromotive force used in electrical circuits.  The 
MMF is the opposition or reluctance of a material to carrying a flux.  Magnetic permeability is 
the receptiveness of a material to magnetic flux.

6.2



USNRC HRTDREV 0817 6-10

Electric Current Produces a Magnetic Field

Current and magnetism are interrelated. A conductor carrying current will produce a 
magnetic field around the conductor.  The MMF produced from current (i) passing through a 
coiled can be expressed:

MMF = Ni

N is the number of turns of wire in a coil

Unlike current passing through a resistance, MMF and the resulting magnetic flux through 
a ferromagnetic material is non-linear.  The increase in magnetic flux becomes smaller as 
MMF is increased.  

Simple Relay

A relay is a device that provides control (like an on/off switch), such as large motors, using 
a low current circuit. The relay is a special type of switch that permits closing a primary 
circuit from a remote location.  Relays are used in many control applications where normal 
switches are impractical. As shown in Figure 6-4, current flows from the battery through the 
electromagnet coil when the switch is closed in the primary circuit.  The resulting magnetic 
field developed by the coil attracts the flat blade of the armature. The armature pivots and 
closes the contacts in the secondary circuit.  Once the secondary circuit contacts close, 
current flows through the secondary circuit, providing voltage to the load attached between 
terminals A and B.  When the primary circuit switch is opened, then the spring returns the 
armature to its original position and reopens the contacts of the secondary circuit.

Figure 6-4: Schematic Presentation of Relay and Associated Circuits

6.2.2

6.2.1
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Electromagnetic Induction

Electromagnetic induction is another phenomenon linking electricity and magnetism. Voltage 
may be induced into a conductor from the relative motion between the conductor and a 
magnetic field.  The induction occurs when the magnet flux lines are “cut” by the relative 
motion of conductor. 

The magnetic field may be stationary with the conductor moving, the conductor may be 
stationary with the magnetic field moving, or the conductor may be stationary while the 
magnetic field builds up and collapses in the vicinity of the conductor. Electromagnetic 
induction of voltage is the basic principle used for transformers, motors, and generators.

Two Pole AC Generator

A two pole AC generator is an example of a simple electromagnetic induction machine 
(shown in Figure 6-5).  The magnetic flux lines flow from left to right, between the two 
magnetic poles (shown as “B”).

Figure 6-5: Two-Pole AC Generator

Figure 6-5 shows the conductor physically attached to two rotating slip rings. In this 
example, the brushes are stationary, riding along the outside of the slip rings, and provide a 
current path between the stationary load resistor and the wire loop.

6.2.4

6.2.3
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Figure 6-6: Generation of a Sine Wave

Figure 6-6 illustrates how sinusoidal voltage is produced from a two pole AC generator.   
Sketch “A,” shows conductors 1 and 2 moving parallel to the lines of flux.  At that instant, 
no voltage is induced because the flux lines are not being “cut” by the conductors and no 
current is flowing through the resistor.

In Sketch “B,” the conductors have rotated toward the front of the magnetic poles. This 
results in relative motion between the conductors and the magnetic field, inducing voltage. 
The polarity of the induced voltage can be determined from the right hand rule. Using your 
right hand, point your thumb in the direction of motion of the conductor and point your index 
finger toward the direction of the magnetic field. Then your middle finger will point in the 
direction of the voltage induced in the conductor.  The resulting current flow is depicted by 
the arrow.



USNRC HRTDREV 0817 6-13

Fleming’s Right-Hand Rule

In sketch “C,” relative motion between the conductor and the magnetic field is at maximum.  
As a result, the induced voltage is also at maximum. The magnitude of the induced voltage 
is proportional to both the strength of the magnetic field and the amount of relative motion 
between the conductor and magnetic field.  Sketches “F,” “G,” and “H” demonstrate that the 
direction of the induced voltage changes once the loop has rotated past 180 degrees.

Real, Apparent and Reactive Power
Power is the time rate of change of performing work or delivering energy.  Power is 
sometimes referred to as “real power.”  Real power is measured in watts (W).  One watt 
equals one joule per second.  For example, a 100 watt lamp will consume 100 joules per 
second of energy. From the definitions of voltage and current, instantaneous power provided 
by a AC circuit can be derived as follows:

PAC=  dw/dt = (dw/dq) (dq/dt)

and

i = dq/dt

and

e = dw/dq 

6.3
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Therefore:

PAC = ei

Where P is the instantaneous power (watts), e is the instantaneous voltage across the 
element (volts), and i is the instantaneous current through the element (amps).

In a DC circuit, voltage and current generally do not vary with time and the equation above 
can be reduced: 

PDC = Ei

Where P is real power (watts), E is the steady-state DC voltage across the element, and i is 
the steady-state DC current through the element.

Root Mean Square or Effective Values of Voltage and Current
The root mean square (rms) methodology provides a measure of the relative “heating effect” 
for AC sinusoidal power that is equivalent to DC power.  An effective value of 1 ampere AC 
current rms will produce the same “heat effect” through a fixed resistance as 1 ampere DC.  
RMS provides a convenient method to compare the work for an AC load to that of a DC load.

Power, or “heating effect,” is proportional to the square of the current passing through a 
given resistance:

P = i2 R

6.3.1
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The top of Figure 6-7 illustrates typical AC current (i) as function of time.  The magnitude of 
the current varies between peak values of ± im.

Figure 6-7: Determining the Effective Value of an Alternating Current

The bottom Figure 6-7 illustrates the square of the current value (i2) as a function of time.  
The magnitude of (i2) value varies between zero and i2m.  The average or mean value of the 
magnitude is (i2m)/2.  The effective AC value for the current is the root of this mean-squared 
value:
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Real Power and Reactive Power in AC Circuits
Three basic AC circuit devices: Resistors, inductors, and capacitors, are used to define the 
relationship between voltage and current.  

Purely Resistive Circuits

For resistors, the relationship between voltage and current is provided by Ohm’s Law.

e = iR

Where “e” is the instantaneous voltage across the resistor (volts), i is the instantaneous 
current through the resistor (amps), and R is the resistance of the resistor (ohms).

6.3.2

6.3.2.1

The effect rms for voltage is similarly calculated by:
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A purely resistive AC circuit is shown in Figure 6-8.  The sinusoidal voltage and current are 
in-phase or peak at the same time because resistance (R) is constant.

Figure 6-8: Real Power in a Purely Resistive Circuit

In a purely resistive circuit, the power supplied by the source can be expressed by:

P = Ei

Where P is the real power (watts), E = source voltage (volts), and i Is the source current 
(amps).
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Purely Inductive Circuits

A purely inductive circuit is shown in Figure 6-9.  A simple inductor may consist of a coil of 
wire around a paper cylinder.

Figure 6-9: Reactive Power in a Purely Inductive Circuit

An inductor is a circuit device with output voltage proportional to the time rate of change of 
the current:  

e = L (di/dt)

Where “e’ is the voltage, “L” is the inductance of the coil (henrys) and di/dt is the time rate of 
change of current through the inductor.

6.3.2.2
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Electricity and Magnetism

Current applied through a coil (inductor) creates a magnetic field around and through the 
core of the coil. This magnetic field builds up and collapses when the AC current changes 
magnitude and direction.  The changing magnetic field induces a voltage in the conductors 
of the coil consistent with the principle of electromagnetic induction.

While the coil is stationary, the magnetic field will change providing the relative motion. The 
highest rate of change, and the greatest voltage induced, occurs when the greatest number 
of flux lines are “cut” by the conductor. This relationship across an inductor results in voltage 
produced proportional to the rate of change of current through the inductor. Figure 6-9 
illustrates this relationship between voltage, current, and power in a purely inductive circuit. 
Voltage peaks as the current passes through zero, or when the time rate of change of the 
current is at maximum. Conversely, voltage is zero when the current peaks, or when the time 
rate of change of the current is at minimum. While the voltage and current are at the same 
frequency, their phases are offset by 90 degrees. For example, when voltage peaks at 90 
degrees, current peaks at 180 degree. In this example, current lags voltage by 90 degrees.

This relationship is characteristic of purely inductive circuits. The average power consumed 
in this circuit is zero, ignoring wiring resistance losses.   The inductor acts as a source of 
power during one quarter cycle and a consumer of power during the next quarter cycle.  
Energy is alternately stored in the magnetic field of the inductor and then returned to the 
circuit as induced voltage.

Energy is transferred back and forth between the magnetic field and the circuit. The term 
used to describe the transfer of energy is reactive power (Q).   Reactive power has units 
of volt-amps reactive (VAR) and in a purely inductive circuit, the reactive power can by 
calculated by 

Q = Ei

Where Q is reactive power (VAR), E is the source voltage (volts), and i is the source current 
(amps).

6.3.2.3
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Inductive Reactance

In an inductive AC circuit, current is continually changing and inducing an emf. This emf 
opposes current flow and is measured in ohms (Ω). Opposition to the flow of alternating 
current is called “inductive reactance” (XL). Current flow (ie) in a circuit with inductive 
reactance can be expressed as:

ie = E/XL

Where XL is the inductive reactance (Ω) and E is the effective voltage.

The value of XL is dependent on the amount of inductance and the rate of change of the 
current. The rate of current change is a function of the frequency of the applied voltage. 
“Inductive reactance” (XL) may be expressed as:

XL = 2πfL

Where  f is frequency (Hz) and L is inductance (H).

Purely Capacitive Circuits 

Purely capacitive circuits are analogous to inductive circuits. Capacitors are circuit devices 
that pass current proportional to the rate of change of the applied voltage.  Current (i) 
through a capacitor can be expressed as:

i = C (de/dt)

Where C is capacitance (farads) and de/dt is the rate of change of voltage across the 
capacitor.

6.3.2.4

6.3.2.5
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Figure 6-10 illustrates voltage and current relationship in a capacitor.  A simple capacitor 
may consist of two parallel conducting plates separated by a dielectric insulator (paper or 
air).

Figure 6-10: Principle of Parallel Plate Capacitor

When the switch in Figure 6-10 is closed, a positive charge builds up on one side of the 
capacitor and negative charge on the other.  Current across the capacitor is at maximum 
when the switch is first closed.  A charge will rapidly build on the two capacitor plates then 
the voltage potential between the battery and the capacitor decreases.  Current through the 
capacitor decreases to zero when the voltage builds up to the source voltage. 
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Figure 6-11 illustrates the relationship between voltage, current, and power in a purely 
capacitive AC circuit.  As voltage approaches zero, current is at maximum. When the voltage 
is peaked, current is zero.

Figure 6-11: Reactive Power in a Purely Capacitive Circuit

As in the case of an inductive circuit, voltage and current have the same frequency with the 
phase offset of 90 degrees. In a purely capacitive circuit, current leads voltage.  Like in an 
inductor circuit, no power is consumed.  The capacitor acts as a source of power during one 
quarter cycle and a consumer of power during the next quarter cycle.  While real power is 
zero, reactive power is exchanged back and forth between the circuit and capacitor.  Energy 
is alternately stored in the capacitor electric field then returned back to the circuit. In a purely 
capacitive circuit, the reactive power (Q, VAR) can be expressed as:

Q = Ei

Where E is the source voltage (volts), and i is source current (amps).
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A comparison of current and voltage of the two devices is provided in Figures 6-9 and 6-11.  
As seen in the figures, the inductor provides energy to the circuit during the same quarter 
cycle that the capacitor stores energy. This 180 degree phase difference results from current 
lagging voltage by 90 degrees in the inductor and leading by 90 degrees in the capacitor.  
The calculation for reactive power recognizes this distinction by labeling capacitance 
reactive power negative and inductive power as positive.  When a circuit contains both 
inductive and capacitive elements, then positive reactive power will offset negative reactive 
power.

Capacitive Reactance

Effective current (amps) in a circuit with only capacitive reactance can be expressed as:

ie = E/XC

Where E is the effective voltage across the capacitor and XC is the capacitive reactance (Ω).

Capacitive reactance (XC) is defined as opposition to current flow by a capacitor in an AC 
circuit. Current flow is proportional to the capacitance and the time rate of change of the 
applied voltage. Voltage changes at a rate determined by the frequency. As frequency 
increases, then current flow also increases.  If capacitance is increased, then the opposition 
to current flow decreases. Capacitive reactance, opposition to current flow, is inversely 
proportional to frequency and capacitance. Capacitive reactance (ohms) may be expressed 
as:

XC = 1/(2πfC)

Where f is frequency (Hz) and C is capacitance (farads).

6.3.2.6
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Real Power in Complex Circuits
Most circuits exhibit resistive, inductive, and capacitive properties. A composite circuit 
containing all three elements is shown in Figure 6-12.  Voltage and current is no longer in 
phase as with a purely resistive circuit nor is it exactly 90 degrees out of phase.  The circuit 
exhibits both real power, as a result of the resistor, and reactive power, as a result of the 
inductor and capacitor.  The power supplied by the source may be expressed as the product 
of voltage and current along with phase angle between the two.

Figure 6-12: Complex AC Circuit

In the example illustrated on Figure 6-12, current lags voltage by 30 degrees, or has a 30 
degrees phase angle (θ).  The power factor (pf) may be determined by the amount voltage 
and current are out of phase:

pf = cos θ

6.3.3
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Reactive Power in Complex Circuits
Reactive power in complex circuits is a function of how many degrees voltage and current 
are out of phase with each other. For the complex AC circuit example in Figure 6-12, reactive 
power (Q) in VARs may be expressed as:

Q = Ei sin θ

Where E is the rms source voltage (volts), i is the rms current (amps), and sin θ represents 
the extent to which voltage and current are out of phase.

Impedance
In complex circuits, real power (Pr) is consumed by the load while reactive power (Q) is 
“supplied” by the load.  The total load is made up of resistance (R), inductive reactance 
(XL), and capacitive reactance (XC).  The total effect of R, XL, and XC is called impedance (Z) 
and is measured in ohms (Ω). Impedance (Z) is the vector sum of the circuit resistance and 
reactance.  Figure 6-13. Illustrates a circuit with all three elements (R, XL, and XC).  

6.3.5

Real power (Pr), in watts, for a single phase AC circuit can be expressed as:

Pr = Ei cos θ

Where E is the rms source voltage (volts), i is the rms current (amps), and cos θ is the is 
power factor.

6.3.4
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Figure 6-13: Impedance in AC Circuits

The magnitude of the impedance is the square root of the resistance squared plus the 
square of the difference of the inductive reactance (XL) and the capacitive reactance (XC):

If the inductive reactance (XL) is larger than the capacitive reactance (XC), then the circuit 
will have inductive characteristics and current will lag voltage.  Conversely, if the capacitive 
component is larger, then circuit will have capacitive characteristics and the current will lead 
voltage.
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Power Triangles
The relationship between real (Pr) and reactive power (Q) may be shown using the power 
triangle (Figure 6-14).  Reactive power (VARs) is shown plotted on the vertical axis and real 
power (watts) is plotted on the horizontal axis. Reactive power, associated with inductive 
loads, is shown in the positive direction while reactive power, associated with capacitive 
loads, is shown in the negative direction.

Figure 6-14: Power Triangle

The power triangle is used for resistive and inductive load elements.  Apparent power is 
shown as the hypotenuse of the triangle. Apparent power is the product of voltage across the 
load and the load current in volt-amps (VA).  Apparent power is also equivalent to real power 
in circuits without net reactive components (reactive power equals zero).  Similarly, apparent 
power is equivalent to reactive power in circuits without a net resistive component.

6.3.6
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The angle (θ) between true power and apparent power on the power triangle is also the 
phase angle (θ).  Figure 6-15 illustrates how a power triangle can be applied to a generator 
supplying two parallel loads.  Each load consisting of resistance and reactance elements.  
For load 1, the generator is supplying 500 watts and 300 VARs.  For load 2, the generator 
supplies 200 watts and -50 VARs.  At what power factor (pf) does the generator operate?

Figure 6-15: Application of Power Triangle

Power triangles may be drawn for the two loads to answer this question.  Total power equals 
the real power supplied by the generator.  The net reactive power of the loads equals the 
reactive power supplied by the generator. Knowing the components of the generator power 
triangle, the phase angle and the power factor may be determined.

From this example, a capacitive load of -250 VARs could be added that would “cancel” 
the entire net reactive load of 250 VARs. This would improve the power factor (closer to 
unity) and reduce the magnitude of the current that must be supplied by the generator. This 
is referred to as power factor correction and is a technique used by consumers of large 
amounts of power to reduce the current demand for a given load.
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Leading and Lagging Power Factors
The power factor is stipulated as either leading or lagging:

• A leading power factor occurs when in current leads voltage in predominantly 
capacitive reactance circuits (negative reactive power).

• A lagging power factor occurs when current lags voltage in predominately inductive 
reactance circuits (positive reactive power).

• A circuit with no reactive elements or equal capacitive and inductive elements has a 
power factor equal to 1 (unity power factor).

6.3.7

Three Phase Systems
Most generation, transmission, and industrial loads uses three-phase AC power systems.  
Each of the three lines provide equal voltage 120 degrees out of phase from the other two 
lines.   Load impedance, reactive, and real power is generally balanced between each 
phase.

Three-phase systems are advantageous for several reasons:

• Proved greater economy because total power is divided among three smaller 
conductors.

• Power may be generated more effectively by adding two more phases to the generator 
armature.

• Many large motors operate more efficiently using three-phase power. The 
instantaneous power for any balanced three-phase system is constant allowing 
constant shaft power output and reduction of torque pulsations and motor vibration.

As illustrated in Figures 6-16A and 6-16B, a load or a generator may be connect using a 
wye (Y) or delta (∆) connection. For the wye connection, the neutral conductor (shown as a 
dotted line in Figure 6-16A), may be used. Wye connected systems are frequently found on 
generators. A neutral conductor is not used for the delta connection (see Figure 6-16B).

6.4
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Figure 6-16A: Wye Connection

Figure 6-16B: Delta Connection

Phase and Line Relationships in Three-Phase Systems

In three-phase generators, the voltage and current for each phase are considered internal 
to the machine. Assuming a balanced system, the three-phase voltages and currents will be 
equal in magnitude and differ by 120 degrees. In contrast, line voltage and current that run 
between a generator and a load are considered external to the machine. 

In wye (Y) connected systems, line current is identical to the phase current. However, line 
voltage is greater than phase voltage by a factor of  √3   or 1.73.  This number may be 
derived by applying Kirchoff’s voltage law around a loop containing the wye connection, 
considering the angular relationship between the phase voltage and current. For a wye (Y) 
connected system, the line current (iLY) and voltage (VLY) can be expressed as:

Where iΦY is the phase current a VΦY is the phase voltage.

6.4.1
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In a delta (∆) connected system, the line voltage (VL∆) is identically equal to the phase 
voltage. However, line current (iL∆)  is greater than phase current by a factor of √3.

Where V∆Φ is the phase voltage and iΦ∆ is the phase current.

Power in Three-Phase Systems

In a balanced three-phase system, the total instantaneous power is constant and is 
equivalent to three times the average power per phase. This relationship between average 
and instantaneous power is illustrated in Figure 6-17.

Figure 6-17: Instantaneous Power in a Three-Phase System

Using this relationship, the total real power (PTOT) in a three-phase system can be expressed 
in terms of the line voltage (VL) and line current (iL):

Which reduces to:

6.4.2
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Grounded Three-Phase Systems

Three-phase power systems may be operated either grounded or ungrounded. The 
grounded system may include a fourth neutral conductor. This additional conductor carries 
any unbalanced current to ground. The windings in transformers, generators, and other 
three-phase equipment may be configured wye (Y) or delta (∆). Usually, the delta connection 
is used in ungrounded systems whereas the wye is used in grounded systems, with the 
common or neutral point connected to ground. The neutral conductor operates essentially 
at ground potential if the three-phase loads are balanced. The grounded system provides 
two voltage levels: line-to-line voltage and line-to-ground or line-to-neutral voltage. Line-to-
ground voltage is 1/√3 or a 0.57 factor different than line-to-line voltage.

Ground protection relays monitor and protect against a ground fault developing on one of 
the phase conductors.  If a fault is detected, then these protective relays immediately isolate 
the circuit.  The ungrounded system uses fixed line-to-line voltage monitoring. If ground 
fault occurs on one of the conductors, then the potential of the other two conductors rises 
to the line-to-line voltage above ground. If the fault current is small, which is often the case, 
the system can continue to operate until a time when the ground fault can be located and 
repaired.

6.4.3
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Transformers
Transformers are used to raise or lower line voltages using electromagnetic induction.  
When voltage is stepped up, current is proportionately stepped down.  Use of transformers 
to step up AC voltage allows transmission of large amounts of power over long distances.  
Line resistance losses (i2R) are reduced due to the lower current associated with the higher 
voltage.  Voltage is reduced at the receiving end of the line by step-down transformer to a 
value suitable for homes, offices, and factories.

A transformer consists of two coils wrapped around the same metal core and coupled by 
electromagnetic inductance (Figure 6-18).  While these coils are electrically insulated from 
each other, they are linked by a common magnetic flux through the metal core. One coil, 
the primary winding, is connected to the AC voltage supply.  The other coil, or secondary 
winding, is connected to a load. The transformer transfers electrical energy from the primary 
circuit to the secondary circuit without a direct electrical connection.

Figure 6-18: Elements of Simple Transformer

6.5



USNRC HRTDREV 0817 6-34

Theory of Operation

The primary transformer winding is connected to an AC supply.  Alternations of the primary 
current set up a changing magnetic field in the transformer core that is continuously 
expanding and collapsing. This changing flux induces an alternating (AC) voltage in the 
secondary coil. Variations in the magnetic flux produce the secondary voltage and affect 
the primary winding due to its self-inductance. This induces a counter emf opposing the 
current in the primary winding. The counter emf is almost equal to the applied voltage when 
no current is drawn from the secondary winding under no-load conditions. The small current 
that does flow is known as the no-load or magnetizing current, because it magnetizes the 
core. When a current is drawn by the secondary load, a proportional current flows through 
the primary. 

Ideal Transformers

In a transformer with a closed iron core, virtually all the lines of force produced by the 
primary winding will link every turn of the secondary winding with almost no flux leakage. 
An ideal transformer will transfer all the energy from the primary to the secondary winding 
without any flux leakage.  Some of larger commercial transformers come close to behaving 
ideally. Typically, most transformers have greater than 98% efficiency. Transformer behavior 
can be approximated by applying the relationships for ideal transformers.  For example, 
the voltage induced in the primary winding (Ep) is proportional to the number of turns of the 
primary (Np) and the time rate of change of the magnetic flux across the primary winding:

EP = NP (dϕP / dt)  

 A similar expression can be written for the voltage induced in the secondary windings (ES):

ES = NS (dϕS / dt)

Since the primary and secondary are linked by the same magnetic flux,

dϕP / dt  =  dϕS / dt

Voltage induced in the primary (EP) can be related to the voltage induced in the secondary 
(ES) by the ratio of turns in the primary (NP) winding to the number of turns in the secondary 
(NS):

EP  / ES =NP  / NS

6.5.1

6.5.2
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If no flux leakage (ideal transformer), the power output must be the same as the power input 
to the primary winding:

EP iP  =  ES iS

iP  / iS  =  ES  / EP

EP  / ES = NS  / NP

Substituting:

iP  / iS  =  NS  / NP

The primary-to-secondary current ratio is equal to the reciprocal of the primary-to-secondary 
turns ratio. By comparison, current is stepped down whenever the voltage is stepped up and 
current is stepped up whenever the voltage is stepped down.

The Autotransformer

An autotransformer combines the primary and secondary into a single tapped winding. Either 
step-up or step-down voltage ratios may be obtained. A step-down transformer is illustrated 
in Figure 6-19.  Input voltage is applied across the entire winding, serving as primary, while 
the output voltage is taken from the portion of the winding included between one end and the 
tap. The autotransformer does not provide isolation between primary and secondary circuits, 
but is more economical.

6.5.3
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Figure 6-19: Schematic Diagram of Step-Down Autotransformer

Electrical Symbols Used In Prints and Drawings
Print Reading topic Appendix B: One-Line Electrical Diagrams and Control Wiring Diagram 
Symbols provides a detailed list of the electrical symbols used. Appendix B to Print Reading 
discusses the common symbols used to depict the many components in electrical systems. 
The following links provide information on the details of the various symbol categories used:

• Transformers

• Switches

• Fuses and Breakers

• Common Electrical Components

• Large Components

For examples on how to read and use Electrical Diagrams please see Print Reading topic 
One-Line Electrical Diagrams and Control Wiring Diagrams.

6.6
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Chapter Overview
The purpose of this module is to assist the trainee in recognizing basic information and 
terminology as used in generators.  This module is designed to assist you in accomplishing 
the learning objectives listed at the beginning of the module.

Learning Objectives

After studying this chapter, you should be able to:

1. Recognize the three conditions necessary to produce a voltage in a generator.

2. Recognize the relationship between generator frequency and speed.

3. Recognize the basic construction of a revolving field generator, to include the following 
terms:

a. Field

b. Armature

c. Stator

d. Rotor 

4. Recognize how the generator terminal voltage and frequency are controlled and 
adjusted.

5. Recognize what determines the power factor for an independent generator supplying 
various loads.

6. Recognize what determines the power factor for a generator on an infinite bus.

7. Recognize how real load is changed for a generator on an infinite bus.

8. Recognize the three conditions that must be met in order to parallel a generator with an 
infinite bus.

9. Recognize the power output limitations associated with generator operation.

10. Given a Piping and Instrumental Drawing (P&ID), recognize the electrical drawing 
symbols for a generator.

7.0
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Introduction
Alternating current (AC) has definite advantages over direct current (DC).  Low voltage DC 
cannot be transmitted economically over long distances because of the large power losses 
in the form of heat (I2R) in the transmission lines.  On the other hand, AC can be easily 
converted to high voltage, low current at its source for transmission, and then converted to 
the voltage required by the load.  Low current during transmission results in low I2R (heat) 
losses.  Because of this ability of AC, most electrical power for commercial use is produced 
by AC generators.

All generators operate on the same basic principle.  To generate a voltage, there must be 
a magnetic field, a conductor, and relative motion between those two.  The stationary part 
of a generator is called the stator, and the moving part is the rotor.  The magnetic field is 
generated by current in the field windings.  The conductor in which the voltage is induced is 
the armature.

To satisfy the requirement for relative motion, the armature can be on either the stator or the 
rotor.  If the magnetic field is generated in the stator windings, and the armature is on the 
rotor, the armature current path must be connected from the rotor to the transmission lines 
by slip rings. Because the currents in the armature are high, there would be considerable 
loss at the slip rings, which are high resistance points.  The answer to this problem is to 
have the rotor generate the magnetic field and make the stator the armature.  Even if slip 
rings are used to connect the rotor windings to a current source to produce a magnetic field, 
the field currents are much lower than armature currents.  Figure 7-1 illustrates an end view 
of a simple two pole, single phase revolving field generator and its output.  Two magnetic 
poles are created on the rotor by the application of direct current to the field windings on the 
rotor.  Because the rotor is turning and the direct current is normally supplied from outside 
the machine, this DC field input must be applied to the rotor using slip rings and brushes.  
This type of generator, a revolving field generator, is the one most often used in commercial 
applications and will be the only one discussed in this chapter.

7.1
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Figure 7-1  Revolving Field Generator and Resultant Output

Because this is a single phase generator, there is a single loop of armature windings 180 
degrees apart embedded in the stator.  Note in Figure 7-1 that you can trace the armature 
circuit from the AC output terminal, T1, to the beginning of the winding on top of the stator 
and back along the inside edge of the stator.  From there the circuit goes across the back of 
the stator and then along the bottom of the stator and to the output terminal, T2.  Note that 
in practical generators, there may be many armature windings in each phase and not just a 
single one as in this example.

Relative motion is provided by mechanically rotating the rotor, in this example in a counter-
clockwise direction.  The bottom of Figure 7-1 shows the sine wave which is produced at 
the terminals T1 and T2 as the rotor is rotated 360 degrees.  Note that the peak voltage 
is produced as the magnetic poles pass in front of the armature windings and there is a 
maximum amount relative motion between the armature conductors and the magnetic lines 
of flux.
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Polyphase and Multiple Pole Generators
A three phase AC generator can be created by using three sets of armature windings, 120 
degrees apart, as seen in Figure 7-2.

Figure 7-2  Three-Phase Generator and Resultant Output

The outputs can be sent to three separate loads using six lines or the coils can be connected 
together in a delta or wye configuration to make a three or four wire system.  Most 
commercial power is generated as three phase.

Figure 7-1 shows that for each full rotation of the field, the output will complete one full 
electrical cycle.  To produce 60 Hz power, the rotor would have to turn at 60 revolutions per 
second, which is 3600 rpm.  To run the machine at a slower speed and still produce 60 Hz 
output, more poles can be added to the field, as in Figure 7-3.

7.2
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Figure 7-3  Four Pole, Three-Phase AC Generator and Schematic Diagram for Y-Connected 
Armature Windings

As the rotor makes a full rotation, the output will complete two electrical cycles.  This is 
a four pole rotor, and only requires 1800 rpm to produce 60 Hz power.  The relationship 
between speed and frequency is expressed by the following:

Where:

N = speed in rpm,
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f = frequency in Hz (cycles per second), and

p = number of poles

Note that the number of poles must be even, and the maximum number of stator coils is 
equal to the product of the number of phases and the number of poles.

Generator Construction
Because most utilities use revolving field generators, the descriptions below are for this type 
machine.  In this design, electricity is produced by rotating a magnetic field (rotor) through 
a conductor (stator).  The rotational (mechanical) energy is supplied by the turbine, and the 
magnetic field is supplied by exciting the rotor.  The exciter provides the current needed to 
produce the magnetic field in the rotor, making it a large electromagnet.  The stator, the rotor, 
and the exciter are the three main components of a generator.

7.3

The Stator (or Armature)
The stator is the stationary part of any generator.  The armature is the part of the machine in 
which voltage is induced; thus, in a revolving field generator, the armature is on the stator.  
A simplified stator is shown in Figure 7-4, consisting of a frame, a stator core, and armature 
windings or stator bars.

Figure 7-4  Generator Stator or Armature

7.3.1
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The stator frame is a gas-tight casing that supports and encloses the stator, the rotor, 
and other generator components.  The generator’s gas coolant (usually hydrogen in large 
generators) is contained in the frame and is circulated by fans attached to each end of the 
rotor.  A separate water cooling system is also provided for the stator.

The stator core consists of thousands of thin, segmental punchings of steel.  The punchings 
are assembled on key bars into a cylindrical steel core.  The punchings are grouped into 
packages and separated by spacers to allow for ventilation; they have radial slots for the 
stator bars and dovetail slots for assembly and locking purposes.  The assembled punchings 
are placed into the frame; the key bars lock the assembled stator into the stator frame as 
shown on Figure 7-4.

Figure 7-5  Stator Bar Assemblies in Stator Core Slots

The stator bars shown in Figure 7-5, make up the stator (or armature) winding.  This is 
the conductor that will be “cut” by the moving magnetic field set up by exciting the rotor 
windings.  The armature winding is made by inserting the copper stator bars into the 
radial slots of the punchings.  The bars are insulated from the punchings.  The winding is 
completed by joining the ends of the stator bars in the proper order to form three complete 
conductor coils.

Figure 7-5 shows the assembly of the stator bar into the stator core slots.  The bars 
are made up of copper strands; each strand is hollow to carry the cooling liquid.  Oil is 
sometimes used for cooling in older units; modern units always use de-ionized water.

Resistance temperature detectors are placed between the stator bars in the stator winding 
to measure the temperature.  The temperature is measured at the point where it will be the 
highest to ensure adequate cooling to the entire stator winding.
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The Rotor
The rotor provides the moving magnetic field in a generator.  A simplified rotor is shown in 
Figure 7-6.  Because it will be turning at such high speed (usually 1800 rpm), it is important 
that the rotor be sturdily constructed.  Wherever possible, one-piece forgings are used for 
the rotor.  Slots to hold the rotor windings are milled into the rotor forging.

Figure 7-6  Simplified Rotor Assembly

The rotor is simply a large electromagnet.  The rotor forging is the core of the magnet, and 
the rotor windings provide the current to produce the magnetic field.  The current is provided 
by the exciter.  The rotor windings are insulated conductor bars that fit into the slots in the 
rotor forging.  The ends of the windings are attached with end turns in order to produce the 
proper magnetic field.  To prevent the end turns from becoming disconnected by centrifugal 
force, retaining rings are placed on the ends of the rotor.  A collector assembly is used to 
conduct the excitation current from the stationary exciter to the turning rotor.  The collector 
rings are grooved in a helical manner to remove dust and worn ring material and to help cool 
the brushes.

7.3.2

Exciter
It was stated earlier that the rotor is an electromagnet, that is, a core of conductive material 
with windings wrapped around it.  When a current is passed through the windings, a 
magnetic field is set up around the core.  To create the proper magnetic field, the exciter 
must provide direct current to the rotor windings.

7.3.3
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One basic type of excitation system is the AC alternator with the DC rectifier.  The principles 
behind this type of excitation system are typical of other excitation systems.  One type of 
system uses a separate shaft-driven AC alternator to provide excitation (Figure 7-7).

Figure 7-7  Exciter System

The AC alternator is contained in a housing at the end of the main generator.  DC rectifiers 
in the housing convert AC into the DC needed for main generator excitation.  The alternator 
is a small, air-cooled generator; it is referred to as an “alternator” to avoid confusion with the 
main generator.  Water coolers are used to cool the alternator air.  The DC rectifiers are also 
often water cooled.

The excitation system controls the current to the rotor.  The amount of current determines 
the strength of the magnetic field, and thus generator voltage.  As the load increases, the 
rotor’s resistance to rotation increases, and the turbine control valves open to maintain 
generator speed.  The excitation current automatically increases to maintain constant 
voltage at the generator terminals.

Referring to Figure 7-7, the output of the alternator is converted to DC in the rectifier 
assembly and supplied to the main field of the generator through the main collectors (slip 
rings).  The alternator output is also rectified within the alternator field circuit assembly and 
used to provide its own field excitation.  Hence, the alternator is self-excited.  Note that 
the alternator field is supplied via the exciter alternator collectors and is either increased 
or decreased by the output of the voltage regulator.  The regulator senses main generator 
output and responds by increasing or decreasing the alternator field current.  When the 
generator is started, the alternator field is “flashed” from a separate power supply and then 
the process is self-sustaining.
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Brushless Exciter
A refinement in excitation systems is the brushless exciter.  It is designed so that all high 
power components are mounted on the shaft, and it eliminates the carbon brushes and 
collector rings of earlier designs.  The brushless exciter shown in Figure 7-8 employs all 
solid-state circuitry.  The assembly is completely housed in a self-ventilated enclosure and 
consists of three basic parts:  a permanent magnet pilot exciter, a main AC exciter, and a 
rectifier wheel.

Figure 7-8  Brushless Exciter System

The high frequency permanent magnet generator provides power to the automatic voltage 
regulator that regulates and controls the output of the exciter to control the generator 
voltage.

The AC output from the rotating exciter armature is fed along the shaft to silicon diodes 
mounted on the rotating diode wheels.  The exciter output is thus rectified and the resultant 
DC current is carried by rotating components on the shaft to the main generator field 
winding.

The system is protected against diode failure by series connected fuses having indicating 
devices that may be inspected during operation.  The diodes and fuses are arranged in 
modular construction for ease of maintenance.

7.3.4
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Generator Auxiliary Systems
Several systems relating to generator cooling will be discussed in this section:

1. Stator Water Cooling System

2. Hydrogen Cooling System

3. Generator Core Monitor

4. Gas Control System

5. Hydrogen Seal Oil System

7.4

Stator Water Cooling System
Large modern generators usually use water to cool the stator because of the large heat 
load.  The stator winding consists of bars that are made up of hollow strands.  Cooling water 
flows in the strands.  Deionized water is used because it has low electrical conductivity 
and causes less corrosion than ordinary water.  The deionized water is cooled in heat 
exchangers by a service water system.  There is also a continuous flow through a bypass 
line with a deionizer to maintain purity of the water.

7.4.1

Hydrogen Cooling System
The rotor and some parts of the stator are cooled by hydrogen.  A fan on each end of the 
rotor circulates the hydrogen, and external coolers are used to remove heat.  Hydrogen is 
used because of its low density and high thermal conductivity, and it will not cause oxidation.  
Low density will minimize windage loss.  The major problem with hydrogen is the danger of 
explosion if it is mixed with air.  If the hydrogen is between 4.1% and 74.2% of the mixture, 
it will burn or explode.  The hydrogen purity is usually greater than 97% for safety and 
efficiency of cooling.

7.4.2

Generator Core Monitor
A core monitor is provided to sense a breakdown of insulation in the generator.  Hydrogen 
flows into the system from a high pressure point and returns to a low pressure point.  It flows 
through a tube containing an alpha source and a pair of electrodes.  The alpha particles 
ionize the hydrogen gas causing a current in the circuit connected to the electrode.  When 
insulation breaks down, small particles of the insulation flow through the detector with the 
hydrogen and attract ions and cause a decrease in the current.

7.4.3
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Gas Control System
To allow the generator to be opened to the atmosphere without having an explosive mixture 
of hydrogen and air, a gas control system is provided.  The system will purge the hydrogen 
out with carbon dioxide.  Then the carbon dioxide is purged with air.  The process is 
reversed to restore hydrogen to the generator to resume operation.

7.4.4

Hydrogen Seal Oil System
The hydrogen seal oil system is designed to prevent hydrogen from leaking out of the 
generator where the shaft penetrates the housing.  In one system design, the seal oil is 
supplied to a single ring around the shaft and the oil flows in both directions.  The oil that 
flows toward the inside of the generator will carry off some hydrogen that will be removed 
in the hydrogen removal section.  The remainder of the oil flows toward the outside of the 
generator and picks up some air which is removed in the air removal section by venting.  
Another system design has a hydrogen side supply of oil and an air side supply of oil, but 
the basic operation of the systems is similar.  Hydrogen is kept from leaking out and air is 
kept from mixing with the hydrogen.

7.4.5

Generator Operation
Two parameters together describe generator output:  frequency and terminal voltage.  
Output frequency is normally a direct function of the speed of the prime mover (diesel engine 
or steam turbine).  Terminal voltage is primarily a function of the magnitude of the voltage 
induced in the armature by the magnetic field.

One characteristic of an AC generator is its tendency to slow down when a load is applied.  
As load is applied to a generator, armature current is developed which establishes an 
armature magnetic field.  (Note:  There are now two magnetic fields:  the main field from 
the current flowing through the rotor field windings and the armature field from the current 
flowing through the armature windings.)

The armature field acts to oppose the direction of rotation of the main field.  This opposition 
is in turn “felt” by the prime mover.  Given a generator with a constant motive force applied 
by the prime mover, the generator will exhibit a decrease in speed from an unloaded 
condition to a full load condition dependent on the magnitude of the armature current.  This 
reduction in speed causes a corresponding reduction in output frequency.

As electric load is added to an AC generator, the output voltage also tends to decrease.  
As the load is increased, armature current is increased, which has two effects.  First, 
there is an increased voltage drop due to the resistance in the armature (E=IR).  A more 
significant effect is the result of the interaction of the armature field with the main rotor 
field.  This interaction is called armature reaction.  The phase relationship of the armature 
field to the main rotor field is primarily determined by the load.  If the load is capacitive, 
the phase relationship of the armature and rotor fields will be such that the armature field 

7.5
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strengthens the rotor field and the voltage induced in the armature (the terminal voltage) 
will be higher.  If the load is inductive, the armature field will weaken the rotor field and the 
induced voltage (terminal voltage) will be lower.  Loads are typically inductive.  Therefore, for 
a given magnitude of excitation, a generator will exhibit a decrease in output voltage from an 
unloaded to full load condition.

Speed and Voltage Regulation
Large power generators have both speed and voltage regulators that operate to adjust the 
motive force (steam to the turbine or fuel to the diesel) and the excitation current to the 
rotating magnetic field.  The speed regulator or speed governor can best be understood 
by considering a turbine driven generator supplying an isolated system.  Without a speed 
regulator, the prime mover speed (generator frequency) would drop off rapidly with an 
increase in load.  The speed regulator senses the tendency for the prime mover to slow 
down with increased load and sends a signal to the governor to increase speed.  The 
resultant characteristic of generator frequency versus real load (watts) is referred to as the 
speed droop of the system and is illustrated in Figure 7-9 (Part A).

Figure 7-9  Speed and Voltage Regulator Characteristic

In practice, speed regulation may result in a 3-5% drop in frequency from no load to full 
load.  For a 60 Hz generator, this corresponds to a 1.8-3.0 Hz drop between no load and full 
load conditions.  Although the speed droop characteristic was described using an isolated 
system, the speed droop characteristic is needed to operate generators in parallel.

When a generator is supplying current to a system that is isolated from other generators, 
it may be desirable to operate the generator at constant speed for all system loads 
(isochronous operation).  For isochronous operation the speed regulator senses any 
tendency of the generator to slow down under increased load and sends an increase-speed 
signal to the governor to maintain a set constant speed.  If the load is decreased, causing 
the generator to speed up, a decrease-speed signal is sent to the governor to again maintain 
the desired speed.

7.5.1
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Generator voltage regulators control field excitation (field current) in response to changes 
in reactive load in a manner similar to the way the speed regulator controls the governor in 
response to changes in load.  The voltage regulator is sensitive to the phase relationship 
between terminal voltage and armature current and acts to maintain terminal voltage 
constant for changes in real load.  Increases in inductive reactive load, on the other hand, 
result in a linear decrease in terminal voltage in the case of an isolated generator as is 
shown by the characteristic in Figure 7-9 (Part B).

Changes in reactive load does not affect generator frequency.  Voltage regulators for large 
power generators typically have both a manual and automatic mode of operation.  In the 
manual mode, operator action is required to maintain the desired output by adjusting the 
entire voltage regulator characteristic (above) upward in response to an increase in reactive 
load.  In automatic mode, this adjustment is done automatically by the regulator.

Single Generator Supplying and Isolated Load
Figure 7-10A depicts the arrangement of a wye connected generator operating with a 0.83 
lagging power factor and supplying 4160 volts, 60 Hz to two isolated, delta connected loads.

Figure 7-10A Generator Supplying Isolated Loads

The loads are said to be isolated because there is only a single generator supplying them.

From the power triangles of Figure 7-10B it can be observed that the real and reactive loads 
supplied by the generator are simply the sum of the real and reactive loads associated with 
load 1 and load 2.

7.5.2
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Figure 7-10B Power Triangles

Note, that the negative (capacitive) reactive power associated with load 2 cancels out some 
of the positive (inductive) reactive power associated with load 1.  Thus, it can be seen that 
for the situation shown in Figure 7-10A and 7-10B and for single generators supplying 
isolated loads in general, the power factor of the generator is determined by the loads.  If 
a third, purely resistive load were added to this system, the total power supplied by the 
generator would increase, the reactive power would remain the same; therefore, the power 
factor of the generator would increase.  This power factor is shown as:

Figure 7-10C  Regulator Characteristic for Generator Supplying Isolated Loads

In Figure 7-10C, the relationship between the generator real and reactive loads and the 
generator frequency and voltage are shown for the example in Figures 7-10A + 7-10B.

The operating frequency of 60 Hz is a function of:

The no-load frequency setpoint of the speed regulator, the speed regulator characteristic 
(speed droop), and the real power supplied by the generator (2200 kW). 
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Similarly, the operating voltage of 4160 volts is determined by:

The no-load voltage setpoint of the voltage regulator, the voltage regulator characteristic 
(voltage droop), and the reactive power supplied by the generator (1484 kVAR).

To increase the frequency from 60 Hz to 60.1 Hz, for example, the no-load frequency set 
point of the speed regulator would have to be adjusted by an operator to increase the prime 
mover’s governor setting and raise the entire regulator characteristic curve upward.

To raise the operating voltage, the no-load voltage setpoint would also have to be raised by 
an operator.  That in turn causes increased generator excitation current for all reactive loads.  
This is illustrated in Figure 7-11.

Figure 7-11  Effect of Increasing No-Load Frequency and Voltage Setpoints to Generator 
Supplying Isolated Loads

The emergency diesel generators are unique in that their speed regulator has two modes 
of operation.  If the generator is supplying isolated loads, the speed droop is set to zero.  
Thus, the regulator maintains frequency at 60 Hz for all rated loads.  If the generator is to be 
operated in parallel with other generators, its speed droop is set so that the speed decreases 
as the load is increased.  Typically this amounts to about a 5% (3Hz) decrease in speed 
between no load and full load.

The Infinite Bus
Very large power systems made up of many generators connected in parallel do not exhibit 
any noticeable decrease in frequency or voltage with increases of real or reactive load.  
Because any single generator or load is very small compared to this network, the network 
is referred to as an infinite bus or grid and has the frequency and voltage characteristics 
shown in Figure 7-12.  Any load or generator connected to an infinite bus will operate at the 
frequency and voltage of the bus.

7.5.3
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Figure 7-12 Frequency and Voltage Characteristics of an Infinite Bus

Figure 7-13 depicts a generator in parallel with an infinite bus supplying 7000 MW at 0.81 
lagging power factor.  The bus voltage is 22 kV and bus frequency is 60 Hz.  Therefore, 
Generator 1 operates at 22 kV and 60 Hz.  As with the case of a single generator supplying 
an isolated load, the power factor of Generator 1 is determined by the loads it is supplying.  
This can be seen from the power triangle in the lower left portion of Figure 7-13.

Figure 7-13  Generator in Parallel with an Infinite Bus

However, unlike that case of a single generator supplying isolated loads, the real power and 
reactive power supplied by Generator 1 do not equal the real power and reactive power of 
the load.  In this case, each generator connected to the grid is supplying some fraction of the 
total load’s power and reactive power.  So, how are the real and reactive loads of Generator 
1 determined and controlled?
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The answer to that question is illustrated in Figure 7-14.

Figure 7-14  Load Sharing Between a Generator and an Infinite Bus

Figure 7-14 depicts the load sharing between a generator and an infinite bus.  The shaded 
area represents the real power and reactive power being supplied by Generator 1.  If the no-
load frequency of the speed regulator is adjusted upward to open the turbine governor and 
to supply more steam to the turbine, it will not turn faster because its speed is dictated by the 
infinite bus.  However, it will supply a greater fraction of the real load and that is illustrated 
by the dotted lines on the frequency versus real power diagram.  Similarly, adjusting the no-
load voltage setpoint of the voltage regulator upward by increasing excitation current will not 
change generated voltage, but rather it will increase the reactive load supplied by Generator 
1.

Note, that by adjusting the speed regulator and voltage regulator of a generator in parallel 
with an infinite bus, we can control the real and reactive power supplied by the generator 
and therefore, its power factor.  If the excitation only were increased (and the speed 
regulator unchanged), Generator 1 would supply more reactive power, its power triangle 
would change shape (same real power, more reactive power), and the power factor of the 
generator would become more lagging.  Remember that even though the power factor of 
Generator 1 changed, the power factor of the grid is determined by the loads on the grid 
and they did not change.  Therefore, when Generator 1 supplies more of the reactive load, 
the other generators on the grid must therefore supply that much less.  Because the grid is 
large compared to any one generator, the change in one generator loading has a very small 
impact.

Under normal conditions, the voltage regulator is adjusted such that the no-load voltage is 
above the system voltage.  Induced voltage in the armature is higher than terminal voltage 
and reactive current will flow from the generator to the grid.  The generator is described as 
being overexcited in this condition.  VARs are said to be positive (flowing out) in this case 
and the generator is operating with a lagging power factor.
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If the voltage regulator is adjusted such that the unloaded voltage is below system voltage, 
reactive current will flow from the grid to the armature.  VARs will be negative and the 
generator is under-excited, operating with a leading power factor.

Paralleling Generators
Three conditions must be met to parallel a generator to an operating grid.  First, oncoming 
generator voltage must match grid voltage.  This minimizes the potential difference across 
the breaker and minimizes arcing that would otherwise occur if the breaker was closed with 
a high potential difference.  Secondly, the oncoming generator frequency must be slightly 
higher (a fraction of a hertz) than the grid frequency.  This ensures that when the generator 
output breaker is closed, the generator will immediately be supplying some real load when it 
slows down to grid frequency.  This is illustrated in Figure 7-15.

Figure 7-15  Frequency Requirements for Paralleling Generators

By ensuring that the generator immediately picks up some real load, the possibility of 
motorizing the generator is minimized.

Finally, the third paralleling requirement is that the generator output breaker be closed when 
the generator output is in phase with the grid.  Again, this minimizes the potential difference 
across the output breaker.

An instrument called a synchroscope (Figure 7-16) is used to compare the voltage phase 
relationship and relative frequencies of the two AC systems.

7.5.4
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Figure 7-16  Synchroscope

The synchroscope physically measures the voltage potential between a single phase of the 
incoming bus (in this case, the generator) and the running bus (the portion of the system 
that is the grid, i.e. all of the other generators already paralleled together).  Rotation in the 
FAST (clockwise) direction indicates the incoming (generator) frequency is “faster” than 
the frequency on the running bus.  Similarly, rotation in the SLOW direction indicates the 
incoming (generator) frequency is “slower” than the running bus frequency.  The speed of 
the pointer rotation indicates the magnitude of the difference in frequencies.  The angular 
position of the pointer at any instant indicates the magnitude of the phase difference at that 
instant.  When the pointer is at 6 o’clock (pointing straight down), the two systems are 180º 
out of phase.  When the pointer is at 12 o’clock (pointing straight up), the two systems are in 
phase.

The procedure to parallel a generator to an infinite bus requires that the three conditions 
listed above be satisfied.  First, the incoming generator voltage must be adjusted to match 
the running voltage.  Next, the generator speed is adjusted so that the synchroscope turns 
slowly in the FAST direction, indicating that incoming frequency is slightly higher than the 
running frequency.  And finally, the generator breaker is closed when the synchroscope 
pointer reaches the 12 o’clock position, indicating that the two systems are in phase.

Generator Limitations
Figure 7-17 illustrates four conditions or quadrants in which generator operation may 
theoretically occur.

7.6
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Figure 7-17  Operating Quadrants

Regions II and III represent negative power or running (motorizing) the generator as a motor 
and is prevented by protective devices.  Regions I and IV have the generator supplying real 
power to the grid.  The difference between Regions I and IV is the type of reactive power 
being supplied by the generator.  In Region I, the reactive power is positive (outgoing/
lagging/inductive).  Inductive means that the loads being supplied are typically inductors.  
They require additional current to produce their magnetic fields.  Motors are good examples 
of this type of load.  Lagging means that the current’s peak lags behind the voltage’s peak 
in time.  Outgoing refers to the fact that there is reactive power going out to the loads.  Most 
operation is in this region because the grid loads tend to be inductive overall.

In Region IV, the reactive power is negative (incoming/leading/capacitive).  The generator is 
a (inductive) reactive load on the grid.  Part of the generators magnetic field is supplied by 
the grid.  There may be times when the load dispatcher requires some generator to operate 
in Region IV.

There are limitations on how much reactive power may be supplied or used by the generator, 
just as there are limitations on the maximum real power produced.  Figure 7-18 shows a 
generator’s typical capability curves.
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Figure 7-18  Generator Capability Curves

The limit between points A and B (on a given pressure curve) is the result of heating in the 
field coils due to high current from over-excitation.  From points B to C, armature amps 
are high because of real power supplied.  Although stator bars are water cooled, stator 
punchings are not and rely on hydrogen pressure.  Hence, the curve varies according to 
hydrogen pressure.  Line BC exists in both Regions I and IV.

As the grid is required to supply more reactive power to the generator field (points C to 
D), stator flux distribution becomes more and more uneven.  This results in significant 
differences of potential between laminations of the stator core causing large eddy currents in 
the stator end punchings.  Therefore, the generator is limited by heating in the armature core 
ends.  Grid stability limits may be exceeded before reaching this point.  Therefore, it is highly 
unusual that a Load Dispatcher would require generator operation in this region.
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Common Generator Symbols Used
Many of the symbols used for generators in electrical diagrams are specific to the vendor or 
facility. Figure 7-19, Generator Common Symbols shows some of the more generic symbols 
typically used. The PPE Print Reading topic Appendix A: P&ID Symbols has a complete 
selection of generator symbols use. See Large Component Symbols for additional examples.

Figure 7-19 Generator Print Symbols

7.7
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Chapter Overview
The purpose of this chapter is to assist the trainee in recognizing basic information 
and terminology as used in Electric Motors.  This chapter is designed to assist you in 
accomplishing the learning objectives listed at the beginning of the chapter.

Learning Objectives

After studying this chapter, you should be able to:  

1. Define synchronous speed of a motor and describe the factors that affect it.

2. Define “slip” and explain the factors that cause slip to change.

3. Explain the operation of a three-phase induction motor including its reaction to an 
increase in load.

4. Describe the operation of the following types of single-phase AC motors:

a. Induction - start

b. Capacitor - start

5. Describe the operation of a synchronous motor, including the effects of an overexcited 
synchronous motor.

6. Explain why starting current is greater than running current in an AC induction motor.

7. Describe the relationship between rotor current, slip, and torque in an AC induction 
motor.

8. Describe why some motors have starting limits or restart limits.

9. List two methods that can be used to reduce the starting current on an AC motor.

10. State the relative advantage of synchronous and induction motors.

11. Explain the operation of a DC Motor.

8.0
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Introduction
Most of today’s power generating systems produce alternating current. Therefore, a majority 
of motors used in commercial industry are designed to operate on alternating current (AC). 
However, besides the wide availability of AC power, AC motors offer other advantages. 
In general, AC motors are less expensive. Because they do not employ commutators as 
associated with DC (Direct Current) motors, AC motors eliminate the problem of dangerous 
sparking and frequent brush replacement associated with DC systems. AC motors are 
manufactured in many different sizes, shapes, and ratings for use on a great many different 
jobs. They are designed for use with either three-phase or single-phase power systems. 
This chapter will deal with the operating principles of three of the more common types of AC 
motors -- the induction motor, the single-phase motor, and the synchronous motor. While 
a majority of the electric motors in a power generating system are AC, there are a few DC 
motors used in very limited applications. Very basic DC motor theory and operation will be 
discussed.

The figure below shows a simple induction motor. A motor is an electrical machine which 
converts electrical energy into mechanical energy, specifically rotational force or torque. 
The principle working of an electric motor is that whenever a current carrying conductor 
(rotor) is placed in a magnetic field (stator), it experiences a mechanical force. The force 
is derived from the interactions of the magnetic field on the rotor and the magnetic field on 
the stator. The fields of the two magnetic fields developed will each have a North and South 
pole associated with them. Those magnetic poles developed will tend to oppose one another 
and also attract one another based upon their relative position to each another. If one of 
the magnets developed is designed to move freely and spin, the interactions of the fields 
on the rotor and stator will cause the rotor to spin, therefore creating a mechanical force 
(torque). The rotor is connected to a shaft to provide useful torque for applications like air 
compressors, centrifugal pumps, blowers, fans…etc, in the power plant.

Basic Components of an Induction Motor

8.1
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AC Motor Theory

Development of a Rotating Field

Both induction and synchronous motors utilize a rotating magnetic field.  The field is 
produced in the motor stator windings. These windings are symmetrically placed on the 
stator and may be either wye or delta connected.  Figure 8-1 illustrates a rotating field 
produced by currents in the stator’s stationary coils, or windings, supplied by a three-phase 
power source.  Field rotation can be observed in the figure by “stopping” it at six selected 
positions, or instants.  These instants are marked off at 60Ε intervals on the sine waves that 
represent currents in the three phases (A, B, and C).

Figure 8-1: Development of a Rotating Field

At t-1, the current in phase B is maximum positive and current in phases A and C is at 
half negative value.  The resulting field at t-1 is established downward and to the left.  The 
major portion of this field is produced by the B phase (maximum current) and is aided by 
the adjacent phases A and C (half strength).  The direction of the magnetic field resulting 
from current flow through a coil of wire may be determined by wrapping the fingers of your 
right hand in the direction that current flows around the coil. Your thumb will then point in the 
direction of the resulting magnetic field.

8.2

8.2.1
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Ampere’s Right-Hand Grip Rule

Because the fields effectively combine to form one field of a given direction and strength, this 
is a two-pole field (one north and one south pole).  This two-pole field extends across the 
space that would normally contain the rotor.

At t-2, current in phase B is reduced to half positive value.  Current in phase C has reversed 
direction and is positive, and current in phase A has increased to a maximum negative 
value.  The resulting field at t-2 is now established downward and to the right.  The major 
portion of the field is produced by phase A (full strength) and the weaker portions by phases 
B and C (half strength).  Thus the magnetic field has rotated counterclockwise.  This process 
continues at a speed determined by the applied frequency (60 Hz for grid loads).

The direction of rotation of the magnetic revolving field of a three-phase motor may be 
reversed by interchanging any two line leads to the three motor terminals. 

Motor Synchronous Speed

In Figure 8-1, current sine waves traversed 360° for the six positions shown.  Accordingly, 
the field rotated 360°.  If the frequency of current were 60 Hz, the field would rotate at 60 
revolutions per second or 3600 revolutions per minute (60 x 60 = 3600).  However, if the 
number of stator coils were doubled, producing a four-pole field, the field would rotate only 
half as fast.  Thus, it can be seen that speed of the rotating field varies directly with the 
frequency of applied voltage and inversely with the number of stator poles; therefore:

8.2.2
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where  

N = the number of revolutions that the field makes per minute,

f = the frequency of the applied voltage in cycles per second (Hz), and

P = the number of poles.

The speed at which an AC motor field rotates is referred to as its synchronous speed, 
because it is synchronized to the power supply frequency.  A two-pole motor connected to a 
60-Hz source has a synchronous speed (magnetic rotating field speed) of 3600 rpm; a four-
pole motor, 1800 rpm; and a six-pole motor, 1200 rpm.

The speed of the rotating field is always independent of motor load changes.  Because the 
number of poles in a motor is fixed (some special application motors have variable poles), 
the only variable that can affect synchronous speed of an operating motor is the applied 
frequency.
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AC Motor Losses and Efficiency

The efficiency of any motor is equal to the ratio of the output power to input power.  The 
difference between output and input power is attributed to motor losses.

Losses in an AC motor can be attributed to I2R losses as a result of rotor and stator currents, 
rotor windage, and bearing friction losses (which together are termed mechanical losses), 
and finally magnetic field or core losses.

Because the current flow in an AC motor is constantly changing in magnitude and direction 
and there are many coils wrapped around the stator, AC motors develop a large amount of 
inductive reactance (XL), which decreases motor current but is not considered a motor loss.

Running at full load conditions, the efficiency of most AC motors can be expected to be 92% 
to 96%.

8.2.3

Three-Phase Induction Motors
Three-phase induction motors are the most common type of three-phase motor.  They have 
the advantage of simple, rugged construction, which makes them relatively inexpensive.  
Induction motors also have high starting torque and desirable torque/speed characteristics 
under normal load.  They are used in applications such as fans, blowers, pumps, and 
compressors where high starting torque and limited speed control is required.

Induction Motor Construction

The stator of an induction motor is very similar to the stator of a three-phase AC generator 
and is also similar to the stator of a synchronous motor.  Line voltage is applied to the three 
phases of the stator to produce a rotating magnetic field.

The two types of induction motors are differentiated by the rotor designs.  A squirrel cage 
induction motor uses a caged rotor as shown in part A. of Figure 8-2.  Copper bars are 
connected at the ends by a copper ring called a shorting ring.  The squirrel cage induction 
motor is inexpensive, simple, and very rugged.  A typical squirrel cage motor is illustrated in 
part B. of Figure 8-2.

8.3

8.3.1
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Figure 8-2: Squirrel Cage Induction Motor

The second type of induction motor is the wound rotor induction motor.  This rotor design 
has the advantage of improved speed control because resistors can be placed in series 
with the rotor windings.  The rotor is wound with three-phases each with leads connected 
to slip rings.  Brushes pick up the rotor current and carry it to a bank of external resistors.  
Rotor circuit resistance is then adjusted for the desired speed.  A schematic view of this 
arrangement is shown in part A. of Figure 8-3, and a cutaway view of an actual motor is 
shown in part B.  Wound rotor induction motors are more complex, expensive, and less 
rugged than squirrel cage rotor motors and require much more frequent maintenance.
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Figure 8-3: Wound Rotor Induction Motor

Induction Motor Operation

As its name implies, induction motor operation is based on the principle of electromagnetic 
induction.  Three-phase AC line voltage is applied to the stator of the induction motor, 
resulting in stator current and a rotating magnetic field.  Recall that the stator field rotates at 
synchronous speed as determined by the number of stator poles and the frequency of the 
applied voltage.

Relative motion between the rotating magnetic field and the bars or conductors on the rotor 
cause a voltage to be induced in the conductors of the rotor.  Because the conductors of the 
rotor are shorted at their ends, there is a complete path for rotor current to flow.  This rotor 
current flowing around the conductors in the rotor creates a rotor magnetic field.  The rotor 
magnetic field and stator magnetic field interact to produce torque to turn the rotor.

8.3.2
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Relative motion must exist between the stator magnetic field (turning at synchronous speed) 
and the rotor in order for voltage to be induced, rotor current to flow, a rotor magnetic field 
to be produced, and torque to be generated.  The relative motion is a result of the difference 
between synchronous speed and rotor (operating) speed and is called slip speed or simply 
slip (s).  Slip is most frequently expressed as a fraction or percent of synchronous speed; 
that is:

where

S = slip

Ns = speed of stator field (synchronous speed) in rpm

Nr = speed of the rotor in rpm.

Induction Motor Response to an Increase in Load

As the load on an induction is increased, an immediate mismatch occurs between the torque 
of the load and the torque provided by the motor.  As a result, the rotor slows down.  This 
causes slip to increase (more relative motion between the stator field and the rotor).  This 
in turn results in more voltage induced in the rotor, more rotor current, and a stronger rotor 
field.  Thus, the motor torque increases until the torque of the motor matches the torque of 
the load in steady state at a new, slower speed.

The speed of an induction motor changes with load over its operating range.  However, the 
change is relatively small and does not prevent the motor from having many applications.  
Typical values of slip for an induction motor range from 0.03 to 0.05 at full load for a low slip 
motor and 0.07 to 0.11 for a medium slip motor.

8.3.3
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Single-Phase AC Motors
For economical purposes, the electrical distribution systems that provide power to the many 
small AC motors used in nuclear plants typically provide only single-phase AC power at low 
voltages and current flows.  The induction motors described in the previous section will not 
work with single-phase AC because a rotating field cannot be generated in the stator by 
single-phase power unless the stator windings and/or the stator power supply circuit are 
appropriately modified.

Figure 8-4: Shaded-Pole Single-Phase Motor

Because a rotating field is not generated in a single-phase motor, an unmodified motor 
would produce no starting torque on a stationary rotor.  After the rotor starts rotating, 
however, a continuous turning torque is generated by the interaction of the stator and rotor 
magnetic fields.  Therefore, single-phase AC motors must be provided with an auxiliary 
means for initiating the rotor rotation.  Single-phase AC motors are frequently classified in 
the following groups, based on the method used for starting the rotor rotation:

1. Induction – start

2. Capacitor - start

8.4
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Induction-Start Single-Phase Motors

The induction-start single-phase motor is provided with an auxiliary stator winding in addition 
to the main stator winding.  This winding is located in the stator slots so that it is displaced 
90 electrical degrees from the main stator winding as shown in Figure 8-5.

Figure 8-5: Induction-Start Single-Phase Motor

If two currents sufficiently out of phase with each other are passed through the main and 
auxiliary windings, interacting field conditions similar to those existing in a three-phase 
induction motor will be produced.  The two necessary currents, which are from 30 to 45 
degrees out of phase with each other, are obtained from the single-phase AC power input 
by constructing parallel winding circuits, with one of the circuits having a relatively high 
inductance and the other having a relatively high resistance.  The main or running winding 
always has the high inductance.  The auxiliary winding is wound with a finer wire, giving it 
higher resistance than the main winding.  The running or main winding remains in the circuit 
whenever the motor is running, while the auxiliary or stator winding remains in the circuit 
only until the motor has reached 50 to 80 percent of synchronous speed.  When the rotor 
reaches this speed, an automatic centrifugal switch operates to open the starting circuit.  
This type of single-phase induction motor starts as a “two-phase” motor until the starting 
winding is isolated, when it continues to operate, by virtue of the running winding only, as 
a single-phase motor.  Induction-start motors are constant speed machines, and cannot be 
adapted for speed control.  They are made in sizes up to a third horsepower.

8.4.1
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Capacitor-Start Single-Phase Motors

Capacitor-start motors are single-phase induction motors that have two stator windings 
displaced 90 electrical degrees from each other similar to the induction-start motor.  Again, 
the starting torque is developed by a two-phase action.  In the capacitor-start motor, the 
necessary phase displacement between the currents of the two stator windings is produced 
by placing a capacitor in series with the auxiliary winding as shown in Figure 8-6.

Figure 8-6: Capacitor-Start Single-Phase Motor

By using a capacitor, the phase displacement can be made to approach 90 degrees, which 
results in a better starting torque with lower starting current than can be obtained with the 
induction-start motor.  Capacitor-start motors have the advantages of quiet operation, high 
power factor, and a reduction in radio interference.  These motors are made in various sizes 
up to 10 horsepower.

Synchronous Motors

Synchronous Motor Operation

The stator or armature windings of induction and synchronous motors are essentially the 
same.  However, their rotors differ in several ways.  The rotor of a typical synchronous motor 
is essentially the same as that of a generator.  It requires a separate source of DC voltage to 

8.5

8.5.1
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the rotor (rotor current is not induced) to create the rotor field.  Because no relative motion 
between rotor and rotating stator field is required, the opposite poles of the rotor and stator 
will lock together.  The rotor will then turn at the speed of the revolving field; therefore, it is 
“synchronized.”  The simplest synchronous motor is a permanent bar magnet that rotates at 
the speed of the stator’s rotating field.  In actuality this would be called a reluctance motor.

A synchronous motor also requires special starting components.  Because the field of 
the stator is revolving very rapidly and the rotor field is established by an external source, 
the rotor will attempt to instantly lock in with the stator field.  Because of inertia, the rotor 
cannot instantly come up to synchronous speed.  Therefore, the rotor will not pull into 
synchronization and will vibrate back and forth.  To aid in the starting process, a small 
squirrel cage winding (also called the amortisseur winding) is included in the rotor.  When 
the motor is first started, the DC field is not energized.  Slip induces current in the rotor and 
the rotor starts to speed up.  If the motor is allowed to run at less than synchronous speed 
for an extended period, the small squirrel cage winding will overheat.  When the motor 
approaches synchronous speed, the DC rotor field is energized.  This causes the rotor to 
pull into synchronization.  Because no slip exists, no current is induced in the small squirrel 
cage winding, protecting it from overheating.

Synchronous Motor Speed

Synchronous motors run at a fixed (synchronous) speed determined by line frequency 
and the number of poles in the machine.  Therefore, speed of a synchronous motor is 
independent of load and follows the previously described equation for motor synchronous 
speed as

where

N = number of rpm/min of the field and the rotor

f = frequency of applied voltage in cycles/per second

P = number of field poles of rotor

8.5.2
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However, if load on the rotor shaft becomes too great for the magnetic lock between the 
rotor and stator, the rotor will pull out of synchronization and stall.  This can be prevented by 
increasing DC rotor current to increase the magnetic lock before increasing the load.

Overexcited Synchronous Motors

For a fixed mechanical power developed (load), it is possible to adjust the reactive 
component of the current drawn by the synchronous motor from the line by varying the DC 
field current (excitation).  This provides the ability to control the electrical angle between the 
voltage applied to the terminals of the motor and the motor stator current and thus control 
the reactive power associated with the synchronous motor.

This is possible because the magnetic field of the rotor induces a second voltage in the 
stator windings in addition to the applied voltage from the line.  The net current flowing in the 
stator then is the result of the combination of these two voltages.  Remember that the stator 
current is the source of the stator magnetic field which pulls the rotor magnetic field in synch.

As excitation is increased, the strength of the rotor magnetic field increases and the torque 
provided by the motor tends to increase (the force between the rotor field and stator field 
tends to increase).  This does not occur, however, because the load is fixed and the motor 
cannot speed up above synchronous speed.  The voltage induced in the stator by the rotor 
field in this situation combines with the applied (line) voltage to produce a leading reactive 
current that acts to reduce the total magnetic flux of the machine until the torque of the motor 
matches the torque of the load.

When the excitation of a synchronous motor is increased so that is operates with a leading 
power factor, it is said to be overexcited.

The ability of the synchronous motor to draw leading current when overexcited can be used 
to improve the power factor at the input lines to an industrial establishment that makes 
heavy use of induction motors and other equipment drawing power at a lagging power 
factor.  Many electric power companies charge increased power rates when power is bought 
at a very lagging power factor.  Over the years such increased power rates can result in an 
appreciable expenditure of money.  In such instances the installation of a synchronous motor 
operated overexcited can more than pay for itself by improving the overall input power factor 
to the point where the increased rates no longer apply.

Synchronous Motor Applications

Synchronous motors below 50 hp are rarely used in the medium-speed (500 rpm) range 
because of their much higher initial cost compared to induction motors.  In addition, these 
motors require a DC excitation source, and the starting and control devices are usually more 
expensive--especially where automatic operation is required.  However, synchronous motors 

8.5.3
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do offer some very definite advantages.  These include constant-speed operation, power-
factor control, and high operating efficiency.  Furthermore, there is a horsepower and speed 
range where the disadvantage of higher initial cost vanishes, even to the point of putting the 
synchronous motor to advantage.  This is demonstrated in Figure 8-7.

Figure 8-7: Indicating the General Areas of Application of Synchronous and Induction Motors

When low speeds and high horsepower are involved, the induction motor is no longer 
cheaper because it must use large amounts of iron in order not to exceed flux density limits.  
However, high flux densities are permissible in the synchronous machine because of the 
separate excitation.

Some of the more important characteristics of the synchronous motor along with some 
typical applications are shown in Table 8-1.
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Type 
Designation

Synchronous, high 
speed above 500 rpm

Synchronous, low 
speed below 500 
rpm

HP range 25 to several thousand Usually above 25 to 
several thousand

Starting torque 
(% of normal) Up to 120 Low 40

Pull-out torque 
(%) Up to 200 Up to 180

Starting 
current (%) 500 to 700 200 to 350

Slip Zero Zero

Power factor High, but varies with 
load and with excitation

High, but varies 
with excitation

Efficiency (%)
Highest of all motors.

92% to 96%

Highest of all 
motors.

92% to 96%

Typical 
Applications

Fans, blowers, DC 
generators, line shafts, 
centrifugal pumps 
and compressors, 
reciprocating pumps 
and compressors.  
Useful for power-factor 
correction, constant 
speed, and frequency 
changes

DC generators and 
pumps.  Useful for 
power-factor control 
and constant 
speed.  Flywheel 
used for pulsating 
loads.

Table 8-1: Synchronous Motor Characteristics and Applications

Motor Starting Current
As previously mentioned in the Basic Electricity chapter’s discussion of transformers, 
counter emf refers to the voltage induced in a winding that opposes or is counter to the 
change in current that produces it.  In the case of an AC motor, the counter emf results 
from relative motion between the net (combined stator and rotor) magnetic field and the 
conductors in the stator.  Its direction is such that it opposes the current applied to the stator.

When an AC motor is first started, there is no counter electromotive force (emf) to oppose 
stator current flow.  Therefore, starting current of an AC motor is approximately 7 to 10 times 
that of its normal running current.  The equation for current flowing through an AC stator is 
shown as Equation 8-1:

8.6
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Equation 8-1

where

Is = the current flowing through the stator,

Es = the applied voltage across the stator,

Ec = the counter emf, and

Zs = the total impedance of the stator.

A typical AC motor starting current curve is shown in Figure 8-8.  As rotor speed increases, 
counter emf increases, lowering stator current between points A and B.  The starting current 
continues to decrease until the rotor reaches its running speed for shaft load. The current 
drawn at this time is called the running current (point C).

Figure 8-8: AC Motor Starting Current Curve
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If this motor start in Figure 8-8 were observed on an ammeter, the current would initially 
spike to approximately 10 times normal running current.  As motor speed increases, the 
current indicated would drop to its normal running current.

No-Load Starting

When an AC motor is unloaded, the required torque will be minimum (just enough to 
overcome friction and rotor windage losses).  Therefore, the required stator current is 
much less than if the rotor is loaded.  To limit starting current, some motors are started with 
no load.  The rotor increases to rated speed (no-load amperage) in a shorter time.  This 
minimizes the disturbance on the electrical supply system.

Repeated motor starts in a short period of time frequently do not have time for the heat 
generated from high starting currents to dissipate.  For this reason, restart limits are 
sometimes imposed to limit how soon after shutdown a motor can be restarted.

Starting Circuits

General

In general, induction motors may be started either by connecting the motor directly across 
the supply circuit or by applying a reduced voltage to the motor during the starting period.  
Controllers used for starting motors by either method may be operated either manually or 
magnetically.

AC induction motors may be connected directly across the line without damage to the motor.  
However, because of the voltage disturbance created on the supply lines by heavy starting 
currents, AC motors larger than 71/2 to 10 hp are often started at a reduced voltage.

A greater starting torque is exerted by a motor started on full voltage rather than a motor 
that is started on reduced voltage.  In fact, it may be shown that the torque of an induction 
motor is proportional to the square of the applied voltage.  Therefore, if the voltage is 
reduced to 80% of its rated value during starting, the starting torque is reduced to only 64% 
of that obtained by full-voltage starting.  The reduced voltage applied to the motor during the 
starting period lowers the starting current but, at the same time, increases the accelerating 
time because of the reduced value of the starting torque.  The type of load being started 
also has a bearing on the method of starting to be used.  If, for example, a particular load 
is damaged by sudden starting and should be accelerated slowly, then reduced-voltage 
starting must be used.

8.7
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Commonly used AC motor starters are:

3. full-voltage or across-the-line starters

4. reduced-voltage starters

5. primary-resistor starters

6. autotransformer starters or compensators

Full-Voltage Starters

Motors can be started on full-line voltage by utilizing across-the-line starters.  A magnetically 
operated across-the-line starter is shown on Figure 8-9.  When the operating coil is 
energized by completing the circuit at the “start” pushbutton, the operating coil closes the 
line contacts for all three phases.  Full line voltage is applied immediately to the motor.  A 
“maintaining contact” is also closed by the operating coil to allow the “start” pushbutton to 
be released.  The operating coil will be deenergized by either the “stop” pushbutton or by 
actuation of an overload relay under excessive current conditions.

Figure 8-9: Magnetic Across-The-Line Starter

8.7.2
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Primary-Resistor Starters

Reduced voltage is obtained in the primary-resistor starter by resistences that are connected 
in series with each stator lead during the starting period.  The voltage drop in the resistors 
produces a reduced voltage at the motor terminals.  At a definite time after the motor is 
connected to the line through the resistors, accelerating contacts (A) close, which short 
circuit the starting resistors and applies full voltage to the motor (see Figure 8-10).

Figure 8-10: Primary Resistor Starter Diagram

When the start button is closed, the main coil M is closed, closing all the M contacts and 
connecting the motor to the line through the starting resistors.  This causes the time delay 
coil to energize.  After a definite time has elapsed, during which the motor has accelerated, 
the time-delay contacts (TC) close.  This energizes the accelerating contactor A, which short 
circuits the starting resistors and applies full voltage to the motor.  

In the starter just described, the starting resistance is cut out in one step.  To obtain 
smoother acceleration with less line disturbance, starters are available in which the starting 
resistance is cut out in several steps.

8.7.3
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Autotransformer Starters

Autotransformer starters, sometimes called starting compensators, also reduce the voltage 
applied to the motor during the starting period.  Autotransformer starters may be either 
manually or magnetically operated; a typical manual type is shown in Figure 8-11.

Figure 8-11: Autotransformer Starting Diagram

The manual autotransformer starter is essentially a multipole, double-throw switch.  In Figure 
8-8, three rows of contacts are shown -- the starting, running, and movable contacts.

8.7.4
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Figure 8-8: AC Motor Starting Current Curve

The starting and running contacts are stationary, and the movable contacts are attached to 
the operating handle.  When the operating handle is moved to the start position, the movable 
contacts are moved against the starting contacts.  This connects the wye-connected 
autotransformers to the line and the motor to the secondary side of the transformers.  The 
magnitude of the secondary voltage of the transformers is determined by the tap setting of 
the transformer but is usually either 80% or 65% of the line voltage.

After the motor accelerates at reduced voltage, the operating handle is moved to the “run” 
position; this operation disconnects the transformers from the line and connects the motor 
directly to the line through the running contacts.  The operating handle is held in the “run” 
position by the undervoltage device.  If the supply voltage fails or drops to a low value, the 
handle is released and returned to the “off” position.  Overload protection is provided by 
thermal overload relays.

DC Motors

General DC Motor Theory

In a basic DC motor, an armature is placed in between magnetic poles. If the armature 
winding is supplied by an external DC source, current starts flowing through the armature 
conductors. As the conductors are carrying current, the armature creates a magnetic field 
inside a magnetic field created by the stator.  They will experience a force which tends to 
rotate the armature.

8.8

8.8.1
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General DC Motor Operation

Suppose armature conductors under N poles of the field magnet, are carrying current 
downwards and those under S poles are carrying current upwards (note arrows in Figure 
8-12). It is found that at any instant the forces experienced by the conductors are in such a 
direction that they tend to rotate the armature, as shown in Figure 8-12.

Figure 8-12: DC Motor Operation

Again, due this rotation the conductors under N-poles come under S-pole and the 
conductors under S-poles come under N-pole. While the conductors go from N-poles to 
S-pole and S-poles to N-pole, the direction of current through them, is reversed by means of 
commutator. This is called commutation.  The commutator is by design and can be seen in 
Figure 8-12, how it provides this function.  Due to this reversal of current, all the conductors 
come under N-poles carry current in downward direction and all the conductors come under 
S-poles carry current in upward direction as shown in the figure. Hence, every conductor 
comes under N-pole experiences force in same direction and same is true for the conductors 
come under S-poles. This phenomenon of commutation helps to develop continuous and 
unidirectional torque for DC motor operation.

8.8.2
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DC Motor additional information

DC motors are used in very limited applications such as the prelube oil pump for DG 
operation and certain DC motor valve operations at some plants.

DC motors require more maintenance and upkeep to maintain long-term operation and 
reliability, mostly due to more brush wear from the commutator friction during operation.

Common Electric Motor Symbols Used
Many of the symbols used for Electric Motors in electrical diagrams are generic and used 
throughout the industry on electrical drawings and diagrams. Figure 8-13, Electric Motor 
Common Symbols shows some of the more generic symbols typically used. The PPE Print 
Reading topic Appendix A: P&ID Symbols has a complete selection of electric motor symbols 
use. See Large Component Symbols for additional examples.

Figure 8-13: P&ID circuit symbol 

8.9
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Chapter Overview
The purpose of this module is to assist the trainee in recognizing basic information and 
terminology as used in Electrical Distribution Equipment. This module is designed to assist 
you in accomplishing the learning objectives listed at the beginning of the module.

Learning Objectives

After studying this chapter, you should be able to:

1. Recognize the significance of class 1E equipment.

2. Recognize the process and purpose of selective tripping.

3. Recognize the significance of the concept of the following terms:

a. redundancy

b. train separation

4. Recognize the difference in how the following coils trip circuit breakers:

a. shunt

b. undervoltage.

5. Recognize the detrimental effects of excessive electrical arcing during breaker
operation.

6. Recognize the attributes and application of the following types of circuit breakers:

a. Air

b. Oil

c. Air-blast

d. Vacuum

7. Recognize the attributes and application of the following devices:

a. disconnect

b. protective relay

c. fuse

d. automatic bus transfer device

8. Recognize the attributes and application of the following components:

9.0
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a. Uninterruptable power supply

b. Battery charger

c. Motor Generator Set

d. Inverter

9. Recognize the basic operation of a lead-acid storage battery.

10. Recognize how “load shedding” is accomplished and its necessity.

11. Recognize how “load sequencing” is accomplished and its necessity.

12. Recognize the significance of the following electrical distribution sections:

a. Switchgear

b. Load Centers

c. Motor Control Centers

d. Distribution Cabinets

13. Given a simplified wiring diagram, recognize:

a. Specific relay contacts (whether shown open or closed) and the condition that will
cause them to change condition.

b. The flow path (tracing) of a start/stop signal through the diagram to a closing/trip
coil.
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Introduction
The purpose of the electrical distribution equipment is to provide redundant, diverse, and 
dependable power to the many power plant loads, and to transport power from the main 
generator to the power transmission network. Power produced by the main generator, or 
supplied from the transmission network, is distributed to the various loads in the plant via 
conductors called buses. The term bus started out as a slang term for a conductor that 
could supply power to several loads. The term has gradually evolved to take on additional 
meanings. Most of the nuclear industry also uses the term bus to identify an electrical entity 
(such as a switchgear or circuit breaker enclosure) that is at a specific voltage and supplies 
power to several loads. The actual physical conductors within an electrical bus or switchgear 
enclosure are often called the “busworks”. Power supplied through the buses is controlled by 
switching or interrupting devices to protect, regulate, and route the electrical flow throughout 
the system. Switching and interrupting devices include the relays, fuses, and circuit breakers 
that provide the sensing and control mechanisms to manage the electrical distribution 
system.

The equipment and arrangements described in this chapter are simplified to show the 
general philosophy and practices in common use. Actual power plant use will depend on 
many variables outside the scope of this text.

Table 9-1 contains several terms that have specific meanings in relation to electrical 
distribution systems.

9.1
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REDUNDANCY

A system or component that duplicates the essential functions 
of another system or component to the extent that either 
one can perform the necessary function regardless of the 
operational condition of the other.

TRAIN SEPARATION

The physical and electrical separation of redundant electrical 
trains, structures, and components to prevent a fault in one 
electrical train from affecting the operation of the redundant 
train.

LOAD SHEDDING
The process of removing most (preselected) large loads from a 
vital bus in response to an undervoltage condition on the vital 
bus.

LOAD SEQUENCING

The process of starting large emergency motor loads in a 
preselected order (rather than all at once) on a vital bus after 
load shedding has occurred. Load sequencing assures that 
essential equipment is energized as quickly as possible while 
overcurrent conditions (i.e., overloading the emergency diesel 
generator) due to starting a large number of motors at the same 
time are avoided.

SELECTIVE TRIPPING

The process of electrical fault isolation using protective devices 
in series with one another such that the protective device 
nearest to the fault operates first to protect the integrity of the 
overall system. A properly designed protective scheme will 
isolate a fault by removing the least number of components 
from service.

UNINTERRUPTIBLE 
POWER SUPPLY

A solid state device that uses a battery charger, battery, and 
inverter to provide a continuous supply of regulated AC power 
for essential, low power loads such as process controllers, 
emergency instrumentation, plant computers, control power, 
emergency lighting, and communications.

Table 9-1: Definitions

Generic Distribution System
Electrical power distribution system design varies considerably between commercial power 
plants and can be significantly different in the nomenclature used to designate components 
in the system, voltages used within the system, and system layout. All plants are generic in 
the fact that they all contain:

• High voltage offsite distribution,

• High and medium voltage onsite distribution, and

• Low voltage control and instrumentation distribution.

The systems described in this chapter are not specific to any one plant.

9.2
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Power Distribution Grid
The grid is a term used to describe the large-area high voltage transmission network or 
physical system used to generate and distribute electrical power to utility customers (see 
Figure 9-1). The utility has an obligation to maintain a reliable source of power at proper 
voltage and frequency. The load dispatcher fulfills this obligation by determining the grid 
power requirements and ensuring that the generating capacity matches that requirement. 
If a fault occurs on the grid, the load dispatcher and ground crews locate and minimize the 
power loss to that leg of the grid.

Figure 9-1: Simplified Grid System

Distribution grids provide continuous reliable service. Grids have protective schemes that are 
planned and designed to ensure this service exists. A protective scheme is an arrangement 
of bus feeds, circuit breakers, circuit switchers, disconnects, fuses, and other protective 
and switching devices. Most protective schemes are designed to isolate a faulted line or 
section as close to the fault as possible, permitting the rest of the distribution grid to operate 
normally. This protective scheme is called selective tripping (see Table 9-1). Selective 
tripping protective schemes are designed according to three rules:

1. The closest protective device to the fault shall operate first;

2. Selectivity of response time is provided; and

3. Response time is permitted to vary with the severity of the electrical problem.

With these factors built into a protective scheme, outage areas are minimized and rapid 
reestablishment of power is possible. It is easier to locate a fault if the closest bus or line is 
known.

Figure 9-2 shows a simplified distribution system or grid that supplies power to a residential 
home. The cord running from the TV set to the wall outlet has been broken and shorted to 
ground. If no protective devices existed on the line, the resulting large current could cause a 

9.2.1
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fire in the house and possibly damage the pole transformer supply of the house or other pole 
transformer that supplies the rest of the neighborhood. This sequence of events is prevented 
by a selective tripping protective scheme. For the TV, the individual branch breaker in the 
house should trip first and isolate the fault. If current rises too quickly (or if the individual 
breaker should fail to open the circuit), the household’s main feeder breaker should trip. If 
the main feeder breaker cannot open in time to protect the upstream (toward the generator) 
buses, the fuse on the individual household’s pole transformer should blow. The next line of 
defense should be the fuse on the neighborhood pole transformer. For a fault to affect this 
much of the distribution system, it would have to draw a very high current in a very short 
amount of time. The protective devices, shown in Figure 9-2, are progressively harder to trip 
(take more fault current) as the power source is approached. This arrangement corresponds 
to the three selective tripping protective scheme rules.

Figure 9-2: Typical Distribution System

If the 18-kV grid line fell and became grounded, the first line of defense would be the 138/18-
kV substation transformer breaker. There are many devices and schemes to protect the 345- 
kV transmission system and the lower voltage distribution systems, but their specifics are 
beyond the scope of this course. The philosophy used for the design of these devices still 
follows the selective tripping rules discussed.

The same protective scheme philosophy applies to in-plant power distribution (see Figure 
9-3). If a fault occurs in the A cooling lake pump motor, breaker G should trip first to protect 
the rest of the distribution system. This action would allow the B cooling lake pump to 
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substitute for the faulted A pump and no required services would be lost. If the G breaker 
does not open in time to protect the upstream buses, the F breaker or B breaker must trip to 
protect the rest of the distribution system. The plant can probably operate for a while without 
Bus 20 (or either cooling lake pump) until the fault can be found and corrected. If neither the 
F nor B breaker opens in time for adequate protection, the A breaker must open to protect 
the distribution system. The trip of breaker A and the consequent loss of Bus 24 may cause 
the plant to trip, but the main transformer will have been isolated from the fault, and the 
maximum amount of the 345 kV grid will have been protected.

Figure 9-3: In-plant Load Tripping
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Switchyard Bus Arrangements
Buses are a necessary part of generating stations or factories with large electric power 
distribution systems. Common switchyard bus voltages are 22 kV, 161 kV, 235 kV, 345 kV, 
and 500 kV. Many internal plant circuits operate at lower voltages (usually 4160 or 6900 
volts). Transformers located throughout the plant further reduce the voltage to supply 
electrical power to lower voltage motors and electrical equipment. The arrangement of a bus 
system is determined by plant needs. A few bus arrangements are discussed below.

To reduce the loss of equipment during bus maintenance, the main bus may consist of 
several bus sections. These separate sections are usually provided with bus-tie circuit 
breakers to tie or split the bus (see Figure 9-4). A bus-tie breaker arrangement like the one 
shown in Figure 9-4 is sometimes called a “breaker-and-a-half” arrangement because there 
are three breakers for the two loads that come off each bus-tie between the north and south 
bus. This arrangement allows isolating any one load while retaining power to all remaining 
loads.

Figure 9-4: Switchyard Bus Arrangement

9.2.2
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Parallel Bus

In some installations, redundant load power is provided by a set of parallel buses with 
interconnecting circuit breakers. The parallel bus arrangement provides a “complete spare” 
capable of handling full load capacity. Both sets of equipment are usually kept in service so 
that should either one fail, no interruption occurs to the connected facilities. A parallel bus 
system is shown in Figure 9-5. The major disadvantage of this design is expense. However, 
for loads that require highly reliable power, the parallel bus arrangement is ideal. (Note that 
Figure 9-5 shows a switchyard for a two-generator facility with a breaker-and-a-half bus-tie 
breaker arrangement.)

Figure 9-5: Parallel Bus Arrangement

9.2.2.1



USNRC HRTDREV 0817 9-14

Ring Bus

To approach the reliability of a parallel bus arrangement while minimizing cost, switchyard 
buses are sometimes arranged in a ring bus (see Figure 9-6). Instead of circuit breakers 
to disconnect each line (as in a parallel bus arrangement), lines are placed on the ring bus 
directly. The ring bus is divided into sections by ring bus circuit breakers. Each separate 
section can be disconnected without interruption to the other sections.

Figure 9-6: Ring Bus Arrangement

9.2.2.2

Electrical System Design Requirements
The principal design requirements for plant electrical distribution systems are provided in 
General Design Criterion 17 from 10CFR50 Appendix A. Criterion 17 requires:

“The onsite electric power supplies, including the batteries, and the onsite electric 
distribution system, shall have sufficient independence (train separation), redundancy, and 
testability to perform their safety functions assuming a single failure.”

“Electric power from the transmission network to the onsite electric distribution system shall 
be supplied by two physically independent circuits designed and located so as to minimize 
to the extent practical the likelihood of their simultaneous failure under operating and 

9.2.3
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postulated accident and environmental conditions. A switchyard common to both circuits 
is acceptable. Each of these circuits shall be designed to be available in sufficient time 
following a loss of all onsite AC power supplies and the other offsite electric power circuit, 
to assure that specified acceptable fuel design limits and design conditions of the reactor 
coolant pressure boundary are not exceeded. One of these circuits shall be designed to 
be available within a few seconds following a loss-of-coolant accident to assure that core 
cooling, containment integrity, and other vital safety functions are maintained.”

“Provisions shall be included to minimize the probability of losing electric power from any of 
the remaining supplies as a result of, or coincident with, the loss of power generated by the 
nuclear power unit, the loss of power from the transmission network, or the loss of power 
from the  onsite electric  power supplies.”

 Four essential requirements are derived from Criterion 17:

• The onsite electrical distribution system must have at least two separate parts, either of 
which is capable of providing power to all components required for safe functioning of 
the reactor.

• The two parts of the onsite distribution system must be sufficiently separated to 
preclude the loss of both parts if one part should suffer a loss of power or severe fault, 
such as a bad ground or short circuit.

• The onsite distribution system shall be provided with two independent power supplies 
from the offsite transmission network that are available after a loss of all onsite 
AC power supplies (one offsite supply shall be available within a few seconds). 
Many nuclear plants operate with the offsite power supply continuously in use for 
safety-related loads, while other plants have a fast-transfer capability to satisfy this 
requirement.

• Both of the two separate onsite parts shall have a backup power source available 
within a few seconds following a loss of coolant accident or loss of offsite and onsite 
power supplies.
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Offsite Power Connections
The offsite power system includes two or more identified power sources capable of 
operating independently of the onsite or standby power sources and encompasses the grid, 
transmission lines (overhead or underground), transmission line control systems, switchyard 
battery systems, and disconnect switches, provided to supply electric power to onsite safety-
related and other equipment

The offsite power connection is called the preferred source of power for onsite safety-related 
loads. The main generator may be used to supply power to some or all onsite safety-related 
loads during normal operations, but the switchyard system must include the capability for a 
fast transfer of these loads from the generator to an offsite power connection in the event the 
main generator supply is lost.

9.2.4

Offsite Power System Terms
Class 1E is the safety classification term given to safety-related electrical equipment and 
systems that are essential to emergency reactor shutdown, containment isolation, reactor 
core cooling, and containment and reactor heat removal, or are otherwise essential in 
preventing significant release of radioactive material to the environment. Essentially, all 
electrical equipment associated with safety-related systems must be designated Class 1E.

During shutdown and accident conditions, which is when the majority of the Class 1E loads 
are operating, the main generator is not available. Therefore, it is not considered part of the 
offsite power system. The offsite power source is the one or more connections made to the 
system grid for supplying power to the plant Class 1E loads. The components comprising the 
offsite power sources at nuclear facilities are arranged to provide sufficient independence 
(both physical and functional) to minimize the likelihood of simultaneous outages of both 
circuits.

Figure 9-7 shows one arrangement for supplying power to the Class 1E loads. Normally the 
safety- related 4160Vbuses (34C and 34D) are powered from the non-safety 4160V buses 
(34A and 34B) through the bus-tie breakers. If the supply through the normal station service 
transformer (4 NSST) is lost, the bus-tie breakers will trip open and the breakers from the 
reserve station service transformer (4 RSST) to the safety buses will automatically close to 
effect a fast transfer of the power source. Some plants with similar arrangements keep the 
safety buses continuously powered from the offsite (grid) source and use the main generator 
source only for limited time periods when necessary maintenance must be performed on the 
RSSTs. In either arrangement, the emergency diesel generators (EDGs) provide the backup 
power source for the safety buses in case the fast transfer does not work properly or offsite 
(grid) power is lost. Note that the two separate off-site power sources (two tie-ins to the 
345kV grid) and the two EDGs satisfy two of the essential requirements of General Design 
Criterion 17.

9.2.5
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Figure 9-7: Typical Offsite Distribution System

Another electrical distribution term, also illustrated on Figure 9-7, is train separation (see 
Table 9-1). Note that there is no bus-tie breaker between bus 34C and bus 34D. Recall 
that one of the essential requirements of General Design Criterion 17 is that the two parts 
(trains) of the distribution system must be sufficiently separated to preclude the loss of both 
parts should one part suffer a severe fault. If there were a bus-tie breaker between bus 
34C and bus 34D, and that breaker suffered a severe short to ground such that the breaker 
was unable to trip open due to the high current, both trains would be faulted. In addition, 
neither train could be energized until the faulted breaker could be physically disconnected 
from the two trains. In the meantime there would be no safety function capability, and the 
reactor would be unprotected from a major accident. To preclude this scenario, nuclear 
facilities are licensed to require train separation, meaning that there are no electrical (or 
physical) connections between the two safety electrical trains. Some nuclear facilities 
have components that can be powered from either safety train, but an extensive interlock 
system is used to ensure that the component is fully disconnected from one train before it is 
connected to the other train. (Please note: Many facilities may refer to their safety electrical 
trains by colors or numbers rather than A and B, but the concepts are the same. The two 
trains carry redundant safety loads and are electrically separated, each with two connections 
to the offsite power grid, and each with a diesel generator backup power source.)
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Vital and Non-Vital Subsystems
The onsite power system shown in Figure 9-8 illustrates an electrical power system that is 
separated into vital (safety-related) and non-vital distribution subsystems. The loads supplied 
by the non-vital subsystem are loads that are not required to place the reactor in a safe 
shutdown condition or prevent the release of radioactivity to the environment. Such loads 
include components in the turbine building, switchyard, and administrative building.

The vital distribution subsystem includes a medium voltage vital bus, the low voltage motor 
control centers, and an EDG. The vital loads are separated into two redundant safety 
electrical trains; only the A train is shown in Figure 9-8. The A electrical train has access to 
two offsite power supplies and an onsite (backup) power supply (the EDG). Source selection 
is accomplished by automatically transferring from the nuclear unit source (main generator), 
to the offsite source, to the backup source, in that order. The reverse transfers are normally 
done manually.

As previously discussed, the distribution buses, motor control centers, and transformers 
comprising the A train are arranged to provide physical independence and electrical 
separation from the B power train. The A safety train also has a DC bus and battery 
associated with it. These components will be discussed in more detail later in this chapter.

Figure 9-8: Vital and Nonvital Subsystems

9.2.6
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Switchyard Connection Components
This section discusses three types of components that are usually found in nuclear plant 
switchyard connections and may also be found elsewhere in the distribution system.

9.3

Switchyard Transformers
Electric utility grids normally operate at 235kV, 345kV, or 500kV. Nuclear plant main 
generators normally generate power at 22.5kV. The large motors used to drive reactor 
coolant pumps, feed pumps, condensate pumps, and circulating water pumps generally use 
13.8kV, but 6.9kV or 4160V motors are also used. The emergency diesel generators at most 
nuclear plants generate power at 4160V and most safety pump motors use 4160V or 480V. 
Transformers must be used between all these different operating voltages.

The switchyard transformers used to transform the grid voltage to plant voltages are 
normally large outdoor structures that use special oil as a coolant around the conductor 
coils. The oil is normally circulated through the transformer cores to remove the heat of 
electrical current flow, and then through finned tubes where the heat is transferred to air 
circulated by multiple self-contained fans. The fans are automatically controlled to maintain a 
specific oil temperature range.

9.3.1

High Voltage Buses and Bus Ducts
Power from the main transformer is connected to the switchyard via transmission lines at 
high voltages (345kV, 500kV,...). Power from the normal station service transformers to the 
in-house loads is delivered via buses. The buses, usually made of copper or aluminum, are 
specially designed conductors in the form of a tube or bar. Buses that transport high voltages 
through the plant are normally supported by a protective housing or enclosure called a bus 
duct (see Figure 9-9). The bus duct may be made of insulating material or metal that is 
insulated from the high voltage bus within.

Isolated Phase Bus Ducts

The main generator output buses are connected by means of isolated phase (isophase) bus 
ducts to the main and normal station service transformers (see Figure 9-9). The isophase 
bus ducts originate at the high voltage terminals (22kV) of the main generator and terminate 
at the primary terminals of the main or service transformer. The use of isophase bus ducts 
allows for forced air cooling to carry the electrical current flow heat away from the bus.

9.3.2

9.3.2.1
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Figure 9-9: In-Plant Protective Bus Ducts

Protective Bus Ducts

Inside the plant, much medium voltage electricity is carried and distributed by buses in 
protective bus ducts. The bus duct consists of a metal or nonconductive housing that 
supports, encloses, and insulates the copper or aluminum bus bars within. Figure 9-9 
illustrates how the auxiliary transformer output is supplied to the switchgear cubicles via 
protective bus ducts. Switchgear may also be referred to as Load Centers, Motor Control 
Centers and, for smaller loads, Distribution Cabinets. Buswork is the term used for the metal 
bus bars inside the switchgear that conducts power to the circuit breakers mounted in the 
switchgear. Medium voltage and emergency (vital) switchgear is normally connected by bus 
ducts. Non-vital and low voltage switchgear is connected with electrical cables.

9.3.2.2
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Disconnects
A disconnect is a piece of conductor that can be easily removed from the circuit (and 
subsequently replaced) like a removable link. An electrical circuit symbol for a disconnect is 
shown in Figure 9-5.

Figure 9-5: Parallel Bus Arrangement

The purpose of a disconnect is to provide an additional, inexpensive way of isolating 
circuits. Disconnects are not used to interrupt circuits under load. The operating action of 
a disconnect is very slow when compared to a breaker. If a disconnect was opened under 
load, it would result in severe damage and possible injury to the operator. One use of 
disconnects is to isolate equipment, such as a large transformer or breaker. This is done by 
installing a disconnect in series on either side of the equipment or breaker. The breakers 
associated with a disconnect must be open to isolate the power source or load before the 
disconnect can be opened (or reclosed).

Switchyards have very elaborate disconnects because of the higher voltages that are 
encountered. These disconnects are usually found throughout the grid network. Higher 
voltages require a larger gap to ensure isolation, and more insulation from adjacent 
structures. Switchyard disconnects are usually operated by insulated levers or gear 
mechanisms at a convenient location. The lever may be operated manually or by a motor. 
The latter type of disconnect is called a motor-operated disconnect (MOD).
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Circuit Breakers and Breaker Control
Circuit breakers are current interrupting devices used to supply loads, and protect circuits 
faulted conditions. A circuit breaker consists of a set of contacts held closed by a mechanical 
latch. If an electromagnet or a thermal bimetallic strip generates enough force to unlatch the 
breaker, large tension springs rapidly force breaker contacts apart and the circuit is opened. 
For the operating mechanism shown in Figure 9-10, the breaker is initially shut by energizing 
the closing solenoid, which pushes upward, causing the operating linkage to be straightened 
out. Heavy springs are stretched and the trip latch keeps the breaker closed. If too much 
current is sensed, the solenoid trip coil is energized. Its core plunger is pushed out of the 
solenoid, releasing the trip latch. The large springs snap the circuit breaker contacts open, 
and the circuit is interrupted. A trip coil that is energized to trip is called a shunt trip coil. A 
trip coil that is deenergized to trip is called an undervoltage trip coil. Some breakers, such as 
reactor trip breakers, may have both a shunt trip and an undervoltage trip for redundancy/
reliability.

Figure 9-10: Solenoid Operated Circuit Breaker Operating Mechanism

When contacts of a switch or breaker separate with current through them, an arc develops. 
(An electrical arc is the passage of electrical current through an air gap between partially 
separated contacts.) Air at room temperature is a good insulator and will withstand relatively 
high voltages without permitting the passage of current. However, when air is heated to 
a few thousand degrees, air molecules become highly agitated and electrons from these 
atoms are easily freed to carry an electric current. When contacts of a breaker first separate, 
only a thin layer of cool air exists between the contacts. Even a moderate voltage between 
the contacts is enough to overcome the resistance of the thin layer of air and current will 
start to flow, forming an arc. The current flow rapidly heats the air between the contacts 
to extreme temperatures (9000F to 45,000F in some high voltage breakers). The high air 
temperature ionizes the air, lowers the air resistance, and allows current flow to continue 
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across the gap between the contacts. Eventually, the contacts move far enough apart that 
the air resistance becomes too great to sustain the arc. The arc extinguishes and the circuit 
is open.

To prevent circuit breaker damage due to the high temperatures, circuit breaker designs 
must include features that rapidly extinguish or dissipate the arc. Also, rapid extinguishment 
of the arc promptly stops current flow to the load.

Interruption of an AC circuit is different from interruption of a DC circuit. In a purely resistive 
AC circuit, current and voltage are in phase. Therefore, the arc will quickly be interrupted 
when voltage passes through zero. The gap between the breaker contacts must then be 
large enough in the next alternation to prevent reestablishment of the arc. In a DC circuit, 
the circuit breaker must open far enough such that the voltage required to maintain the arc is 
greater than the voltage existing between the open contacts.

Most AC loads are both resistive and inductive. Interrupting an inductive load presents a 
greater problem than interrupting a purely resistive load. With an inductive load current lags 
voltage to some degree. Therefore, current continues to flow during the time that applied 
voltage passes through zero. When current finally passes through zero, applied voltage 
will again exist. The lagging current tends to prolong the arc. This process is referred to as 
inductive kick. Therefore, the contacts in a circuit breaker installed in a normal AC circuit with 
inductive loads must open farther and/or faster to extinguish the arc.

Air Circuit Breakers
Of the many circuit breaker designs that exist to extinguish the arc produced by a breaker 
trip, the air circuit breaker (ACB) is the simplest. An ACB relies upon the air between the 
contacts to extinguish the arc and to open up the circuit. ACBs are used extensively in low 
and medium voltage applications, such as switchboards, switchgear groups, and distribution 
panels. In some medium voltage ACBs, a short puff of air is used to help extinguish the arc 
(see Figures 9-11 and 9-12).

9.4.1



USNRC HRTDREV 0817 9-24

Figure 9-11: Air Circuit Breaker Operation
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Figure 9-12: Load Center with Air Circuit Breakers

Most modern ACBs are called stored energy breakers and are rapidly closed by cam and 
spring arrangements rather than the relatively slow solenoid closing operation shown in 
Figure 9-10.

A cam-operated breaker sequence is shown in Figure 9-13. The cam operation shown in the 
figure is designated as a stored energy breaker because a charging motor or lever- operated 
ratchet mechanism is initially used to rotate the heavy cam into the crossover or ready 
position as shown in part A. At the crossover point the strong closing spring is fully stretched 
and poised to snap the cam all the way around. A spring retention pin is normally used to 
hold the cam in this semistable equilibrium position until the breaker is required to be closed. 
When the spring retention pin is released by a closing signal, the strong spring snaps the 
cam the rest of the way around to rapidly close the contacts.

Figure 9-13: Cam Operated Breaker Sequence
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The contacts are opened by another set of springs (the tripping springs) attached to the 
contact arm. These springs are stretched into tensile stress when the contacts are closed. 
Another retention device, called the tripper bar, holds the contacts closed against the tripping 
springs until an opening (trip) signal is received. The opening (trip) signal releases the tripper 
bar, which allows the tripping springs to pull the contacts open (apart). Once the breaker 
is open, the charging motor or manually operated lever can be used to rotate the cam into 
the ready position again (thus “charging” the closing spring) in preparation for repeating the 
cycle.

Air-Blast Circuit Breakers
Air-blast circuit breakers are commonly used for indoor high-voltage operations above 15 kV 
(see Figure 9-14).

Figure 9-14: Air Blast Circuit Breaker

9.4.2
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In the air-blast breaker, a control circuit signal opens a magnetic valve and admits 
compressed air to the top of a piston for the opening operation. As the piston moves 
downward, a mechanical linkage pulls back the contact arm, opening the contacts and 
drawing an arc. At the same time, the linkage opens the air blast valve, and compressed air 
is released through the blast tube directly into the arc path. As the contacts part, this blast of 
air carries the arc up through the arc splitter and into the arc chute where it is extinguished. 
The arc gases are cooled before they pass out into the atmosphere. When the contacts 
have opened enough to ensure an open circuit, the blast valve closes.

To close the breaker, the lower magnetic valve admits compressed air to the bottom of the 
piston, which closes the contacts at high speed. Air storage capacity provides two close-
and-open operations before more air is needed (depending on design). A pressure switch 
prevents operation of the breaker if air pressure falls below the set value for opening or 
closing.

Some switchyard gas blast breakers use sulfur- hexafluoride (SF-6) instead of compressed 
air. SF-6 has better arc extinguishing characteristics than compressed air. The SF-6 circuit 
breaker works very much like the compressed air breakers. A high pressure reservoir of 
gas is maintained in readiness and when the main contacts of the breaker part, a stream of 
high pressure gas is directed into the arc path to cool and extinguish it. The SF-6 gas is not 
exhausted to the atmosphere as the air is in the compressed air breaker. Instead, the SF-6 
gas is recycled into a low pressure sealed tank.

Oil Circuit Breakers
Oil circuit breakers (OCBs) are used for outdoor high-current or high-voltage duty. OCB 
contacts are submerged in oil and interrupt the current using the oil medium. Oil is a much 
better coolant and insulator than air.

The “dead tank” breaker is the most common type of OCB used for voltages above 13.8 kV. 
The name “dead tank” comes from the fact that the tank is at ground potential and insulated 
from the energized parts by oil. The actuating device (operator) is located outside the tank 
and moves a vertical actuator rod through a mechanical linkage (see Figure 9-15).

The dead tank breaker has two sets of contacts, the make-and-break bayonet contacts and 
the main contacts. The make-and-break contacts open and close inside the arc chamber. 
The arcing takes place inside this chamber when the contacts are opened or closed. When 
the make-and-break contacts are closed, low resistance contact is made between the make-
and- break bayonet contact and the stationary or tulip contact. The main contacts close 
immediately after the make-and-break contact and open immediately before them, thus 
carrying most of the current; however, no arc is drawn because contact has already been 
made by the make-and-break contact.

In the oil circuit breaker, the arcing takes place between the top of the make-and-break 
contact and the tulip contact. An arc chamber is provided to contain the arc.
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As the make-and-break contacts move downward, an arc is drawn. The arc produces a 
high-pressure bubble in the oil that keeps down arc energy. As the contacts enter the throat 
passage of the arc chamber, turbulent oil surges against the arc and extinguishes it. High 
gas pressure from the arc forces oil through the arc path. Complete withdrawal of the make-
and-break contacts lets the gas bubbles escape, and oil refills the arc chamber.

Figure 9-15: Oil Circuit Breaker

Vacuum Circuit Breakers
Vacuum circuit breakers (see Figure 9-16) provide another method of interrupting a circuit 
and are growing in popularity, particularly in the primary distribution voltage range. The 
principles of vacuum interruption are quite different from gas or oil breakers.

The contacts of a vacuum breaker are enclosed in a ceramic envelope or “bottle” that is 
evacuated to an extremely low atmospheric pressure, approximately .0023 in. Hg absolute. 
Although the physics of interruption are quite complex, the vacuum interrupter works 
because the arc no longer has a conducting path. Within the vacuum bottle there are no 
gasses to ionize; therefore, for all practical purposes, there can be no conducting path and 
the arc cannot be sustained. Figure 9-16 shows a cutaway view of a single pole vacuum 
interrupter. This device, deceptively simple in appearance, has a stationary contact firmly 
mounted on one end of the enclosure. The moving contact, which travels a very short 
distance from open to close (1 inch), is sealed to the other end of the envelope with a flexible 
metal bellows.
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Figure 9-16: Vacuum Circuit Breaker

Although the technology of design and manufacturing of the vacuum interrupters is 
extremely complex, circuit breakers using these devices are very simple in operation. 
They require only lightweight mechanisms to close and open the contacts, which are quite 
different from the massive mechanisms required for large oil and gas type circuit breakers.
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Breaker Control
A simplified wiring diagram for an ACB breaker control circuit is shown in Figure 9-17.

Figure 9-17: Breaker Control Circuit

Power for this control circuit is supplied from DC control power. Discussion of breaker 
operation will begin with the ACB breaker open and fully inserted into its switchgear cubicle 
(“racked in”). With the breaker initially open, the auxiliary switches or “b” contacts are closed. 
With the closing spring initially discharged, one limit switch contact (LS1) is also closed. The 
two closed contacts allow current to flow to the charging motor to rotate the cam and charge 
the closing spring. When the closing spring is fully charged and the cam is in ready position, 
the LS2 contact for the spring release relay closes. Then the LS1 contact for the charging 
motor opens to deenergize the motor. With the closing switch or pushbutton contact C open, 
the spring release relay remains deenergized and the ACB stays ready for operation. The 
“b” contact for the green indicating light is shut and the light is illuminated, indicating that the 
breaker is open.

To close the breaker the closing switch is operated, shutting contact C and energizing the 
spring release relay to remove the spring retention pin. The closing spring rotates the cam 
to shut the breaker, causing the “b”auxiliary contacts to open and the “a” auxiliary contacts 
to shut. The green light is deenergized and the red light illuminates. The LS2 contact for the 
spring release relay opens and the charging motor LS1 contact closes. To open the breaker, 
the control switch is placed in the trip position causing the “T” contact to shut. This circuit 
energizes the shunt trip coil, which moves the tripper bar to allow the tripping springs to 
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open the breaker. The opening action causes “b” contacts to close and “a” contacts to open; 
the red light is deenergized and the green light illuminates. When the “b” contact closes, 
the charging motor energizes again to rotate the cam and recharge the closing spring. The 
breaker is ready for closure again when the closing spring has been recharged (the cam is in 
the ready position).

Additional auxiliary contacts are provided on many breakers. These contacts can be used for 
position indication needed in other logic or control systems. Breaker compartment switches 
are used when racking the breaker out to the test position or for complete removal. In the 
test position the remote closing feature is defeated to prevent inadvertent actuation while 
testing. The full out limit switch is used to discharge the closing spring or to recharge it 
depending on whether the breaker is being racked out or in.

Protective Relays
System or circuit faults are isolated by opening circuit breakers. For circuit breakers 

designed to operate below 600 volts, overcurrent fault sensing is often accomplished 
by direct-acting series trip coils that are built into the breaker. A protective relay is an 
electrical switching device with one or more associated contacts that can be opened or 
closed to interrupt or complete breaker control circuits. The switching device is normally 
electromagnetically operated to open or close the contacts through a movable part called 
the armature. The armature is attracted against spring pressure when the electromagnet 
is energized, and released by spring pressure when the magnet is deenergized. Protective 
relays can  also be  operated by means other  than electromagnetic forces. With relay 
protection, a short circuit, an overload, or any other abnormal condition in the main circuit 
can be sensed to cause a relay to energize a trip coil control circuit that opens the breaker in 
the main circuit.

In breakers operating above 600 volts, fault sensing is generally accomplished by protective 
relays that are mounted within the breaker itself or externally. Protective relays can monitor 
many different complex circuit conditions: current and voltage, phase relations, direction 
of power flow, and frequency. When an unsafe condition is detected, protective relaying 
actuates contacts to complete the trip-coil circuit, causing the breaker to open to isolate 
the unsafe condition. In large breakers the trip circuit is usually a DC circuit supplied from 
an external source, such as the station batteries (vital DC). A pictorial representation of 
protective relays is shown in Figure 9-18.
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Figure 9-18: Protective Relays

Protective relays are often classified according to the time that will elapse between the 
occurrence of an abnormal condition and the opening of the circuit. Different durations of 
delays are used to set up the desired selective tripping protective scheme to protect the 
remaining distribution circuits. Three general classifications of protective relay types have 
been established: instantaneous or high-speed, definite time delay, and inverse time delay.

Instantaneous or High-speed

The time delay is omitted in instantaneous relays, such that the circuit is opened instantly 
upon the occurrence of an abnormal condition. These relays are used to protect against very 
high current short-circuit faults.

Definite Time Delay

Definite time delay relays are designed to have a specific time delay before actuating. The 
abnormal condition must exist for a set period of time before the relay will open the circuit 
breaker. The definite time delay relay is used to protect a circuit that is designed for current 
surges of short duration during equipment startup. The duration is not long enough to 
damage the circuit in the equipment.

Inverse Time Delay

The inverse time delay relay is also designed to have a time delay prior to activation. The 
length of time required to cause the relay to actuate to open the circuit depends on the 
severity of the abnormal condition. The greater the fault current, the quicker the relay will 
function.

9.5.1
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Fuses
A fuse (see Figure 9-19) is a current-carrying protective device that destroys itself to break 
(open) a circuit before the associated wiring and equipment are damaged. Most fuses 
cannot be reused.

Figure 9-19: Typical Fuses

The basic fuse consists of a strip of metal, generally zinc or an alloy of tin and lead, that 
will melt at a lower temperature than the wire in the circuit. The fuse is placed in series 
with the circuit. The fuse has a higher resistance than that of the circuit wiring, causing it to 
heat faster than the conductor. It should melt before damage occurs to the circuit wiring or 
equipment.

Fuses are rated by the current flow without melting the element. For example, a 20-amp fuse 
will permit 20 amperes of current to flow. If the current rises a little above 20 amps, the fuse 
will carry the overload for a short time without blowing (melting). However, if a large overload 
occurs, the fuse melts quickly before the circuit wires become hot. The most common types 
of fuses used in the power plant are discussed below.
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Low-Voltage Cartridge Fuse

In the cartridge fuse, the metal strip (element) is enclosed in a fiber tube. Metal caps at 
the ends of the tube are connected to the fuse element. Usually the tube is filled with a 
protective powder that helps to break the circuit quickly, preventing current from flowing in 
an arc between the unmelted portions of the fuse metal. When the one-time cartridge fuse 
has melted, it must be replaced with another fuse of the same rating. The cartridge fuse has 
ferrule or knife- blade type contacts.

High-Voltage Fuses

High-voltage fuses are used in circuits having more than 600 volts. This type of fuse is 
designed for safe interruption of current with high voltages. One example of a high-voltage 
fuse is the boric acid expulsion fuse shown in Figure 9-19. It consists of a glass tube lined 
with boric acid that acts as an extinguisher for the electric arc that would be created when 
the fusible bar or wire begins to open.

Special Onsite Distribution Equipment
Most nuclear plant electrical distribution systems include special equipment designed to 
improve the reliability and continuity of power to selected plant components. Automatic bus 
transfer devices use two AC power sources to maintain power continuity, while inverters 
use DC power, normally from a battery. Uninterruptible power supplies use both AC and DC 
power to accomplish the power continuity objective.

Automatic Bus Transfer Devices

One method of providing continuity of power to selected plant components is through the 
use of automatic bus transfer (ABT) devices. An ABT device is a device which senses 
normal bus voltage, and automatically transfers the load from the normal bus to a backup 
bus when voltage is lost on the normal bus. With two sources of power available, one 
supplying power to the equipment and the other in standby, a loss of the active power source 
is sensed by the ABT device and the component is automatically disconnected from the 
deenergized bus and connected to the standby bus. Depending on the design of the ABT 
device, the transfer may be performed fast enough to prevent the affected equipment from 
tripping on undervoltage.

9.7
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Inverters and Battery Chargers

An inverter is a device that converts DC power to AC power. A battery charger converts AC 
power to DC power. Both of these devices are normally solid- state components in modern 
nuclear plants. The relationship of an inverter and battery is shown in Figure 9-8.

Figure 9-8: Vital and Nonvital Subsystems

Normally, the battery charger is supplying all DC bus loads, while maintaining the battery 
fully charged. If the battery charger suffers a failure or loses power, the electron flow into 
the battery instantaneously reverses direction, and the battery supplies the 125V DC bus 
loads. The source of the electron flow (battery charger or battery) makes no difference to 
the inverter, which continues to use DC power from the DC bus to generate AC power. Of 
course, the battery charger must be returned to operation before the battery is exhausted.

Motor-Generator Sets

Modern inverters and battery chargers are normally solid-state components. Some older 
plants may use motor-generator sets to accomplish the same functions as battery chargers 
and inverters. An AC motor can be used to drive a DC generator to charge a battery with DC 
power, or a DC motor can be powered from a battery and be used to drive an AC generator 
to provide special-purpose, reliable AC power. In modern plants, motor-generator sets are 
sometimes used for these purposes if the load power requirements are greater than a solid-
state charger or inverter can provide.

9.7.2
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Uninterruptible Power Supplies

Figure 9-20 illustrates the basic components of an uninterruptible power supply (UPS). 
A UPS uses a battery charger and/or a rectifier, a battery, an inverter, a regulated AC 
transformer, and a static or manual transfer switch to supply continuous power to essential, 
low-power loads such as safety instrumentation. In a UPS these components are normally 
combined in one solid-state device.

Figure 9-20: Uninterruptible Power Supply (UPS)

If voltage is lost from the normal AC source, the battery will instantaneously reverse its 
current flow direction and send power to the inverter to produce AC power. As shown in 
Figure 9-20 for a UPS, the addition of the regulated transformer and the transfer or bypass 
switch allows the inverter to be bypassed if it develops a fault or needs maintenance. 
The bypass switch may be a static transfer switch (automatic device) to maintain an 
uninterrupted AC power output from the UPS, or it may be set up for manual operation only.
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Batteries
The batteries used for supplying DC power are made up of voltaic cells. The cells used in 
station batteries are rechargeable and provide power by electrochemical means. Although 
differing widely in construction, all battery cells have an electrolyte, anode, and cathode, as 
well as a nonconducting container.

A chemical reaction in the electrolyte takes place at the anode and the cathode, and 
produces an electrical potential at the respective terminals. Completing an external circuit 
between the anode and cathode will allow current to flow. One of the more commonly used 
batteries is composed of cells with a lead peroxide cathode, a sponge lead anode, and uses 
a sulfuric acid electrolyte. Porous sponge lead rather than lead plate is used for the anode 
to provide increased surface area for the electrolyte to contact and the chemical action to 
occur.

Cells may be externally connected in a variety of ways to yield a number of terminal voltages 
and amperages. Series connections of the cells raise the voltage in increments while parallel 
cell connections increase the current available. A combination of these wirings is generally 
used to achieve a convenient voltage and high capacity. Battery capacity is measured in 
ampere-hours and is based upon the battery delivering X number of amps for Y number of 
hours.

9.8

Cells and Batteries
To discuss cells and batteries, we must first define these terms. An electrochemical cell 
refers to a single unit that converts chemical energy into electrical energy. A battery is a 
combination of two or more cells.

Batteries may be much smaller than other energy sources such as mechanical generators 
or transformer power supplies in radio and television receivers. They do not have the noisy 
moving parts like mechanical generators. Batteries do not develop any appreciable electrical 
noise such as the static caused by sparking of the brushes in a generator. Batteries need 
only a small amount of maintenance and are usually dependable. However, batteries are 
limited in size for a specific current rating and are sensitive to temperature variations.
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Construction of a Lead-Acid Storage Battery
The lead-acid battery is an electrochemical device for storing chemical energy until it is 
released as electrical energy. Active materials within the battery react chemically to produce 
a flow of direct current whenever current consuming devices are connected to the terminal 
posts. Current is produced by chemical reaction between the active material of the plates 
(electrodes) and the electrolyte (sulfuric acid). The parts of a lead-acid battery are illustrated 
in Figure 9-21 and are discussed in the following paragraphs.

Figure 9-21: Lead Acid Battery Construction

A lead-acid battery consists of multiple cells connected together. The number of cells needed 
depends upon the voltage needed.

Each cell consists of a hard rubber, plastic or bituminous material compartment into which 
is placed the cell element, consisting of two types of lead plates, known as positive and 
negative plates. These plates are insulated from each other by suitable separators (usually 
made of plastic, rubber, or glass) and submerged in a sulfuric acid solution electrolyte.

9.8.2



USNRC HRTDREV 0817 9-39

The plates are formed by applying lead oxide paste (PbO) to a grid made of a conductive 
alloy. The plates are put through separate electrochemical processes that convert the PbO 
of the positive plates into lead peroxide (PbO2) and the PbO of the negative plates into 
spongy   elemental  lead (Pb), which is honeycombed and porous.

The positive plates (lead peroxide) and the negative plates (spongy lead) are referred to as 
the active material of the battery.  However, these materials alone in a container will cause 
no chemical action unless there is a path for interaction between them. The electrolyte 
provides this path for interaction and carries the electric current within the battery.

A battery container is the receptacle for the cells that make up the battery. Most containers 
are made from hard rubber, plastic or bituminous composition that is resistant to acid and 
mechanical shock, and is able to withstand extreme weather conditions. Most batteries are 
assembled in a one-piece container with compartments for each individual cell.

Cell connectors are used to connect the cells of a battery in series. The element in each 
cell is placed so that the negative terminal of one cell is physically located adjacent to the 
positive terminal of the next cell; they are connected both physically and electrically by a cell 
connector. Connectors must be of sufficient size to carry the current demands of the battery 
without overheating.

The cells have vent openings with covers made of permeable material to permit the slow 
escape of hydrogen gas that may form within the cells, while preventing leakage of the 
electrolyte. These openings are also used to determine the level and chemical state of the 
electrolyte.

Storage Battery Operation
In the charged condition, electrodes in the lead-acid battery are lead peroxide (positive plate) 
and sponge lead (negative plate). The electrolyte is a mixture of sulfuric acid and water. The 
strength (acidity) of the electrolyte is measured in terms of specific gravity. Specific gravity 
is the ratio of the weight of a given volume of electrolyte to the weight of an equal volume of 
pure water. Concentrated sulfuric acid has a specific gravity of about 1.830; pure water has 
a specific gravity of 1.000. The acid and water are mixed in a proportion to give the desired 
initial specific gravity. For example, an electrolyte with a specific gravity of 1.210 requires 
roughly one part of concentrated acid to four parts of water.

In a fully charged ideal battery, the positive plates are pure lead peroxide and the negative 
plates are pure lead. Also, all acid is in the electrolyte so that the specific gravity of the 
electrolyte is at its maximum value. The active materials of both the positive and negative 
plates are porous, and have absorption qualities similar to a sponge. The pores are filled 
with the battery solution (electrolyte) in which they are immersed.
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When sulfuric acid (H2SO4) is diluted in water, the following ionic dissociation occurs:

H2SO4 + 2H2O → 2H3O
+ + SO4-

The basic chemical reaction occurring at the negative plates when the cell discharges 
(produces current) is the loss of electrons by the lead (oxidation) and the formation of lead 
sulfate, PbSO4-

Pb + SO4 ÷ PbSO4 + 2e

At the positive plates, lead peroxide gains electrons (is reduced) and passes into solution 
as Pb++ ions (reduction). The Pb++ ions combine with SO-- ions, again forming lead sulfate, 
PbSO4:

PbO2 + SO4-- + 2e → PbSO4 + 6H2O

These equations show that an excess of electrons is produced at the negative plates and 
that electrons are consumed at the positive plates. Thus, a flow of electrons (current) occurs 
during discharge when an external conduction path is provided between the negative and 
positive plates. The equations also show that as the cell discharges, a coating of insoluble 
lead sulfate (PbSO4) builds up on both the positive and negative plates. The PbSO4 causes 
an expansion of the materials and a gradual clogging of the voids or pores of the plates. 
If the   discharge is prolonged excessively, expansion may take place resulting in uneven 
swelling of the spongy lead, which creates mechanical stresses that may reduce the battery 
life.

During the discharge process, the conversion of the electrolyte ions to lead sulfate and 
water causes the acid concentration of the electrolyte to decrease, which decreases the 
specific gravity of the electrolyte. When so much of the active material has been converted 
into lead sulfate that the cell can no longer produce sufficient current, the cell is considered 
discharged.

If the discharged cell is then connected to a DC charging source with a voltage slightly 
higher than the cell voltage, electrons will flow into the cell in the opposite direction from that 
occurring during discharge, and a charging process will occur. The cell will use the electrons 
to convert the lead sulfate and water back into the initial active constituents. During charging 
operations, lead sulfate is converted to lead at the negative plates and lead sulfate is 
converted to lead peroxide at the positive plates, resulting in a gain of porosity (sponginess) 
in the plates. At the same time the sulfate ions are restored to the electrolyte with the results 
that the specific gravity of the electrolyte increases. The chemical reactions occurring during 
the charging process are as follows:
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PbSO4 + 2e-  → Pb + SO4- (negative plate)

PbSO + 6H2O → PbO2 + 4H3O
+ + SO-4 + 2e- (positive 

plate)

Figure 9-22 illustrates the chemical actions that occur during discharge and charging 
operations.

Figure 9-22: Basic Chemical Action of a Lead-Acid Storage Battery
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One of the dangers involved in using lead-acid storage batteries is the production of 
hydrogen gas. Hydrogen ions are always present in the sulfuric acid electrolyte. The 
hydrogen ions are readily available to react with free electrons at the cathode during battery 
discharge operations, or at the anode during battery charging operations, to produce free 
hydrogen, which immediately coalesces to form hydrogen gas by the following reaction:

2H+ + 2e- → 2H → H2

The slow production of hydrogen gas during normal battery operations can be dissipated 
through the porous vent caps on the cell tops. The use of excessive charging voltage 
during battery charging operations could cause rapid hydrogen production and lead to the 
possibility of a hydrogen explosion.

An inspection of the reactions that occur during the battery discharge operations shows 
that the SO4- ion and the H3O ion are “consumed” in producing the lead sulfate coating and 
water that result from these reactions. The SO-- ion and the H O+ ion are the constituents 
of the sulfuric acid. Therefore, the sulfuric acid is being continuously consumed during 
the discharge operations to produce the discharge current flow. The discharge reaction 
equations show that the greater the discharge current flow rate is, the faster the sulfuric acid 
is consumed.

An inspection of the reactions that occur during charging operations shows that lead 
sulfate and water are converted back to H3O+ and SO4- ions. Therefore, the sulfuric acid 
is continuously regenerated during the charging operations. Similar to the discharge 
operations, the greater the charging flow rate is, the faster the sulfuric acid is regenerated.

The total amount of sulfuric acid consumed at any time during discharge operations is 
directly proportional to the total amount of current discharged. Therefore, the specific gravity 
of the electrolyte can be used to determine the state of discharge of the lead- acid cell. A 
similar relationship holds during charging operations. Therefore, the specific gravity of the 
electrolyte in battery cells is routinely measured to determine the state of discharge (or 
charge) of the battery.

In summary, the chemical reactions in a lead-acid storage battery during charging and 
discharging may be conveniently summarized by a combined, reversible chemical equation:

Discharging yields: PbO2 + Pb + 2H2SO4 + 2PbSO4 + 
2H2O2
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During discharge the combined reaction proceeds from left to right as both the positive 
plates (lead peroxide) and the negative plates (sponge lead) react with the sulfuric acid to 
produce current flow. During discharge both plates become coated with lead sulfate PbSO2 
and electrolyte H2SO4 is diluted by the formation of water. During charging operations the 
combined reaction proceeds from right to left as electrical current from an outside source 
is used to convert the lead sulfate and water back into the original constituents: lead 
peroxide on the positive plates, sponge lead on the negative plates, and sulfuric acid in the 
electrolyte.

Hydrometer
The specific gravity of a cell can be determined by use of a hydrometer, which consists of 
a float within a syringe. The hydrometer float is a hollow glass tube weighted at one end 
and sealed at both ends. A scale calibrated in specific gravity is laid off axially along the 
body (stem) of the tube. When the electrolyte to be tested is drawn up into the syringe, 
the hydrometer float will sink to a certain level in the electrolyte. The distance that the 
hydrometer stem protrudes above the level of the liquid depends upon the specific gravity of 
the solution. The reading on the stem at the surface of the liquid is the specific gravity of the 
electrolyte in the syringe.

9.8.4

Potential Difference and Current
The potential difference or voltage of a cell is determined by the ease with which the 
electrodes yield positive or negative ions. The potential difference is determined by the 
types of materials used in the cell. The size of the cell or any of its parts does not affect the 
potential difference the cell is capable of producing.  As an example, the materials used in 
the lead acid cell will always produce a  potential difference of 2.1 volts per cell when fully 
charged. If we change the material of one of the electrodes in a cell, we will change the 
potential difference of the cell.

On the other hand, the amount of current produced by a cell is determined by the size of the 
electrodes (assuming the concentration (specific gravity) and quantity of the electrolyte is 
adequate). The greater the volume of the active material in the electrodes, the greater the 
current capacity of the cell.

9.8.5
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Cell Capacity
The capacity of a storage cell, expressed in ampere hours, is the product of the discharge 
current in amperes multiplied by the number of hours the cell will maintain that current. It is 
understood that the cell must be fully charged at the start of the discharge, when determining 
its capacity. The ampere hours that may be obtained from a battery are greater for a long, 
low rate or intermittent rate of discharge, than for a short, high rate of discharge. This is 
because the voltage drops faster at the higher rate.

All batteries are given a capacity rating, which is the ampere hours obtainable under certain 
working conditions. Suppose a typical battery used as a backup source of power for the AC 
instrument bus inverters is rated at 800 ampere hours at an 8 hour rate. This means that 
over an 8 hour period, the battery is capable of supplying 800 amperes, or 100 amperes per 
hour. A greater capacity can be obtained if the discharge rates are made lower; conversely, 
the capacity is reduced as the discharge rate increases. This characteristic is the reason that 
battery loads must be minimized during a “blackout” or loss of all AC power (including failure 
of standby power sources).

The capacity of a cell is also affected by the temperature at which it is operated. Usually, the 
capacity decreases when a cell is operated at low temperatures. In fact, at about 30C, most 
electrochemical cells stop supplying energy because the electrolyte freezes.

9.8.6

Battery Chargers
When a new battery is shipped dry, the plates are in an uncharged condition. After the 
electrolyte has been added, the plates must be converted into the charged condition. This 
is accomplished by giving the battery a long low-rate initial charge that is referred to as a 
freshening charge.

A normal or regular charge is given to the battery on a periodic basis, or if necessary to 
restore the energy taken out on a discharge. This regular charge should be given at the 
normal rate specified by the manufacturer.  If it is necessary to hasten the charge, a higher 
rate may be used, provided it is reduced from time to time to prevent excessive hydrogen 
production.

An equalizing charge is an extended normal charge. This type of charge is performed 
periodically to ensure that all the sulfate is driven from the plates and that all the cells are 
restored to  a maximum specific gravity.

The practice of keeping a battery connected to a bus in readiness to take unexpected, 
emergency or high momentary loads is well established. Such batteries are continually 
maintained in a fully or almost fully charged condition by receiving a continuous charge at 
an extremely low rate, just enough to counteract the small internal losses that are present 
in every storage battery. Periodic regular charges are given to the battery at slightly higher 
voltages to break up any stagnation in the electrolyte.

9.8.7
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Emergency Responses
Although the electrical distribution system is also needed for normal operations, the critical 
design functions for the system involve the provision of reliable power to the safety-related 
equipment during emergencies.

9.9

Plant Trip
During a plant trip, the main generator will disconnect from the grid. If the main generator 
was supplying onsite loads through an auxiliary transformer, the opening of the generator 
breakers may initiate an automatic fast transfer such that the reserve supply breakers will 
close to provide power to the plant directly from the grid. The fast transfer will include the 
emergency or vital buses if they were not already being powered directly from the grid. In 
many plants, the transformers for plant loads are located on a branch off the line from the 
switchyard to the main generator as shown for the NSSTs in Figure 9-7. At these plants there 
is normally no need for a fast transfer on a plant trip; power is instantaneously backfed from 
the grid through the main transformers to the normal service station transformers so there is 
no loss of normal power. For either arrangement, the emergency diesel generators remain 
shut down on a normal plant trip, and there is no significant perturbation on the vital (safety-
related) buses.

Figure 9-7: Typical Offsite Distribution System

9.9.1
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Loss of Offsite Power
For a loss of offsite power, the plant will trip, and the emergency diesel generators will be 
automatically started when the loss of voltage on the vital buses is sensed. Each diesel 
generator breaker will close automatically when the associated diesel generator attains rated 
speed and voltage. If all the emergency pump motors were still connected to the vital buses, 
they would all try to start the instant the breaker closed. The combined starting currents of 
all the emergency motors would put a serious overload on the diesel generator, causing a 
diesel trip and/or other possible damage. This unsatisfactory situation is prevented by using 
load shedding (see Table 9-1), which is the automatic disconnection of all the major loads on 
the vital buses when the loss of vital bus voltage is initially sensed.

Note that if the normal supply for the emergency buses is from the non-vital buses, the load 
shedding function will also include disconnecting all the non-vital connections from the vital 
buses. Also note that some loads will remain continuously connected to the vital buses, but 
these will be small, essential loads such as instrumentation and communications.

Load sequencing (see Table 9-1) is the term applied to the staggered time sequence that 
is used for reloading the major emergency loads back onto the vital buses after the diesel 
generator breaker has closed. The loads are sequenced to start in a predetermined order 
with a spacing of 5 to 10 seconds. The time spacing allows the large motor starting currents 
to subside before each additional motor is started. If diesel loading allows, some non-vital 
loads may be subsequently manually restarted by the operators.

9.9.2

Safety Injection and ECCS Actuation
For a safety injection or Emergency Core Cooling actuation, the plant is scrammed or tripped 
and the emergency diesel generators are automatically started as a precautionary measure. 
Normally, the electrical power supply response is essentially identical to a plant trip. Except 
that the emergency diesel generators run unloaded.

If offsite power is subsequently lost during a safety injection/ECCS actuation, load shedding 
is again actuated causing all major loads and any nonvital bus ties connected to the vital 
buses to be automatically disconnected. Since the diesel generators are running the output 
breakers will close almost immediately and load sequencing will begin.

The order in which emergency loads are sequenced onto the vital buses on a loss of offsite 
power after a safety injection/ECCS actuation signal normally differs from a simple loss of 
offsite power situation. Loads used for a loss of coolant accident need priority during such an 
emergency but not during a simple loss of offsite power.

9.9.3
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Chapter Overview
The purpose of this module is to assist the trainee in recognizing basic information and 
terminology as used in power plant piping.  This module is designed to assist you in 
accomplishing the learning objectives listed at the beginning of the module. 

Learning Objectives

After studying this chapter, you should be able to:

1. Recognize the purpose of the following piping components and be able to identify
them, when applicable, on a piping and instrument drawing:

a. Flanges (including spectacle and blind flanges)

b. Reducers

c. Snubbers

d. Strainers

e. Filters

f. Traps

g. Accumulators

2. Recognize the purposes of valves in piping systems.

3. Recognize the effect of valve position on back pressure and flow rate in piping
systems.

4. Describe the purpose of the following valve components:

a. Disk

b. Seat

c. Body

d. Bonnet

e. Stem

f. Packing

g. Actuator

10.0

h. Backseat
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5. Recognize attributes and applications of the following valve types:

a. Gate valve

b. Globe valve

c. Diaphragm valve

d. Butterfly valve

e. Plug valve

f. Ball valve

g. Needle valve

h. Check valves (including swing, lift, stop, ball, and excess flow)

i. Relief valve

j. Safety valve

6. Recognize what is meant by pressure-relief valve terms:

a. Accumulation

b. Blowdown

c. Chatter

d. Gagging device

7. Recognize the attributes and application of the following valve actuator types, including
the valve position indication used for each:

a. Manual

b. Motor operated

c. Solenoid operated

d. Pneumatic operated

e. Hydraulic operated

f. Squib

8. Recognize the following terms as they apply to motor-operated valves:

a. Seal-in feature

b. Throttle feature
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c. Position limit switches

d. Torque limit switches

e. Worm gear

f. De-Clutching Lever 

9. Given a piping and instrumentation drawing (P&ID) for a system, recognize the normal 
flow path. For each valve shown, recognize the type of valve and actuator, and its 
failure position.

10. Recognize what is meant by thermal binding and pressure locking of valves.

11. Recognize what can cause water hammer and its potential consequences.
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Introduction
Piping is a term used to describe a connected assembly of pipe or tubing, valves, fittings, 
and related components forming a system (or part of a system) for transferring gases and 
liquids. It is difficult to define the difference between pipe and tubing. In regular, commercial 
usage, no clear distinction is made. The manufacturer decides whether the product is called 
pipe or tubing. In modern power plant application, the distinction is generally one of custom. 
The boiler and heat exchangers are considered to be constructed from tubing. The steam 
and water are transported throughout the rest of the system in pipes. Generally, tubing is 
internal to components and piping is external and connects large components.

For the purposes of this lesson, no specific distinction will be made between pipe and tubing.

10.1

Pipes
Power plants use many different types of pipe. The type used for a specific application 
depends on the temperature, pressure, and corrosive effects of the liquid or gas to be 
transported.  The pipe materials are selected on the basis of the requirements found in the 
various codes and standards.

10.2

Piping Standards
Standardization in the piping industry is the function of many groups, among whom are 
the American Society for Testing and Materials (ASTM), the American National Standards 
Institute (ANSI), the American Water Works Association (AWWA), and the Pipe Fabrication 
Institute (PFI); in addition, specifications have been issued by several governmental 
agencies to cover work on federal installations.

The ASTM has as its aim the “promotion of knowledge of materials of engineering, and 
standardization of specifications and methods of testing.”  It is concerned with chemical 
and physical properties of piping (and other materials or products) as delivered from the 
fabricating mill.

The ANSI deals with overall piping systems.  It standardizes dimensions, sets permissible 
stress values as functions of temperature, establishes working formulas for determination 
of wall thickness as determined by pressure and material at a given temperature, specifies 
general character of construction of valves and fittings, deals with the support, anchoring, 
and flexibility of a piping system and, in general, sets up a code of minimum requirements 
for the safety and reliability of a system.  The work done by this organization has culminated 
in hundreds of standards for individual materials, published in several issues of its Code for 
Power Piping and related publications.

10.2.1
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The AWWA was one of the first groups to realize the importance and advantage of 
standardization of cast-iron pipe and fittings.  Its standard, first published in 1908, has been 
superseded by ANSI publications.

The PFI has been active in preparation of standards dealing with shop fabrication, 
particularly in standardizing the techniques for preparation of pipe ends prior to welding.

Pipe Size and Schedule
As shown in Table 10-1, pipe size is given by a nominal pipe size, which is a “round number” 
or approximation of the pipe diameter.  Table 10-1 lists the nominal pipe size and the inside 
and outside diameters for standard pipes.  When the nominal pipe size is 14 inches or larger, 
nominal pipe size and outside diameter are equal.  When the nominal pipe size is 12 inches 
or smaller, nominal pipe size approximates the pipe inside diameter, depending on the pipe 
wall thickness.

10.2.2
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Nominal 
Pipe Size 
(Inches)

Outside 
Diameter 
(Inches)

Identification

Wall 
Thickness 
(Inches)

Inside 
Diameter 
(Inches)

Steel Stainless Steel

Iron Pipe 
Designation

Schedule 
Number

Schedule 
Number

6 6.625

- - 10S 0.134 6.357

STD 40 40S 0.280 6.065

XS 80 80S 0.432 5.761

- 120 - 0.562 5.501

- 160 - 0.719 5.187

XXS - - 0.864 4.897

8 8.625

- 30 - 0.277 8.071

STD 40 40S 0.322 7.981

- 60 - 0.406 7.813

XS 80 80S 0.500 7.625

- 100 - 0.594 7.437

- 120 - 0.719 7.187

- 140 - 0.812 7.001

XXS - - 0.875 6.875

- 160 - 0.906 6.813

10 10.750

STD 40 40S 0.365 10.020

XS 60 80S 0.500 9.750

- 80 - 0.594 9.562

- 100 - 0.719 9.312

- 120 - 0.844 9.062

XXS 140 - 1.000 8.75

12 12.75

STD - 40S 0.375 12.000

- 40 - 0.406 11.938

XS - 80S 0.500 11.750

- 60 - 0.562 11.626

- 80 - 0.688 11.374

- 100 - 0.844 11.062

XXS 120 - 1.000 10.750

Table 10-1: Pipe Data 1
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In addition to diameter, the other primary pipe dimension is wall thickness.  The designations 
STD, XS, and XXS in Table 10-1 refer to standard, extra strong, and double extra strong 
pipe, respectively.  These designations of pipe wall thickness will sometimes be encountered 
in plant piping systems.  These designations were in common use years ago, but there 
were no provisions for thin-walled pipe and no standard thicknesses between the three 
designations.  Schedule numbers allow for specifying more exactly the wall thickness and, 
therefore, the pipe strength needed to meet actual use requirements.  The pipe schedule 
number refers to the pipe wall thickness.  

The third through fifth columns of Table 10-1 relate iron pipe designations to the schedule 
numbers for steel and stainless steel.  The last two columns in Table 10-1 give wall thickness 
and inside diameter.  (Note: This is not a complete pipe data table, as found in industry 
standards.  Other data that may be found include weight of pipe per foot, cross-sectional 
area, and volume (cubic feet) per running foot.)

Schedule number is determined approximately by the equation:

Schedule No. = 1,000 x P/SE,

where

P  = operating pressure, and

SE  = allowable stress range of pipe     material.

Example:  Find the required schedule of ASTM A-155 Class 1 pipe operating at 850 psi and 
650°F.

Table 10-2 lists the SE value as 11,250 psi. Using the above equation:

Schedule No. = 1,000 (850/11,250) = 75.6

In this example, schedule 80 would be specified.
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ASTM spec 
No. Grade

Spec 
min 

Tensile

Longitudinal 
joint  

efficiency 
factor

P 
No.

Max allowable stress value lb/in2 for metal 
temperatures not exceeding °F

650 750 850 950 1050 1150

Pipe butt 
-Welded, 
A53 Carbon 
Steel, A72 
Wrought Iron, 
Lap-Welded 
A72 Wrought 
Iron Electric 
Fusion 
Welded, A134 
Carbon Steel

45,000 0.60 1 6,750

42,000 0.80 2 6,300

A245 
A

48,000 2 8,400

A245 
B

52,000 1 8,000

A254 
C

55,000 1 10,100

A283 
A

45,000 1 8,300

A283 
B

50,000 1 9,200

A283 
C

55,000 1 10,100

A283 
D

60,000 1 10,100

A139 A 48,000 0.80 1 9,600 8,300

B 60,000 0.80 1 12,000 9,950

A155, Class I C45 45,000 1.00 1 11,250 9,700

Class II C45 45,000 0.90 1 10,100 8,700

Class I C50 50,000 1.00 1 12,500 11,000

Class II C50 55,000 0.90 1 11,250 9,900

Table 10-2: Allowable Stress Values For Temperatures 650° to 1150°F
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Pipe Materials and Applications
Piping is available in both ferrous and nonferrous materials.  Cast iron and steel represent 
the ferrous class; brass, copper, aluminum, and lead are nonferrous metals which have 
wide applications as piping materials.  Concrete, wood, tile, and plastic have found general 
acceptance for specific usages.

Carbon-Steel Pipe

Carbon steel is the most widely used piping material in a modern power plant. Carbon steel 
is used unless the temperature of the fluid is high (above 750°F) or the fluid is corrosive or 
abrasive. When it is necessary to eliminate the possibility of contaminating the fluid with rust 
or scale, other materials such as copper or stainless-steel pipe are used. Some examples 
of these applications are lubricating systems, instrument air systems, control air systems, 
and water sampling systems. It is critical that these systems be maintained free of foreign 
particles and contamination. The bearings lubricated by the lubrication systems can be 
scored or scratched by foreign debris, and the small orifices in instrument air systems can 
become clogged. 

A clogged control air system will not perform its function, and water samples that are 
contaminated will not yield valid test results.  Thus, these systems require extremely pure 
conditions.

Stainless-Steel Pipe

Stainless-steel pipe is normally used where operating conditions limit the use of carbon 
steels.  These conditions include high temperature and the presence of corrosive fluids.  
Systems where rust and scale must be prevented may also use stainless-steel pipe.  
Stainless steel is used throughout the Reactor Coolant System where low corrosion rates 
are imperative.  Excess corrosion products can be transported to the reactor and become a 
major radiation source.

Chromium-Molybdenum Pipe

Chromium-molybdenum-alloy steel pipe is also used in some high pressure, high 
temperature systems.  This type of pipe is available with different percentages of chromium 
and molybdenum.  The chromium alloy of steel resists corrosion and has increased strength 
and creep resistance.  Common upper limits of pressure and temperature for chromium-
molybdenum pipe are approximately 1500 psig and 875°F. 

10.2.3

10.2.3.1

10.2.3.2

10.2.3.3
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Cast-Iron Pipe

Cast iron is one of the oldest pipe materials in use.  Although once used exclusively for 
power plant piping, cast-iron pipe today is used only for water or gas distribution and sewage 
disposal because its resistance to soil corrosion makes it a good underground pipe.

Concrete Pipe

Concrete pipe is typically used for large underground piping, such as sewage and circulating 
water systems.  The pipe is constructed of concrete reinforced longitudinally with bars and 
transversely with wire mesh and steel bands.  It is manufactured in sections of specified 
length and is designed to provide for interlocking sections to form a continuous line of pipe 
that is free from leakage or seepage.

Piping Components
Piping components consist of many different options and categories. We will discuss six of 
these categories including:

1. Pipe Hangers, Supports, and Snubbers

2. Flanges

3. Reducers

4. Strainers and Filters

5. Traps

6. Accumulators

10.3

Pipe Hangers, Supports, and Snubbers 
Piping must be supported to prevent its weight from being transferred to attached 
equipment.  Pipe hangers prevent the sagging of pipe but allow for slight movement of piping 
that results from expansion and contraction and normal vibration.  The hangers and supports 
must be designed for piping movement in all directions.

Hangers must carry the weight of pipe, valves, fittings, and insulation, plus the weight of the 
fluid inside the pipe.  Power plant personnel should be familiar with the different types of pipe 
hangers and be able to determine when undue stress is being exerted on a hanger.

10.3.1

10.2.3.4

10.2.3.5
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The hangers and supports most commonly used in power plants are:

• adjustable hangers

• variable spring hangers

• constant supports

• roller stand supports

• snubbers

Adjustable Hangers

Adjustable hangers (see Figure 10-1) do not allow for any vertical movement of the system. 
A simple strap may be used if horizontal pipe motion is not a factor; a roller can be used if 
some horizontal movement is expected. These hangers are also commonly referred to as 
rigid hangers. Vertical movement is prevented by use of an integral turnbuckle assembly. A 
turnbuckle is a metal coupling used for tightening a rod or wire rope, having an oblong piece 
internally threaded at both ends into which a threaded rod is screwed.

Figure 10-1: Common Adjustable Hangers

10.3.1.1
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Variable Spring Hangers

Variable spring hangers (see Figure 10-2) permit piping to move up or down without 
suddenly disturbing the load distribution.  This type of hanger supports pipe runs that may 
be subjected to slight vertical movements.  Variable spring hangers also support piping that 
may be shifted horizontally as a result of the movement of attached equipment or piping.  An 
example would be thermal expansion of a vertical piping run that is followed by a 90° elbow 
and a horizontal run.

Figure 10-2: Variable Spring Hanger

Variable spring hangers also provide a cushion for the piping system.  Plant personnel 
should observe these hangers closely to make sure the load is balanced and the springs are 
not fully compressed (“bottomed”).  Each hanger is equipped with a load indicator and a load 
scale.  The scale is normally marked with an “H” or “C” to denote the correct load reading 
when the supported piping is hot or cold.

10.3.1.2
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Constant Supports

Constant supports (see Figure 10-3) have a coiled helical spring that moves as the pipe 
moves to provide constant support.  This type of support is used when vertical movement is 
substantial.  Critical piping systems such as the main steam system usually have constant 
supports.

    

Figure 10-3: Constant Support

The constant support is factory adjusted to support a specified load.  However, spring 
compression may be readjusted by tightening or loosening the spring tension.  Constant 
supports should be inspected periodically to prevent the spring from being fully compressed.  
Constant supports are also fitted with the load indicator and markings on the scale.

10.3.1.3
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Roller Stand Supports

Roller stand supports (see Figure 10-4) may be bolted to beams or floors; they may be 
adjustable or nonadjustable.  The adjustable type can be raised or lowered by four adjusting 
screws to match pipe position.  This type of support allows for unrestricted horizontal 
movement along the piping run.  A typical use of roller stand supports would be to support 
the long horizontal run of a piping system that is expected to expand and contract as it 
warms and cools.

Figure 10-4: Roller Stands

10.3.1.4
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Snubbers

Snubbers (see Figure 10-5) are special application supports that are designed to allow 
gradual movement such as thermal growth, but resist sudden pipe movement from events 
such as earthquakes, fault loading (pipe whip), and vibration or shock.  Many piping systems 
in a nuclear power plant must remain intact under seismic events or accident conditions to 
ensure plant and equipment reliability.  These systems make extensive use of snubbers.

  

Figure 10-5: Hydraulic Snubber Basic Arrangement

The most common type of snubber is the hydraulic type.  In this design, the movement of a 
pipe drives a piston in the cylinder of the snubber.  The piston forces hydraulic fluid to move 
past a spring-loaded check valve.  For normal movement such as during thermal growth or 
expansion, the fluid movement is small and is not restricted by the check valve.  If the pipe 
movement is rapid, as during an earthquake, the sudden increase in hydraulic pressure 
at the check valve will seat the check valve and create a “hydraulic lock” on the operating 
piston.  A small “bleed valve” is provided to slowly release the hydraulic lock to allow normal 
operation to resume.  Most snubbers are a double-acting type to restrain the pipe in both 
directions.

Plant designers have often specified snubbers for other than rigid seismic supports to 
preclude the need to redo thermal flexibility analysis.  This approach is more expedient 
and often more economical than an extensive re-analysis.  It is also more conservative, 
assuming the snubbers function properly.  Procedures such as this have yielded adequate 

10.3.1.5
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support under dynamic (rapid) loadings and lower stress during normal operations.  
However, subsequent operational problems have raised questions about snubber availability 
and have led to tremendous increases in surveillance frequency to ensure their availability.

Snubber failures have occurred for many reasons.  Contaminated hydraulic fluid changes 
clearances and bleed rates; failed seals and “O” rings destroy the hydraulic action; cracked 
reservoirs and loose fittings cause hydraulic fluid loss; and freezing or overheating can 
damage the internals.  In short, the small clearances and complicated design have produced 
failure rates far in excess of expectations.  

Although snubbers have only minor impact for normal operations (e.g. increased 
surveillances and maintenance), a heavier penalty can be exacted under earthquake 
loadings.  Under such dynamic loadings the snubbers lock up and stiffen the piping system.  
By increasing the stiffness, the relative displacement loads resulting from differential support 
movements may actually be increased.  Adding snubbers beyond an optimum number could 
make the system more susceptible to the event they were designed to protect against.

Flanges
A pipe flange (see Figure 10-5A) is a disc, collar or ring that attaches to a pipe with the 
purpose of providing increased support for strength, blocking off a pipeline or implementing 
the attachment of more items.  Pipe flanges are usually welded or screwed to the pipe 
end and are connected with bolts.  A gasket is inserted between the two mating flanges to 
provide a tighter seal.

Figure 10-5A: Flanges

10.3.2
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Blind pipe flanges are pipe flanges used to seal the end of a piping system or pressure 
vessel openings to prevent flow. Blind pipe flanges are commonly used for pressure testing 
the flow of liquid or gas through a pipe or vessel. Blind pipe flanges also allow easy access 
to the pipe in the event that work must be done inside the line. Blind pipe flanges are often 
used for high pressure applications.

A spectacle blind flange is a safety device used to isolate a section of line or piece of 
equipment when the line or equipment needs to be inspected or removed from service. It is 
different than a valve in that the blind flange is a permanent or long term isolation device.

Reducers
A Pipe Reducer is a kind of industrial pipe fitting used to connect two pipes of different 
diameters. Pipe reducers are mainly used in the following areas: 

1. Change of fluid flow rate.

2. Pump inlet to prevent cavitation.

3. Connections to instruments or valves.

10.3.3

Strainers and Filters
Strainers are closed vessels that collect solid particles to be separated while passing a 
fluid through a removable screen. The screens can collect particles down to 0.001 inch in 
diameter. You can find strainers upstream of sensitive equipment such as meters, pumps, 
compressors, traps, valves and filters. Strainers and filters are basically the same thing. The 
difference is that a filter removes much smaller particles, particles you normally can’t see. If 
you cannot see the material being removed, it is usually called a filter.

10.3.4

Traps
A steam trap is a device used to discharge condensate and non-condensable gases with 
a negligible consumption or loss of live steam. Most steam traps open, close or modulate 
automatically. The simplest form of steam trap is a disc or short solid pipe nipple with a small 
hole drilled through it installed at the lowest point of the equipment. Since condensed steam 
(condensate) will collect at the lowest point and live steam is about 1200 times greater 
in volume than this hot liquid, condensate is effectively removed and steam is blocked. 
However, the vast majority of steam traps in current operation are of the mechanical or 
thermostatically operated design.

Mechanical and thermostatic steam traps basically open when condensate and inert gases 
need to be removed and close when all the condensate is removed. The process repeats 
when new steam is condensed and ready to be drained. Mechanical traps have a float that 

10.3.5
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rises and falls in relation to condensate level and this usually has a mechanical linkage 
attached that opens and closes the valve. Mechanical traps operate in direct relationship to 
condensate levels present in the body of the steam trap. Temperature traps have a valve 
that is driven on or off the seat by either expansion or contraction caused by temperature 
change. Thermostatic steam traps differ from mechanical traps in that their design requires 
them to hold back some condensate waiting for it to cool sufficiently to allow the valve to 
open.

Accumulators
Some piping systems have a tank which holds a volume of a fluid or gas which can be used 
in an emergency situation. The tanks are called accumulators. The Emergency Core Cooling 
System (ECCS) in a PWR has accumulators that contain borated water which is used to 
flood the core on a large break Loss of Coolant Accident (LOCA). There are air accumulators 
for air operated valves which need to be maintained operable for a period of time after the 
normal air supply is lost. The volume of air in the accumulator will provide the motive force 
for the valves until it too is exhausted.

10.3.6

Valves
Valves are devices that control flow of fluids (vapor or liquid), into, through, or from a 
pipeline. The purposes of valves are; starting and stopping flow, throttling flow, controlling 
direction of flow, and relieving pressure. There are different types of valves to perform these 
functions. Although designs vary greatly, all valves share similar characteristics; when a 
valve is opened, flow through valve increases and differential pressure (D/P), or headloss, 
across it decreases, closing a valve causes D/P, backpressure, and headloss across the 
valve to increase and flow and downstream pressure to decrease.

10.4

Common Valve Parts
Figure 10-6 illustrates a basic gate valve.  It also illustrates the parts that are commonly 
found in most valves.  While their size and some design features may vary, the function to be 
performed by the part must be performed no matter what variables are involved (material of 
construction, size, pressure of liquid or gas in the system, etc.).  Fluid flow through the piping 
system is throttled, controlled, or shut off entirely by the relative position of the valve disk 
and its seat in the valve body.  A simple example is a cork (disk) positioned in a bottleneck 
(seat) that can be positioned partially in the neck to throttle flow, withdrawn for full flow, or 
fully inserted to stop flow from the bottle.

10.4.1
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Figure 10-6: Basic Components of Gate Valves

Valve Disk

The disk is the movable closure part that seals against the stationary seat to stop flow.  The 
disk provides the capability to regulate (throttle) or stop system flow through the valve.  
System flow is stopped when the disk is inserted into and is in full contact with the valve 
seat.  The disk is attached to the valve stem, which moves the disk to open, close, or throttle 
the flow through the valve.  The disk found in a gate valve is one of four basic methods 
employed to control flow through a valve:

1. Move a stopper, into or against an orifice such as is done in the globe and needle type 
valves.

2. Slide a flat, cylindrical, or spherical surface across an orifice such as is done in the 
gate, plug, ball, slide, or piston valve.

3. Rotate a disk or ellipse about a shaft extending across the diameter of a circular casing 
as is done in a butterfly valve.

10.4.1.1
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4. Move a flexible material into the flow passage, such as is done in the diaphragm and 
pinch valves.

Valve Seat

The seat is the stationary half of the closure mechanism against which the valve disk seals 
to stop or throttle system flow.  The valve seat is an integral part of the valve body.  In some 
valves, the body itself is machined to provide the seating surface.  In other valve designs, 
the valve seat is screwed or welded into the valve body.  In any case, the valve seat must be 
a very smooth and hard surface to prevent leakage and resist wear.

Valve Body

The body forms the major part and outline of the valve.  It supports all the other valve parts.  
The valve body contains the valve seat that receives the valve disk to close off or throttle the 
flow.  The body is constructed so that when the valve is completely assembled, the valve will 
prevent system leakage whether it is open or closed.  The valve body is connected to the 
system by bolting (flanges), threading (screwed connection), or welding it to the piping.

Valve Bonnet

The bonnet is the closure head on the valve body.  Without a bonnet and other internals 
discussed below, the valve body is merely a cavity containing the seat surface.  The valve 
bonnet supports the stem, disk, and actuator.  The valve bonnet is connected to the valve 
body by bolting, threading, welding, or a combination of the three.

Valve Stem

The stem moves the valve disk onto and off the valve seat.  Valve stem motion may be 
manual (handwheel or bar) or power operated (electric, hydraulic, or pneumatic).

There are two common types of stems for gate, globe, and angle valves.  Valve stems 
are classified by whether they move up and down as the valve is opened and closed, and 
whether the stem threads are inside or outside the system fluid.  A stem that rises (when the 
valve is opening and the disk is moving out of the seat) and falls (when the valve is closing 
and the disk is moving into the seat) is called a rising stem.  Figure 10-6 is a non-rising stem 
valve, and Figure 10-7 is a rising stem valve.  If the stem threads are internal to the valve 
and in contact with system fluid, the valve has an inside screw; if the threads are not in 
contact with system fluid, the valve has an outside screw.

10.4.1.2

10.4.1.3

10.4.1.4

10.4.1.5



USNRC HRTDREV 0817 10-26

Figure 10-7: Typical Globe Valve

A valve with a rising stem and an inside screw may not be suitable for a location having little 
clearance or in a system carrying corrosive fluid.  Outside screw stems are often used with 
large valves and are always recommended for severe service conditions.

Valve Packing

Because the valve stem must pass through the valve bonnet to move the disk in and out 
of the seat, a means to prevent fluid leakage is required.  Packing is special malleable 
material that is forced around the stem where it passes through the bonnet.  The stuffing box 
encloses the packing and prevents leakage around the stem.  Fluid leakage along the stem 
can usually be controlled by tightening the packing nut or gland nuts.  This squeezes the 
packing tighter against the stem.

10.4.1.6
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Valve Actuator

The actuator (sometimes called operator) moves the stem to seat (close) or unseat (open) 
the disk in the valve seat.  The actuator may be a handwheel, bar, or power operator.  The 
actuator may be supported by the stem itself (handwheels and bars), or the actuator may 
be supported by the valve bonnet (power actuators).  Specific types of valve actuators or 
operators will be discussed in other sections of this chapter.

Backseat

Above the connection to the disk, an additional feature is often incorporated. The stem may 
have an area with a wider diameter that is beveled to mate with similarly beveled surface in 
the bonnet of the valve, this area is known as the backseat of a valve. Not all valves have 
backseats. The primary purpose of a valve backseat is to remove system pressure from 
the packing in event that packing leakage is excessive and adjustment cannot correct the 
problem. It also provides ability to replace packing material at normal system pressure, 
although this is not normally done. Backseating motor operated valve may result in inability 
of the valve to close on demand.

Gate Valves 
Gate valves are designed to operate either fully open or fully closed.  They should not be 
used to regulate, adjust, or throttle system flow.  When gate valves are partially open and 
being misused to regulate, adjust, or throttle flow, the valve can be damaged.  System flow 
causes rapid erosion of the disk and seat whenever the valve is not fully open.

The major parts of a gate valve are body, bonnet, stem, and seat rings.  Sometimes the disk 
of a gate valve is referred to as the gate because of its shape.  It is in the form of a wedge 
and it is raised or lowered into a slot-type seat.  In most gate valve designs, the seat is made 
up of seat rings on each side of the disk.

10.4.2

10.4.1.7

10.4.1.8



USNRC HRTDREV 0817 10-28

Figure 10-6: Basic Components of Gate Valves

The valve gate is raised or lowered by the valve actuator.  The gate is lowered into the flow 
path to stop flow.  The gate is lifted out of the flow path to allow flow.  The gate is forced 
against the valve seats as the valve is closed, thus providing a tight seal.  When the valve is 
fully open, the gate is totally out of the flow path and does not obstruct the flow.

A variation of the gate valve often used in heated piping systems is the split-disk type.  In the 
split-disk type, the disk is composed of two separate halves, each with its own seat.  Springs 
force the two disk halves apart and against their seats.  This arrangement prevents disk 
binding when the piping system expands and contracts with temperature changes.  

The gate valve has two advantages:  (1) very little flow restriction when the valve is full open 
and (2) long life span.  Disadvantages of gate valves include:  (1) poor throttling ability;  (2) 
poor operation against  high differential pressure; (3) longer stroke times as compared with 
other valve types due to the greater stem movement necessary to remove the disk from the 
flowpath;  and (4) packing leakage is more difficult to control.
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Globe Valves 
The globe valve (see Figure 10-7) consists of a disk that is forced into a tapered seat.  The 
angle used and the taper of the disk and seat vary with valve size and the kind of service 
to which the valve is applied.  Globe valves are used when the flow is to be regulated or 
throttled.  The globe valve seat and disk are not damaged as readily as gate valves by the 
throttling action.  Globe valve parts are also easier to repair and replace.  The four most 
common designs of globe-type valves are:

• metal disk with narrow conical seat

• plug disk

• angle

• needle

Figure 10-7: Typical Globe Valve

10.4.3
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Metal Disk With Narrow Conical Seat 

This type of globe valve (see Figure 10-8) usually has a ball-shaped surface on the disk and 
a conical flat seating surface in the body, and is generally what is referred to as the common 
type of globe valve.

Because of the narrow seating-surface area, this valve is easily made tight, can be refaced 
or reground readily, and is adaptable to many types of service.  The principal disadvantage 
of this type of seat is that very hard dirt or foreign matter may scratch the seating surface, 
causing leakage.  The result of such leakage is wire-drawing action of the fluid, which will 
destroy the seat in a very short time.  Even though the dirt may not be hard enough to cut 
into the metal, if it holds the disk away from its seat and the disk is allowed to remain in 
this position, the fluid leaking through the valve seat and disk will cut a groove in the seat 
(“wire drawing”).  Once a seat is wire drawn, leaktight valve closure is impossible.  Wire-
drawing action often occurs in a dripping water faucet.  The hot water under pressure “wire 
draws” (cuts) a groove in the valve seat.  Because the typical globe valve is susceptible to 
the wire-drawing action of the fluid, it should not be used in a close throttling or fine tuning 
application.

Figure 10-8: Globe Valve with Conventional Disk and Conical Seat

10.4.3.1
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Plug Valve

The plug disk design is advantageous because it (1) throttles flow more effectively than other 
designs and (2) resists the wire-drawing action of high velocity flow.  This valve is comprised 
of a plug-shaped disk and mating seat, which produce a gradual increase or decrease in 
the distance between the seat and disk surfaces when the valve is slowly opened or closed.  
This causes a gradual change in flow area, thereby providing a throttling action.

This design has a wide contact area between disk and seat surfaces.  The effect of wire 
drawing is greatly minimized because cutting always starts at outer edges of a seating 
surface.  In addition, any indentions in the seat caused by hard particles of foreign matter 
are unlikely to extend across the entire disk or seat surfaces and, therefore, are not apt to 
cause leakage.

If top-grade seating materials are used in this design, it is extremely difficult to find another 
type of valve that surpasses the service life of a plug-disk globe valve.

Angle Valve

The angle valve (see Figure 10-9) has the same disk variations as other globe-type valves: 
plug disk and conventional disk.  The valve will reduce turbulence, restriction of flow, and 
amount of pressure drop of the fluid because the flow makes fewer changes in direction than 
in other globe-type valves.  The angle valve cuts down on piping installation time, labor, and 
materials, and reduces the number of joints or potential leaks by serving both as a valve and 
a 90 degree elbow.

Figure 10-9: Angel Globe Valve

10.4.3.2
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Needle Valve

Needle valves (see Figure 10-10) are used for fine control of flow in small diameter piping.  
The name needle valve is derived from the sharp pointed conical disk and matching seat.  
Needle valves come in straight and angle patterns, and are used in steam, water, oil, gas, 
light liquid, fuel oil, and similar service.  The primary purpose of the needle valve is precise 
throttling.  The design of the seat and disk makes it a more efficient throttling valve than the 
plug valve in small-diameter piping.  The stem threads are usually finer than most valves, so 
several rotations of the stem are required to increase or decrease the opening through the 
seat.  This improves the throttling characteristics of the valve.

Figure 10-10: Needle Valve

Advantages and Disadvantages of Globe Valves

The advantages of globe valves are (1) flow can be restricted or throttled without damage to 
the valve; (2) the valve flow path may be arranged such that system pressure in the reverse 
direction will tend to seat the valve tighter; and (3) valve parts are easier to replace for 
service or repair.  The general disadvantages of all types of globe valves are (1) they provide 
increased resistance to flow; (2) high system flow increases pressure under the disk and 
more force is required to close the valve; and (3) foreign matter may cause plugging of the 
valve as a result of the several directional changes in the flow.

10.4.3.4
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Check Valves 
Check valves are designed to permit fluid flow in one direction only.  As system flow stops 
and starts to reverse, the check valve closes.  The three basic types of check valves are 
swing-check, lift-check, and stop-check valves.  Check valves are extremely important to 
proper functioning of any piping system because of (1) their quick automatic action and 
(2) their sensitivity to changes in flow conditions.  Furthermore, they prevent dangerous or 
undesirable backflow in a line when two or more fluids are being supplied to a common point 
at different pressures.

Swing-Check Valve

The swing-check valve (see Figure 10-11) has a hinged disk that swings when operating.  
Flow from inlet to outlet swings the disk open.  Reduced system flow allows the disk to 
partially close as a result of gravity.  This design feature helps prevent the valve from 
“slamming” on flow reversal (outlet to inlet).  This reduces the shock (“waterhammer”) to the 
valve seat and disk, as well as to system piping.  Swing-check valves offer little resistance to 
flow when open.  Therefore, this valve is used in systems where pressure loss in the open 
direction must be kept to a minimum.

Figure 10-11: Swing – Check Valve

Swing-check valves usually have replaceable components.  Washers fitted on the top of the 
disk take most of the valve wear, extending the life of the valve seat.  A loose-fitting hinge pin 
allows easy closure as flow drops.

10.4.4
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Lift-Check Valve

The lift-check valve (see Figure 10-12) is designed so that flow through the valve lifts the 
disk away from its seat.  Gravity, or back pressure, holds the disk to its seat when closed.  
Because flow changes direction as it passes through the valve (as in a globe valve), these 
valves cause considerable pressure drop.  They are designed to permit full disk lift under 
normal operating conditions.  Sometimes a free-floating ball is used instead of a plug disk.  
The ball never seats twice in exactly the same way.  Each seating presents a new ball 
surface, cutting down on wear and prolonging valve life.

Figure 10-12: Lift – Check Valve

In the lift-check valve, the disk (plug) is attached to slide rails on a fixed stem.  The disk is 
free to open or close with no stem motion.  The valve disk “lifts” off the seat when the flow is 
from inlet to outlet.  When the flow is reversed, the disk seats, preventing flow.

Some lift-check valves have an internal pressure-equalization passage or pipe connecting 
the bonnet area above the valve disk to the valve outlet area.  This passage will vent off any 
pressure “lock” that might build up within the bonnet above the disk when the disk is lifted by 
flow in the normal direction.  When normal flow is lost or reversed, and the disk starts to drop 
toward the seat, the internal passage supplies valve outlet pressure to the area above the 
disk to prevent formation of a vacuum “lock” that might hinder the valve closing operation.

10.4.4.2



USNRC HRTDREV 0817 10-35

Stop Check Valve 

A stop-check valve is a check valve with override control to stop flow regardless of flow 
direction or pressure. In addition to closing in response to backflow or insufficient forward 
pressure (normal check-valve behavior), it can also be deliberately shut by an external 
mechanism, thereby preventing any flow regardless of forward pressure. A special 
application of the check valve is the stop-lift-check valve (see Figure 10-13).  When the 
stem is withdrawn, the disk is free to lift or close, depending on the direction of flow, just as 
a typical lift-check valve.  After system flow through the valve is stopped, the stem may be 
inserted in the disk by the valve actuator.

Figure 10-13: Stop - Lift – Check Valve

When the stem is inserted in the disk, it forces the disk tight against the seat.  In this 
position, the valve serves as a stop valve, and all flow is stopped.  A typical location for this 
valve is in a PWR feedwater line, where it serves as a feedwater stop-check valve to the 
steam generator inlet.
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Ball Check Valve 

A ball check valve is a check valve in which the closing member, the movable part to block 
the flow, is a spherical ball. In some ball check valves, the ball is spring-loaded to help keep 
it shut. For those designs without a spring, reverse flow is required to move the ball toward 
the seat and create a seal. The interior surface of the main seats of ball check valves are 
more or less conically-tapered to guide the ball into the seat and form a positive seal when 
stopping reverse flow.

Excess Flow Check Valves

Excess flow valves are spring loaded check valves. The valve seat is held open by a spring. 
When the flow of the fluid exceeds a certain preset limit the valve disc closes and shuts off 
flow.

In normal operations of loading and unloading, the in-line flow is restricted by the pressure 
drop through the pipe. In the event of a rupture, disconnection, or line break, the pressure 
will drop, the flow will surge exceeding the spring load limit, and the valve will close.

Once an excess flow valve shuts, the pressure upstream will keep the valve closed until the 
upstream side and downstream of the valve have equal pressure. When the pressure has 
equalized the valve will re-open. In the case of a line break situation the pressure will not 
equalize and the valve will stay closed. In the event of a surge closure with no rupture, a 
bleed hole in the valve seat will allow gradual pressure equalization. This bleed also means 
that as excess flow valve does not provide 100% flow shutoff. A very small bleed flow will 
continue.

10.4.4.4
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Butterfly Valves
Butterfly valves (see Figure 10-14) are extremely durable, efficient, and reliable.  The 
butterfly valve derives its name from the wing-like action of its disk, which moves from 
parallel (open) to flow through the valve to a right angle (closed).  Thus, one-quarter turn of 
the stem and disk is all that is required to go from fully open to fully closed.

Figure 10-14: Butterfly Valve

Butterfly valves use a variety of materials for seat linings and disk surfaces.  The seat can 
be made of a resilient lining for leak tightness, or of a harder, long-wearing material for 
extended life.  Where high temperatures preclude the use of the resilient lining, the disk itself 
can have a ring (similar to a piston ring) to minimize leakage.

The light weight of butterfly valves often permits their use in piping systems without separate 
support.  Butterfly valves are relatively inexpensive, fit into tight places, and present little 
obstruction to system flow when fully open.

A disadvantage of butterfly valves is their inability to seal tightly when there are high 
pressure differences.  They are also unsuitable for throttling applications.
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Safety and Relief Valves
Safety and relief valves are essential to power plant operation.  These valves provide 
automatic over-pressure protection for piping systems and equipment.

Safety Valves

There are many kinds of safety valves, all designed to “pop” (open fully) when a specific or 
“set” pressure is reached.  The valve should “pop” open suddenly, and remain wide open 
and at full flow until a specified pressure drop or reduction has occurred.  This pressure 
drop is referred to as the blowdown, which can be adjusted, and is normally specified as 
a percentage of the valve lift pressure.  When the blowdown has been completed, the 
valve will snap shut.  Safety valves must close tightly and remain closed without “chatter.”  
(Chatter is the repeated partial opening and closing of a safety or relief valve.) Relief valve 
accumulation is that pressure above preset pressure, at which the valve is fully open, 
accumulation is normally expressed in percent of preset pressure.

The lift of a safety valve disk is caused by pressure of the fluid (or gas).  The safety valve 
is designed to pop fully open once the set pressure is reached.  When the valve starts to 
open, the area exposed to the pressure is increased, causing a greater force to be exerted 
against the spring pressure, and the valve pops fully open.  The increased force is obtained 
by an effective increase in exposed disk area as the disk rises.  The venturi effect of the inlet 
nozzle also adds to the lift force as the steam expands past the throat of the nozzle.  The 
safety valve also closes rapidly and completely because of this relationship in reverse.  As 
the system pressure drops (pressure is being relieved), the spring tension overcomes the 
decreasing lift force and the valve starts to close.  The closing action decreases the area of 
lift force, which allows the spring to suddenly overcome the lifting force snapping the valve 
shut. 

Safety Valve Discharge

Suitable arrangements must be made to ensure that the discharge from safety valves is 
safely removed and dispersed.  Four critical design criteria for a safety valve escape system, 
regardless of fluid type being handled, are:

1. The fluid must not discharge into the atmosphere at a point where there is a 
conceivable danger to personnel safety.

2. The escape system must provide for thermal movement of the pressure source relative 
to the discharge point and thermal expansion of the discharge system.  Therefore the 
safety valve is not subject to any external forces on its body or back pressure on its 
steam chest greater than the maximum defined by the valve maker.

3. Materials used must be corrosion resistant, particularly where they are exposed to the 
elements.

10.4.6
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4. The steam flow must be silenced in accordance with local pollution regulations.

Two types of high pressure steam safety valves in general use are (1) nozzle reaction and 
(2) huddling chamber.

Nozzle Reaction Safety Valve

During the opening phase of any safety valve, the spring force keeping the valve closed 
must be counteracted by a greater force on the steam or gas pressure side.  But as the disk 
rises, the spring load increases from compression, so the total force needed to obtain full 
lift must also increase.  In the nozzle reaction valve (see Figure 10-15), the valve internals 
cause the lifting force to be greatest at or near the end of the lift, thus giving full bore lifts 
even with a small volume of relieving steam.

Figure 10-15: Nozzle Reaction Safety Valve

System pressure drop is usually gradual, with the disk falling slowly at first.  As the disk falls 
to about 50% of the full-open position in response to system pressure drop, the reactive 
forces holding the valve open are partly canceled.  Finally, the total lifting force becomes less 
than the spring force, and the disk closes sharply from about 50% of its rated lift.
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The nozzle ring adjusts the lifting area of the disk and is used to adjust the popping point 
(lifting pressure) of the valve.  Blowdown is adjusted by the adjusting ring.  The adjusting 
ring alters the change in lifting area on the disk as the disk begins to reseat.  This means 
that the spring tension overcomes steam pressure at a different time, thereby changing the 
blowdown.

Huddling Chamber Safety Valve

In the huddling chamber safety valve (see Figure 10-16) the static pressure acting on the 
feather causes initial opening.  As the valve pops open, the space within the huddling 
chamber (between the seat and adjusting ring) fills with steam and builds up more pressure 
on the outer lips of the feather.  The increased area of the feather lips increases the upward 
thrust against the spring and causes the feather to lift to full opening.  After a predetermined 
pressure drop (blowdown), the valve starts closing, resulting in a reduction in the area of the 
feather exposed to the steam pressure.  This causes the force exerted against the spring to 
reduce, causing the feather to close.

Figure 10-16: Hudding Chamber Safety Valve

Blowdown is adjusted by raising or lowering the adjusting ring.  Raising this ring decreases 
blowdown; lowering the ring increases blowdown.  Raising and lowering the adjusting ring 
changes the volume under the disk, which changes the blowdown.
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Relief Valves

Relief valves (see Figure 10-17) are designed to limit pressure in liquid systems.  Relief 
valves do not pop open, and they do not have a blowdown.  Relief valves open in proportion 
to the pressure applied to them.  They are suitable for incompressible liquid systems such as 
water and oil because for a small amount of liquid released, a large drop in pressure occurs.  
A relief valve consists of a valve body, stem, disk, seat, spring, adjusting screws, locknuts, 
inlet, and outlet.

Figure 10-17: Relief Valve

As static pressure overcomes the spring pressure setpoint, the disk lists off its seat and 
allows the fluid to escape.  When system pressure falls below spring pressure, the valve 
shuts.  Spring tension is adjusted by the adjusting screws and is locked into place using 
locknuts.

The main disadvantage of the relief valve is chatter.  Because relief valves essentially have 
no blowdown feature, as soon as the system pressure is below the relief set point, the valve 
closes.  This causes a surge in system pressure that sometimes causes the valve to open 
again momentarily.  This action decreases the life of the valve because excessive opening 
and closing can damage the seating surface.
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A safety valve opens quickly at set pressure for immediate full-flow discharge.  In 
comparison, a relief valve opens and closes slowly, allowing full flow only after significant 
overpressure builds up in the system.

External operating levers can be installed with safety or relief valves; such levers are 
required wherever frequent testing is a must.  Both relief valves and safety valves are 
commonly installed on high pressure systems.  Typically, the relief valves have a lower 
actuating pressure than the safety valves.  As pressure in the system builds up, the relief 
valves will open first in an attempt to control the overpressure event.  If pressure continues 
to increase, the safety valves will open to prevent pressure in excess of design values.  In 
most designs of this nature, the relief valves have isolation valves which may be shut if the 
relief valve sticks open or leaks.  Safety valves, on the other hand, are never provided with 
isolation valves.

Both relief valves and safety valves are attached to the system via flanged connections so 
they can be removed for bench testing.  External gagging devices may be used to allow 
system hydrostatic testing.  Gagging devices are usually threaded stems that impinge on the 
internal valve stem to prevent its movement.

Specialty Valves
Steam plants need valves for special applications.  This section discusses the construction 
and use of the following specialty valves:

• solenoid valves

• plug and ball valves

• diaphragm valves

• control valves

• three-way valves
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Solenoid Valves

A solenoid valve (see Figure 10-18) has two major working parts:  (1) a solenoid 
(electromagnet) with a metal core or plunger and (2) a valve containing an orifice with a disk 
or plug to stop or allow flow.  Solenoid valves may be direct acting or pilot operated.

Figure 10-18: Direct – Acting and Pilot – Operated Solenoid Valves

The direct-acting valve is opened or closed by movement of the plunger.  When the solenoid 
is energized (usually by a switch in the control room), electromagnetism draws the plunger 
into the solenoid.  The plunger is attached to or moves the stem or actuator inside the valve 
to open or close the valve to system flow. 

Direct-acting solenoid valves are fully automatic.  The solenoid core is mechanically 
connected to the valve disk and directly opens or closes the valve when energized or 
deenergized.  Valve operation does not depend on line pressure or rate of flow; the valve will 
operate throughout the full range of rated temperature, pressure, and flow conditions.

The pilot-operated solenoid valve has a pilot orifice and a bleed orifice.  Pilot-operated 
solenoids use line pressure or another fluid (such as compressed air) to operate the main 
valve.  When the solenoid is energized, the pilot orifice opens, allowing a small amount of 
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flow to decrease pressure on top of the valve diaphragm.  With pressure decreased on top of 
the diaphragm, system pressure on the underside (inlet) raises the diaphragm and opens the 
valve.  When the solenoid is deenergized, the pilot orifice closes.  Full inlet line pressure is 
then applied to the top of the piston or diaphragm to close the valve. Solenoid valve position 
can be indicated using position limit switches or by observing plant parameters which would 
indicate the valve was open or closed (system pressure, flow rate, temperature of piping 
downstream of the valve).

Plug and Ball Valves

The plug valve’s main application is in the handling of fluid/solid mixtures.  The main 
advantage of the plug valve is that foreign material that might prevent full closure of a gate 
valve is scraped off the plug as the plug valve closes.  Plug valves go from fully open to fully 
closed with a 90° turn of the handle.  In recent years, plug valves also have been used in 
clear liquid systems where space is limited.

Plug valves (see Figure 10-19) can be cylindrical or tapered and lubricated or non-lubricated, 
depending on service and frequency of operation.  A lubricated tapered plug seats tightly, but 
if it is operated without lubrication, the plug can jam in the tapered seat and become gouged 
and scratched.  Lubricated plug valves are usually provided with a separate lubricating 
system that works as the valve is opened or closed.  Grease is forced around the plug as 
well as beneath it, raising it slightly, lubricating it, and permitting easy operation.

Figure 10-19: Two Types of Plug Valves

Cylindrical and tapered plug valves can also be supported by an inert, resilient liner.  In this 
case, there is no need to lubricate the valve before operation to prevent plug scratching; the 
resilient liner serves this purpose.  

Multiport plug valves may be positioned to permit flow in any of several directions, routing 
flow through several systems.  Usually the incoming flow is directed to the bottom of the plug 
(the internal opening), and then turns 90° through the port.
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The ball valve (see Figure 10-20) is an adaptation of the plug valve.  The chief difference 
is the shape of the valve internals.  The plug valve is cylindrical or conical; the ball valve 
is spherical.   Each has a drilled passage.   The ball valve has a round passage, nearly 
matching the inside diameter of the pipe, while the plug valve has a rectangular-shaped 
passage.  As in plug valves, ball valves go fully open to fully closed with a 90° turn of the 
handle.  The handle always indicates the direction of the drilled passage.

Figure 10-20: Ball Valve

The disadvantages of plug and ball valves are:

• Rapid wear of plug or ball-to-body seals

• Poor flow regulation

• Expense

An important difference between these valves is that the plug valve restricts flow much more 
than the ball valve.
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Diaphragm Valves

Diaphragm valves (see Figure 10-21) have several advantages:  they provide smooth 
fluid passage without pockets, good flow control, and leaktight closure.  Diaphragm valves 
work well even when suspended solids are in the pipeline.  Because the working parts are 
isolated from the fluid, corrosion of the operating mechanism is prevented.  Diaphragm 
valves are suitable for lines handling corrosive fluids, fibrous slurries, sludges, solids in 
suspension, water, gases, and compressed air.  They are used extensively in radioactive 
fluid systems, where their leaktightness is a major asset.  

Figure 10-21: Diaphragm Valves

Diaphragm-type valves belong to the general class known as “packless” valves because the 
flexible diaphragm between the body and the bonnet eliminates the need for a stuffing box 
to prevent leakage around the stem.  The diaphragm, which is made of a flexible elastomer, 
seals the operating mechanism from the fluid passing through the body so the operating 
mechanism of a diaphragm valve is never in contact with corrosive chemicals or other 
pipeline materials.

The valve diaphragm is the only part that wears significantly.  It can be replaced without 
removing the valve body from the pipeline.

10.4.7.3



USNRC HRTDREV 0817 10-47

Two types of diaphragm valves are the weir and the straightway.  The weir diaphragm 
valve has a flexible diaphragm connected to a compressor plug.  The compressor plug is 
connected to a stud molded into the diaphragm.  The compressor plug is moved up or down 
by the valve stem.  The diaphragm is lifted high when the compressor is raised (valve open) 
and is pressed tightly against the valve body weir when the compressor is lowered (valve 
closed).  The weir is a type of valve seat.

The straightway diaphragm valve is similar to the weir valve except it does not have a weir-
type seat.  When the valve is open, fluid flows straight through, not up and over the valve 
seat.  The diaphragm lifts high for full, streamlined flow in either direction.  When the valve is 
closed, the diaphragm seals tightly for positive closure even with gritty or fibrous materials in 
the line.

For corrosive fluid applications, diaphragm valves are made of stainless steel or polyvinyl 
chloride (PVC) plastics.  Diaphragm valves also may be lined with glass, rubber, lead, 
plastics, titanium, or other materials.  The life of the diaphragm depends on the nature of the 
fluid handled, its temperature and pressure, and the frequency of valve operation.

Control Valves

Control valves are the basic regulatory device in any process using fluid streams.  Therefore, 
operators must be thoroughly familiar with the different types of these valves and their flow 
characteristics. 

A control valve consists of two major subassemblies--a valve body and an actuator.  The 
valve body subassembly is the portion that actually controls the passing fluid.  It consists 
of a housing, internal trim, bonnet, and sometimes a bottom flange.  The valve body is 
a pressure-carrying part (a pressure vessel) that must meet all the applicable pressure, 
temperature, and corrosion requirements in the same manner as a normal pressure vessel.  
The actuator sits on the valve body and positions the valve stem and disk, depending on 
control signals received.

The most common control valve body style is the globe valve.  Such a control valve body 
can be either single- or double-seated.

In an air-operated control valve (see Figure 10-22), control air pushing on the diaphragm 
provides operating power for the valve.  The valve in Figure 10-22 has a direct-spring action 
to open the valve while control air pushes the diaphragm and stem down to close the valve.  
An increase in control air pressure above the initial spring setting forces the stem down 
against the spring compression.  The resulting valve action is known as air-to-close (or fail 
open) action.  The actuator may also be made with a reverse-spring return, where air pushes 
up under the diaphragm, resulting in an air-to-open (fail close) action.
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Figure 10-22: Air – Operated Single –Seated Control Valve

A stop in the valve’s upper case holds the initial diaphragm position.  The spring is normally 
set so the stem starts to move when air pressure to the diaphragm is equal to the minimum 
spring range.  Spring compression can be changed with an external adjusting screw.

The best orientation for any control valve is upright.  Most piping specifications call 
for control valves to be located above grade or platform elevation and at the edge of 
accessways.  For in-place maintenance, clearance space is required below and above the 
valve to remove the seat, plug, actuator cover, spring, and yoke.

Single-Seated Valves

Single-seated control valves (see Figure 10-22) are usually used (1) when positive shut-off 
is required,  (2)  when piping sizes are 1 inch and smaller, and  (3) where the actuator is 
not affected by unbalanced forces acting on the disk.  On single-seated control valves, the 
pressure on one side of the valve disk is always greater than on the other side.
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Double-Seated Valves

A double-seated control valve (see Figure 10-23) is designed so that the pressures on the 
inlet side of the two seats counter each other.  The advantage of double-seated construction 
is that it reduces the actuator forces required to move the valve.  The hydrostatic effects of 
the fluid pressure acting on the two disks tend to cancel out.  Because double-seated valves 
have upper and lower disks of different diameters to allow removal of the smaller lower disk 
through the upper port, the pressure forces are not completely balanced.

Figure 10-23: Double – Seated Control Valve

Pressure-Reducing Valves

A pressure-reducing valve is a control valve used for controlling the downstream pressure or 
flow rate of a fluid from a high pressure source.  Three general types are (1) self-contained 
internal pilot piston-operated, (2) self-contained external pilot-operated, and (3) spring- or 
weight-loaded, direct-operated with a diaphragm, bellows, or piston.  A self-contained or self-
operated valve uses the fluid being controlled to operate its main valve.

The operation of a self-contained pressure reducing valve (see Figure 10-24) is the same 
whether it is internally or externally controlled.  High pressure fluid enters the valve on the 
inlet side and acts against the main valve disk, tending to close the main valve.  However, 
the high pressure fluid is also ported to the top of the main valve piston, which has a larger 
surface area than the main valve disk, tending to open the main valve.
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Figure 10-24: Self – Contained Pressure – Reducing Valve

An auxiliary valve is used to control the amount of pressure acting on the top of the main 
valve piston.  The auxiliary valve is positioned by a controlling diaphragm that senses the 
downstream (reduced) pressure.  The position of the diaphragm at any given moment is 
determined by the relative strength of two opposing forces: (1) the downward force exerted 
by the adjusting spring, and (2) the upward force exerted on the underside of the diaphragm 
by the reduced pressure fluid.  These two forces are continually seeking to reach a state of 
balance; because of this, the downstream (reduced) pressure is kept constant as long as the 
amount of fluid used downstream is kept within the capacity of the reducing valve.

Pressure-reducing valves can accommodate a wide range of capacities and pressure 
differentials.  Pressure control over an extremely wide capacity range might require two 
control valves in parallel, one for the high flow rates and the other for the low flow rates.

With high pressure or a large pressure differential, a pressure-reducing valve should not 
operate close to its seat.  The resulting high velocities can wear the plug and seat, causing 
inaccurate pressure control and leakage when the valve shuts.
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Three-Way Valves

A three-way valve is an extension of the globe valve that can be used for diverting or 
combining (mixing) service.  A three-way valve has a three-ported body containing two valve 
seats.  The stem positions the plug against the upper seat, lower seat, or some point in 
between. 

Figure 10-25 shows a three-way valve connected for diverting service.  In this application the 
fluid entering the inlet port is diverted so that flow can exit through outlet port A or B, or both 
outlet ports.  An upward movement of the plug decreases the flow exiting through outlet port 
A and increases the flow exiting through outlet port B.

Figure 10-25: Three – Way Valve for Diverting Service

Figure 10-26 shows a three-way valve used for combining service.  In this application the 
fluid entering inlet port A and the fluid entering inlet port B are combined and exit through 
outlet port C.  A downward movement of the plug decreases the flow passing through inlet 
port A and increases the flow passing through inlet port B.
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Figure 10-26: Three - Way Valve for Combining Service
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Deluge Valves

A deluge valve (see Figure 10-27) can be manually or automatically opened to let a high flow 
rate of fire protection water douse the affected area.  When thermal detectors monitor the 
protected area, a sudden rise in ambient temperature can cause the valve to open.

Figure 10-27: Deluge Valve

Figure 10-27A shows a cross section of a deluge valve in the closed position.  Automatic 
actuation of a fire sensor (or manual initiation) energizes (opens) the solenoid valve.  The 
solenoid valve vents off the water that, with the spring, held the clapper closed.  Fire water 
system pressure compresses the spring to open the clapper.  Water flows over the lip of the 
inlet line and out the discharge line to the sprinkler(s) served.
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Valve Packing
Valve packing (see Figures 10-6 and 10-10) is the malleable, replaceable material used 
within the stuffing box of a valve bonnet to prevent leakage around the valve stem.  The 
stuffing box is the recessed area surrounding the stem where the stem enters the valve 
bonnet.  Valve packing arrangements include an adjustable slide feature (packing gland and/
or follower) to allow for compressing and tightening the packing.  Packing material must be 
malleable to be form-fitting, but must cause little friction with stem rotation or movement.  
The packing must stop the fluid from leaking out, while allowing the stem to move.

Figure 10-6: Basic Components of Gate Valves
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Figure 10-10: Needle Valve

The conventional way to load the packing is to tighten the packing gland nuts.  A more 
recent innovation is the live-loaded packing system that places Belleville springs (washers) 
between the packing follower and the packing.  The packing load is then determined by the 
spring constant and the amount of compression of the Belleville springs.

Teflon is often used for packing valves.  Teflon has excellent chemical inertness and good 
lubricating properties.  Teflon can be used in solid-molded or turned form (chevron rings), or 
it can be used as a lubricant for asbestos packing.  Disadvantages of solid Teflon packing 
are its high coefficient of thermal expansion, particularly near room temperature, and the 
need for extra-fine surface finishes.  Surface finishes of 8 rms (roughness in micro-inches) 
on the stem surface and 16 rms at the inside of the packing box are commonly specified 
to prevent undue friction and wear of the Teflon rings.  Teflon can also be cut and used 
as split rings.  Although Teflon is an excellent packing material for low temperature water 
applications, it breaks down at elevated temperatures (beginning between 450° and 750°F, 
depending on the application).

Braided asbestos is also a common packing material because it can be made in split rings 
that can be wrapped around the valve stem.  This type of packing usually uses additives 
such as mica or graphite for lubrication, particularly in high temperature service.  The 
maximum temperature limit of asbestos is approximately 1000°F.
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Teflon used as a lubricant for asbestos packing is either a suspensoid or a pure braided 
covering around an asbestos core.  A pure braided Teflon cover around asbestos is preferred 
because it combines the elasticity and deformability of asbestos with the smoothness of 
Teflon.

A recent addition to the list of available packing materials is carbon ribbon.  Carbon ribbon 
is a flexible all-graphite product with direction-dependent properties similar to pyrolytic 
graphite.  It is essentially chemically inert, except when strong oxidizers are handled.  The 
coefficient of friction is low and the packing can be used for the high temperatures a power 
plant produces.  Care must be taken in adjusting this packing; it has a high density, and 
overtightening could lead to a lock-up of the valve stem.  A disadvantage of carbon ribbon is 
that the surface roughness limits are comparable to those of Teflon.

“O” rings or chevron rings are made of elastomers such as Neoprene or Buna-Y.  They can 
be used for certain low pressure valves handling nonabrasive fluids below 180°F.  This type 
of packing material is found in certain specialized valve applications, such as temperature 
control valves for air-conditioning units.
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Gaskets
Gaskets are the replaceable materials used to seal flat surface junctions (see Figure 10-
6).  For common valves rated at 300 psi and below, rubber-bonded asbestos gaskets, 
approximately 1/16-inch thick, can be used as bonnet and flange gaskets.  For higher 
pressures and temperatures above 250°F, metal-clad asbestos gaskets are used.

Figure 10-6: Basic Components of Gate Valves

The most common gasket used in the power plant is called a “flex.”  A flex is a spiral wound 
system of stainless steel and asbestos or Teflon.  A thin strip of asbestos and stainless 
steel is coiled like a rope on a flat surface.  The flat disk-like gaskets can then be crushed 
between two flanges or a valve bonnet and body.  These gaskets have brand names such 
as Spirotallic or Flexitallic.  Spiral-type gaskets with Teflon filler are limited to about 450°F; 
those with asbestos are used up to 1000°F.

10.4.9
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Valve Operators
Valve operators (also called valve actuators or positioners) move the valve stem, and thus 
the disk, in and out of the valve seating area.  The following valve operators are discussed in 
this section:

1. Manual Operators

2. Motor Operators

3. Pneumatic Operators

4. Hydraulic Operators

5. Squib Operators

10.5

Manual Operators
Manual operators can adjust a valve to any position.  Typical manual operators are the 
handwheel operator, the handheld air motor, and the chain operator.

Handwheels are directly attached to the valve stem.  The size (diameter) of the valve wheel 
provides the only mechanical advantage (leverage) to operate the valve.  When large 
manual valves are exposed to service conditions that make operation difficult because 
of binding (high temperature or high system pressure), a “pounding-” or “hammer-” type 
handwheel may be provided.  The “hammer” moves freely through a portion of handwheel 
travel, then hits against a lug on a secondary wheel. The secondary wheel is attached to the 
valve stem.  With this type of operator, the valve can be pounded shut for tight closure, or 
pounded open if stuck shut.

If additional mechanical advantage is needed, the valve bonnet can be fitted with gears.  In 
such cases, a special wrench (handheld, air or motor driven) is provided.  A plant equipment 
operator attaches the portable air or electric motor to a lug on the valve and drives the valve 
open or closed through the gear arrangement.  This allows one operator to operate the valve 
when, because of the gear ratio, such operation would normally take a long time and/or 
require another operator’s assistance.

When a valve’s location does not permit easy access to the handwheel, chain wheels can 
be fitted to the valve stem.  The chain may be allowed to hang free from the handwheel or 
can be held out of the normal traffic pattern.  The operator works the chain wheel to move 
the valve wheel (counter-clockwise to open, clockwise to shut), just as if the operator were 
grasping the valve handwheel itself.

The position of a manual valve (open, closed or mid position) can be determined by a 
number of methods. Limit switches can be placed on the valve stem which actuate when 
the valve is fully open or fully closed and the position is indicated by way of remote and/

10.5.1
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or local indicating lights. A red light usually indicates that valve is open, and a green light 
indicates that valve is closed (some plants may use a different convention for what the red 
or green lights mean). Both lights on (or off) indicates the valve is in some mid position. 
Another method to determine valve position is by locally observing valve stem position. An 
additional method to determine valve position is by a locally mounted pointer. The pointer 
is mechanically connected to the valve stem and points to an attached plate that indicates 
valve position. 

Some valves do not have any visual means to determine valve position, in these cases, 
system parameters such as flow, pressure, and temperature can be used. Attempting to 
operate the manual valve in the closed direction can be used to determine position as well. 
The valve is operated in the closed direction to ensure flow is not inadvertently allowed. If 
the valve is stuck in the open position, the valve can be mistakenly identified as being closed 
since it did not move.  A common problem for verifying valve position when no indication is 
available.

Motor Operators
Electric motors are fitted to valves throughout the plant.  The advantages of motor-operated 
valves (MOVs) over manual valves include:

• remote operation, usually from the control room

• rapid opening and closing

• automatic operation on a signal from another component (e.g., a tank level switch)

Attaching an electric motor operator (see Figure 10-28) usually makes the valve beneath 
it unrecognizable because of the size and complexity of motor operators. Electric motor 
operators have a control and switching box, a drive motor, a handwheel for manual 
operation, an operating shaft, and a gear box. Position limit switches, torque limit switches, 
or a combination of both may be used. Limit switches are attached to the valve stem to 
indicate valve position by way of remote and/or local indicating lights

10.5.2
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Figure 10-28: Electric Valve Operator

Of major concern to plant operators is manual operation of a motor-operated valve. After just 
a few open-close cycles from the control room, operators become accustomed to the time 
it takes a valve to achieve its full stroke (typical stroke time is 12 inches per minute). When 
the same valve must be operated by hand, however, operators will find they must turn the 
handwheel for some time to fully open or close the valve. (Note that the engage-disengage 
lever must be moved to the manual position.) It takes longer to position a motor-operated 
valve manually because of the gearing used between the motor and valve stem. In an 
automobile, a high engine speed coupled to a transmission in first or second gear gives high 
torque to the rear wheels but at a low wheel speed. Valve operators use the same principle: 
high motor speed coupled through a high ratio gear box to increase torque. The result of the 
high gear ratio in manual is slow operation (many turns of the handwheel).
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Limitorque Valve Operators

The Limitorque type of electric valve operator (see Figure 10-29) controls and limits the 
opening and closing travel of the valve.  Proper valve seating is very important because the 
valves can be damaged by overtightening the valve in either the closed or open (backseat) 
position.  By limiting torque and thrust loads with the valve torque limit switches, the valve 
closing or backseat torque can be closely controlled.

Figure 10-29: Cutaway View of a SMB – 0 Limitorque Operator

The Limitorque design provides a constant-seating thrust, ensuring that a valve is fully 
seated on each stroking operation and automatically compensates for valve seat and disk 
wear.  This seating thrust can be varied by means of a micrometer adjustment of the torque 
limit switches.

The torque limit switch becomes operative and disconnects the drive motor if an obstruction 
is met, regardless of whether valve travel is complete.  This prevents damage to the valve 
seat, disk, and stem.  The torque limit switch also serves as a backup to the valve travel limit 
switch and keeps the valve from being jammed in the open or closed position if the travel 
limit switch malfunctions.

Gear-driven limit switches govern valve travel in the open or closed direction. These 
switches also regulate the position indicator lights when provided. Depending on the type 
of operator, both the geared limit switches and the torque limit switches are always active 
during both motor and hand operation. Keep in mind, however, that electrical interlocks are 
of little use during manual operation. As a result, MOVs that have been over-torqued were 
often done so when operated manually.

10.5.2.1
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The size of the Limitorque operator used depends on the size of the valve and its 
application.  The differential pressure across the valve, stem diameter, desired opening 
and closing times, operating voltage, fluid temperature and frequency of service are all 
considered when matching an operator to a valve.  Limitorque operators used in nuclear 
service typically have an SMB designation.  There are currently eight sizes available, 
ranging from SMB-000 (smallest) to SMB-5 (largest).  The discussion which follows is for a 
SMB-0 operator, but is also applicable to SMB-1, 2, 3, and 4 operators.

Description of Motor Operation

The motors used on the Limitorque valve controls are high-starting torque, totally enclosed 
motors.  They are furnished in weatherproof, explosion-proof, or submersible enclosures.  All 
motors are furnished with ball bearings and provided with grease seals.  No lubrication of 
these motors is necessary because they are lubricated at the factory for lifetime operation.  
All 3-phase AC motors are of the squirrel cage design, and DC motors are compound 
wound.  The motor (see Figure 10-30) transforms the electrical energy input to mechanical 
energy output.  This mechanical output energy is transmitted through a series of gears inside 
the main housing to open and close the valve.

Figure 10-30: SMB – 0 Limitorque Operator

A reversing starter and overload relay must be wired in series with the input motor leads 
to control motor directional rotation and limit motor current, respectively.  These two 
components may be enclosed in the limit switch compartment or wired to the unit from a 
central motor control station.

10.5.2.2
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As shown on Figure 10-30, the electric motor (14) has a helical pinion mounted on its shaft 
extension.  This pinion (13) drives the worm shaft clutch gear (12) which is engaged with the 
worm shaft clutch (11).

The worm shaft clutch is coupled to the worm shaft (6).  A spring (10) pushes the clutch 
along the splines on the worm shaft and engages the clutch with the worm shaft clutch gear.

Two lugs cast into the top portion of the worm gear (17) engage the two lugs on the drive 
sleeve (19).

The lugs are spaced so that when the worm gear begins to turn during motor operation, 
there is a certain amount of lost motion before the lugs engage and cause the hammer blow 
effect within the operator.  This hammer blow effect will help to unseat valves stuck on a 
backseat or seat.

As soon as the worm gear lugs engage, the drive sleeve (being splined internally with the 
stem nut (20) causes the stem nut to rotate and open or close the threaded stem of the 
valve.

The stem nut is threaded internally to fit the thread of the particular valve.  In the case of 
nonrising stem valves, or where the electric motor is mounted in tandem with an additional 
gear drive, the stem nut is merely bored and keyed to fit the shaft.

The thrust developed by a Limitorque operator is absorbed by the thrust bearings (16) and 
(18) on the top and bottom of the main drive sleeve.

As the operator develops greater torque when seating a valve, encountering an obstruction, 
or during a valve malfunction, the worm (21) slides axially along the splines of the worm 
shaft and compresses the belleville springs in the spring pack (located within the torque 
limit sleeve) (3).  The spring pack worm assembly has a rack machined onto the bearing 
cartridge (4) which engages with the gear located on the shaft of the torque switch (2).

When the worm moves axially as a result of increased load on the gearing, it rotates the 
shaft of the torque switch.  When the torque switch reaches a preset torque value, it opens 
a pair of electric contacts, which are wired into the motor control circuit.  These contacts 
interrupt the circuit and stop motor operation.

A simplified representation of the operation of the worm is shown in Figure 10-31.  During 
normal valve movement, the worm assumes an equilibrium position on the splined worm 
shaft and simply rotates in place, turning the worm gear.
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Figure 10-31: Simplified Worm Operation Diagram

When the valve disc/stem encounters increased movement resistance due to contacting 
the valve seat or an obstruction, the increased resistance creates increased back torque 
that is transmitted through the stem nut and drive sleeve to the worm gear.  The increased 
back torque tends to slow or stop the rotation of the worm gear.  However, the motor and the 
associated gearing are continuing to turn the worm shaft and worm at the original speed.  
The speed difference resulting from the increased back torque causes the worm to “dig” 
into the worm gear teeth and move axially ( to the right in Figure 10-31) along the splined 
worm shaft.  If the back torque is sufficient, the worm will compress the Belleville spring pack 
enough to operate the torque switch, which stops current flow to the motor.  (For schematic 
simplicity, the torque switch shown in Figure 10-31 is different from the switches found on 
most Limitorque valves, but the action is the same.)  The ability of the worm to either rotate 
in place normally or move axially along the splined worm shaft when increased back torque 
is encountered is the heart of the torque-limiting action of a Limitorque motor operator.

This feature of the operator keeps the valve from being damaged in the event of excessive 
torque, i.e., valve malfunction or an obstruction to valve operation.  It also enables the valve 
to develop a predetermined amount of torque to seat globe and gate valves and obtain a 
leaktight seal.

The spring pack is simply a series of Belleville washers which are initially compressed 
a certain amount by the stop nut on the end of the assembly.  The amount of initial 
compression or preload on the springs determines the amount of worm travel when torque 
loads increase.  This in turn determines the amount of torque applied by the operator for a 
given torque setting on the torque switch.

https://en.wikipedia.org/wiki/Belleville_washer
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The torque switch has two sets of contacts (open, close) which are actuated mechanically 
by the rotation of a pinion on the shaft, which engages with a worm on the spring pack 
assembly.  A dial on the front of the torque switch can be set for a desired torque output 
of the operator.  The greater the torque setting, the more the cam must rotate to open the 
contact (equivalent to a longer worm travel and a higher torque output).

The geared limit switch (1) in Figure 10-30 is directly geared to the worm shaft and is in step 
at all times with the movement of the operator. Once the geared limit switch is set to trip at 
its proper position of valve travel, it will trip at the same point every time.

Generally, the torque switch is wired into the motor control circuit to stop the operator in the 
closed position on torque-seated valves, and the limit switch is wired into the control circuit 
to stop the operator at the full-open position.  However, even on torque-seated valves, the 
limit switch must be set to trip at the closed position, once the torque switch has tripped, to 
open contacts for “open” light indication.

The 8-contact geared limit switch employs two rotary drum switches, each having four 
contacts.  Important uses of these limit switches are to provide valve position indication and 
valve stroke control.  When the rotor is properly set to trip at the desired position, two of 
these contacts open electric circuits and two contacts close electric circuits.  Generally, one 
rotor is set to trip at the full-open position and the other is set to trip at the full-closed position 
of the valve.  Each drum switch may be adjusted independently of the other.

Description of Hand Operation

In the event of a power failure, a handwheel is provided for emergency hand operation of the 
Limitorque valve actuator.  The SMB type of  operator has an  automatic  handwheel de-
clutching lever arrangement.  In order to hand operate the type SMB operator, the declutch 
lever is pulled downward.  This mechanically disconnects the electric motor from the valve 
operator through the clutch assembly.

This declutching action is similar in all the larger size SMB operators.  Refer to Figure 10-32 
for the SMB-0  operators.  When the declutch lever is depressed, the declutch lever shaft 
causes the clutch trippers to push the worm shaft gearing out of engagement with the motor 
helical gearing and into engagement with the handwheel pinion gear.

10.5.2.3
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Figure 10-32: SMB – 0 Limitorque Operator (Exploded View)

When the handwheel is rotated, the handwheel pinion gear, which is engaged with the worm 
shaft gearing, turns the worm shaft.  The worm rotates the worm gear and puts the operator 
into motion.

When the electric motor is energized, the tripper pin (which is part of the clutch gearing) 
causes the clutch trippers to be released, allowing the clutch to be released.  A spring 
located behind the clutch pushes the clutch along the splines on the worm shaft and 
engages the clutch with the worm shaft clutch gear.  Now power is again transmitted through 
the motor pinion to the worm shaft clutch gear and on through the worm shaft.

When the handwheel is turned it does not rotate the motor.  Similarly, when the motor is in 
operation, the handwheel does not turn.  In the SMB-0 and larger operators, the handwheel 
drives the operator through the same train as the motor and will operate the torque switch.
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SMB-000 Actuator Differences

The primary differences between the smaller SMB-000 and the larger SMB-0 actuators, from 
a mechanical standpoint, are in the declutch assembly parts, the handwheel gearing, and 
the actuation gearing for the torque and limit switches.  An SMB-000 actuator is shown in 
Figures 10-33 and 10-34.

Figure 10-33: SMB – 000/00 Limitorque Operator

10.5.2.4
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Figure 10-34: SMB – 000 Limitorque Operator (Exploded View)

The electric motor, like that on the SMB-0, has a helical pinion mounted on its shaft 
extension.  This pinion drives the worm shaft gear, which is keyed to the worm shaft.  The 
worm shaft is splined to the worm so that rotation of the worm shaft causes rotation of the 
worm.  From this point, power is transmitted to the valve stem through the worm, worm gear, 
drive sleeve, and stem nut, respectively, just as in the SMB-0.

The  torque switch assembly operates in the same manner as that used on the SMB-0, 
except for the way in which it is actuated.  Instead of having a gear that is actuated by the 
axial movement of the worm against the spring pack assembly, axial movement of the worm 
moves an arm that mates with a machined recess located behind the teeth of the worm.

The geared limit switch assembly also operates in the same manner as that used on the 
SMB-0 except that a different type gear drives the limit switch gear.  Instead of being driven 
by a worm machined onto the worm shaft, the geared limit switch is directly geared to a 
bevel gear on the drive sleeve.  Just like the SMB-0 limit switch, it also is in step at all times 
with the movement of the operator.
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Unlike the SMB-0, which has a clutch splined to the worm shaft, the SMB-000 has a clutch 
ring, which is mounted on the drive sleeve just above the worm gear and is moved upward 
by the clutch fork assembly (for hand operation).  The clutch fork assembly is keyed to the 
declutch lever shaft.  When the declutch lever is depressed, the clutch ring moves the clutch 
keys upward until they engage with the lugs on the bottom of the handwheel.

This assembly (clutch ring, clutch key, clutch fork) is held in the upward position by the clutch 
tripper lever assembly.  The operator will remain in hand operation until the electric motor is 
again energized.

When the motor is energized, cams mounted on the worm shaft automatically cause the 
trippers to release the clutch ring and clutch keys from their hand position.  Rotation of the 
handwheel during motor operation will have no effect.

Unlike the SMB-0 actuator, which has a slide-mounted handwheel with a gear located on its 
extension shaft that engages with a clutch pinion gear during hand operation, the SMB-000 
has a top-mounted handwheel.  The handwheel has two lugs that engage with the clutch 
keys.

In the SMB-0 and larger operators, the handwheel drives through the same train as the 
motor and will operate the torque switch; however, in the SMB-000 and SMB-00, the 
handwheel turns the drive sleeve directly and will not operate the torque switch.

Limitorque Operator Problem Areas

Nuclear power plant applications have demonstrated several problem areas associated with 
motor powered Limitorque actuators.  These include environmental and seismic qualification, 
and problems related to higher valve speeds.

At moderate operating speeds, service has been satisfactory.  However, the necessity for 
higher speeds in nuclear operations, particularly in safety systems, has caused problems.  
Higher speeds have been achieved by simply changing the  gearing in existing actuators.  
Therefore, the momentum of the high speed motor rotor has resulted in damaged and 
jammed valves.  Valves that are rigid near the seat area (for resistance to leakage from 
distortion by temperature changes) experience higher loading.  The increased loading has 
damaged disks, seats, stems, and bonnets.

Changing the limit switch settings does not solve the problem; it merely creates other 
problems.  Cutting motor current farther from the seat causes incomplete seating if friction 
changes.

10.5.2.5
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Changing torque-switch settings helps, but even this will not eliminate two electrical 
problems:  unavoidable time-delay during torque switch and starter-coil trip, and excess 
thrust when full line voltage is used on motors designed to give required thrust at reduced 
(degraded) voltages.  The degraded voltage requirement is imposed by safety-related 
equipment design considerations.

Environmental hazards for nuclear plant actuators must be considered when testing 
operators.  Ambient temperature peaks of 340°F, pressure peaks of 70 psig, radiation, 
and steam and chemical sprays are included in month-long test conditions.  Typically, the 
actuator must operate 20 times during and after the test.

Motor Operated Valve Control Circuit

Figures 10-35 and 10-36 illustrate the operation of a typical motor-operated valve (MOV) 
control circuit.  The circuit in Figure 10-35 is for a valve with a seal-in feature, such as a 
gate valve used for system isolation.  Figure 10-36 is a typical control circuit for a valve 
occasionally used by an operator to throttle flow.

Figure 10-35: Basic MOV Valve Control Circuit with Seal – in

10.5.2.6
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Figure 10-36: Basic MOV Throttle Valve Control Circuit

In Figure 10-35, the power supply for the MOV is generally from a 480-volt, 3-phase power 
supply.  The motor control circuit is usually supplied from the same source through a 
stepdown transformer to 120 volts single phase.  A fuse is provided on the secondary leg to 
protect the circuit in case there is a short or a failure in the control circuit.

Note that there are three sets of contacts labeled OL in series with the opening and closing 
coils.  The OL contacts open if the magnetic overload relays sense excessive current going 
to the motor.  There are also three thermal overloads in the power feed to the motor.  These 
thermal overloads will also open to provide protection against excessive current and motor 
burnout.

There are two operating coils or relays used in the control circuit, one for forward motion and 
one for reverse motion or, in this case, “opening” and “closing.”  The “opening” coil reverses 
the power leads from the “closing” configuration of phases A, B, and C.  When the opening 
coil is energized, A, B, and C are tied on to T1 , T2 , and T3 , respectively.  Conversely, when 
the “closing” coil is energized, the phase configuration is reversed to connect A, B, and C 
to T1, T3 , and T2 , respectively (causing the electromagnetic field applied to the motor to 
rotate in the reverse direction).
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The O and C “b” contacts are electrical interlocks for the opening and closing coils to prevent 
both coils from being energized at the same time, which would damage the motor and power 
feeds.  When the closing coil is energized, the C “b” contact is opened, making it impossible 
to energize the opening coil.  When the opening coil is energized, the O “b” contact is 
opened, preventing the closing coil from being energized.

The O and C “a” contacts that are in parallel with the selector switch are the seal-in contacts 
for the operating coils.  When the open or close position is selected (a momentary contact), 
the respective coil is energized closing the seal-in contact, and holding the circuit energized 
until a limit switch or torque switch is opened to remove power from the circuit.

The control station usually consists of a spring return-to-neutral switch and two indicating 
lights.  Whenever indicating lights are furnished, a red light usually indicates the full open 
position of the valve, and a green light indicates the full closed position. 

When both lights are energized, the valve is in an intermediate position.  Other combinations 
of pushbuttons, lights, and selector switches may be necessary for specific applications.

Also, it should be noted that in actual plant application there would be parallel control 
stations, or devices (the engineered safeguards feature (ESF) contact, for instance) that 
would open or close the valve automatically under certain conditions.

The two-train geared limit switch shown in Figure 10-30 employs two rotary drum switches, 
each having four contacts.  When the rotor reaches the desired position, two of these 
contacts open electric circuits and two contacts close electric circuits.  One rotor is set to 
trip at the full open position of the valve, and the other rotor is set to trip at the full closed 
position of the valve.  Each drum switch may be adjusted independently of the other.
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Figure 10-30: SMB – 0 Limitorque Operator

Normally, one circuit on one drum is used to open the “open” holding circuit of the motor 
controller, and another circuit of the drum is used to operate the “open” indicating light for the 
valve.

On the other drum, one circuit is used to control the “closed” indicating light, and another 
circuit may be used to open the “close” holding circuit of the motor controller.

The open limit switch contact is connected in series with the open switch position and seal-in 
contact.  The open limit switch opens to deenergize the opening coil when the valve reaches 
the full open position.

The close limit switch contact is connected in series with the close switch position and 
seal-in contact.  The close limit switch opens to deenergize the closing coil when the valve 
reaches the full closed position.

The torque switches provide a means of interrupting the control circuit of the valve actuator if 
a mechanical obstruction should be encountered during the opening or closing cycle.  If the 
resistance to valve movement causes the torque to become excessive, the applicable torque 
switch will open to interrupt the current flow to the associated operating coil to protect the 
motor and the valve.
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The torque bypass switches that are in parallel with the torque switches can be set up to 
bypass the torque switches if the valve is fully closed or fully open.  At these positions the 
actuator may need extra torque to bring the valve off the closed seat or the open backseat.  
Some nuclear plants set up the bypass switches such that the bypasses can be closed by 
an ESF signal, allowing safety-related valve actuators to use maximum torque to move the 
valves to required ESF positions for an accident.

Figure 10-35 shows the valve in the closed position with the green closed light lit.  To open 
the valve, the operator places the control switch to open.  This energizes the opening coil 
which closes the O “a” seal-in contact (allowing the operator to release the control switch), 
closes contacts in the motor power supply to turn the motor in the open direction, and opens 
the O “b” contact in the closing circuit.

Some plants have the open and close limit switches for the lights set up such that as the 
valve leaves the close seat, the open limit switch for the red light closes, resulting in both the 
green and red lights being lighted during valve movement.  Other plants set up the light limit 
switches so that both lights are off when the valve is neither open or closed (intermediate 
position).  When the valve reaches the open position, the control circuit open limit switch 
contact will open to deenergize the opening coil.  The light circuit open limit switch will close 
to energize the red open light (if it is not already on), and the light circuit close limit switch 
will open to turn off the green light.  With the valve open and the opening coil deenergized, 
the close limit switch in the closing control circuit will be closed and the O “b” contacts will be 
closed, establishing a ready path for closing the valve with the control switch. 

In Figure 10-35, note that if the valve is closed, an ESF actuation signal will automatically 
open the valve and will prevent the operator from closing the valve using the control switch.  
The valve in Figure 10-36 operates similarly to the one in Figure 10-35, except that without a 
seal-in feature, valve motion will stop whenever the operator releases the control switch.
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Pneumatic Operators
Pneumatic (diaphragm) operators (see Figure 10-37) control valve stem movement by 
using the energy of compressed air.  Pneumatic operators generally control or regulate flow 
but are also used in simple open/closed applications.  Pneumatic operator units generally 
consist of a sealed casing, diaphragm, spring, and shaft (valve stem or extension).  Air can 
be supplied either above or below the diaphragm, depending on whether the air is to open 
or close the valve.  A solenoid valve controls the air supply.  When the operator positions a 
switch to energize the solenoid, air is admitted to the diaphragm, and the valve opens.

Figure 10-37: Diaphragm Operators

As long as the solenoid is energized (and instrument air is available), the pneumatic valve 
remains open.  When the solenoid is deenergized (or instrument air pressure is lost), air 
is vented from under the diaphragm and the valve closes.  With a different instrument air 
hookup and solenoid control, the valve can be made to close with air pressure and open 
when air is lost (or blocked by the solenoid). Limit switches are attached to the valve stem to 
indicate valve position by way of remote and/or local indicating lights.

Valves of the type first described are called “air to open, fail closed.”  Valves of the second 
type, are “air to close, fail open.”  Piping and instrumentation drawing (P&ID) symbol sheets 
often illustrate these options.

All automatically controlled valves, whether pressure reducing or not, can fail.  They fail 
when they lose their actuating source.  In an air-actuated valve, air is the actuating source.  
When air is lost, the valve fails and, by design, it should fail in a condition (open or closed) 
that results in the least damage to equipment and personnel. 

10.5.3



USNRC HRTDREV 0817 10-76

Electronic to Pneumatic Converters

Electronic to pneumatic (E/P) converters are used in a number of measurement and 
control applications.  Two of these applications are:  converting the millivolt output of a 
thermocouple to a pneumatic signal and converting the voltage output of a tachometer to a 
pneumatic signal.  The most frequent use of the E/P converter, however, is to convert the 
output of an electronic controller to the pneumatic signal necessary to operate diaphragm 
actuated control valves.

The conversion of an electronic signal to a pneumatic signal is accomplished using an 
armature bar and a flapper/nozzle motion detector.  These components are found in various 
arrangements, but the operation is basically the same.  The electronic signal causes a 
motion of the armature bar, which has the flapper attached to it.  This movement of the 
flapper results in a change in the distance between the flapper and nozzle, resulting in a 
change in the pressure of the pneumatic signal out.  In all cases, there is a “feedback” signal 
to minimize the movement needed to the range necessary to produce a signal output of 
approximately 3 to 15 psi.

The operation of a simple E/P converter is shown in Figure 10-38.  In this converter, an 
increase in current to the coils moves the armature bar such that the flapper is closer to the 
nozzle.  This action increases the backpressure in the line between the nozzle and the fixed 
restriction.  This higher pressure causes the diaphragm of the air relay to flex downward 
increasing the opening in the path from the air supply to the air output and decreasing the 
opening in the path to exhaust.  The result of the increase in signal current, therefore, is 
an increase in air output pressure.  The bellows provides feedback to the armature bar to 
reposition the flapper relative to the nozzle.  Without this bellows, the device would have 
an infinite gain, for a small input the output would go to maximum.  The motion needed by 
the flapper to create full (15 psi) output is approximately .0005 inches.  It is easy to see 
that even a small input signal current to the coils would move the armature bar and flapper 
enough to obtain full output air pressure.
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Figure 10-38: Simple E/P Converter

The bellows, however, senses the change in output pressure and opposes the motion of 
the armature bar, thus, reducing the gain to some usable level.  Therefore, although a small 
current input would attempt to move the armature bar a large amount, the counteraction 
of the bellows reduces that motion to the small amount required to produce a proportional 
change in the output pressure.
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Hydraulic Operators 
Hydraulic valve operators (see Figure 10-39) convert fluid pressure into valve motion.  
Generally, the fluid is water or oil.

Figure 10-39: Hydraulic Operators

A piston is usually used to transfer hydraulic force to valve motion.  The piston may be 
directly attached to the valve stem or work through rams or levers.

Hydraulic valve operators are slightly more complicated than pneumatic operators because 
air can be harmlessly vented off to allow spring pressure to close (or open) the valve.  
Hydraulic systems generally conserve the working fluid for reuse.  As shown  in Figure 10-
39, the piping arrangement uses a pump, reservoir, and valves to direct pressurized fluid 
below the operating cylinder (close valve) or above the operating cylinder (open valve).   
Note that the fluid on the other side of the cylinder must have an escape (vent) path, or the 
valve will not move (this is called a “hydraulic lock”).  The vented fluid generally is directed 
to an accumulator for reuse or to the suction side of the hydraulic motor.  The accumulator 
is the ready supply that starts valve motion quickly.  The hydraulic motor will complete the 
valve stroke and recharge the reservoir for the next operation.

The operator on the left of Figure 10-39 utilizes on/off pump operation, controlled by the 
cylinder position transducer, to supply oil to drive the piston to equilibrium position.  This 
actuator provides high stiffness and accurate positioning.  An array of check valves retains 
pressure to hold the piston at a setting.  Motor-speed control can give a cushioning effect 
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at stroke ends.  Thrusts in this type actuator go to 16,500 lb, as seating force.  Continuous-
duty thrust is 50% of this.  Strokes are 24 in. maximum in the larger models and 4 in. in the 
smallest.

The hydraulic-pump motor runs continuously in the actuator shown on the right of Figure 10-
39.  This actuator consists of a balance beam, flapper and nozzle, force motor, and feedback 
loop.  Signal current in the force-motor coil moves it and the attached balance beam.  The 
motion shifts a flapper in relation to a nozzle and changes pressure in an amplifier.  The 
amplifier controls high-pressure oil flow to the correct side of the piston.  A feedback linkage 
then restores equilibrium.  If pump power fails, the spring in the actuator yoke either opens 
or closes the valve.  It is also possible to set up the actuator such that the valve is locked in 
its last position on a power failure.  The electric motor for the hydraulic pump is small, only 
1/6 hp.  All components are enclosed in this design, and the only external connections are 
for motor power and control signals.

Because hydraulic fluids are not compressible, these operators can hold valves in midstroke 
against high system flow.  If the motor is stopped with the valve in mid-position and no vent 
path is available, a very powerful hydraulic lock is placed on the operator, and the valve will 
not move.

The position of a hydraulic valve can be determined using limit switches or by observing 
system parameters downstream of the valve. 

Squib Operators
A squib is a small explosive device that consists of a small tube filled with an explosive 
substance and a detonator connected to a remote electrical / electronic trigger. A squib valve 
is a valve which uses a squib as the method of causing the valve to open. Squib valves 
are used in BWRs in their Standby Liquid Control System (SLC) and in the AP1000 in the 
Passive Core Cooling System. They are used because they are highly reliable for opening 
one time during accident conditions and have zero leakage during normal operations. 

The SLC squib valve is a double squib actuated shear plug, zero leakage valve.  When 
either explosive squib is fired, it drives a ram forward to shear off the hollow shear plug of 
the inlet fitting.  The extended ram prevents the shear plug from obstructing flow through 
the valve by forcing it into a recess in the valve body.  The products of the explosion are 
completely retained in the primer chamber and will not contaminate the boron solution 
passing through the valve.  Removable spool pieces in the piping immediately upstream of 
each valve facilitate replacement of the shear plug.

In the AP1000 squib valves are used to drain the emergency supply of borated water to 
the reactor vessel and to actuate emergency automatic valves to depressurize the Reactor 
Coolant System. The type of squib valve used in these applications provides zero leakage 
in both directions.  It also allows flow in both directions.  Valve-open position sensors are 
provided for these valves.
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Water Hammer 
Water hammer is a pressure surge or wave caused when a fluid (usually a liquid but 
sometimes also a gas) in motion is forced to stop or change direction suddenly (momentum 
change). A water hammer commonly occurs when a valve closes suddenly at an end of a 
piping system, and a pressure wave propagates in the pipe. It is also called hydraulic shock.

This pressure wave can cause major problems, from noise and vibration to pipe collapse. It 
is possible to reduce the effects of the water hammer pulses with accumulators, expansion 
tanks, surge tanks, and other features.

When a pipe is suddenly closed at the outlet (downstream), the mass of water before the 
closure is still moving, thereby building up high pressure and a resulting shock wave. In 
domestic plumbing this is experienced as a loud banging, resembling a hammering noise. 
Water hammer can cause pipelines to break if the pressure is high enough. Air traps or 
stand pipes (open at the top) are sometimes added as dampers to water systems to absorb 
the potentially damaging forces caused by the moving water.

On the other hand, when an upstream valve in a pipe closes, water downstream of the valve 
attempts to continue flowing, creating a vacuum that may cause the pipe to collapse or 
implode. This problem can be particularly acute if the pipe is on a downhill slope. To prevent 
this, air and vacuum relief valves, or air vents, are installed just downstream of the valve to 
allow air to enter the line for preventing this vacuum from occurring.

Other causes of water hammer are pump failure, and check valve slam (due to sudden 
deceleration, a check valve may slam shut rapidly, depending on the dynamic characteristic 
of the check valve and the mass of the water between a check valve and tank).

Steam distribution systems may also be vulnerable to a situation similar to water hammer, 
known as steam hammer. In a steam system, water hammer most often occurs when some 
of the steam condenses into water in a horizontal section of the steam piping. Subsequently, 
steam picks up the water, forms a “slug” and hurls it at high velocity into a pipe fitting, 
creating a loud hammering noise and greatly stressing the pipe. This condition is usually 
caused by a poor condensate drainage strategy.

Column separation is a phenomenon that can occur during a water-hammer event. If the 
pressure in a pipeline drops below the vapor pressure of the liquid, cavitation  will occur 
(some of the liquid vaporizes, forming a bubble in the pipeline, keeping the pressure close 
to the vapor pressure). This is most likely to occur at specific locations such as closed ends, 
high points or knees (changes in pipe slope). When subcooled liquid flows into the space 
previously occupied by vapor the area of contact between the vapor and the liquid increases. 
This causes the vapor to condense into the liquid reducing the pressure in the vapor space. 
The liquid on either side of the vapor space is then accelerated into this space by the 
pressure difference. The collision of the two columns of liquid (or of one liquid column if at a 
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closed end) causes a large and nearly instantaneous rise in pressure. This pressure rise can 
damage hydraulic machinery, individual pipes and supporting structures. Many repetitions of 
cavity formation and collapse may occur in a single water-hammer event.

Thermal Binding and Pressure Locking of Valves
Thermal binding is generally associated with a valve that is closed while the system is 
hot and then allowed to cool before attempting to open the valve. Due to the design of 
some valve types, the valve body can cool faster than the disk, this causes the valve seat 
to bind against the valve disk. Consequently, when a valve is closed hot and allowed to 
cool, difference in thermal contraction can cause a valve seat to bind with the disk, so that 
reopening of the valve may be impossible until valve body is reheated. To prevent thermal 
binding during cooldown, affected valves can be cracked opened and re-shut periodically 
during cooldown or after closing the valve, back off the stem a ¼ of a turn to allow for stem 
expansion.

Pressure Locking occurs when a valve is closed and the pressure in the body bonnet 
increases, or when the line pressure decreases without decreases in the body bonnet area. 
If the valve is heated, the liquid becomes heated and begins to pressurize valve bonnet. 
The temperature in the valve bonnet might increase in response to heat up during plant 
operation, ambient air temperature rise due to leaking components or pipe breaks. The 
bonnet pressure could decrease by leakage past the seating surfaces or stem packing. 
Stem and yoke failures have occurred while attempting to operate thermally bound valves. 
Pressure Locking can be prevented by:

1. Cycling the valve during start-up, the trapped condensate in the body cavity will be 
either flashed or siphoned away.

2. Installing a pressure release system of the body cavity. This can be accomplished by 
an equalizing pipe from the bonnet to the high pressure side of the valve (the valve will 
only seal in one direction when the valve is closed).

3. Installing a automatic relief valve or a manual drain valve to exhaust to the atmosphere.

4. Drilling an internal hole in the wedge face to the high pressure side of the valve.
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Piping and Instrumentation Diagrams
P&IDs are used to describe piping systems throughout the plant.  P&IDs are usually used to 
determine and/or verify one or more of the following:

• The function of a valve or other component known to exist in the plant

• The identification number of a system component

• Valve lineups necessary to establish a desired flowpath or isolate a specific component 
for maintenance

• The cause of an undesirable flow restriction or isolate an undesirable leak

• The function or purpose of part or all of a system and its components

• The type and location of instrumentation

• Valve types and pipe sizes

Print Reading, Appendix A - P&ID Symbols Reference provides a complete list of the most 
common symbols used. As you can see in figure below provides an index of the symbols 
used on typical piping and instrument diagrams. 
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Figure 10-40: P&ID Drawing M-200

Additional information on how to use P&IDs can be found in topic, Print Reading – Piping 
and Instrumentation Diagrams.
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Chapter Overview
The purpose of this module is to assist the trainee in recognizing basic information and 
terminology as used in turbines.  This module is designed to assist you in accomplishing the 
learning objectives listed at the beginning of the module.

Learning Objectives

After studying this chapter, you should be able to: 

1. Identify the purpose of a turbine.

2. Identify condensing and non-condensing turbines.

3. Recognize the function of nozzles, fixed blading, and moving blading, in the turbine.

4. Recognize the principles of operation for an impulse turbine, including:

a. Steam flow through the stages

b. Steam pressure and velocity relationships with respect to nozzles, rotating blades, 
and fixed blades

5. Recognize the principles of operation for a reaction turbine, including:

a. Steam flow through the stages

b. Steam pressure and velocity relationships with respect to nozzles, rotating blades, 
and fixed blades

6. Define or describe the following: 

a. Journal bearing

b. Thrust bearing

c. Labyrinth seal

d. Stop valve

e. Control, Governor, or Throttle valve

f. Combined intermediate valve (includes a reheat stop and intercept valve)

g. Extraction nonreturn valve

h. Moisture Separator Reheater.

7.  Recognize the purpose of the following turbine auxiliary systems/components: 

a. Electro-Hydraulic Control System

11.0
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b. Governor

c. Turning gear

d. Front Standard

e. Lubricating oil system and lift pumps

f. Gland seal steam system

8. Identify why a turbine is tripped under the following conditions:

a. High vibration

b. Overspeed

c. Low lube oil pressure

d. High thrust bearing wear

e. Reactor trip

f. High reactor vessel (steam generator)  level 

9. Recognize the effect of critical speeds in large rotating equipment.

10. Identify the effects of water on operating turbines.

11. Given a Piping and Instrumentation Drawing (P&ID), identify the type of turbine and the 
flow path through the turbine.
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Introduction
The nuclear power plant utilizes saturated steam for transporting the thermal energy 
produced by the reactor to the turbine generator where the energy is converted to 
mechanical energy.  (Note:  The Babcock & Wilcox and high-temperature gas reactor 
designs use slightly superheated steam from the steam generators.)  The mechanical 
energy of the turbine is converted to electrical energy by the generator attached to the main 
turbine shaft.  Other steam turbines are used to provide the motive power for main and 
auxiliary feed pumps, reactor core isolation cooling pumps, etc.

The admission of steam to a turbine is controlled by control (governor / throttle) valves and 
quick-acting stop valves that will trip shut in an emergency.

The basic purpose of a steam turbine is to convert the stored thermal energy of steam into 
mechanical work.  This is accomplished by the expansion of the steam through stationary 
nozzle vanes and rotating blades.  The geometry of the nozzles and blades determines the 
pressure distribution throughout the turbine and also directs and turns the steam jets so that 
the forces on the blades develop a torque on the shaft.

11.1
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Condensing and Non Condensing Turbines
A nuclear plant uses both condensing and non-condensing turbine applications. The main 
turbine, which is used to drive the station’s generator is a condensing turbine. Condensing 
turbines extract the maximum amount of energy from the steam by exhausting to a vacuum. 
Another application for condensing turbines is steam driven main feedwater pumps (where 
applicable). Auxiliary Feed Water (AFW) pumps in pressurized water reactors (PWR), and 
the Reactor Core Isolation Cooling (RCIC) and High Pressure Coolant Injection (HPCI) 
in boiling water reactors (BWR) use non-condensing turbines. The lack of a condenser 
decreases the turbines efficiency, but increases reliability as no systems are need to 
maintain a condenser in vacuum conditions.

Figure 11-1: Condensing turbine v.s. non-condensing turbine

11.2
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Turbine Component Functions
A turbine can convert thermal energy to mechanical rotation in two ways:  by using the 
impulse force of the steam or by using the reaction force of the steam.  Most turbines use 
both of these forces.  In fact, both are frequently used in the same stage of a turbine.  For 
descriptive purposes, they are presented here as separate major turbine types.

Turbine nozzles are used in both impulse and reaction turbines. The nozzles take the 
thermal energy of the steam and convert it to kinetic energy. The nozzle shape is used to 
increase the velocity of the steam, resulting in a pressure drop. The velocity of the steam 
then impinges on the moving blades, converting the kinetic energy into rotational energy. 
As will be discussed in the next section, the shape of the blades determines if the turbine 
is an impulse, reaction, or combination of both. Fixed blades are used to redirect steam in 
between stages of moving blades. The fixed blades take steam from the moving blades, 
redirect it and increase it’s velocity before it reaches the next set of moving blades.

11.3

Impulse Turbines
Steam enters an impulse turbine through a stationary nozzle that expands the steam and 
creates a steam jet.  The steam jet strikes the rotor blades, forcing them to rotate.

Figure 11-2: Impulse Turbine

11.3.1
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A pure impulse stage of a turbine is one where the entire pressure drop of the stage 
occurs across the stationary blades and no pressure drop occurs in the rotating blades. 
The acceleration of the steam (and the attendant pressure drop) takes place entirely in the 
stationary row or nozzle.  The nozzles, arranged in a ring at one side to clear the moving 
blades, direct steam at an angle to the moving blades.  The crescent-shaped, moving blades 
permit free entry/exit and change the speed/direction of the steam, which gives the rotational 
force.  The steam expansion (pressure drop) occurs only in the nozzles, and pressure 
remains essentially constant in the moving blades.  The velocity rises in the nozzles but falls 
in the blades.

A force is exerted in changing either the speed or direction of a body in motion, and the 
amount of force depends on the extent to which speed or direction is changed.  For this 
reason, and  because all of the pressure drop occurs across the stationary row in a pure 
impulse stage, the steam velocity leaving the stationary row is quite high, generally twice 
that of the bucket speed.  In addition, because the change in direction is important in the 
impulse bucket to optimize the energy conversion, the turning angle is quite large.  In 
the impulse stage, the kinetic energy of the steam is imparted to the rotating blades, as 
evidenced by the reduced steam energy in the form of reduced velocity of the steam as it 
passes through the moving blades.

Figure 11-3: Impulse Turbine Pressure Velocity
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Reaction Turbines
In the impulse stage described earlier, the energy imparted to the moving blades took the 
form of reduced velocity of the steam. Another form of energy extraction is accomplished by 
a reaction turbine or stage by the reactive force of steam expanding from a nozzle. In this 
design, energy is extracted from the steam when the moving blades absorb the reactive or 
jet thrust of the steam exiting the nozzle-shaped moving blades. The energy given up by the 
steam to the moving nozzles shows up as a decrease in the steam velocity and pressure. In 
an ideal reaction turbine, the moving blades would be the only nozzles.

Figure 11-4: Reaction Turbine

This is impractical in large turbines because it is difficult to admit steam to moving blades 
without using some form of guiding nozzles or blades.  For this reason, most so-called 
“reaction” turbines are, in reality, using both impulse and reaction principles.

11.3.2
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Figure 11-5: Reaction Turbine Pressure Velocity

A reaction turbine shows some of the characteristics of the impulse design because the 
fixed nozzles direct the steam so as to impart some change-of-direction force on the 
moving blades. A reaction turbine in actuality also employs some impulse effect. Although 
it is possible to have a pure impulse turbine, there are no pure reaction turbines. Reaction 
turbines are so designated to distinguish them from pure impulse turbines.

Turbine Staging
Regardless of the type of turbine, multiple stages must be used to extract the maximum 
energy from the steam.  The stage design may be impulse, reaction, or combined-type 
stages.  For simplification, multiple staging will be discussed first as “pure” impulse and 
“pure” reaction.

11.4
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Impulse Turbine Compounding
The steam supplied to a typical nuclear plant turbine-generator is saturated steam at 
approximately 1000 lb./in2.  It leaves the turbine at a vacuum, which represents an enthalpy 
change of approximately 400 BTU/lbm across the turbine.  An impulse stage is capable of 
extracting approximately 40 BTU/lbm.  This implies that 10 or more stages would be required 
to extract all the available energy.  (Actually more than 10 would be needed because the 
efficiency of each succeeding stage decreases as the velocity of the steam decreases, and 
the 40 BTU/lbm value per stage is subsequently lowered.)  There are two ways of extracting 
more energy -- velocity compounding and pressure compounding.

The velocity-compounded turbine was designed and patented by C. G. Curtis, and a turbine 
stage using his design is generally known as a Curtis stage.  Essentially a Curtis stage 
makes use of higher nozzle velocities than are possible in a straight impulse turbine because 
the Curtis stage absorbs the kinetic energy of the jet in more than one row of moving blades.  
There are stationary blades between the rows of blades whose sole function is to redirect 
the flow to the next row of blades.  For the ideal turbine, there is no pressure drop over 
either the moving blades or stationary blades.  A pressure-velocity diagram for a Curtis stage 
is shown below.

Figure 11-6: Impulse Turbine. Velocity Compound Staging (Curtis Stage)

Curtis stages with up to four rows of moving blades have been built.  It is most common, 
however, to have only two rows because efficiency beyond two rows increases only 
marginally.  For example, for a Curtis stage with four rows of moving blades, the proportion 
of power absorbed by the moving rows of blades varies in the proportion 7:5:3:1.  That 
is, the last bucket absorbs only 1/16 of the total energy.  Clearly, the point of diminishing 
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returns is quickly reached.  Note that although a Curtis stage may have more than one row 
of moving blades, the group consisting of one nozzle, two to four rows of blades, and one 
to three stationary turning vanes is one stage.  More than one Curtis stage may be used in 
series.

The second way to use more rows of blades is pressure compounding.  In this arrangement, 
also known as the Rateau turbine, there are multiple nozzles, each followed by one row of 
moving blades.  The total enthalpy drop is divided approximately equally among each of the 
stages.  Each stage is designed essentially as a single-stage impulse turbine.  The pressure-
velocity diagram for a Rateau turbine is shown below.

Figure 11-7: Impulse Turbine. Pressure Compound Staging (Rateau Stage)

An additional advantage of the Rateau turbine is that, with proper design of downstream 
nozzles, some of the energy in the steam exhausting from the stage may be recovered or 
“carried over.”  Not all that energy can be recovered.  Typical values of carryover range 
around 85%; thus about 15% is lost in each stage.  There is, of course, no carryover for the 
last stage.
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Reaction Turbine Compounding
Reaction turbines are compounded by simple multiple staging, with each stage consisting of 
a row of stationary blades or nozzles, followed by a row of moving blades or nozzles.

As was done for the impulse turbine, a discussion of the turbine efficiency in terms of blade 
speed vs. steam speed is useful.  For the reaction principle, maximum efficiency occurs 
when blade speed is equal (and opposite in direction) to steam jet speed.  This is twice 
the speed required for the impulse type.  This implies that a reaction turbine would require 
many more stages than a comparable impulse turbine.  Obviously, the greater the number of 
stages, the larger and more costly the machine.  Practical reaction turbines will have about 
150% more stages than an impulse turbine.

11.4.2

Stage Efficiencies in Practical Turbines
An efficiency based partly on the nozzle efficiency and partly on the bucket or blade 
efficiency, known as the diagram efficiency, may be defined to help qualify stage efficiency.  
It can be shown that the peak efficiency of the 50% reaction stage, often known as an 
element, is greater than that of an impulse stage.  The relative efficiencies of the turbine 
types may be examined as functions of r, the ratio of wheel velocity to jet velocity, or 
enthalpy drop per stage (assuming constant wheel velocity).

While the peak efficiency of the reaction element is better than either type of impulse turbine, 
it falls off very quickly as the enthalpy drop per stage increases. In comparison, although the 
Curtis stage has a relatively low efficiency, it maintains its efficiency better at higher enthalpy 
drops. Such high enthalpy drops are common in the first stage of a multistage turbine. Thus, 
as mentioned earlier, it is common to see Curtis stages used in the first stage of a reaction 
turbine.

Conversely, although it is possible to design pure impulse turbines, this is seldom done 
except in small, single-stage, mechanical-drive turbines for which cost rather than efficiency 
is the prime consideration.  Practical power utility impulse turbines generally use some 
degree of reaction in design.  The degree of reaction in most turbines increases from the first 
to the last stage.  

11.4.3
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Construction Details
In this section, we will discuss several basic turbine contstruction concepts, details and 
systems.

1. Stage Sealing

2. Axial Thrust Loading

3. Rotor Designs

4. Shaft Sealing System

5. Gland Steam Condenser

6. Rotor Glands

11.5

Stage Sealing
A principal difference between reaction and impulse turbines is the place where the pressure 
drop occurs.  In the impulse turbine, essentially all the pressure drop occurs across the 
stationary nozzle.  In the practical reaction turbine, the pressure drop is split more or less 
equally between the stationary nozzle and the moving blade.

In any turbine, one design consideration is to ensure that as much of the steam as possible 
passes through the steam path, rather than leaking around it.  It is obvious that, considering 
where the pressure drops occur, leakage control and sealing are different for impulse and 
reaction turbines.  In reaction turbines, there is a pressure drop across both the moving 
and stationary blades; therefore, equal attention to leakage is necessary at the tips of the 
blades and between the shaft and the diaphragm, which supports the blades.  In the impulse 
turbine, because most of the pressure drop is across the stationary diaphragm, there is a 
more robust shaft packing.  

The construction used for impulse turbines is known as compartment construction because 
the wheels run in what appear to be compartments separated by the diaphragms.  Reaction 
construction is known as drum construction, because the diameter of the rotors in reaction 
turbines is generally greater than that for impulse turbines.  The greater diameter is 
necessary because, while both impulse and reaction turbines for utility applications must run 
at the same rotational speed, the blade velocity for the reaction turbine must be greater for 
optimum efficiency.  This is accomplished by using the larger diameter rotor.

11.5.1
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Axial Thrust Loading
Another major difference between the reaction and impulse designs is the axial thrust on the 
rotor.  Considerable axial force is generated on the rotor of the reaction turbine because of 
the pressure differential across each row of moving blades.  The impulse turbine, with very 
little pressure drop across its blades, has comparatively low axial force on the rotor.  A major 
design consideration in reaction turbines is how to deal with this thrust.

One simple, brute-force method of dealing with large thrust forces is simply to have a large 
thrust bearing.  However, this is impractical in most cases because such a thrust bearing 
would simply be too large.

Although all turbines have thrust bearings that help keep the shaft from moving axially, 
another method to eliminate thrust in larger, more recent turbine designs is the double flow 
rotor. In this design, the flow is split into two equal parts and passes in opposite directions 
through symmetrical, half-sized blading.  

The forces on the two groups of blading, are approximately equal and opposite, practically 
eliminating the thrust problem.

11.5.2

Rotor Designs
The rotors that contain the rotating blades or nozzles may be machined from a single forging 
as an integral part of the turbine shaft for smaller turbine units.  Larger units have rotors that 
are separate disks or wheels shrunk and keyed on to the shaft.

The rotor shaft is supported by journal bearings at each end.  A thrust bearing acting on a 
thrust collar keyed to the shaft maintains axial position.

11.5.3
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Shaft Sealing System
At points where the turbine shaft penetrates the outer casing, some means is needed to 
prevent leakage of air into or steam out of the cylinders. The glands, with their labyrinth-type 
seal rings and the gland sealing steam system, are designed to perform this function.

The system, consists of individually controlled diaphragm-operated valves, relief valves, and 
a gland steam condenser. The gland sealing steam is supplied from either the main steam 
system or from an auxiliary source during the starting cycle.  The system described is for 
a multi-turbine design with a single high pressure turbine on the same shaft with three low 
pressure turbines.

Figure 11-8: Shaft Gland Sealing System

11.5.4

Gland Steam Condenser
The gland steam condenser maintains a slightly sub-atmospheric pressure in the gland 
leakoff system at all times. This draws the leakage steam from the glands, condenses, and 
removes it. The gland steam condenser may also receive steam from the feed pump turbine 
gland seal and control valve and throttle-stop valve steam leakoff. The condensed gland 
steam is returned to the condensate system to improve plant efficiency.

11.5.5



USNRC HRTDREV 0817 11-19

Rotor Glands
The glands contain a number of labyrinth seal strips encircling the rotor at the ends of each 
outer cylinder, clearing the rotor surface just enough to prevent contact during operation. 
Labyrinth seals provide a torturous path along the rotor that inhibits the flow of steam or 
air.  Labyrinth seals are formed when a set of teeth machined into the turbine rotor mesh 
with teeth in the turbine casing.  The teeth do not contact each other, but rather they form a 
torturous winding path for any flow along the turbine rotor.  Steam or air leakage along the 
rotor is constrained through the labyrinth seals, effectively reducing leakage around the rotor.

Figure 11-9: Labyrinth Seal

11.5.6

Practical Turbine Types
The discussion of turbines thus far has been oriented principally toward understanding the 
physics and thermodynamics of the single stage.  The practical details of getting steam into 
and out of the turbine, support of the rotor and bearings, etc., have not been examined.  Full 
understanding of turbines requires some knowledge of some of these practical details.

The varieties of turbine design and arrangement (beyond impulse and reaction differences) 
are seemingly endless.  It would be impossible to cover all the combinations and 
permutations in the scope of this text.  However, within the industry, there are characteristics 
by which these many variations may be classified and described.

11.6
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Condensing vs. Non-Condensing
The first characteristic to consider is whether or not the exhaust from a turbine is condensed 
or not.  In some very old power plants the exhaust steam was simply vented to the 
atmosphere.  Later the realization was made that the power plant cycle could be more 
efficient and water treatment problems could be minimized by condensing and reusing the 
condensed exhaust (condensate).

In other instances, the steam exhausted from the turbine may be used in some process such 
as heating.  In some cases the turbine may be used simply as a pressure reducer.  If the 
exhaust pressure of a noncondensing turbine is higher than atmospheric, the noncondensing 
unit is called a backpressure turbine.

11.6.1

Extraction vs. Non-Extraction
Many multistage turbines are designed so that steam may be extracted, or bled, from the 
steam path at some point or points between the first and last stages. This steam may be 
used for some process such as heating or driving other smaller turbines. An added benefit of 
extraction is the concurrent removal of moisture. Some large turbines may have as many as 
eight extraction points. A final benefit of extracting steam between stages is the reduction in 
the size of subsequent stages’ blading.

Extraction turbines may be further subdivided into simple and automatic extraction units.  In 
normal operation the pressure at any point in a turbine, and thus any extraction point, is a 
function of load.  In a simple extraction turbine, no effort is made to control the extraction 
pressure.  In an automatic extraction turbine, valves are placed in line at the extraction 
points to control pressure.

11.6.2

Reheat vs. Non-Reheat
In some multistage units, all the steam is piped back to the boiler or a separate reheater 
after it passes through a portion of the turbine.  The reheated steam is piped back to pass 
through the remaining turbine sections.  The advantage of reheating the steam is that it 
improves the Rankine efficiency of the power plant.
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Single Casing vs. Compound Turbines
Simple, small, multistage turbines are generally built with all the stages on a single shaft 
that runs in one casing.  As turbine sizes increase beyond about 40 megawatts, it becomes 
impractical to use a single casing.  The different stages may be split among two or more 
casings on separate shafts.  As many as six different casings may be used.

If all the shafts of the different casings are bolted together in line to drive the same 
generator, this is called a tandem-compound turbine.  In some other instances, the sections 
may be arranged with two shafts, or groups of shafts, side by side, driving two separate 
generators.  This latter arrangement is called cross-compounding and is advantageous when 
it is easier to build two half-sized generators than one large one.

11.6.4

Single vs. Multiple Flow
Another characteristic used to classify the turbines is the number of flows among which 
exhaust steam is divided.  There is generally only one flow for a single casing unit.  
Compound turbines may have the exhaust flow divided among two, three, or up to six flows.  
This is generally accomplished by using double-flow, low pressure turbine sections.

11.6.5

Modern Power Plant Turbines
Shown below is a turbine-generator unit that could be utilized with either a BWR or a PWR 
reactor.  The turbine consists of one HP and three dual-exhaust LP turbines.  It is an 1800 
rpm, tandem-compounded, six flow steam turbine.

Figure 11-10: Turbine-generator unit

11.7
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Steam approaches the turbine unit from the main steam system through four main steam 
lines that are connected by an equalizing header just prior to the turbine unit.  The steam 
flow is then sent through four lines to an inlet steam chest containing four stop valves (SV) 
and then four control valves (CV).  Flow is then to the center of the HP turbine and the first 
stage of blades.  Steam flow splits into two flow paths due to the double flow design of the 
HP turbine.  This double flow design is used on both the HP and LP turbines to counteract 
the thrust of the steam flow through the turbine stages.  The HP turbine casing is a 
horizontally split, single shell approximately 8 inches thick.  This thickness imposes stringent 
heatup limits on the HP shell casing prior to rolling the turbine to rated rpm.

Steam is exhausted from the HP turbine through four lines. The steam exiting the HP turbine 
has changed from pure saturated steam at the HP turbine inlet to steam carrying 20 to 
24% moisture at the HP turbine exhaust. Flow is then directed to the moisture separator-
reheaters where the moisture is removed and the steam is reheated by steam from the Main 
Steam System. This reduces blade erosion and efficiency losses due to moisture in the LP 
turbine.

Steam flow then divides into six flow paths and passes through the combined intermediate 
valves for entry to the center of the three LP double flow turbines.  The LP turbines are of 
double shell construction, and due to the lower temperature of the steam, do not present an 
operational problem during heatup of the turbine unit.  Steam is exhausted from each end of 
the LP turbine downward to the main condenser which is at a 28 in/Hg vacuum to improve 
turbine efficiency.

Figure 11-11: Main Steam System
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Turbine Valves

Stop Valves

Four turbine stop valves are located in the main steam piping just upstream of the turbine 
control valves.  These stop valves are normally open during turbine operation and are 
emergency valves which rapidly close to isolate the turbine steam supply for turbine 
protection.  The four stop valves have a below-the-seat equalizing header common to all 
four.  The number 2 stop valve has an internal bypass which is used to warm up the turbine 
prior to turbine startup.  The stop valves are hydraulically opened against spring tension and 
can trip closed within 0.1 second.

Control Valves

The four turbine control valves (governor/throttle valves) are located between the turbine 
stop valves and the turbine.  The control valves regulate the flow of steam to the turbine and 
control the turbine generator load.

The Electro-Hydraulic Control (EHC) system for a BWR unit will moderate the control valves 
position to maintain a constant reactor pressure for a specific reactor power.  This means the 
turbine output follows reactor power.

Typically the EHC system for a PWR unit will modulate the control (governor) valves position 
to maintain a specific generator output demand. This means that the reactor output follows 
turbine load.

The turbine control valves also trip closed on a turbine trip due to spring tension.

Combined Intermediate Valves

The combined intermediate intercept valves (CIVs) are located in the steam flow path just 
upstream of the LP turbine.  These valves have two valve seats inside one valve body, on a 
GE turbine.  Each valve can travel 100% of its stroke regardless of the other valves position.  
The first part of the valve is the intermediate stop (reheat stop) valve.  It is normally fully 
open and will trip close on a turbine trip.  The second part of the valve is an intermediate 
control (intercept) valve.  This valve is also normally fully open, but will modulate closed 
during a turbine overspeed condition.

11.7.1

11.7.1.1

11.7.1.2

11.7.1.3
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Electro-Hydraulic Control System
The EHC system is a high pressure (nominally 1600 psig) hydraulic system used to position 
turbine valves as required by the EHC logic.  The system uses specific plant parameters to 
regulate turbine steam flow during heatup, roll to rated rpm, and power generation.  These 
parameters differ for each plant type.  The system also provides for turbine valve testing 
initiation of trip signals to turbine steam valves.

The EHC hydraulic power unit (HPU) provides high pressure hydraulic fluid, which is divided 
into several different oil supply paths to various steam valves. The HPU consists of a fluid 
reservoir, pumps, coolers, strainers, filters, and accumulators.  The pumps are motor driven, 
variable delivery, piston pumps. If the running pump fails, the standby pumps automatically 
starts when system pressure decays.  The hydraulic drain lines from the steam valves are 
routed through tube and shell coolers, which are cooled by the Turbine Building Cooling 
Water (TBCW) system.

Figure 11-12: EHC hydraulic power unit (HPU)
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Lube Oil System
The main turbine lube oil system, shown in Figure 11-13, provides lubricating oil to the 
bearings of the turbine and generator during startup, shutdown, and normal operation.  It 
also provides lube oil to the overspeed and mechanical trip devices, to the thrust bearings, 
and to the thrust bearing wear detector.

The main turbine lube oil arrangement consists of a turbine lube oil tank, five oil pumps, 
two lube oil coolers, a vapor extractor, oil mist eliminator, ten turbine shaft lift pumps, and 
associated strainers, piping, and instrumentation.

Figure 11-13: Turbine Lube Oil System

The turbine lube oil tank, which provides the mounting structure for the turbine lube oil 
coolers, motor suction oil pump, turning gear oil pump, emergency bearing oil pump, and 
vapor extractor, is supplied oil from and discharges oil to the turbine lube oil storage and 
conditioning system.  During normal operation of the main turbine, only one lube oil cooler is 
in service with the other maintained in a standby condition.

The main shaft oil pump, which supplies oil to the bearings of the turbine generator shaft, is 
a pump mounted on the turbine shaft.  It is supplied with suction oil by the oil driven booster 
pump located in the turbine lube oil tank.  Oil discharging from the main shaft oil pump is 
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piped to the lube oil tank where it passes through an oil driven turbine which drives the oil 
driven booster pump.  In passing through the oil turbine, the oil pressure is reduced while 
providing power to drive the oil driven booster pump.

The oil then proceeds through the turbine lube oil cooler and on to the bearing.  The oil 
driven booster pump has the advantage of not adding any power requirements to the 
system, while accomplishing oil pressure reduction for turbine bearing use.  This allows a 
more efficient use of the oil system.

Two motor-driven centrifugal oil pumps are provided to supply bearing oil to the turbine 
bearings while the turbine is on the turning gear, coming up to speed, coasting down to 
stop, or in an emergency condition.  These pumps are the turning gear oil pump, which is 
AC powered, and the emergency bearing oil pump, which is DC powered.  They take oil 
directly from the lube oil tank and discharge it into the bearing header prior to the turbine 
lube oil coolers.  The motor suction oil pump is an AC motor driven centrifugal oil pump 
that performs the function of the oil driven booster pump until the turbine shaft has reached 
approximately 95% of rated speed.  High pressure operating oil is not available to drive the 
oil driven booster pump until the main shaft oil pump has reached about 95% of rated speed 
(1800 rpm).  Thus, until this speed is attained, the function of the oil driven booster pump (to 
provide the main shaft oil pump with suction oil at a positive pressure), must be provided by 
the motor suction oil pump.

During turbine startup and coastdown, the turbine shaft lift pumps supply pressurized oil to 
lift the main turbine shaft off the lower bearings surface.  This helps to reduce the turning 
gear torque requirements and to protect the bearings at low turbine speeds by preventing 
metal to metal contact.

Figure 11-14: Lift Oil System
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Turbine Bearings

Journal Bearings

Journal bearings are provided at both ends of each turbine section and both ends of the 
generator and exciter for support of the main shaft’s weight and full lateral alignment inside 
the turbine and generator casings. A journal bearing consists of a cast steel shell lined 
with babbitt material and provided with means for lubrication and for vertical and horizontal 
adjustment of the position of the bearing axis.  The shell is split and bolted at the horizontal 
joint.  Two dowels ensure perfect alignment of the two halves, when assembled.

The bearing is carried in a support ring consisting of two halves, which has a spherically 
bored seat that is machined to a slightly larger radius than the outer spherical surface of 
the bearing.  This allows the bearing to move inside the support ring, enabling the bearing 
to align itself to the journal.  The bearing is prevented from rotating by a pin that has ample 
clearance in the upper support item so as not to restrict the self-aligning capabilities of the 
bearing.

Figure 11-15: Typical Journal Bearing

Oil is supplied to the bearing through a flange bolted to the upper support and into the upper 
half of the bearing.  The oil enters the bearing in the relieved section that does not extend 
to the ends of the bearing but stops inside of an annular groove at each end.  From these 
grooves, the oil passes to drain through the holes in the bottom half of the bearing.  This 
arrangement ensures a positive supply of oil for the journal lubrication at all times.

11.7.4

11.7.4.1
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Thrust Bearing

One thrust bearing is provided (see Figure 11-16) for the turbine-generator unit and is 
usually located near a LP turbine casing.  Even though the turbine is designed for a 
balanced thrust due to balanced extraction points and double flow design, there will be thrust 
experienced by the rotor during changing steam or load conditions.

The thrust of the rotor is transmitted to the shoes by the collar machined integrally with the 
turbine rotor shaft.  A full complement of shoes is provided on each side of the thrust collar to 
carry the thrust in either direction.

The thrust bearing is of the leveling plate type, which automatically distributes the load 
equally on the shoes.  These shoes are supported on the leveling plates, which are carried 
in the retaining ring.  The leveling plates, by means of their rocking motion, allow the shoes 
to take a position so that the center of loading of the babbitt faces are all in the same plane. 

Consequently, each shoe takes an equal share of the load.  This construction eliminates the 
necessity of having all the shoes exactly of the same thickness.  By accumulative shifting of 
the leveling plates, the thrust shoe load is also uniformly distributed if the shaft carrying the 
collar is not exactly parallel to the bore of the housing.

Figure 11-16: Thrust Bearing

The thrust bearing is flooded with oil under pressure at all times.  The oil is supplied directly 
from the bearing oil line through two connections in the upper half of the thrust bearing cage.  
As the thrust collar rotates with reference to the shoes, the film of oil between each shoe 
and the loaded collar will tend to take a wedge-shape with the thick side of the wedge on the 
forward or entering edge of the shoes.  Thus, the oil is carried between the bearing surfaces 
by the motion of the collar and assures proper lubrication.

11.7.4.2
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Extraction Steam
Extraction steam provides the heat source for heating up the feedwater to approximately 
400°F prior to entry into the reactor or steam generators.  This heating is provided in tube 
and shell feedwater heaters that pass feedwater inside tubes that are heated from outside by 
the extraction steam.  Higher pressure heaters receive extraction steam from the HP turbine 
and the lower pressure heaters receive extraction steam from the LP turbines.  Because the 
steam pressure decreases with passage through each turbine stage, each set of feedwater 
heaters will have a progressively lower pressure.  For each feedwater heater pressure, 
there are usually two or three parallel flow paths for the feedwater; therefore, two or three 
feedwater heaters are operating at that pressure.

Figure 11-17: Typical Feedwater Heater

The extraction steam lines to the feedwater heaters are equipped with extraction non-return 
(ENR) valves that automatically close on a trip of the main turbine or on high water level in 
the heater.  The ENR valves prevent backflow of water or steam from entering the turbine 
and causing damage either by water induction or by turbine overspeed as a result of reverse 
steam flow.  The ENR valves may be either air-operated check valves or a combination of 
an air or motor-operated isolation valve with a simple swing check valve, depending on the 
design of the particular system.

Because the lowest pressure heaters are located within the condenser, their extraction lines 
have no shutoff or check valves to isolate the heaters.  The extraction steam piping to these 
heaters is protected from water induction by the automatic closing of the heater condensate 
inlet and outlet valves when high heater level is detected.

11.7.5
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Turning Gear
The motor driven turning gear is used when the turbine is shutdown and still hot.  The 
turning gear motor turns the turbine shaft at 1 to 2 rpm to prevent shaft bowing due to weight 
or differences in thermal expansion.  Even though the turning gear is not needed when 
the turbine is < 200°F, the turbine is usually left on the turning gear for the duration of the 
shutdown, except during times of turbine maintenance.

Figure 11-18: Turning Gear

11.7.6
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Front Standard
The front standard, as the name implies, is located at the front end of the HP turbine.  Its 
main function is to support the HP shell and the HP rotor.  The front standard can be pictured 
most simply as a large metal box that slides.  At the rear of the front standard is the number 
one bearing supporting the HP rotor.  The rear of the front standard and the mid standard 
supports the weight of the HP turbine shell.

In addition to providing structural support for the HP turbine, the front standard also houses 
various devices and control components, including, but are not limited to:

• Overspeed trip

• Mechanical trip valve

• Lockout valve

• Oil trip valve

• Mechanical trip solenoid

• Low speed switch

• Mechanical manual trip

11.7.7

Turbine Governor
The function of the turbine governor is to control steam flow through the turbine to maintain 
shaft speed at a desired or set speed under varying load conditions. Although there are 
many types of governor systems, all are fundamentally the same. All governors have a 
device which will sense turbine rotor speed and will open the throttle valve when it senses 
turbine speed below the set or desired speed and will shut the throttle valve when it senses 
turbine speed above the set speed.

The simplest type of governor system is the flyweight governor. This system uses two 
flyweights that are connected to the turbine rotor.  As the rotor and flyweights spin faster, 
centrifugal force pushes the flyweights outward.  This causes the flyweights to pivot about 
their fulcrum, lifting the speeder rod up against the speeder spring force.  When the speeder 
rod is lifted, it pivots the steam control valve lever causing the control (throttle) valve to 
close, thereby reducing steam flow to the turbine.  The same logic applies when turbine 
speed decreases.  As the turbine rotor slows, the flyweights move inward, forcing the 
speeder rod downward.  This action lifts the control valve, letting more steam into the turbine 
and increasing turbine speed.  Most large turbines use a hydraulic governor system.  This 
system uses an oil pump and oil pressure to measure turbine speed rather than flyweights 
and mechanical linkages, but the concept of operation is the same.

11.8
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Figure 11-19: Flyweight Govervor System
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Moisture Separator Reheaters
The Moisture Separator Reheaters (MSRs), located between the HP turbine and LP turbine, 
take the relatively low energy steam from the HP turbine exhaust and both remove moisture 
and increase the energy of the steam prior to entry into the LP turbines. This both increases 
turbine efficiency and, by removing moisture, minimizes damage to the LP turbine blades.

Figure 11-20: Moisture Separator Reheater

11.9
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Turbine Operational Problems
The principal troubles arising in steam-turbine operation that must be guarded against are:

• High vibration

• Overspeed

• Low lube oil pressure

• High thrust bearing wear

• Reactor trip

• High reactor vessel (steam generator) level

11.10
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Vibration
Turbine vibration is a major concern to the turbine operator.  There are multiple potential 
causes of high turbine vibration.  Most problems require a turbine shutdown and 
maintenance to solve the cause of the vibration.

Cause Probable Reason

Unbalanced

Sprung Shaft
Improperly placed balance weights
Displacement of balance weights
Sediment in blades or blades
Corroded blades
Unequal heating of rotor parts
Unbalanced forces due to heavy distortional 
stresses
Shifting of conductors or generator
Unequal generator air gaps

Poor Alignment
Eccentric coupling
Unequal settling of foundation
Steam-piping strains due to expansion or weight

Bad Foundation

Improper grouting
Non-rigid fastening of bedplate
Nonhomogeneous foundation resulting in unequal 
settling

Loose Parts

Too much bearing clearance
Ball joint of bearing loose
Loose construction in built up rotor
Loose coupling or bolts

Internal 
Rubbing

Revolving blades coming in contact with stationary 
blades
Insufficient casing clearance
Deflection of a diaphragm or disc in one stage
Thrust-bearing troubles

Steam Troubles

Water coming over with the steam
Sediment in the steam
Faulty valve gear causing irregular steam admission
Accidental closing of emergency steam valve 
shifting generator’s load to other machines

Packing 
Troubles

Improper adjustment of labyrinth packing
Packing rings too small for shaft

Oil Troubles
Breaking down of oil film due to insufficient supply
Oil supply cut off or too slow
Poor oil (frothing, gumming, emulsifying)

11.10.1
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Low Lube Oil Pressure
The most common cause for this failure is a failure of one of the attached or motor driven 
pumps that supply the system in both startup/shutdown and normal operation.  Although 
backup pumps do automatically start, due to high speeds and the weight of the turbine 
components, even a momentary interruption of oil can cause bearing damage. 

A second potential cause is foreign material causing blockage to a single or multiple 
bearings.  The most common occurrence for this failure is usually after maintenance on 
either the oil system, the sump or an individual bearing.

11.10.2

Overspeed 
If the generator circuit breaker is opened while the turbine is producing power, turbine-
generator speed will increase.  This is because only 2% of rated steam flow is required to 
maintain the turbine at rated rpm.  Any steam flow above this amount is used to add torque 
to the turbine shift and produce electrical power.

Closure of the turbine valves and nonreturn valves associated with extractions, flash tanks, 
etc., will close off sources of energy external to the turbine, the turbine will cease producing 
power, and the speed increase will be limited to design values (assuming no abnormal 
energy source such as excessive water in a hot steam path).  But failure-to-close of certain 
combinations of the valves mentioned above or excessive water in a hot steam path can 
result in the turbine continuing to produce power with the result that the turbine-generator 
speed will continue to rise.

During this time the turbine control system (EHC) will close the turbine control valves (100 
to 105% rated rpm) and the turbine intermediate control valves (105 to 107% rated rpm).  If 
these control measures fail, there are two separate trip devices at approximately 110% of 
rated rpm.

11.10.3

High Thrust Bearing Wear
High thrust bearing wear is an indication of either a malfunction of the lubricating oil system 
or an unbalanced turbine.  Turbine imbalance can occur due to blade damage or uneven 
steam distribution to the HP or LP turbine.  When high thrust bearing wear is indicated, the 
turbine is tripped as a precautionary measure until the cause of the excessive wear can be 
identified.

11.10.4
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Reactor Trip
PWR plants automatically trip the turbine when the reactor trips.  This is done to prevent 
the rapid cooldown of the Reactor Coolant System.  When the reactor trips, most heat 
generation in the core stops.  If the secondary steam system continues to remove heat from 
the primary system via the steam generator and the steam turbine, the primary system will 
rapidly cool down.  This cooldown could cause high thermal stresses which could adversely 
affect the integrity of the reactor vessel.  The cooldown would also add positive reactivity, 
which could cause an inadvertent reactor restart if it were allowed to continue too long.

11.10.5

High Reactor Vessel / Steam Generator Water Level
If the water level in the reactor vessel of a BWR or the steam generator of a PWR is too 
high, moisture droplets could become entrained in the steam and could be carried over 
into the turbine.  High moisture content steam can cause turbine blade erosion, or in some 
cases, catastrophic failure of the turbine blading.  To prevent turbine damage, the turbine is 
tripped when reactor vessel/steam generator water level becomes too high.

11.10.6

Critical Speeds
Critical speed is a physical characteristic of all rotating shafts.  The critical speed of any rotor 
depends on its geometry, material, and size.  The vibration of a shaft at critical speed may 
be much greater than the vibration of the same shaft above and below the critical speed. 
Rotors have more than one critical speed.  In general, turbine generators operate well below 
the turbine rotor’s third critical speed and just above the generator rotor’s second critical 
speed.

Figure 11-21: Rotor Critical Speeds
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Resonance is an undesirable condition because it may cause parts to rub and creates high 
shaft stresses.  Consequently, the running speed is kept at least 20% away from the critical 
speed.  Because the shaft has a number of natural frequencies, it also has a number of 
critical speeds.  

If forces are applied to the body at any of these natural frequencies, a resonance condition 
will build up, and the amplitude of motion will become quite large.  Because a machine shaft 
has weight and deflects under load. It is difficult to balance a shaft perfectly so that during 
rotation centrifugal forces are set up within it that act on the shaft at the same frequency as 
the shaft rotates.  As a critical speed is approached, turbine vibration will increase, as the 
critical speed is exceeded, the vibration should reduce back to the baseline readings for the 
individual bearing.

If there is excessive vibration at a critical speed while the unit is slowing after a trip, the 
operator may open the vacuum breakers.  This will open the condenser to the atmosphere, 
increasing the pressure in the condenser and later stages of the turbine, which will cause the 
turbine to slow more quickly.

Water Induction
Experience has demonstrated that serious damage can occur in steam turbines as a result 
of water entering any of the various openings in the shells while the turbine is hot and 
running or hot and shutdown on turning gear.  Such operation can result in overstressed 
and humped casings, damaged blades, badly rubbed internal parts, and even permanently 
bowed rotors. Along with the previously mentioned high reactor or steam generator level, 
other systems can contribute to water induction.

11.12

Extraction Lines
Extraction lines represent the most frequent source of water involved in turbine mishaps.  
Water from high and intermediate pressure extraction lines can cause serious quenching of 
hot turbine sections and from the low pressure lines can cause damage to LP turbine blades.  
Water induction involving extraction lines can usually be attributed to one of the following 
causes:

• Leaking feedwater heater tubes

• Feedwater heater level controls that malfunction or are not adequate for some transient 
condition

• Improper drain systems such as drain manifolds that choke and restrict flow

• Leakage or misoperation of the ENR valves in the extraction lines to feedwater heaters

• Leakage or misoperation of valves where extraction lines are interconnected with such 
sources of steam as startup steam for boiler feed pump turbines or deaeration

11.12.1
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Steam Seal System
The steam seal header has a continuous drain from its lowest point to the condenser to 
prevent a gradual accumulation of water from flooding the header and entering the turbine.  
This drain can become plugged, and in any case, is not sufficient to pass large quantities of 
water if admitted into the steam seal system.

11.12.2

Standby Auxiliary Turbines
Both BWRs and PWRs have a need for auxiliary feedwater supplies under specific plant 
conditions.  These auxiliary feedwater pumps for a PWR or reactor core isolation cooling 
system pumps for a BWR utilize turbine driven pumps.  These pumps are normally not 
operating, but must be capable of startup and rapidly obtaining rated flow. This requires 
a turbine with larger clearances than the main turbine, thus not requiring any pre-heating 
before operation.

The nuclear industry utilizes an impulse re-entry turbine of the axial-flow type made by the 
Terry Turbine Company.  A Terry turbine is protected from overspeeding by a mechanical 
tripping mechanism. A mechanical key, whose position is a function of the centrifugal force 
generated by motor speed will trip a mechanical lever in the turbine casing during turbine 
overspeed conditions.  This will shut the turbine steam supply valve and stop the turbine.

11.13

Common Turbine P&ID Symbols
Many of the symbols used for turbines on piping and instrument diagrams are specific to the 
vendor or facility. Figure 11-22, Common Turbine Symbols shows some of the more generic 
symbols typically used. The Print Reading topic Appendix A: P&ID Symbols has a complete 
selection of generator symbols use. See Components for additional examples.

Figure 11-22: Common Turbine Symbols

11.14
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Chapter Overview
The purpose of this module is to assist the trainee in recognizing basic information and 
terminology as used in turbines.  This module is designed to assist you in accomplishing the 
learning objectives listed at the beginning of the module.

Learning Objectives

After studying this chapter, you should be able to: 

1. Identify the purpose of a turbine.

2. Identify condensing and non-condensing turbines.

3. Recognize the function of nozzles, fixed blading, and moving blading, in the turbine.

4. Recognize the principles of operation for an impulse turbine, including:

a. Steam flow through the stages

b. Steam pressure and velocity relationships with respect to nozzles, rotating blades,
and fixed blades

5. Recognize the principles of operation for a reaction turbine, including:

a. Steam flow through the stages

b. Steam pressure and velocity relationships with respect to nozzles, rotating blades,
and fixed blades

6. Define or describe the following:

a. Journal bearing

b. Thrust bearing

c. Labyrinth seal

d. Stop valve

e. Control, Governor, or Throttle valve

f. Combined intermediate valve (includes a reheat stop and intercept valve)

g. Extraction nonreturn valve

h. Moisture Separator Reheater.

7. Recognize the purpose of the following turbine auxiliary systems/components:

a. Electro-Hydraulic Control System

12.0
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b. Governor

c. Turning gear

d. Front Standard

e. Lubricating oil system and lift pumps

f. Gland seal steam system

8. Identify why a turbine is tripped under the following conditions:

a. High vibration

b. Overspeed

c. Low lube oil pressure

d. High thrust bearing wear

e. Reactor trip

f. High reactor vessel (steam generator)  level

9. Recognize the effect of critical speeds in large rotating equipment.

10. Identify the effects of water on operating turbines.

11. Given a Piping and Instrumentation Drawing (P&ID), identify the type of turbine and the
flow path through the turbine.
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Introduction
A pump is a device used for moving or altering the pressure of fluids, usually in a piping 
system.  A pump does work on the fluid, thereby giving the fluid energy to move.  No matter 
what the size, shape, or design of a pump, its purpose is to move fluids.  Moving fluids, 
however, means different things in different situations.  If the purpose of a system is to 
transfer water from one point to another at the same elevation, the task is relatively simple.  
But if a fluid must be moved to a tank fifty feet above the pump, the amount of pressure 
required makes the task more complicated and a more sophisticated type of pump may be 
required.  Different pumps are designed to fulfill different functions.  Some are designed to 
move large volumes of fluid at relatively low pressure and others are made to pump small 
volumes of fluid at very high pressures.  Some pumps are designed to move thick, heavy 
fluids like fuel oil or slurry while others are designed to move light fluids, like water or air.  
Regardless of the application, the basic purpose of a pump never changes, all pumps move 
fluids.

This chapter will discuss the major types of pumps used in reactor plants (centrifugal pumps, 
positive displacement pumps, and jet pumps), the general construction of these pumps, and 
some operational characteristics of each.

12.1

Types of Pumps12.2

Centrifugal  
Centrifugal pumps create flow by moving a fluid faster and faster in a circular motion and 
changing the increased speed of the fluid into pressure.  The kinetic energy (speed) is 
transformed into flow energy (pressure).  A centrifugal pump consists of a set of rotating 
vanes, enclosed within a housing or casing, used to impart kinetic energy to a fluid through 
centrifugal force.  A centrifugal pump has a shaft, driven by a motor or other prime mover.  
The shaft rotates, which causes the attached impeller to rotate.

Though the physical appearance of the many types of centrifugal pumps varies greatly, the 
basic function of each is to increase the kinetic energy of fluid by the action of centrifugal 
force and then to convert part of the kinetic energy to pressure.  Liquid is forced, by 
atmospheric or system pressure, through the eye of the pump into a set of rotating vanes.  
These vanes makeup the impeller, which discharges the liquid to its periphery at a higher 
velocity.  This velocity is converted into pressure energy by means of a volute which is 
formed by the pump casing and surrounds the impeller periphery.  Figure 12-1 shows a 
typical centrifugal pump with its basic parts and fluid flow paths.

12.2.1
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Figure 12-1: Typical Centrifugal Pump

Centrifugal pumps are classified according to certain design features.  For example, pumps 
can be referred to as vertical or horizontal, single suction or double suction, single stage, 
double stage, or multi stage, volute or diffuser, and radial flow, axial flow, or mixed flow.  The 
name of the pump might also include information about the impeller including whether it 
is closed or open.  For example a pump might be referred to as a vertical, double suction, 
single stage diffuser pump with a closed impeller.  If the pump is one in which the head is 
developed by a single impeller, it is called a single-stage pump.  Often, the total head to be 
developed exceeds the amount that can be provided by one impeller.  In this case two or 
more impellers operating in series are used, each taking its suction from the discharge of the 
preceding impeller.  For this purpose, two or more single stage pumps can be connected in 
series or all the impellers may be incorporated into a single pump casing.  In the latter case, 
the unit is called a multistage pump

In general, centrifugal pumps have the following characteristics:

1. The discharge is relatively free of pulsation.

2. The mechanical design lends itself to high through-puts, which means that capacity
limitations are rarely a problem.

3. They are capable of efficient performance over a wide range of pressures and
capacities even at constant-speed operation.
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Positive Displacement Pumps
Positive displacement (PD) pumps operate on a completely different principle from 
centrifugal pumps.  Positive displacement pumps work according to a familiar natural law; 
no two objects can occupy the same space at the same time (i.e., a solid will displace an 
equal volume of liquid).  For example, an ice cube dropped into a full glass of water will 
spill a volume of water out of the glass equal to the submerged volume of the ice cube.  
Consider Figure 12.2 where a cylindrical solid plunger has been inserted into a container 
and displaced a volume of fluid that is equal to the volume of the inserted plunger.  A positive 
displacement pump operates similarly by repeatedly displacing volumes of the fluid that is 
being pumped.

Figure 12-2: Displacement of a Solid in a Liquid

Positive displacement pumps typically are used in systems that require a constant flow 
regardless of system operating pressure, which includes chemical addition systems and 
fuel oil transfer systems.  There are two categories of positive displacement pumps:  (1) 
reciprocating pumps, which include piston type, plunger type, and diaphragm type models 
and (2) rotary pumps, which include gear, vane, and screw types.  Both categories are 
named according to their operation and discussed in the following sections.

The large variety of positive displacement pumps makes it difficult to list characteristics that 
are common to all.  However, in general positive displacement pumps have the following 
characteristics:

1. They are adaptable to high-pressure operation.

2. The discharge normally pulsates unless an auxiliary damping system is employed

3. Mechanical considerations limit maximum through-puts.

4. They are capable of efficient performance at extremely low through-put rates.

12.2.2
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Reciprocating Positive Displacement Pumps

Reciprocating pumps feature a piston, plunger, or diaphragm, with movement back and forth 
(reciprocating) within a cylinder or casing displacing a volume of fluid with each stroke.  All 
reciprocating pumps have a fluid handling portion, commonly called the liquid end, which 
has:

• A displacing solid called a plunger or piston.

• A container to hold the liquid called the liquid cylinder.

• A suction check valve to admit fluid from the suction pipe into the liquid cylinder.

• A discharge check valve to admit flow from the liquid cylinder into the discharge pipe.

• Packing to seal tightly the joint between the plunger and the liquid cylinder to prevent 
the liquid from leaking out of the cylinder and air from leaking into the cylinder.

These components are shown in Figure 12-3.

Figure 12-3: Suction and Discharge Strokes of a Reciprocating Pump

12.2.2.1
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To pump (i.e., to move the liquid through the liquid end) the plunger must be moved.  When 
the plunger is moved out of the liquid cylinder as shown in drawing A in Figure 12-3.  The 
pressure of the fluid within the cylinder is reduced.  When the pressure becomes less than 
that in the suction pipe, the suction check valve opens and liquid flows into the cylinder to 
fill the volume being vacated by withdrawal of the plunger.  During this phase of operation, 
the discharge check valve is held closed by the higher pressure in the discharge pipe.  This 
portion of the pumping action of a reciprocating positive displacement pump is called the 
suction stroke.

The withdrawal movement is stopped before the end of the plunger gets to the packing.  The 
plunger movement is then reversed and the discharge stroke portion of the pumping action 
is started as shown in drawing B in Figure 12-3.

Movement of the plunger into the cylinder causes an increase in the pressure of the liquid 
contained therein.  This pressure immediately becomes higher than the suction pressure and 
causes the suction check valve to close. With further plunger movement, the liquid pressure 
continues to rise. When the liquid pressure in the cylinder reaches that in the discharge 
pipe, the discharge check valve is forced open, and liquid flows into the discharge pipe.  
The volume forced into the discharge pipe is equal to plunger displacement less very small 
losses.  The plunger displacement is the product of its cross-sectional area times the length 
of the stroke.  Plunger movement continues until the bottom of the cylinder is reached.  The 
motion is then reversed, and the plunger begins another stroke.  

The pumping cycle just described is that of a single-acting reciprocating pump. It is called 
single-acting because it makes only one suction and only one discharge stroke in one 
reciprocating cycle.

Many reciprocating pumps are double-acting (i.e., they make two suction and two discharge 
strokes for one complete reciprocating cycle).  Most double-acting pumps use a piston as 
the displacing solid which is sealed to a bore in the liquid cylinder or to a liquid-cylinder liner 
by piston packing.  Figure 12-4 is a diagram of a double-acting liquid end.  In addition to a 
piston with packing, it has two suction and two discharge valves, one of each on each side 
of the piston. The piston is moved by a piston rod.  The piston rod packing prevents liquid 
from leaking out of the cylinder.  When the piston rod and piston are moved in the direction 
shown, the right side of the piston is on a discharge stroke, and the left side of the piston is 
simultaneously on a suction stroke.  The piston packing provides a seal to prevent leakage 
of liquid from the high-pressure side to the low-pressure side. When the motion of the piston 
is reversed, the left side of the piston begins its discharge stroke, and the right side begins 
its suction stroke.  The motion of the piston is controlled by a driving mechanism.
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Figure 12-4: Schematic of a Double-Acting Liquid End Reciprocating Pump

Rotary Positive Displacement Pumps  

A rotary pump is a positive displacement pump employing rotary motion. Rotary type pumps 
include gear, screw, and vane pumps. 

Gear pumps are the most common type of rotary pump used for industrial applications.  
Hydraulic and lubricating systems are the most frequent uses of gear pumps.  One of the 
common misunderstandings that people have about gear pumps concerns the fluid flow.  
Many people first think that the material being pumped is forced between the teeth of the 
gears and out the discharge side.  As shown by the arrows in Figure 12-5, the material being 
pumped is drawn through the space between the rotors and the pump casing by the gear 
teeth and forced out of the discharge port.  The fluid is prevented from flowing back to the 
suction side of the pump by the meshing of the gears.

12.2.2.2
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Figure 12-5: Positive Displacement Gear Pump

Another type of rotary gear pump is the internal gear pump.  This pump is shown in Figure 
12 6 and consists of two gears in mesh with one another.  The outer or external gear of 
the set is the driving gear.  The internal gear is the driven or idler gear of the pump.  The 
crescent keeps the gears separated and reduces eddy currents, increasing pump efficiency.  
Eddy currents are circulating fluid currents between the two gears that result in flow against 
the major pump flow path.  In some models, the crescent is movable to allow the pump to 
operate in either direction.  In operation, the rotating internal gear opens the space between 
the teeth of both gears at the intake port area.  Fluid is drawn in through the intake port and 
passes around the crescent area of the pump.  As the gear teeth again come in contact with 
one another near the exit port, the fluid is discharged.

Figure 12-6: Positive Displacement Two-Gear Pump
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Another type of rotary positive displacement pump is the screw pump shown in Figure 12-
7.  The screw pump is used to pump oil or other heavy viscosity fluids.  With its double rotor 
design, it can pump large amounts of fluid.  Because the basic mechanism of this pump 
has a complicated shape, the screw pump is expensive to manufacture and susceptible to 
damage from abrasive materials.  The slightest amount of debris passing through the pump 
can wear the rotors or screws.  This can enlarge clearances between the rotors, and the 
pump will not move fluid as efficiently as it did before.  It takes very little wear to completely 
destroy a screw type pump.  The center rotor, called the power rotor, drives the screw type 
pump.  It drives two idler rotors that mesh with it.  Both idler rotors are identical, being 
threaded to mesh with the power rotor.  As the power rotor turns, fluid is drawn in from one 
end of the pump and discharged out the other end.  The threads of the power rotor mate 
with the idler rotors, and fluid is forced along the openings in the threaded area toward the 
discharge section of the pump.

Figure 12-7: Positive Displacement Screw Pump

Vane pumps are positive displacement pumps used to move hydraulic or lubricating oil, 
solvents, and chemicals.  A vane pump is shown in Figure 12-8.  Vane pumps are also used 
for viscous or heavy fluids, such as paint, or fluids that may have abrasive particles.  When 
used to pump abrasives, the vanes are made of a softer material than the pump casing.  
They wear out instead of the casing and are replaceable at a relatively low cost.  The vane 
pump is very simple in operation.  As the impeller rotates, its offset position above pump 
centerline allows the vanes or blades to extend and draw in fluid on one side.  The open 
spaces between the impeller and the housing at the bottom of the pump allow the fluid to 
move through the pump.  As the impeller continues its rotation, the vanes are pushed back 
in their slots as they near the top of the pump.  This constriction of available space forces 
the fluid out of the discharge port.  The pump inlet and discharge ports are oval shaped and 
extend across about three fourths of the casing width.  Their position helps contain the vane 
within the pump casing.  The oval shape smooths the fluid transfer.
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Figure 12-8: Positive Displacement Vane Pump

Another type of rotary pump used for many chemical applications is the flexible impeller 
rotary pump.  This pump is a positive displacement-type pump that has operational features 
very similar to a vane type pump.

The flexible impeller rotary pump, shown in Figure 12-9, is very simple in design and 
construction.  It consists of a flexible impeller, supporting frame, pump casing, and an end 
cover.

Figure 12-9: Flexible impeller Rotary Pump
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Jet Pumps
Jet pumps are static (static in this use means no moving parts) devices that convert high 
pressure developed by a centrifugal pump into a high velocity jet flow at low pressure.  The 
high velocity jet is surrounded by the fluid to be moved.  The low pressure at the outlet of jet 
nozzle draws the surrounding suction fluid into the throat or mixing section, where the low 
pressure suction or driven flow mixes with the driving flow.  A jet pump is shown in Figure 
12.10.  The mixed fluid flows into a divergent diffuser, where the expanding area converts 
the velocity back to high pressure.  This results in a high pressure, high volumetric output 
pump.

Figure 12-10: Jet Pump

Air ejectors and eductors are examples of this type of pump.  Ejectors with steam as a 
motive fluid are used to remove air from some plant condensers.  Eductors with oil as a 
motive fluid are used in the lube oil systems of some main turbines.  The entire assembly 
can be submerged and contains no moving parts.  The benefits of this pump are low 
maintenance, high reliability, and small size when compared with other pumps of the same 
capacity.  A disadvantage is the need for a high pressure supply to develop the required high 
head for the driving flow.

12.2.3
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Centrifugal Pump Components

Casing

The pump casing is the mechanical boundary that houses the majority of the major pump 
components.  The inlet (suction) and outlet (discharge) connections are integral to the pump 
casing.  There are many different styles of pump casings.  The major casing designs are 
diagonally split case, horizontally split case, and vertically split case.

Gaskets

The faces of the casing are machined to fit together smoothly, but the finest machining still 
has some leakage.  Gaskets are semi soft flexible materials used to seal mating surfaces or 
flanges.

Impeller

The impeller is the rotating component of the pump that converts the mechanical energy 
of the prime mover (the pump motor) into kinetic energy (speed) in the fluid.  The impeller 
is mounted on the pump shaft.  The impeller is held on the shaft with a key and a keyway.  
There are many types of impellers.  Radial flow impellers provide flow where the flow of 
the fluid is primarily radial to the pump shaft.  An example of a radial flow impeller is the 
centrifugal pump.  Axial flow impellers provide flow where the main flow through the pump is 
along the axis of the shaft.  An example is the axial fan pump.

In a single-suction impeller, the liquid enters the suction eye on one side only. A double-
suction impeller is, in effect, two single-suction impellers arranged back-to-back in a single 
casting.  The liquid enters the impeller simultaneously from both sides, while the two casing 
suction passageways are connected to a common suction passage and a single suction 
nozzle.

Impellers can also be classified as open or closed impellers.  Strictly speaking, an open 
impeller consists of nothing but vanes, attached to a central hub for mounting on the shaft 
without any form of a sidewall or shroud (like an old windmill).  The disadvantage of an open 
impeller is structural weakness.  If the vanes are long, they must be strengthened by ribs or 
a partial shroud.

Generally, open impellers are used in small, inexpensive pumps or pumps handling abrasive 
liquids.  One advantage of open impellers is that they are capable of handling suspended 
matter with a minimum of clogging.  Closed impellers which are used in centrifugal pumps 
handling pure liquids, tend to be more efficient than open impellers.  They incorporate 
shrouds or enclosing sidewalls that totally enclose the impeller waterways from the suction 
eye to the periphery.  The enclosed impeller vanes also wear less because there is less 
erosion.

12.3

12.3.1

12.3.2

12.3.3



USNRC HRTDREV 0817 12-17

Another classification for impellers is based on suction design.  There are single suction and 
double suction impellers.  Single suction impellers develop an axial thrust toward the eye 
of the suction, but they have fewer tendencies to clog.  Double suction impellers have two 
opposing suctions in the impeller.  The opposing suctions negate the axial thrust developed.

A pump can have multiple impellers to increase discharge pressure of the pump.  Each 
impeller is considered to be a “pressure stage.”  Multi stage pumps can provide high flow 
rates and high discharge heads.  The discharge of the first stage impeller goes to the suction 
of the second stage impeller, and so on.  Multi stage pumps are preferable to single stage 
pumps, because a single stage pump would have to be much larger or spin much faster to 
develop the same head as a multi-stage pump.  Multi stage pumps may also be single or 
double suction.

Volute

The volute is the gradually expanding spiral chamber formed by the pump casing.  The 
volute casing pump derives its name from the spiral-shaped casing surrounding the impeller.  
This casing section collects the liquid discharged by the impeller and converts fluid velocity 
energy into pressure energy.  A centrifugal pump volute increases in area from its initial point 
until it encompasses the full 360 degrees around the impeller and then flares out to the final 
discharge opening.  The volute reduces fluid velocity and increases fluid pressure.  The 
interaction of the impeller and the volute is what makes a centrifugal pump work. 

Because some pumps must operate at reduced capacities, it has become desirable to 
design units to accommodate the forces imposed on the impeller during operation.  One 
solution is to use heavier shafts and bearings.  Except for low head pumps in which only a 
small additional load is involved, this solution is not economical.  The only practical answer 
is a casing design that develops much smaller forces when pumping at partial capacities, 
such as the double-volute casing design.  Basically, this design consists of two 180 degree 
volutes.  A passage external to the second volute joins the two into a common discharge.  A 
double-volute casing pump is shown in Figure 12-11.

12.3.4
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Figure 12-11: Double-Volute Casing Pump

Shaft

The shaft connects the prime mover to the impeller.  This may be done either directly or 
through a flexible coupling.

The basic function of a centrifugal pump shaft is to transmit the torques encountered during 
starting and operation while supporting the impeller and other rotating parts.  It must do this 
job with a deflection less than the minimum clearance between rotating and stationary parts.

The shaft is supported by bearings.  Bearings provide two types of support, radial support for 
side to side motion and axial support for movement along the axis.

Any object made of an elastic material has a natural frequency.  When a pump rotor or shaft 
rotates at a critical speed (some multiple of its natural frequency), minor unbalances will be 
magnified and can create strong vibration.  The lowest critical speed is called the first critical 
speed, the next higher the second, and so forth. In centrifugal pump nomenclature, a rigid 
shaft means one with an operating speed lower than its first critical speed. A flexible shaft is 
one with an operating speed higher than its first critical speed. Once an operating speed has 
been selected, the designer must select the relative shaft dimensions to operate above or 
below the first critical speed.

During startup, the first critical speed can be reached and passed without significant danger 
because frictional forces on the shaft and impeller tend to restrain the deflection.  However, 
the time required to pass through the critical speed must be short.  Once the first critical 
speed is passed, the pump will run smoothly until the second critical speed is reached, and 
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so on for the third, fourth, and all higher critical speeds.  Designs rated for 1,750 rpm are 
usually of the rigid-shaft type; high-head designs for 3,600 rpm pumps are frequently of the 
flexible-shaft type.

Bearings

The function of bearings in centrifugal pumps is to keep the shaft or rotor in correct 
alignment with the stationary parts under the action of radial and transverse loads. Bearings 
that give radial positioning to the rotor are known as journal bearings, whereas bearings that 
locate the rotor axially are called thrust bearings. In many applications the thrust bearings 
actually serve both as thrust and radial bearings. The bearing surface is comprised of 
a metallic alloy known as babbitt.  Babbitt metal alloys are used in part because of their 
resistance to galling.

Because of the large amount of heat generated by the bearing itself or the heat in the 
liquid being pumped, some means other than natural cooling to the surrounding air must 
occasionally be used to keep the bearing temperature within proper limits.  If the bearings 
have a forced-feed lubrication system, cooling is usually accomplished by circulating oil 
through a separate water-to-oil cooler.  Otherwise, a jacket through which a cooling liquid is 
circulated is incorporated as part of the bearing housing.

The most common bearings used on centrifugal pumps are various types of ball bearings.  
Roller bearings are used less often, although the spherical roller bearing is used frequently 
for large shaft sizes where the choice of ball bearings available is limited.

Wear Rings

With a closed impeller pump, the design generally prevents the liquid leakage that occurs 
between an open or impeller and its side plates with a running joint that is provided between 
the impeller and the casing to separate the discharge and suction chambers of the pump.  
Wear rings provide the seal needed between the impeller and the casing.  This seal prevents 
high-pressure discharge water from leaking back to the low-pressure suction side of the 
impeller.  This running joint is usually formed by a relatively short cylindrical surface on the 
impeller shroud that rotates within a slightly larger stationary cylindrical surface in the casing.  
Normally one or both surfaces are part of a replaceable wear ring.  The leakage joint can be 
repaired by replacing the wear rings when wear eventually causes excessive leakage.

Seal Rings

Pumps in high pressure or hazardous material service generally use some form of 
mechanical seals.  The seals consist of two highly polished surfaces called seal rings.  One 
surface rotates with the shaft, while the other is stationary with the casing.  Figure 12-12 
shows a mechanical seal with its associated seal rings.
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Figure 12-12: Mechanical Seal with Associated Seal Rings

Pump Seals

Stuffing Box

Stuffing boxes have the primary function of preventing leakage at the point where the shaft 
passes out through the pump casing. If the pump handles a suction lift, the pressure at the 
interior stuffing box end will be below atmospheric, and the stuffing box function prevents 
outside air leakage into the pump. For general service pumps, a stuffing box usually takes 
the form of a cylindrical recess that accommodates a number of rings of packing around 
the shaft or shaft sleeve as shown in Figure 12-13. On some installations a sealing box is 
used. The sealing box consists of a lantern ring or seal cage that is used to separate the 
rings of packing into approximately equal sections. The purpose of the lantern ring is to 
maintain the motor side packing wettness so that it doesn’t disintegrate. Seal water is ported 
to the lantern ring and a hole on the motor side of the ring allows the seal water to keep 
the packing wet. The packing is compressed to the desired fit on the shaft or sleeve by a 
gland that can be adjusted in the axial direction. The bottom or inside end of the box may be 
formed by the pump casing itself, a throat bushing, or a bottoming ring.

12.4
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Figure 12-13: Conventional Stuffing Box with Bottoming Ring

When a pump operates with a suction lift or a negative suction head, the inner end of the 
stuffing box is under vacuum, and air tends to leak into the pump. For this type of service, 
packing is usually separated into two sections by a lantern ring or seal cage as shown in 
Figure 12-14.  Water or some other sealing fluid under pressure is introduced into the space, 
causing sealing fluid to flow in both axial directions.  This construction is useful for pumps 
handling flammable or chemically active and dangerous liquids since it prevents external 
leakage of the pumped liquid.  Seal cages are usually split axially for ease of assembly.

Figure 12-14: Seal Cage Arrangement
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Shaft Sleeve

Pump shafts are usually protected from erosion, corrosion, and wear at stuffing boxes, 
leakage joints, internal bearings, and in the waterways by renewable shaft sleeves.  The 
most common shaft sleeve function is that of protecting the shaft from wear at a stuffing box.

Sealing Water

When a pump handles cool, clean water, sealing water for the stuffing boxes is usually 
provided from the pump discharge or; in multistage pumps, from an intermediate stage. An 
independent supply of sealing water should be used if any of the following conditions exist:

• Suction lift in excess of 15 feet

• Discharge pressure under 10 psi

• Water temperature over 250°F

• Hot-well or condensate pump application.

If the suction lift exceeds 15 feet, establishing an initial suction (priming) may be difficult 
unless an independent seal is provided because of air infiltration through the stuffing box.  A 
discharge pressure under 10 psi may not provide sufficient sealing liquid pressure.  Hotwell 
(or condensate) pumps operate with as much as 29 inches vacuum, and air infiltration can 
take place when the pumps are idle on standby service.

Mechanical Seal

The mechanical seal was developed particularly for service applications involving high 
pressure and the need for minimum shaft leakage.  In a packing gland the sealing and wear 
surfaces are the axial surfaces of the shaft.  In a mechanical seal the sealing surfaces are 
located in a plane perpendicular to the shaft.  Usually, a highly polished peripheral surface is 
connected to the shaft and a matching surface is attached to the casing of the pump.

Figure 12-15 shows two types of mechanical seals.  The polished or lapped surfaces of 
the mechanical seal are constructed from dissimilar materials. One surface rotates and the 
other remains stationary.  These surfaces are held in continual contact by springs, forming a 
nearly fluid tight seal between the rotating and stationary members with very small frictional 
losses.  To obtain a pressure breakdown between the internal pressure and the atmospheric 
pressure outside the pump, a small flow of liquid past the seal surfaces is required.  Also, 
this leakage cools and lubricates the surface.  The leakage may be only a drop of liquid 
every few minutes or even a haze of escaping vapor such as steam.  Thus, even though 
leakage is negligible, by design, a rotating mechanical seal does not entirely eliminate all 
leakage. Additionally, some wear always occurs with service, and this wear can lead to 
additional leakage with time.
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Figure 12-15: Internal Versus External Pump Mechanical Seal Assemblies

A mechanical seal is similar to a bearing in that it involves a close running clearance with 
a liquid film between the faces.  The lubrication and cooling provided by this film reduces 
wear, as does a proper choice of seal face materials.  Mechanical seals do not operate 
satisfactorily with only air or gas for cooling and lubrication.  If a liquid pump is run “dry,” the 
associated mechanical seal can rapidly fail.

Two mechanical seals may be mounted inside a stuffing box to make a double seal 
assembly as shown in Figure 12-16.  Such an arrangement is used for pumps handling toxic 
or highly inflammable liquids that cannot be permitted to escape into the atmosphere.  It 
is also applicable for pumps handling corrosive or abrasive liquids at very high or very low 
temperatures.  For these applications, a clear filtered, and generally inert sealing liquid is 
injected between the two seals.
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Figure 12-16: Double Mechanical Seal

Centrifugal Pump Laws
Centrifugal pump characteristics generally obey what is known as the centrifugal pump 
laws.  These pump laws are only exact for very controlled conditions, but they are sufficiently 
accurate to predict pump operation under most normal operating conditions.  The laws 
state that the flow rate or capacity of the pump is directly proportional to the pump speed; 
the discharge head is directly proportional to the square of the pump speed, and the power 
required by the pump motor is directly proportional to the cube of the pump speed.  The 
centrifugal pump laws are summarized in the following equations:

V̇ ∝ N

HP ∝ N2

P  ∝ N3

V̇ - pump volumetric flow rate (gpm)

N – pump speed (rpm)

HP – pump discharge pressure (psi)

P – pump power (kW)
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To understand the utility of these laws, consider the following example.  Assume that a 
centrifugal pump motor has a slow and fast speed and the fast speed is twice the slow 
speed.  In slow speed the pump delivers 400 gpm with a head of 30 psi and a power input of 
80 kW.  If the speed is increased from slow to fast (i.e., the speed is doubled) the new flow 
rate would be 800 gpm, two times the original flow rate.  The pump head would increase to 
120 psi, four times the original pump head.  The input power would increase to 640 kW, eight 
times the original power consumption.

Centrifugal Pump Operating Curves
Based on its design, the expected operating characteristics of a pump are displayed using 
a pump characteristic curve.  On this curve the volumetric flow rate from the pump is plotted 
for each value of pump discharge head (i.e., discharge pressure developed by the pump).  A 
typical pump characteristic curve for a single speed centrifugal pump is shown in Figure 12-
17.  Pump head, plotted on the vertical axis, is the difference between the discharge head 
and the inlet (suction) head of the pump.  Volumetric flow rate, plotted on the horizontal axis, 
is the rate at which fluid is flowing through the pump.

Figure 12-17: Centrifugal Pump Characteristic Curve
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Figure 12-18 shows the pump characteristic curves for a two speed pump where speed N2 
is greater than speed N1.

Figure 12-18: Change Speeds for Centrifugal Pump

Multistage centrifugal pumps are typically employed when pump discharge pressures are 
required to exceed 150 psig.  Depending upon the system requirements, two, three, four, 
or more stages may be needed to achieve the required pump head and flow conditions.  In 
a multistage pump, a single stage consists of one impeller and associated components.  
The first stage impeller discharges into the suction side (eye) of the second stage impeller 
and so on.  The impellers are connected to the same pump shaft.  Each stage develops a 
pressure rise (increase in head) that builds upon the prior stages.  Figure 12-19 shows the 
characteristic curve for a typical three-stage centrifugal pump.
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Figure 12-19: Characteristic Curves for a Three-Stage Centrifugal Pump

The point at which a pump actually operates in a given system depends on the flow rate and 
head loss of the attached system.  For a given system, volumetric flow rate in the system is 
related to system head loss by a system head loss curve.  By drawing a system head-loss 
curve and the pump characteristic curve on the same graph, the point at which the pump 
will operate is the point of intersection of the two curves.  This point is called the operating 
point.  In Figure 12-20, the operating point for the centrifugal pump in the original system is 
the intersection of the pump characteristic curve and the solid line system head-loss curve.  
When a valve in the system is partially shut, the head loss in the system changes resulting in 
a new system head loss curve.  The operating point for the new system configuration is the 
intersection of the pump characteristic curve and the dotted line system head loss curve.
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Figure 12-20: Operating Point for a Centrifugal Pump
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Positive Displacement Pump Operating Curves
Ideally a positive displacement pump provides a constant volume flow rate independent of 
the pump discharge pressure.  The pump discharge can assume any value at constant flow 
rate.  The pump characteristic curve for an ideal positive displacement pump is shown in 
Figure 12-21.

Figure 12-21: Positive Displacement Pump Characteristic Curve

In the actual case, increasing pump discharge pressure causes some fluid to leak past the 
piston or plunger.  Thus, the actual characteristic curve bends to the left at the top, indicating 
that net flow rate in the actual case is less than the ideal case.  At some point, the discharge 
pressure could become great enough (assuming system piping does not rupture) to stop 
the motion of the piston or gears.  This would inevitably damage the pump.  Therefore, 
discharge pressure of a positive displacement pump is typically limited by pressure relief 
devices to keep the discharge pressure below a predetermined setpoint.

12.7
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Terminology
Understanding several terms commonly used when discussing pump design and operation 
will make the information in the rest of this chapter clearer.

Pump Head

Historically, study of fluid mechanics has used open (not closed cycle) piping systems with 
elevated tanks connected by piping to a measurement point.  The amount of elevation of the 
tank level above the measurement location produced a corresponding fluid pressure or flow 
velocity in the piping at the measurement point.  Because it was not easy to measure fluid 
pressure or flow velocity at a given location, they characterized these systems by the height 
of the elevated tank levels.  During intervening years, the term “height” gradually evolved 
into the slang term “head”.  Therefore, simplistically, the pressure of a noncompressible 
fluid at a specific measurement point in a piping system can be visualized as the pressure 
resulting from a column of the fluid rising vertically above the measurement point to a certain 
height or “head.”  This height or head is measured in units of feet (usually feet of water) and 
can be converted into a pressure term in pounds per square inch (psi) using the relationship 
of 1 psi = 2.3 feet height of pure water at room temperature.

A pump moves a given volume flow rate of fluid at a specific pressure from one level to 
another while overcoming all flow resistance encountered between the fluid levels.  The flow 
resistances can be caused by the height difference between the two fluid levels, the valves 
and piping in the system, the geometric shape of the system, and the type of fluid.  Since 
the work done by the pump in a closed piping system is proportional to the pumps pressure 
increase that provides the driving force for constant flow, pump work is often expressed in 
terms of pump head.  Pump head is the measure of the energy the pump must supply to 
the fluid to enable the fluid to overcome all the friction losses resisting its flow around the 
system.

Net Positive Suction Head

Net positive suction head (NPSH) is the difference between the pressure on the suction 
side of the pump and the saturation pressure of the liquid being pumped.  When the NPSH 
is zero, vapor or gas bubbles in the liquid form, which results in cavitation, a term defined in 
the next section of this chapter.  NPSH is normally measured in feet of pumped liquid.  To 
increase NPSH, either the pressure on the system should be increased, or the temperature 
of the pumped fluid should be decreased (i.e., to reduce its saturation pressure).

Cavitation

Cavitation is the formation and subsequent collapse of vapor-filled cavities in a liquid due 
to the pressure at the pump’s suction approaching saturation pressure for the fluid being 
pumped.  The cavities may be bubbles, vapor-filled pockets, or a combination of both.  The 
local pressure must be at or below the vapor (saturation) pressure of the liquid for cavitation 
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to begin, and the cavities must encounter a region of pressure higher than the vapor 
(saturation) pressure in order to collapse.  Dissolved gases may start to come out of solution 
shortly before vaporization begins.  The formation of gas bubbles may be an indication of 
impending cavitation, but true cavitation requires vaporization of the liquid.

The collapsing bubbles cause pump noise and possibly pump vibration but the most 
common initial occurrence is for pump discharge pressure to decrease and oscillate.  The 
vapor-filled bubbles will also collapse rapidly upon reaching any region where the pressure 
is above the vapor pressure.  Bubbles that collapse at the discharge of the impeller (due 
to higher pressure), can result in erosion of the impeller and potential damage such as 
indentations or pitting on the metal surfaces of the pump casing and piping.  The capacity 
of a pump is reduced when cavitation occurs.  The amount of the reduction depends on 
the amount of gas formed.  The most serious result of cavitation, however, is the damage it 
causes to the pump.

Shutoff Head

At the extreme ends of a centrifugal pump characteristic curve are the pump shutoff 
head and pump runout conditions.  The pump shutoff head is the pump head at which 
the maintainable flow rate is reduced to zero.  At the shutoff head, the resistance to flow 
is greater than the power the centrifugal pump can impart to the fluid; therefore, the flow 
rate through the system is zero.  Shutoff head is normally achieved by closing the pump 
discharge valve, but it can also be achieved by increasing the pressure downstream of the 
pump beyond the pressure capability of the pump.  Operating a pump under shutoff head 
conditions is sometimes referred to as deadheading the pump.

Figure 12-22: Centrifugal Pump Characteristic Curve (Pump Shutoff Head vs. Pump Runout)
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Prolonged pump operation at shutoff head conditions is undesirable.  With no flow, the water 
in the impeller is “churned” and the heat generated by the churning may overheat the pump.  
Pump overheating may cause warped vanes, damaged bearings, or binding in the pump’s 
moving parts (i.e., pump seizure). To avoid these complications, pumps required to operate 
at low capacity or at shutoff conditions for any length of time are designed with recirculation 
lines.  Recirculation lines normally run from the discharge side of the pump back to the inlet 
of the pump or to some other point on the suction side.  These lines permit a small amount 
of flow through the pump when the discharge valve is shut.  This small amount of flow, 
usually regulated by an orifice, is sufficient to prevent the pump from overheating.

Pump Runout

At the other extreme of the centrifugal pump characteristic curve is the pump runout 
condition.  When pump runout occurs, the system backpressure is very low and fluid flows 
through the pump without absorbing much energy from the pump.  Under these conditions, 
volumetric flow rate reaches a maximum level, but the pumping process is inefficient, and 
the pump can experience extreme mechanical stress.  The limiting condition for operation 
under these maximum flow rate conditions is called pump runout.  One common occurrence 
indicating pump runout for a motor-driven pump is a large increase in motor current.  
Excessive current through the motor windings can cause rapid overheating.  In this case, 
pump runout for the motor-driven pump is defined as the volumetric flow rate at which motor 
overheating can occur.
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Pump Operation in Series and Parallel
To increase the volumetric flow rate in a system or to compensate for large flow resistances, 
centrifugal pumps are often used in parallel or in series.

Figure 12-23 depicts two identical centrifugal pumps operating in parallel at the same speed.  
Since the inlet of each pump and the outlet of each pump are at identical points in the 
system, each pump must produce the same pump head.  The total flow rate in the system, 
however, is the sum of the individual flow rates across each pump.

Figure 12-23: Pump Characteristic Curve for Two Identical Centrifugal Pumps Used in 
Parallel

When the system characteristic curve is considered with the pumps-in-parallel curve, the 
operating point represents a higher volumetric flow rate than one pump and a greater system 
head loss.  As shown in Figure 12-24, a greater system head loss occurs with the increased 
fluid velocity resulting from the increased volumetric flow rate. Because of the greater 
system head loss, the volumetric flow rate is actually lower than the flow rate potentially 
achieved by using two pumps.

12.9
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Figure 12-24: Operating Point for Two Centrifugal Pumps in Parallel

Centrifugal pumps are used in series to produce a combined head that is greater than 
the head developed by one individual pump.  As illustrated in Figure 12-25, two identical 
centrifugal pumps operating at the same speed with the same volumetric flow rate contribute 
the same pump head.  Because the inlet to the second pump is the outlet of the first pump, 
the head produced by both pumps is the sum of the individual heads.  The volumetric flow 
rate from the inlet of the first pump to the outlet of the second remains the same because 
they are in series.  The same principles apply for using two non-identical centrifugal pumps 
(e.g., a condensate and feed pump) in series.

Figure 12-25: Pump Characteristic Curve for Two Identical Centrifugal Pumps Used in Series
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As shown in Figure 12-26, using two pumps in series in a system does not actually double 
pump head because of the increased resistance to flow in the system.  The two pumps 
provide adequate pump head for the new system head loss and also maintain a slightly 

higher volumetric flow rate.

Figure 12-26: Operating Point for Two Centrifugal Pumps in Series
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Pump Operating Conditions
This section will examine Pump Cavitation, Pump Shutoff Head and Pump Runout, 
specifically discussing how an operator can recognize each and their expected negative 
consequences.

Pump Cavitation

As previously discussed, pump cavitation is the formation and subsequent collapse of vapor-
filled cavities in a liquid due to the pressure at the pump’s suction approaching saturation 
pressure for the fluid being pumped.  Centrifugal pumps begin to cavitate when the suction 
head is insufficient to maintain internal fluid pressures above the vapor pressure throughout 
the flow passages.  The most sensitive areas usually are the low-pressure sides of the 
impeller vanes near the inlet edge and the front shroud where the curvature is greatest.  As 
the suction head is reduced, all existing areas of cavitation tend to increase and additional 
areas may develop.  In multistage pumps, cavitation usually is limited to the first stage, but 
second and higher stage cavitation may result if the flow is reduced by lowering the suction 
head.

Operators can determine that pump cavitation is occurring both locally at the pump and by 
using remote indications.  Local indications include loud noise from within the pump as the 
vapor cavities form and collapse, increased pump vibration, and discharge pressure and 
flow variations.  Remotely, such as in the plant Control Room, operators would observe 
discharge pressure and flow variations and if the pump is motor driven, changes in pump 
motor current.

The consequences of pump cavitation can be significant.  The short term consequence 
is reduced pumping capacity (i.e., lower discharge pressure and lower flow).  If cavitation 
continues the formation of gas inside the pump may gas bind the pump rendering it useless 
to perform its function.  Apart from the noise and vibration, collapsing of the vapor cavities 
will result in erosion of the impeller and damage to the pump casing and piping.

Pump Shutoff Head

Pump shutoff head is the maximum value of head or discharge pressure a pump can 
produce while operating at design speed with the discharge valve closed (i.e., with zero flow 
through the system).  In a normal system lineup with the pump discharge valve open, the 
condition of the pump operating at shutoff head is established when the system pressure at 
the discharge of the pump is greater than the pressure the pump is designed to develop.  

Operators can recognize a pump operating at a shutoff head condition by observing zero 
flow in the system and pump discharge pressure higher that the its design maximum 
discharge pressure.  They may also observe increased temperatures associated with 
the pump.  Centrifugal pumps rely on a flow of liquid through the pump to cool internal 
components and prevent their damage.  Some system recirculation flow designs allow pump 
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operation at shutoff head for a long period of time.  However, other designs recirculate the 
same volume of liquid from the pump discharge to its suction over and over.  In this design 
the water heats up and can only perform the cooling function for limited period of time.  The 
consequence of a pump operating in a shutoff head condition for an extended period of time 
is that there is a potential for pump components to be damaged by overheating.

Pump Runout

Pump runout is an operating condition where the pump is delivering an abnormally high flow 
rate.  Runout is a result of a loss of downstream pressure (piping not filled and vented, leak 
or pipe break).  The drop in pressure causes the pump to speed up and increase flow.

Operators can recognize a pump operating at runout conditions by observing flow increase 
in the system, decreased discharge pressure and increased motor current for a motor driven 
pump.  There are several potential negative consequences from operating a pump in a 
runout condition.  For a motor driven pump, runout can result in excessive motor current and 
damage to the motor windings.  Another potential consequence is that the low back pressure 
at the pump discharge can result in cavitation and abnormally high flow rates.  The negative 
effects of cavitation have already been discussed.  Abnormally high flow rates can place 
increased mechanical stress on the pump which can result in pump damage.
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Common Pump P&ID Symbols
Many power plant mechanical systems by various symbols on the piping and instrument 
diagrams. Figure 12-27, Pump Common Symbols shows some of the symbols typically 
used. The Print Reading topic Appendix A: P&ID Symbols has a complete selection of 
generator symbols use. See Components for additional examples.

Figure 12-27: Common Pump Symbols

Figure 12-28 is a section of the P&ID for the Chemical and Volume Control System in 
a Westinghouse Pressurized Water Reactor.  This system has two centrifugal pumps 
(highlighted in the yellow box) in a parallel configuration.
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Figure 12-28: Print Drawing Showing Pumps

There is also a positive displacement, piston type pump (highlighted in the blue box).  The 
suction source for all three pumps is a tank called the Volume Control Tank (highlighted in 
the red box).
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Chapter Overview
The purpose of this module is to assist the trainee in recognizing basic information and 
terminology as used in Diesel Generators. This module is designed to assist you in 
accomplishing the learning objectives listed at the beginning of the module.

Learning Objectives

After studying this chapter, you should be able to: 

1. Recognize the purpose of, basic operation of,  and the typical loads supplied by the
Emergency Diesel Generator (EDG).

2. Recognize the purpose of the following  EDG auxiliary systems:

a. Starting system

b. Fuel transfer system

c. Fuel injection system

d. Air systems

e. Cooling water systems

f. Lubricating oil systems

g. Typical EDG governor systems

3. Recognize what is meant by the terms scavenging, supercharging, and  turbocharging.

4. Recognize what measures are taken that allow an EDG to be rapidly started and
loaded without damage.

5. Recognize the basic operation of an EDG including:

a. Source(s) of field flash and control power for an EDG

b. EDG response to a loss of power to the bus

c. EDG response to an accident signal

13.0
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Introduction
Electrical power is normally supplied to the nuclear utility by the power grid to which the plant 
is connected. Should this source of power become unavailable, known as a Loss Of Offsite 
Power (LOOP), some alternate power source must be available to power the essential 
electrical loads. This alternate power is provided by the plant Emergency Diesel Generators 
or EDGs. The EDGs are designed to start automatically in the event of a LOOP or other 
emergency signal. They may also be started manually when the plant operators determine 
a potential loss of electrical power may occur. Once on line, these diesel generators must 
be able to supply the plant’s dedicated electrical needs for as long as necessary to allow 
the plant operators to reach a safe shutdown condition and maintain that condition until the 
offsite electrical supply is reestablished.

All nuclear power plants must have a reliable emergency electric power source capable of 
coming on line within seconds of a loss of normal (turbine generator) and backup (offsite 
distribution) electric power supplies. The emergency power source must have a capacity 
equal to the safety-related equipment loading that would be imposed if a major accident 
occurred simultaneously with the loss of the normal and backup power supplies. This rapidly 
available, high capacity function is normally provided by emergency diesel generator sets.

13.1

General
The  diesel  engine  generator  set  is  the choice for most emergency power sources for 
nuclear plants because of its ability to accept rapid loading and its superior efficiency and 
reliability.

When compared to other combustion engines, diesel engine offers a number of advantages 
including:

• high reliability in operation, and low fire hazard concerns

• low fuel cost, and low fuel consumption per hp hour

• high power per pound of engine, and high sustained torque

The diesel engine is highly reliable. When supplied with clean fuel, a diesel engine can be 
depended on to operate continuously for long periods of time.

In a nuclear application, the energy contained in the fuel supplied to the engine is converted 
into the electrical energy needed to ensure the safe shutdown of the plant. This process 
requires three steps:

1. The chemical energy contained in the fuel oil is converted into thermal energy by the
process of combustion.

13.2
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2. This thermal energy, in the form of heated gases, is converted into mechanical energy
by expansion cooling of the gases.  This creates the forces on the pistons, connecting
rods and crankshaft. These components convert the linear motion of the piston into
rotational output shaft horsepower.

3. The generator, through electromagnetic induction, converts the mechanical energy
supplied by the engine into the required electrical energy.

Combustion is defined as: The chemical reaction between the elements of hydrogen and 
carbon (supplied by the fuel) and oxygen (supplied by free air) resulting in the release of 
energy in the form of heat and light.

For combustion to occur, three (3) key elements must be present. Elimination of any one 
of the three will prevent combustion from occurring.  Support systems will be necessary to 
control all three of these key elements:

1. Fuel, which is comprised primarily of carbon and hydrogen, supplies the energy to be
converted. Within the engine cylinders, the chemical energy of the fuel is converted
into thermal energy. On an average, diesel fuel oil contains energy of approximately
140,000 Btu’s per gallon.

2. Oxygen is the second key element of the combustion process. It combines with the
carbon and hydrogen of the fuel to produce the products of light and heat. In a diesel
engine, the oxygen is supplied by the intake of atmospheric air.

3. Heat of sufficient value is required to cause ignition of the fuel and air mixture. This
heat comes from the rapid compression of the atmospheric air charge confined within
the cylinder.  The combustion process will be discussed in more detail later.”

The activity up to this point is limited to only 180 degrees of crankshaft rotation. The useful 
work output of the engine, therefore, is also limited. The problem now is to find a way to 
make this process repeatable for each cylinder.

To make this process repeat, creating a continuous rotation of the crankshaft the following 
series of events must take place.

• A fresh charge of air must be supplied to each cylinder in preparation for the next
combustion cycle.

• This fresh air charge must be heated above the ignition temperature for the fuel oil
supplied.

• Once heated above the ignition temperature, a specific quantity of fuel must enter the
combustion chamber and mix with the air charge in such a manner that combustion will
occur.
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• The mechanical components of the engine will then convert thermal energy into the
required mechanical energy.

• The spent gases must be removed to allow for a fresh air charge to enter the cylinder.

Four-Stroke Diesel Engine
On a four-stroke diesel, all events occur during four strokes of the piston or two revolutions 
of the crankshaft (see Figure 13-1).

Figure 13-1: Four-Stroke Diesel Engine Cycle

Starting with the piston at the top of its stroke and the air intake valve open, the piston 
moves down drawing air into the cylinder (1). Shortly after the piston reaches the bottom of 
its stroke the air intake valve shuts. As the piston moves upward, the cylinder is sealed and 
the air is compressed (2). The temperature of the air increases as it is compressed and fuel 
is injected shortly before the piston reaches the top of its stroke (3). The fuel is immediately 
ignited by the hot air and combustion commences. Due to the heat of combustion, the gases 
expand and force the piston down on the power stroke (4). Just before the bottom of the 
stroke, the exhaust valve opens and remains open throughout the exhaust stroke (5). The 
air intake valves open near the end of the exhaust stroke to allow incoming air to purge the 
cylinder of exhaust gases and aid in cooling.

13.2.1
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Two-Stroke Diesel Engine
A two-stroke cycle consists of a down stroke and an up stroke. Each down stroke includes a 
power event, and each up stroke contains a compression event.

In the two-stroke diesel (see Figure 13-2), both valves at the top of the cylinder are exhaust 
valves. Air intake ports (holes) in the lower cylinder wall are opened or closed depending 
on the position of the piston in the cylinder. When the piston is near the bottom between 
strokes, the intake ports are open and air is forced into the cylinder by a blower (air pump). 
The fresh air entering the cylinder pushes (scavenges) the residual exhaust gases from 
the cylinder through the open exhaust valves (see Figure 13-2A).  Thus a 2-stroke cycle 
combines the exhaust scavenging and air intake functions around the bottom dead center of 
the cycle.

Figure 13-2: Two-Stroke Diesel Engine Cycle

As the piston rises, the exhaust valves close and the blower continues to force additional 
air through the intake ports causing the air pressure in the cylinder to increase above 
atmospheric pressure (supercharging). As the piston continues to rise, the intake ports are 
closed and the continued upward movement of the piston compresses the air in the cylinder 
(see Figure 13- 2B).

When the piston nears the top of the up stroke, the injector sprays fuel into the cylinder. 
The fuel and air mixture are ignited by the heat generated from the compression of the air. 
The combustion process produces a rapid increase in the temperature and pressure of the 
gas in the cylinder, which pushes the piston down. The expanding gas works on the piston, 
producing power (see Figure 13-2C).

13.2.2
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Diesel Systems
The systems described below are for diesel generator sets in common use as standby 
or emergency power sources at commercial nuclear plants. These systems are outlined 
in general terms, and both major and minor differences are to be expected when the 
descriptions are applied to specific cases. Each system is defined briefly below, and the 
subsequent subsections give more detailed information on each. The systems include the 
following:

Starting Systems: The starting system provides motive power to turn the engine through 
several cycles.  This is necessary because some minimum speed is needed to attain the 
cylinder pressures required for self-firing. Most emergency units use compressed air stored 
in accumulators for this purpose.  The energy source commonly used to provide generator 
field current to start electrical generation comes from station batteries.

Fuel Transfer System:  This  system  provides storage space for supplies of fuel oil, and 
pumps to transfer the oil from delivery point to storage and from storage to the engine.   
Strainers and filters ensure clean fuel at the fuel injection point.

Fuel Injection system: This system meters the proper quantity of fuel required for each 
cycle of the engine and provides the high pressure required to inject fuel into the cylinders 
at the correct instant of operation.  It controls the rate at which the fuel is injected, atomized, 
and distributed throughout the combustion chambers.

Air Systems: This system is commonly used to drive motors for engine starting, or can be 
distributed into the engine cylinders in the proper firing order resulting in the same rotation 
as the combustion power strokes.  The end result of direct cylinder injection of compressed 
air is that the crankshaft is rapidly rotated and adequate compression is developed in the 
cylinders to ignite the fuel when it is delivered. 

Cooling Water Systems: The heat produced by the combustion process and friction in 
the diesel engine is removed by various cooling systems. A closed cycle, cylinder jacket 
cooling water system provides cooling water flow to remove excess combustion heat from 
the spaces around the cylinders. Another closed cycle cooling system provides water flow 
to cool the lube oil which circulates through the engine, absorbing heat generated by friction 
between moving parts. A reliable plant cooling system, often called Nuclear Service Water or 
simply Service Water, provides cooling flow to the heat exchangers used in the diesel closed 
cycle cooling systems.

Lube Oil Systems:  The diesel engine lube oil systems provide a continuous flow of oil to all 
surfaces requiring lubrication and to the pistons for cooling.

13.3
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Scavenging, Supercharging, and Turbocharging Systems: Waste gases from the 
combustion process are swept out of the cylinder, or scavenged, by air slightly above 
atmospheric pressure supplied by blowers attached to the engine. Supercharging is the 
delivery of intake air above atmospheric pressure to improve the combustion process. In 
some smaller units the supercharge is provided by a blower driven by an auxiliary shaft 
geared to the engine crankshaft.  Larger units use turbochargers to provide the supercharge. 
Turbocharging is a supercharging method that uses hot exhaust gases to drive a turbine that 
in turn drives an attached supercharging blower.

Governing Systems: These systems control engine fuel supply rates to maintain speed, 
startup acceleration rates, idling speed, and overcome load change effects.
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Starting System
Starting of any diesel engine depends upon the development of sufficiently high air 
temperature on the compression stroke to ignite the fuel.

A highly reliable rapid start system is imperative for a standby emergency diesel engine. 
Compressed air stored in accumulators is the most reliable motive power available. Figure 
13-3 is a typical starting air system. The stored capacity must be sufficient to provide several 
successive starts without recharging.

Figure 13-3: Typical Diesel Air Starting System

The most common air start system on nuclear plant emergency diesel generators is the 
direct cylinder injection type. Some older, smaller diesel engines may use air driven motors 
or DC powered electric motors as starters. The following paragraphs describe the important 
elements of diesel starting systems:

13.3.1
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Direct Cylinder Injection

In this starting method, air distribution valves send blasts of compressed air to the engine 
cylinders in the proper firing order (see Figure 13-4). The compressed air pushes the pistons 
down in the proper order, achieving the same rotation as the combustion power strokes. 
Variations on this method include single multiport distribution valves and individual cylinder 
supply valves whose opening and closing is controlled by gearing to the engine crankshaft.  
The end result of either method is that the crankshaft is rapidly rotated and adequate 
compression is developed in the cylinders to ignite the fuel when it is delivered.

Figure 13-4: Air Start Valves

Battery-powered DC solenoid valves control the air supply to the air distribution valves. 
Redundancy is ensured by using separate air flasks and backup batteries for solenoid 
operation. In a typical air-start system, only half the available air-start system is required to 
provide startup of the diesel.

Air-driven Motors

These motors are similar to those used to drive such equipment as large pneumatic drills 
and engine jacking motors. When compressed air is admitted to the air motors, rotary motion 
of the motor shaft causes a spring-loaded pinion gear to engage a driven or “bull” gear on 
the diesel crankshaft. Once the engine speed is above a certain point (200 to 250 rpm), the 
air motor pinion gear is disengaged, the starting motor air supply is shut off, and fuel flow to 
the engine is started. As many as eight starting motors may be used to accelerate a large 
diesel engine.

13.3.1.1

13.3.1.2
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DC Electric Motors

Electric starting motors operate in much the same way as air- driven motors. When the 
starting sequence is initiated, a solenoid operates the engagement mechanism which 
pushes the drive pinion into mesh with the ring gear on the engine flywheel. This action 
closes the starting contactors and permits the motor to crank the engine. DC motors are 
used because emergency diesels must provide power when all AC power is lost and a 
battery is the only source of starting power.

Fuel Systems
Diesel fuel oil systems (see Figure 13-5) include main supply tanks with at least a 7-day, full-
load capacity (This is generally consistent with technical specification requirements); “day 
tanks” with a filtered and purified “ready” supply; pumps, filters, and purifiers for transferring 
the oil; and engine-driven high pressure fuel pumps to deliver the fuel to the fuel injectors. 
The final stage of fuel oil delivery is the fuel injection system.

Figure 13-5: Diesel Fuel Oil System

The diesel fuel injection system meters the quantity of fuel required for each cycle of the 
engine and develops the high pressure required to inject fuel into the cylinder at the correct 
instant of the operating cycle. It controls the rate at which the fuel is injected and atomizes 

13.3.2

13.3.1.3
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and distributes the fuel throughout the combustion chamber. Fuel injection must start and 
end abruptly. The following paragraphs describe the important elements of efficient fuel 
injection:

Pressure: The above shows that the diesel fuel injection system is not a simple device. To 
build up the pressure required to inject the fuel into the engine with its compression ratio of 
approximately 15 to 1, a high degree of precision is required. Some systems develop up to 
5000 psi at the rated load and speed.

Metering: The metering of the fuel must be accurate. The quantity must be varied with the 
load on the engine, and the same amount of fuel must be delivered to each cylinder for each 
power stroke. If the quantity of fuel varies in the different cylinders, the power per cylinder 
will vary and rough operation will result, with excessive vibration.

Timing: The fuel must be injected at the correct instant (see Figure 13-8). Early or late 
injection results in loss of power. If the fuel is injected too early in the cycle, compression 
will not be at the maximum, the air temperature will be low, and ignition will be delayed. If 
the injection is late, the piston may be past top dead center and power will be less because 
maximum expansion of the burned fuel will not take place. The injection must start instantly, 
continue for the prescribed time, and then stop abruptly for maximum efficiency.

Injection Rate: Fuel is not injected in one single spurt, but extends over a period of time. 
If the fuel is injected too fast, it has the same effect as too early injection. Similarly, if the 
injection is too slow, and it extends over too long a period of time, the effect is similar to 
late injection. The rate of injection varies with different engines, and is affected largely 
by the type and contour of combustion chambers, together with engine speed and fuel 
characteristics.

Atomization: Fuel is spurted into the combustion chamber as a spray. The degree of 
atomization is dependent on the type of combustion chamber. Proper atomization increases 
the surface area of the fuel that is exposed to the oxygen of the air and results in improved 
combustion and maximum development of power. To avoid simultaneous combustion of 
all droplets of the spray, the spray is usually formed of some fine droplets to start ignition 
and larger droplets for prolonged combustion. The extent of atomization is controlled by the 
diameter and form of the nozzle orifice, the injection pressure, and the density of the air into 
which the fuel is injected.

Injection System

A mechanical injection system forces fuel through spray nozzles into the combustion 
cylinders using fuel pressures ranging up to 5000 psi. The purpose of the injection system is 
to develop the extremely high fuel pressures required for injection.

13.3.2.1
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Four general systems of mechanical fuel injection have been developed as diesel fuel 
injection systems have evolved. They are the unit or cylinder injector system, the common 
rail system, the pump controlled (or jerk pump) system, and the distributor system. Because 
the unit injector system is the most common method used on nuclear plant emergency diesel 
engines, it is the only one that is discussed in detail. The other systems are described briefly 
for information purposes only.

Common Rail System: The common rail system consists of a single high pressure pump 
that develops pressures in the range of 1,500 to 7,000 psig and distributes fuel to a common 
rail or header to which each cylinder injector is connected by tubing. The major disadvantage 
of this system is the presence of high pressure fuel lines outside the engine.

Pump Controlled System: This system is also known as the jerk pump system and 
provides a single positive displacement injection pump to supply the cylinder injectors. 
The pump is separately mounted and is driven by an auxiliary shaft geared to the engine 
crankshaft. The high pressure fuel is delivered to the individual cylinder injectors by suitable 
high pressure tubing.

Distributor System: Several injection systems use distributor devices similar to the air 
distributor valves used in air start systems. One system provides a high pressure metering 
pump with a distributor that delivers high pressure fuel to the individual cylinders. Another 
design provides low pressure metering and distribution. The high pressure needed for 
injection is provided by the individual cylinder injection nozzle assemblies which are 
operated by an auxiliary shaft geared to the engine crankshaft.

Unit Injector System: This system combines a positive displacement pump and an injector 
into a single unit on each cylinder. A major advantage of the unit injector system is the 
elimination of high pressure fuel lines alongside the engine. Operation of the cylinder injector 
pump is normally accomplished using push rods and rocker arms driven by a cam shaft that 
is geared to the engine crankshaft.

The push rods and rocker arm assemblies transform the rotary motion of the cam shaft into 
motion of the injector plunger. As the plunger moves up (away from the injector nozzle), it 
uncovers the fuel inlet port, admitting fuel oil into the space under the plunger. When the 
pump plunger moves down, on its delivery stroke, the fuel is compressed to a pressure 
sufficient to overcome the force of the spring loaded valve in the injector nozzle. As the valve 
is forced open, the fuel is sprayed into the cylinder.

The  ability  of  the  unit  injector pump to meter the supplied fuel oil to the correct amount 
is accomplished through the design of the plunger and the engine fuel controls. The 
entire plunger can rotate in the injection pump body. As the plunger rotates farther, the 
compression stroke continues longer before the fuel flow into the cylinder stops. A longer 
effective compression stroke means a greater amount of fuel is sprayed into the cylinder. 
The rotation of the plunger in the injection pump body is controlled by the engine governor 
control assembly which will be discussed later in this chapter.
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Diesel Engine Lube Oil System
The diesel engine lubrication (lube) oil system provides a continuous flow of oil to all 
surfaces requiring lubrication and to the pistons for cooling.  Two lube oil pumps operate 
in parallel to provide continuous lubrication.   The electrically driven auxiliary lube oil 
pump operates at all times to deliver lube oil flow through an electric heater, lube oil filter, 
and main lube oil strainers.  The shaft  driven  oil  pump  provides  lube  oil  flow through 
a thermostatically controlled valve and heat exchanger, and through the main lube oil 
strainers. This pump provides the main source of lubrication during engine operation.   A 
typical generator lube oil system is shown in Figure 13-6.

Figure 13-6: Diesel Generator Lube Oil System

The lube oil heaters automatically energize when oil temperature falls below 125 F and 
engine speed is less than 125 rpm. While the engine is operating, the lube oil cooler and the 
thermostatically controlled bypass valve control oil temperature between 144 F and 160 F. 
Lube oil out of the cooler flows through strainers and into the engine through internal lube oil 
passages.

13.3.3
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Rocker Lube Oil System

To protect the crankcase oil from contamination by cooling water or fuel leaks, the cylinder 
valves and associated rocker arm units are lubricated by a separate system on large diesel 
engines. This system consists of an engine driven oil pump that takes a suction on the 
engine mounted rocker oil reservoir and pumps oil to lubricate the valve train. Refer again to 
Figure 13-6. The lube oil then drains from the cylinder heads back to the rocker oil reservoir. 
The system also includes a motor driven prelube pump to ensure a supply of oil while the 
engine is starting up or shutting down.

13.3.3.1

Cooling Systems
Most of the heat generated in a diesel engine is normally removed by a cooling water 
system. An example of a diesel engine cooling water system is shown in Figure 13-7. Heat 
generated due to friction is absorbed in the lube oil circulating through the engine. The heat 
is then given up to a cooling water system in the lube oil coolers.

Figure 13-7: Diesel Cooling System

13.3.4
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The plant shown in Figure 13-7 calls the cooling water system Nuclear Service Water 
(NSW), but it can also be called Essential Service Water (ESW) or simply Service Water 
(SW). Heat generated by combustion in the cylinders and miscellaneous engine components 
are carried away by the jacket water cooling system. This system is cooled by nuclear 
service water in the jacket water heat exchanger.

Most emergency diesel engines have a turbocharger with an associated intercooler that is 
cooled by an intercooler water system with an intercooler heat exchanger. The intercooler 
heat exchanger, jacket water heat exchanger, and lube oil cooler are all cooled by nuclear 
service water.

The water jackets surrounding the diesel cylinders are designed to remove the heat of 
combustion from the cylinder walls. During engine operation the water jackets are supplied 
with jacket water cooling flow by a shaft driven jacket water pump. The jacket water system 
temperature is maintained by a thermostatically controlled valve that bypasses some return 
flow around the heat exchanger.

This system maintains water temperature out of the heat exchanger between 165 F and 185 
F. When the diesel is shutdown, an electric auxiliary jacket water pump will automatically 
start to maintain flow through the cylinder water jackets. When the water jacket temperature 
falls, the jacket water heaters will energize to keep the engine warm (145 F to 150 F).

Similar system arrangements are provided in the lube oil cooling system and the intercooler 
system. When the engine is running, automatic thermostat valves adjust the heat exchanger 
flow rates to maintain the proper lube oil or intercooler water temperature. When the engine 
is shut down, auxiliary pumps and heaters are used to maintain warm lube oil and intercooler 
water temperatures that keep the associated engine components warm.

Scavenging  Air,  Supercharging,  and Turbocharging 
Systems

The diesel air intake system supplies clean air for combustion and forces exhaust gases 
(remaining from previous power stroke) from the combustion chambers. The removal 
of the exhaust gases is called scavenging. If exhaust gases are not removed, they will 
dilute incoming air and reduce combustion efficiency. In addition (particularly in two-stroke 
engines), incoming air provides cooling for the pistons and combustion chambers (excessive 
temperatures also reduce combustion efficiency).

Scavenging must be accomplished in a relatively short portion of the operating cycle. In the 
two-stroke engine the process takes place at the end of the downstroke (expansion) and the 
early part of the upstroke (see Figure 13-8).

13.3.5
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Figure 13-8: Diesel Cycle Timing

Note that in the two-stroke cycle, air intake continues after the exhaust has closed. The 
scavenging occurs through approximately a quarter of the cycle. The exact opening and 
closing of the ports will vary with different engines.

In the case of the four-stroke cycle, the scavenging occurs through almost half of a 
crankshaft rotation, or approximately twice as long as in the two-stroke cycle. As a result, 
combustion chamber temperatures are reduced and a larger portion of the gases is swept 
from the cylinder.

Air may be supplied for scavenging as a result of the difference in air pressure between the 
low pressure created in the combustion chamber as the piston moves down in the cylinder, 
and the normal atmospheric pressure existing at the air intake. This is known as a naturally 
aspirated system. It is used extensively in motor vehicle engines of the four-stroke type and 
in some large industrial engines of the two-stroke type.

Because of the resistance to the flow of air through the manifold and valves, the air obtained 
by the naturally aspirated method is often not sufficient to provide complete removal of 
the exhaust gases. To overcome this problem, crankcase scavenging, superchargers, and 
turbochargers have been developed.

These devices compress the air and force it into the cylinder. More air is forced into the 
cylinder and burned gases that may have remained in the cylinder from the previous power 
stroke are forced out so only clean air remains. Such power scavenging is particularly 
necessary in the case of two-stroke engines.
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Crankcase Scavenging

Crankcase scavenging systems use the diesel piston movement as an air pumping device. 
The underside of the piston is open to the sealed crankcase section. Atmosphere-to-
crankcase check valves open to allow air flow into the crankcase as the piston is moving up. 
The low pressure created by the piston movement brings air into the crankcase. When the 
piston starts down, crankcase pressure begins to increase. This causes the crankcase check 
valves to seat and opens aspirator check valves to connect the crankcase area to the upper 
cylinder area. This method of scavenging is inefficient and generally not found in large diesel 
applications.

Blower Scavenging

The Roots-type blower (see Figure 13-9) is used extensively for scavenging two-cycle 
engines. When the piston is at the bottom of its stroke just starting upward, both intake and 
exhaust ports are open. The blower pushes air through the intake valves forcing exhaust 
gases (left from the previous cycle) out through the exhaust valves.

Figure 13-9: Roots Blower Scavenging System

When the pistons are about one quarter of the way up, the valves close and the intake ports 
are covered by the piston. Exhaust gases will have been expelled and the cylinder is full of 
fresh air. The rest of the stroke is an ordinary compression stroke at the end of which fuel is 
injected and combustion takes place.

13.3.5.1
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Figure 13-9 shows that air passes from the blower into an air manifold or chamber, and 
enters the cylinder through ports that are evenly distributed around the cylinder. This 
provides better distribution of air throughout the cylinder and improved scavenging results.

The Roots-type blower is essentially a gear pump with rotors of either two, three, or 
four lobes each, enclosed in a suitable housing. This blower is also called a positive 
displacement rotary blower.   The rotors are designed so that they do not come into contact 
with each other or with the housing. Clearances are made as small as manufacturing 
methods permit and are approximately 0.005 inch.

One of the two rotors is directly driven through gears from the crankshaft, and the shafts of 
the two rotors are connected together through gearing. A major advantage is that air delivery 
is almost directly proportional to engine speed.

Supercharging and Turbocharging

Power that can be developed by an internal combustion engine is dependent to a 
considerable extent on the type of fuel used and how efficiently the fuel is burned. That 
efficiency, in turn, is dependent on an adequate supply of air to ensure complete combustion 
of the fuel.

By increasing the initial amount of clean air in the combustion chambers, the fuel can 
be burned more efficiently and, as a result, the power is increased. Since the size of the 
combustion chambers is fixed, the amount of air is increased by using blowers to increase 
the initial air pressure. Also, the exhaust valves are closed before the air intakes are closed.  
This process is known as supercharging, and the blower equipment is called a supercharger 
or a turbocharger (see Figure 13-10). In general when the blower is driven mechanically by 
gearing from the engine, like the Roots-Type blower, the device is called a supercharger. 
When the device is driven by the exhaust gases from the engine, it is called a turbocharger.

13.3.5.3
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Figure 13-10: Turbocharger System

The purpose of supercharging is not only to scavenge the burned gases, but also to force 
in air at a pressure above atmospheric pressure. The higher pressure means that the initial 
cylinder air is at a greater density than atmospheric. The combination of using a blower and 
shutting the exhaust ports before the air intakes are closed creates a higher initial air density 
in the cylinder.

The major advantages of supercharging are: (1) increased horsepower from an engine of 
given weight, and (2) increased fuel economy.

The output of an engine can be increased about 50% by supercharging without materially 
increasing bearing loads or heat stresses on parts such as pistons, rings, and valves. With 
the use of intercoolers (to reduce the temperature of the supercharged air, and increase its 
density), the increase in developed power is even greater.

A centrifugal blower, or compressor, is used as the air pump in supercharged systems.  The 
blower is operated at speeds ranging up to 5000 rpm for large diesels that operate in the 
900-rpm range.  Although the blower may be driven by an auxiliary shaft from the crankshaft, 
in most nuclear plant emergency diesels it is driven by the hot exhaust gases expanding 
through a turbine (turbocharging).

Turbocharging is more efficient than supercharging because  the  output  of  the engine is 
not used to drive an auxiliary shaft to the compressor; instead, some exhaust energy that 
otherwise would be wasted is used to turn a turbine that drives the compressor.
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In turbocharger systems, cooling water supplied to the intercooler reduces the air 
temperature after it has been compressed by the blower. Cooling water is also normally 
supplied to cool the turbine itself because exhaust gas temperatures can exceed 1300 F.

Governor Systems
A governor is a device designed to control the speed of an engine. It does this by varying the 
flow of fuel in accordance with the requirements of the load, speed, electrical frequency, and 
other conditions.

Governors are often included in the design of the fuel injection system, and may be 
classified as mechanical, hydraulic, or electric.

It is desirable that diesel engine governors have certain characteristics. For example, when 
a nuclear plant emergency diesel generator is the sole power source for its safety-related 
vital bus, engine speed should be maintained at a constant value regardless of the load. This 
characteristic is known as isochronous operation.

When a diesel generator is operated in parallel with other generators, it is desirable to have 
a negative ramp speed variation from no load to full load. This characteristic is known as 
speed droop. Speed droop is expressed as a percent of rated speed:

For example, if the no-load speed is 947 rpm and the full load speed is 900 rpm, the speed 
droop is:

13.3.6
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Engine Controls

To control an engine means to keep it running at a desired speed, either in accordance 
with or regardless of the changes in the load carried by the engine. The degree of control 
required depends on two factors: the engine’s performance characteristics and the type of 
load it drives.

In diesel engines, a varying amount of fuel is mixed with a constant amount of compressed 
air inside the cylinder. A full charge of air enters the cylinder during each intake event. The 
amount of fuel injected into the cylinder controls combustion and thus determines speed and 
power output of the diesel engine. A governor regulates the flow of fuel.

Mechanical Governors

With a mechanical governor (see Figure 13- 11), an increase in engine load and the 
consequent drop in engine speed reduces rotational speed of the flyweights. The speeder 
spring then overcomes the reduced centrifugal force on the speeder rod, moves the rod 
down, and in turn opens the engine fuel valve farther.  Conversely, when load is reduced and 
engine speed increases, centrifugal force on the flyweights causes   the speeder rod to rise 
and close the fuel valve.

Figure 13-11: Simple Mechanical Governor

13.3.6.1

13.3.6.2
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The mechanical governor has built-in, permanent speed droop; steady speed on an engine 
fitted with this type of governor falls when load is applied and rises when load is reduced.  
Therefore, true isochronous operation cannot be achieved. Also, precise speed control 
demands a prompt, sensitive governor.  These attributes are not easy to provide in a 
mechanical device.

Hydraulic Governors

Hydraulic governors (see Figure 13-12) fulfill the requirements of sensitivity, speed of 
operation, and, most importantly, isochronous control; they superseded mechanical 
governors in the evolution of engine controls. Instead of using the centrifugal force of the 
flyweights to act directly on the fuel control mechanism, the speeder rod is linked to a small 
pilot valve controlling hydraulic oil flow to and from the fuel control servomotor.

Figure 13-12: Hydraulic Governor

Stability and speed droop control can be built into a hydraulic governor by a feedback 
mechanism such as the one in Figure 13-13. In this design, a link has been added 
connecting the servopiston to the pilot valve and speeder rod. Now, as the servopiston is 
moved to increase fuel flow and increase speed, the linkage acts on the pilot valve and 
speeder rod to reduce the speed settings.

13.3.6.3
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Figure 13-13: Hydraulic Governor with Feedback

To prevent continuous hunting because of overcorrecting the fuel setting, a hydraulic 
governor must have a mechanism that will discontinue changing the fuel control setting 
slightly before the new setting has actually been reached. This mechanism is called a 
compensating device.

One type of compensating device is illustrated in Figure 13-14. The pilot valve plunger 
operates in a movable pilot valve bushing in which are located the parts that control the oil 
flow. The receiving compensating plunger controls the movement of the valve bushing during 
a speed change. The compensating action of the valve bushing is controlled hydraulically 
by transfer and leakage of oil between the compensating receiving plunger and the 
compensating actuating piston. The rate of compensation is adjusted by regulating the oil 
leakage through the compensating needle valve.
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Figure 13-14: Hydraulic Governor with Compensating Device

Hydraulic governors are more sensitive than mechanical governors. The mechanical 
governor is more commonly used on small engines which do not require extremely close 
regulation of fuel.  Hydraulic governors are more suitable for larger engines which require 
more accurate regulation of fuel.
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Electric Governors

Control of a diesel engine speed to the close tolerances required to maintain a precise 
generator frequency is usually found only in an electric governor arrangement. The 
electronic circuits of the electric governor allow precise control in three control modes: load 
control, speed control, and starting (acceleration) control. An example of an electric governor 
is provided in Figure 13-15.

Figure 13-15: Electric Governor

The magnetic pick-up and the speed sensor provide a DC voltage signal proportional to the 
speed of the engine. The load sensor provides a DC signal proportional to the kW output of 
the generator from the current and voltage monitored at the output of the generator. When 
the generator is producing output power, it may be operated in either of two modes: single 
unit control or parallel unit control, depending on whether the unit is alone on the electrical 
bus or is sharing the bus load with other generator units (parallel operation).

When the diesel generator is the only supplier of the electric bus, the action of the governor 
is to maintain constant speed, regardless of the load. The mode selector in this case will be 
set to isochronous (constant-speed) operation. This condition could occur at a nuclear plant 
when the normal offsite electric power system is unavailable and when the diesel generator 
set is required to carry all vital bus loads. When the diesel generator is operating in the 

13.3.6.4
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isochronous (constant-speed) configuration, the load sensor and droop control circuit are 
bypassed. The machine will attempt to run at constant speed even if it is heavily and rapidly 
loaded.

When the diesel generator is paralleled with the distribution grid or other larger generators, 
the load sensor and droop control circuit are needed to allow adjustment of the load carried 
by the diesel generator. If the diesel is paralleled with the distribution grid, attempting to 
operate in the isochronous mode could either severely overload the generator or cause 
shutdown on reverse current, depending on whether the diesel speed reference is set 
above or below the distribution grid frequency. During parallel operations the diesel 
generator frequency is fixed by the infinite bus frequency. Therefore, in the isochonous 
mode, the speed reference signal could not be matched, and the governor system would go 
unbalanced trying to match the speed control signal.

The droop mode of operation utilizes a portion of the load sensor output to oppose the action 
of the speed reference signal. As the speed reference signal attempts to maintain speed 
during a load increase, the speed droop signal counteracts the speed reference signal, 
resulting in droop, or decreasing speed as load increases. With this arrangement, the droop 
signal will increase as the load increases, and the diesel generator can be adjusted to take a 
specific amount of load when operating in parallel with the grid.

Nuclear plant emergency diesels also have a ramp generator for rapid startup acceleration 
to bring the diesel up to speed from a standing start in less than 10 seconds. This time is 
critical during nuclear unit emergency conditions concurrent with a station blackout. Rapid 
restoration of power to emergency core cooling systems is necessary to prevent reactor 
overheating.

Some speed setting control circuits also have a minimum speed circuit for unit warmup or 
gradual cooldown before unit shutdown.
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Emergency Starts
The industry-wide requirement for emergency diesel generator readiness is that each 
generator must be capable of being started, accelerated, and connected to its vital bus at full 
rated voltage and frequency within 10 seconds of receiving an emergency start signal.

Although nuclear diesel generators have been designed to be capable of accomplishing 
this rapid start from a cold condition, such a fast startup from cold conditions places 
extraordinary stress on a diesel engine. Industry experience has shown that diesel engine 
breakdown problems can be significantly decreased if measures are taken to keep the diesel 
engine warm between emergency starts. Therefore, all nuclear plants have improved on the 
initial design of their diesel generator packages by adding systems or components designed 
to keep the engine internals warm and ready for an emergency start. These improved 
readiness measures normally include one or more of the following:

Jacket cooling water is heated by automatically controlled heaters and circulated through the 
cylinder water jackets to keep the cylinders and pistons warm. Cooling water to the jacket 
water coolers is isolated until the diesel generator is running.

Diesel lube oil is heated by automatically controlled heaters and continuously circulated 
past the engine moving parts to keep the engine bearings and rotating shafts warm. Cooling 
water to the lube oil coolers is isolated until the diesel is running.

For diesel generators with turbocharger intercoolers, the cooling water to the intercooler is 
kept warm so the pistons and cylinders are not hit with an initial blast of cold air before being 
rapidly heated by combustion.

13.4

Emergency Responses
At almost all nuclear plants, the following signals will automatically start the emergency 
diesel generators:

• Loss of power or sustained undervoltage on the diesel generator vital bus; and

• Safety  Injection (SI)  (emergency  core  cooling) actuation signal.

On a Loss-Of-Power (LOP) start, the diesels will  approach  rated  speed  and  output  
voltage within about 10 seconds, and the diesel generator output breakers will automatically 
close onto the vital buses.  The same LOP signal that starts the diesel will simultaneously 
disconnect the large emergency loads and all nonvital loads from the vital  buses  (load  
shedding).  After  the  diesel output breaker has closed to restore power to the emergency 
bus, the load sequencer will automatically connect on the large emergency loads in a 
predetermined order (load sequencing).

13.5
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On a Safety Injection (SI) start without a loss of power, the diesels will start and accelerate 
to rated speed, but the diesel generator output breakers will not close. (At some plants 
the diesels will accelerate only to an “idle” speed.)  The diesels will then remain running in 
standby until they are stopped by an operator when it is clear that they will not be needed. If 
a loss of power occurs on the vital buses after an SI start, load shedding will simultaneously 
occur, the output breaker will immediately close, and load sequencing of large emergency 
loads will occur as described for the LOP start.

Recall that the basic purpose of the diesel engine is to provide the relative motion needed for 
emergency voltage generation. The other requirement for voltage generation is the existence 
of a magnetic field.  The diesel generator magnetic field must be available to start voltage 
generation even if all offsite and onsite power is lost. Some small diesel generators may 
use permanent magnets to establish an initial magnetic field, but the large units used for 
emergency power at nuclear plants normally use a special DC power circuit to energize or 
“flash” the generator field initially. The field flashing circuit consists of either a special battery 
or connections to the station vital service battery. The actuation of an automatic start signal 
closes contacts in this circuit, energizing (flashing) the diesel generator field, and starting the 
voltage generation when the diesel starts rotating up to rated speed.  When the diesel output 
voltage is capable of energizing its own field, the field flashing contacts are reopened.

Most diesel generator units have some or all of the following protective trips for the diesel 
engine:

• Engine overspeed

• Low lube oil pressure

• High crankcase pressure

• High jacket water temperature

• Low cooling water pressure/flow

On an emergency start (LOP or SI) some or all of these protective trips may be automatically 
overridden by the emergency start signal. When the diesel is started for periodic load testing 
or other parallel operations, all of the protective trips are enabled.

The trips for the diesel generator output breaker operate similarly to the diesel engine 
trips. For routine or test starts, the breaker will have a full array of protective trips such as 
overcurrent, phase differential current, reverse power, and undervoltage. On an emergency 
start (LOP or SI), most of these trips will be overridden, normally leaving only the phase 
differential current trip active.
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Chapter Overview
The purpose of this module is to assist the trainee in recognizing basic information and 
terminology as used in process instrumentation. This module is designed to assist you in 
accomplishing the learning objectives listed at the beginning of the module.

Learning Objectives

After studying this chapter, you should be able to: 

1. Recognize the parameters monitored by the process instruments and how detector 
signal is processed to provide a usable output in a basic instrument channel. 

2. For the following temperature measurement devices, recognize the uses, theory of 
operation and failure modes:

a. Thermocouple

b. Resistance temperature detector

3. For the following pressure measurement devices, recognize the uses, theory of 
operation and failure modes:

a. Bourdon tube pressure element

b. Bellows pressure element

c. Diaphragm pressure element

4. For a D/P sensing instrument, recognize the purpose and use of an equalizing valve 
and describe instrument response to valve operation.

5. Recognize the basic theory of operation for a differential pressure cell used for level 
indication in the following applications:

a. Open vessel

b. Reference leg

6. Regarding a differential pressure (D/P) cell used for level indication, recognize the 
effect of the following:

a. Reference leg leak or break

b. Variable leg leak or break

c. Reference leg Temperature changes

d. Variable leg Temperature changes

14.0
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e. Reference leg flashing

f. Diaphragm leak

g. Pressure changes

7. Recognize the reason for density compensation of level indications and if not used, 
recognize how indicated level can be used during different plant conditions.

8. For the following level measurement devices recognize the theory of operation and 
application:

a. Sight glass

b. Float

c. Bubbler

d. Electronic

9. Recognize the basic theory of operation for a differential pressure cell used for flow 
indication in the following applications:

a. Orifice plate

b. Venturi

c. Flow nozzle

d. Elbow tap

10. Recognize the reason for density compensation in flow detectors and explain the 
process used to accomplish density compensation.

11. For a differential pressure cell used for flow indication, recognize the effect of the 
following:

a. High pressure sensing line leak

b. Low pressure sensing line leak

c. Diaphragm leak

d. Failure of the density compensation signal

e. Orifice/nozzle fouling

12. For the following flow measurement devices, recognize the theory of operation and 
application:

a. Rotameters

b. Pitot tubes



USNRC HRTDREV 0817 14-7

c. Magnetic

d. Ultrasonic 

13. Recognize the purpose of environmental qualification.

Introduction
The complexity of a nuclear power plant requires that process parameters throughout 
the station be sensed and displayed to the operators in a central location (control room). 
In addition to keeping operators informed, the instruments provide information to control 
equipment, protective devices, alarms, and recorders. This chapter addresses the detection 
of process variables and the conversion of these measured values into electrical signals.

14.1

Basic Instrument Channels
There are two basic types of parameter measurement: direct and indirect. A gauge glass on 
the side of a tank is an example of direct water level measurement. If a pressure instrument 
measures the pressure of the water at the bottom of a tank and then converts that pressure 
to an equivalent water level, the measurement is indirect. Most plant parameters are 
measured indirectly. An instrument channel is used for indirect measurements. All instrument 
channels follow the same simple pattern. First, the parameter must be detected. Next, the 
detector output must be converted to an easily used signal, usually an electric signal. This 
signal must then be amplified and then sent to an indicator for display of the parameter 
value. Figure 14-1 is a basic instrument channel.

Figure 14-1: Basic Instrument Channel

The function of each block of the instrument channel is as follows:

• Detector senses the parameter monitored and converts the magnitude of the 
parameter to a mechanical or electrical signal.

• Transducer converts the output signal of the detector to a signal that can easily be 
used. (If the detector signal can be used directly, this “conversion” step is not needed.)

14.2
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• Amplifier increases the process signal to a usable magnitude. (In many cases, signal 
conditioning occurs in the amplifier section.)

• Indicator displays the process variable signal being monitored.

Temperature
Temperature refers to a thermal state (heat content) of molecules of matter that cannot 
be measured directly. Temperature is thus an indirect measure of a thermal condition of 
molecules within a body. It is related to heat but it is not heat, and so must be measured in 
a relative manner using scales which tell us only whether one object is hotter or colder than 
some reference value.

Temperature is a measurement of the average kinetic energy of the molecules or atoms 
contained in a system. It is the property of a body which determines the flow of heat. Uses 
of temperature measurements range from inputs into the reactor protection system to 
measurement and control of the chilled water temperature from the station air conditioning 
system. The two basic types of temperature detectors that will be discussed are the 
thermocouple and the resistance temperature detector.

14.3

Thermocouples
When one end of a metal rod is heated, a voltage potential is developed from the warm end 
of the rod to the cold end. Thermocouples operate on the principle that when two dissimilar 
metals are joined or welded together, a voltage potential is developed across the reference 
(cold) junction if the reference junction temperature differs from the temperature at the 
measuring (hot) junction.

To form a simple thermocouple, dissimilar metals X and Y are joined (normally welded) 
together to form a measuring junction as shown in Figure 14-2A. If the junction is heated 
or cooled, a voltage potential will be developed across the junction. The voltage can be 
measured across the other ends of the metals. The size and polarity of the voltage will 
depend on the two metals that are used, and the temperature difference between the 
junction at the ends of the metals. The metals are selected so that the voltage difference is 
directly proportional to the temperature difference over the temperature range of interest.

14.3.1
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Figure 14-2: Basic Thermocouple Diagrams

The voltages produced by common thermocouples are very small, normally in the millivolt 
range. Therefore, a very accurate voltage measuring device (volt meter) must be used 
for the measurement, and care must be taken to minimize the effect of the measuring 
device on the thermocouple circuit. The connection of the voltage measuring device adds 
new junctions of dissimilar metals to the thermocouple circuit as shown in Figure 14-2B.  
Because the leads of the volt meter are normally made from a different metal from the 
thermocouple metals, two new dissimilar-metal junctions (A and B) are formed. Each of 
these new junctions also produces a temperature-dependent voltage output that will interfere 
with the output indication of the thermocouple circuit unless some compensation is provided.

One common method of compensation in a thermocouple circuit is to maintain junctions 
A and B at a constant, or reference, temperature. Then, any change in the voltage output 
of the thermocouple circuit is due solely to changes in the temperature of the measuring 
junction. In this compensation method, junction A and B are often called the reference, or 
cold, junction.  The measuring junction is normally called the hot junction. A temperature 
compensation circuit may be added to offset the effects of any temperature change at the 
reference junction(s).

Figure 14-3 illustrates a thermocouple circuit in which M1 and M2 are dissimilar metals 
connected to form junction “J”. This junction is the hot junction and is in contact with the 
medium to be monitored for temperature. Because the metals used in thermocouples 
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are normally expensive, lead wires are often used to carry the signal from the measuring 
location to the indication location. Since the lead wires create a new junction, that junction 
must be temperature-compensated or kept at a constant reference temperature (Reference 
or Cold Junction).

Figure 14-3: Detailed Thermocouple Circuit

In Figure 14-3, the lead wires, L1 and L2 (frequently made of copper), connect the 
thermocouple to the voltmeter. The L1 and L2 connections are made at terminals A and B of 
the thermocouple and form the Reference (Cold) Junction.

The net voltage developed between terminals A and B depends on the materials used for M1 
and M2 and the temperature differential (ΔT) between the hot and cold junctions.

For a given set of dissimilar metals, the voltage output of the thermocouple is proportional 
to the temperature differential between the hot and cold junctions. If the temperature of the 
cold or reference junction (TREF) is held constant, the net voltage in the thermocouple circuit 
will be affected only by a change in temperature of the hot or measuring junction (TH). It is 
possible then to calibrate the scale of the voltmeter in units of temperature so that TH can be 
read directly, instead of voltage. Because the cold junction temperature does not change, the 
calibrated thermocouple will generate a voltage proportional to the temperature of the hot 
junction.

Voltage(C-D) α TH ΔV –TREF ΔV (with TREF constant)

THEN:

Voltage(C-D) α TH ΔV
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Depending on the type of reference junction enclosure used, changes in ambient 
temperature may cause a temperature change of the reference junction.  If this occurs, the 
net voltage in the thermocouple circuit will be affected and will no longer be proportional 
to the temperature at the hot junction.  Some thermocouple applications monitor the 
temperature of the reference junction and provide automatic compensation or correction of 
the temperature reading on the voltmeter.

The indications resulting from thermocouple failures are not always straightforward. In 
most power plant applications, the measuring junction temperature is much hotter than the 
reference junction temperature. Under these conditions, an open measuring junction or open 
thermocouple lead will result in a failed low indication because the thermocouple voltage is 
blocked from reaching the measurement circuitry.

A shorted thermocouple circuit can produce a number of indications, depending on 
the location of the short. If the short occurs between the two thermocouple metals, the 
instrumentation will read the temperature at the location of the short if that temperature is 
on-scale, or at the nearest scale-end. The short location acts like a new thermocouple.

Thermocouples are used in plant applications where rugged instrumentation is required. 
They are normally installed in reactor vessels at the top of the reactor core to measure the 
temperature of the coolant exiting the fuel assemblies. Because the thermocouples used 
in reactor vessels may be required to indicate accurately at temperatures up to 2300°F, the 
common metal combination used for these thermocouples is chromel/alumel, two alloys of 
nickel.

A special application of thermocouples (dual junction thermocouples) is sometimes used in 
the reactor vessel to monitor vessel water level. A dual junction thermocouple includes one 
junction that is heated by electrical current and one normal unheated measuring junction. 
The dual thermocouple output varies widely depending on whether the thermocouple is 
immersed or uncovered. Reactor vessel level can be determined based on the installed 
height of the uncovered thermocouples.

Resistance Temperature Detector
The resistance temperature detector (RTD) operates on the principle that a metal’s 
resistance to current flow will change with temperature. This change in resistance is 
proportional to temperature and can be measured with simple electronic circuits.

Industrial RTDs are usually made of platinum, nickel, or copper. The selection of a metal for 
use as an RTD depends on several factors, the most important being the ease of obtaining 
a pure metal and the capability of drawing it into a fine wire. Additional requirements are the 
metal’s ability to follow rapidly changing temperatures, linearity, and a relatively high rate of 
resistance change.

14.3.2
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The fractional change in electrical resistance of a material per unit change in temperature 
is the temperature coefficient of resistance for the material. The coefficient is expressed as 
the fractional change in resistance (% per °F) per degree of temperature change at specific 
temperature and is given the symbol α. For most metals, the temperature coefficient is 
positive.

Pure platinum has a linear and stable resistance-to-temperature relationship. For this 
reason, pure platinum is the international standard of temperature measurement usually 
used in power plants. As the standard, it serves as a reference for checking the calibration of 
other temperature-indicating devices in the plant.

Figure 14-4 shows the relationship between the resistances of different metals to applied 
temperature. The vertical axis plots the ratio of the resistance at the applied temperature to 
the resistance of the reference temperature. The reference temperature in this case is 0°C. 
The horizontal axis plots the temperature applied to the metals.

Figure 14-4: Resistance - Temperature Characteristics of Metals at Elevated Temperatures

As indicated by Figure 14-4, the response of platinum is nearly linear over the entire range 
of the applied temperature. Recently, sensors made of very thin platinum films deposited on 
a substrate have come into use. The substrate is usually made of ceramic. This method of 
constructing RTDs leads to small sensing elements with high resistance values.

Copper is inexpensive and has the closest linear relationship of known metals over a wide 
temperature range. Copper has low resistance to oxidation above moderate temperatures 
and has much poorer stability and reproducibility than platinum in most applications.
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Nickel has been widely used as a temperature sensing element over the range from about 
-100° to +300°C (-150° to +570°F), principally because of its low cost and the high value of 
its temperature coefficient. Above 300°C (570°F), the resistance-temperature relationship 
for nickel changes. Nickel is susceptible to contamination by certain materials, and the 
relationship of resistance to temperature is not as reproducible as that of platinum.

The resistance versus temperature relationship of tungsten is not as reproducible as that 
of platinum. Full annealing of tungsten is impractical; therefore, tungsten sensors are less 
stable than well-made platinum sensors.

RTD Construction

The elements of RTDs can be constructed in a variety of ways, varying from a cage-like 
open array of resistance wires within a guard screen to a coil wound on a mandrel and 
encased in a rugged well (see Figure 14-5). The choice of structure depends on such factors 
as: compatibility of the resistance material with the environment, requirements for speed 
of response, extent of immersion permitted, and the expected mechanical stresses to be 
experienced.

Figure 14-5: Resistance Temperature Detector

Although some laboratory resistance temperature detectors are constructed with the 
resistive element exposed, most are constructed so that the fine wire element is coiled and 
loosely supported on a mica form. The coil is annealed, heated until the stresses caused 
by the coiling procedure are relieved, and then installed in a protective sheath or well. 
Industrial-grade RTDs are formed in a similar manner.   Extra care is taken to fabricate the 
element so that the effects of mechanical shock are minimized.

Typical sheathed RTDs contain coils wrapped around a support that evenly distributes 
the resistance while maintaining good thermal contact and electrical insulation from the 
protective sheath.

14.3.2.1
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The element is annealed and stretched lightly over the support to give firm sealing. After 
its end wires are connected, the RTD element is fixed in place with varnish or some other 
sealing material. The sheath is filled with a material such as magnesium oxide or aluminum 
oxide, and then the entire sheath is hermetically sealed. The completed sheath is attached 
to a mechanical fitting that allows the RTDs to be installed in a thermowell. A loading spring 
is used to give the tip of the sheath positive contact with its thermowell. This prevents 
vibration and improves the response time of the detector.

Wheatstone Bridge

A type of circuit that is widely used for precision measurements of resistance is the 
Wheatstone bridge. The circuit diagram of a Wheatstone bridge is shown in Figure 14-6. 
R1, R2, and R3 are precision resistors and RX is the resistor (RTD) whose unknown value of 
resistance is to be determined. R1 and R2 have equal resistance values, and R3 is a variable 
resistor. When the bridge is balanced (R3 equals RX), there is no difference in voltage across 
terminals b and d, and the galvanometer deflection will be zero when the switch is closed.

Figure 14-6: Wheatstone-Bridge Circuit

14.3.2.2
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When the switch to the battery is closed, current flows from the battery to point a. Here the 
current divides, as it would in any parallel circuit, part of it passing through R1 and R3, and 
the remainder passing through R2 and RX.  The two currents, labeled I1 and I2, unite at point 
c and return to the battery. The value of I1 depends on the sum of resistances R1 and R3, and 
the value of I2 depends on the sum of resistances R2 and RX .

When the sum of resistances R1 and R3 are equal to the sum of resistances R2 and RX , 
equal currents will flow and the galvanometer will indicate zero when its switch is closed. 
In this case, R3 and RX have equal resistance values. If RX resistance changes (due to a 
temperature change), then the bridge will become unbalanced and the galvanometer will 
deflect. If the galvanometer is calibrated to indicate in degrees, the meter deflection would 
indicate the temperature being sensed by RX.

Some RTD circuit applications require a balanced bridge circuit at all times. These 
applications require R3 to be adjusted either manually or automatically to balance the bridge. 
With the bridge balanced, the resistance of RX is equal to R3. Because R3 resistance is 
known, the temperature sensed by the RTD (RX) can be determined by applying the proper 
resistance - temperature correlation for the RTD.
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Remote RTD Connections

Two methods of making electrical connections from a remote RTD to the measuring 
instrument are commonly used, namely the two-lead connection and the three-lead 
connection (see Figure 14-7). Both methods employ a bridge circuit to measure the 
resistance of the remote RTD element.

Figure 14-7: Remote RTD Connections

The two-lead connection shown in Figure 14-7(A) is the simplest, consisting of two relatively 
low-resistance leads, k and l, connecting the RTD element with the measuring instrument. 
The leg RX comprises the resistance of the element plus the resistance of the leads k and l.  
Unless leads k and l have a low resistance, they can add a measurable amount of resistance 
in the RX leg. Even if the resistance of the leads is known at one temperature and allowed for 
in the measurement, the leads are subject to ambient temperature changes and can add an 

14.3.2.3
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unknown resistance to the circuit. Therefore, the two-lead connection should be used only 
where lead-wire resistance can be kept to a minimum and where only a moderate degree of 
accuracy is required.

The three-lead connection shown in Figure 14-7(B) is used to compensate for lead-wire 
resistance changes due to temperature changes along the wiring path. In this circuit, leads 
l and m are connected in close proximity to the RTD thermometer element at a common 
node. The third lead, k, is connected to the opposite resistance leg of the element. The 
resistance of lead l is added to bridge arm R3, while the resistance of lead k remains with RX, 
thereby dividing the lead resistance and retaining a balance in the bridge circuit. Although 
this method compensates for the effect of lead resistance, the ultimate accuracy of the 
circuit depends upon leads k and l being of equal resistance. Special matching techniques 
are used on leads k and l, particularly when the distance between the RTD element and the 
measuring equipment is relatively long.

Loss of power to an RTD circuit causes the indication to fail to zero or off-scale low. If an 
RTD element develops an open circuit, the temperature indication will fail off-scale high 
because an open circuit gives infinite resistance. Conversely, a shorted RTD element 
represents zero resistance and will cause the indication to fail off-scale low.
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Pressure
Pressure, defined as force per unit area, is one of the most commonly measured parameters 
in the plant. The application of any force, or pressure, will always produce a deflection, a 
distortion, or some change in volume or dimension, no matter how small or large the force. 
Pressure measurements range from that of the high pressure reactor coolant system (RCS) 
measured in pounds per square inch (psi) down to the vacuum in the main condenser 
measured in inches of mercury (in Hg). The devices listed in this section are used for 
measurement of system pressure.

All common types of mechanical pressure detectors are fundamentally differential pressure 
detectors.  They are designed to measure the difference of two pressures -- the pressure to 
be measured and the reference pressure.

The zero point on most pressure gauges represents atmospheric pressure; whereas, 
absolute pressure is required for some engineering applications. The absolute scale of 
pressure reads zero under an “absolute” zero pressure condition (perfect vacuum).  The 
relationships between gauge pressure, atmospheric pressure, vacuum, and absolute 
pressure is shown in Figure 14-8.

Figure 14-8: Pressure Units

Atmospheric pressure is the force exerted on an area of earth’s surface due to the weight of 
the atmosphere. Standard atmospheric pressure at sea level is 14.7 psia (0 psig).

14.4
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Zero on the gauge pressure scale is 14.7 psia. So, gauge pressure only reads pressure that 
is above atmospheric pressure and has units of psig (psig = pounds per square inch gauge). 
If the gauge pressure reading is added to the atmospheric pressure reading (14.7 psi at sea 
level), the result is absolute pressure (psia = pounds per square inch absolute).

Absolute Pressure (psia) = Gauge Pressure (psig) + 
14.7 psi

Pressures below atmospheric are expressed as vacuum or absolute pressure. If expressed 
as vacuum, the equivalent absolute pressure can be determined by subtracting the vacuum 
reading from the atmospheric pressure.

Vacuum pressure may commonly be discussed in one of three units of measurement.  
Probably the most common units are inches of mercury vacuum (in Hg). This is the 
difference in pressure as measured by the height of a column of mercury using a manometer 
(See figure 14-9).  The difference in fluid height (H) in a liquid column manometer is 
proportional to the pressure difference (Po – Pa).  Another unit often seen is feet of water 
vacuum (ft H2O) or inches of water vacuum (in H2O).

Figure 14-9: Manometer Pressure Gauge
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Bourdon Tube

A Bourdon tube gauge is often used to measure pressure. One type of Bourdon tube gauge 
(see Figure 14-10) consists of a flattened C-shaped metal tube that is sealed at one end. 
As pressure is applied to the tube, the tube tends to straighten. Further pressure increase 
makes the tube straighten even more. This effect is caused by the application of pressure 
to differential areas. Recall that    P = F/A; therefore, F = PA. Because the tube is curved 
(C-shaped), the inside curve of the tube has less area than the outside curve of the tube. 
This unbalanced force tends to straighten the tube, causing deflection of the sealed end. 
(If the pressure is removed, the elasticity of the tube will return it to its original shape.) The 
movement of the sealed end of the tube is transmitted through a linkage to a pointer or 
transmitter. The pointer indicates the pressure being measured on a scale. There are many 
types of Bourdon tube gauges. The tube can have a spiral or a helix shape, which causes 
a degree of magnification to tube movement.  A leak in the sensing tube would result in 
indicated pressure being lower than actual pressure.  If the tube is exposed to excessive 
pressure, the pinion and gear may mechanically fail, or the tube may no longer respond as 
previously calibrated due to loss of elasticity.

Figure 14-10: Bourdon Tube Pressure Gauge

14.4.1
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Bellows

The need for a pressure-sensing element more sensitive to low pressures than the Bourdon 
tube and providing greater force for actuating recording and indicating mechanisms resulted 
in the development of the metallic bellows.  The use of metallic bellows has been most 
successful on pressures ranging from 0.5 to 75 psig. Figure 14-11(A) illustrates a basic 
bellows-sensing element.

Figure 14-11: Diaphragm / Bellows Pressure Sensors

The bellows-type pressure gauge is usually built as a one-piece, collapsible, seamless 
metallic unit with deep folds formed from very thin-walled tubing. The moving end of the 
bellows is usually connected with a simple linkage to an indicator pointer. The flexibility of 
a metallic bellows is similar to that of a helical, coiled compression spring. The relationship 
between increments of load and deflection is linear up to the elastic limit. However, this 
linear relationship exists only when the travel of the bellows occurs through a limited range 
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of motion.  For this reason, a separate spring in Figure 14-11(A) is exerting additional force 
that the movement or measuring action of the bellows must overcome. In practice, the 
bellows is always accompanied by a spring, and the deflection characteristics of the unit is 
the net result of the spring and the bellows.  A leak in the bellows would result in indicated 
pressure being lower than actual pressure.

Diaphragm

The diaphragm gauge is similar to the bellows gage, but it has a diaphragm instead of 
bellows, as in Figure 14-11(B). The diaphragm gauge works the same way as the bellows 
gauge.  The diaphragm gauge is less rugged than the bellows gauge, but it is very accurate 
at low pressures. The diaphragm gauge can measure pressure or vacuum.

The diaphragm is usually also accompanied by a light spring. The amount of deflection of 
the diaphragm is proportional to the applied pressure. If a vacuum is applied that allows 
the spring to contract, the amount of contraction should be proportional to the amount of 
vacuum.  A leak in the diaphragm would result in indicated pressure or vacuum being lower 
than actual.

14.4.3

Mechanical/Electrical Converter
In the sensors described above, the application of pressure results in mechanical movement 
or motive force. Two devices are available for the conversion of this mechanical movement 
into an electrical signal that can be used in the plant control or protection systems. The use 
of one device, the force balance transmitter, results in a current (milliampere, mA) output. 
The use of the other device, the movable core transformer transmitter, results in a voltage 
output.

14.5
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Force Balance Transmitter

Force balance refers to the system whereby the free motion of the sensor is limited and 
actively opposed by some mechanical or electrical means. In Figure 14-12 a simplified force 
balance transmitter is shown. As pressure increases, the diaphragm is moved to the left. 
This motion, in turn, causes movement of the force bar (the force bar is pivoted at the sealed 
flexure). The force bar motion causes movement of the reference arm, which closes the gap 
of the error detector. The position error detector works on the principle of a varying magnetic 
gap which varies the coupling between the primary and secondary windings of a transformer. 
When the gap of the error detector becomes smaller, the output of the error detector 
increases. The output of the error detector is amplified and applied to the force feedback 
coil. The increased current in the force feedback coil exerts a greater pull on its armature 
moving the reference arm in the opposite direction, thus restoring the system balance. The 
amount of current required to maintain the system in balance is proportional to pressure and, 
therefore, can be used in the indicating and control loops. Two current ranges, 4 to 20 mA or 
10 to 50 mA, are generally used for this transmitter’s output circuitry.

Figure 14-12: Force Balance Transmitter

14.5.1
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Moveable Core Transmitter

In the movable core transmitter, shown in Figure 14-13, the pressure sensor’s mechanical 
linkage is connected to the core of a linear variable differential transformer (LVDT). The 
LVDT consists of a primary coil and two secondary coils. The movement of the core changes 
the magnetic flux coupling between the primary coil and the secondary coils which, in turn, 
causes a change in the voltage output of the secondary coils.

Figure 14-13: Movable Core Transmitter

Normally the two secondaries are connected series opposing as shown in Figure 14-13. For 
this configuration, when the iron core is centered the output voltage, eout, is zero.  This point 
is referred to as the LVDT’s null position. As the core is moved above the null, the output 
is in phase with the primary voltage. Conversely, as the core moves below its null position, 
the output is 180 degrees out of phase with the primary voltage. These phase relationships 
are caused by the series opposed connection of the secondaries. The LVDT will produce an 
output voltage that is a linear function of core position for a considerable range either side of 
null. Electronic circuitry is used to convert this variable, in-phase or out-of-phase voltage, to 
a DC signal suitable for control and indication.

14.5.2
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Variable Capacitance Transmitter

A relatively new type of transmitter is being installed in nuclear plants. This new transmitter is 
called a variable capacitance transmitter (see Figure 14-14) and consists of a set of parallel 
capacitor plates with a sensing diaphragm placed between the plates. The capacitor is filled 
with silicon oil. The need for a pressure-sensing element, such as a bellows or bourdon tube, 
and its mechanical linkage has been eliminated. The oil is separated from the process fluid 
by a separate isolating diaphragm. One side of the isolation diaphragm is in contact with 
the process stream, while the other side is in contact with the silicon fill oil. When pressure 
is applied to the isolating diaphragm, its force is transmitted through the silicon oil to the 
sensing diaphragm causing it to deflect. The deflection of the sensing diaphragm is detected 
by the capacitor plates. The change in capacitance, because of diaphragm deflection, is 
converted to a signal output that is transmitted to the plant protection and/or control systems.

Figure 14-14: Variable Capacitance Differential Pressure Sensor

14.5.3
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Strain Gauge

A strain gauge (see Figure 14-15) is manufactured by bonding a metal resistor to a 
diaphragm and sealing it. It is then placed in a protective casing. When pressure is applied 
to the diaphragm, the strain gauge is distorted by elastic deformation causing its length to 
increase and its cross-sectional area to decrease. These changes cause the resistance of 
the strain gauge wire to increase.

Figure 14-15: Strain Gauge

The gauge is attached to a meter through a balanced Wheatstone bridge. The added 
resistance unbalances the bridge allowing a signal to pass to the meter deflecting the needle 
producing a reading on the meter. If desired, a second metal resistor can be installed on the 
opposite side of the diaphragm and wired to the opposite side of the bridge so that it is more 
sensitive to changes in pressure. The meter used with this type of pressure gauge can be 
a center zeroing type that will read pressure when the needle deflects in one direction; and 
vacuum, when it deflects in the opposite direction.

14.5.4
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Differential Pressure Flow Sensor Devices
Flow rate is a measurement of the amount of fluid that passes a point during a given time 
interval, expressed as volume per unit time or mass per unit time. Flow rate is difficult to 
measure directly so common fluid flow relationships are used to allow other parameters to 
be measured and converted to flow rate.

The fluid flow Continuity Equation can be used to show that if a sudden pipe diameter 
reduction is placed in the path of a steady flowing incompressible fluid, the fluid velocity 
within the diameter reduction must increase significantly to maintain constant flow. 
Bernoulli’s Equation can then be used to show that the velocity increase is accompanied by 
a corresponding drop in pressure within the diameter reduction. The following simplification 
of Bernoulli’s Equation describes the relationship of the fluid velocity and pressure conditions 
existing at the entrance (e) to the reduction and within (w) the reduction.

(vW )
2 - (ve )

2 αPe - PW (or ΔPew )

vw = velocity within the diameter reduction (ft/sec)

ve = velocity at entrance to the reduction (ft/sec)

Pe = pressure at entrance to the reduction (lbf/ft2)

Pw = pressure within the diameter reduction (lbf/ft2)

ΔPew = differential pressure from entrance to within the diameter reduction (lbf/ft2)

To measure flow using these relationships, a differential pressure (ΔP or D/P) is created by 
some type of diameter reduction or primary device such as an orifice plate, a flow nozzle, or 
a flow venturi (see Figure 14-16). Because flow rate is proportional to the square root of the 
ΔP, the ΔP is sensed and converted from a mechanical movement to an electrical signal for 
flow rate measurement. A specific primary device in a specific pipe location must initially be 
calibrated using known flow rates to obtain a reliable indication.

14.6
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Figure 14-16: Primary Elements

A disadvantage of using a pipe diameter reduction device to measure flow rate is that some 
of the pressure reduction caused by the device is not regained when the pipe diameter 
returns to full size.  The cause of this non-recovery of pressure or head loss, is fluid friction 
as described in Section 1.5 of the PPE Course Self-Study Text.  The more fluid friction 
caused by the pipe reduction device, the more head loss or non-recovery of pressure that 
occurs in the device.

Since the flowrate is proportional to the square root of the ΔP, anything that causes the ΔP 
to go low causes the indicated flow to go low, and vice versa.  So, a high pressure sensing 
line leak would cause an erroneous low flow indication, and a low pressure sensing line leak 
would cause an erroneous high flow indication regardless of the type of differential pressure 
cell being used (orifice plate, venturi, flow nozzle or elbow tap).
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Another limitation of ΔP flow measurement is that the calibration flow utilizes velocity and 
pressure, but assumes a constant density.  Since the density of liquid changes very little 
with pressure or temperature, the ΔP flow measurement approximates mass flow rate over 
a wide range of varying pressures and temperatures in liquid systems.  However, if ΔP flow 
measurement is utilized for measuring the flow rate of a gas, then some form of density 
compensation must be used if the ΔP or volumetric flow rate is to approximate the mass flow 
rate of the gas.  In nuclear power stations, steam flow from the steam generators (PWR) is 
normally pressure (density) compensated to adjust the ΔP flow rate to a mass flow rate.

m = ρV̇

V̇ = Volume flow rate

ρ = mass density of the fluid

The ΔP or volumetric flow rate is adjusted by the pressure from a pressure transmitter on 
the steam header.  As steam pressure increases above the reference (calibrated) steam 
pressure, then the volumetric flow rate is adjusted upward to reflect a higher mass flow rate 
due to increased density of the steam.  As steam pressure decreases below the reference 
(calibrated) steam pressure, then the volumetric flow rate is adjusted downward.  If the 
steam pressure compensation channel failed low or high, then the steam flow indication 
would go down or up with the failure.

Orifice Plate

The orifice plate is merely a circular hole in a thin, flat plate that is clamped between the 
flanges at a joint in the system piping.  One side of a D/P detector is connected upstream 
of the plate, and the other side is connected just downstream of the plate.  The reduction in 
the flow area causes a pressure drop that is proportional to the square of the flow passing 
through the orifice.  The orifice plate is inexpensive and accurate, but this device causes 
significant head loss (see Figure 14-16).  In, addition, orifice plates are susceptible to flow 
erosion, which makes the output inaccurate.  Orifice plate fouling can also cause inaccurate 
flow indication.  Fouling is the accumulation of unwanted material on solid surfaces to the 
detriment of function. The fouling materials can consist of either living organisms (biofouling) 
or a non-living substance (inorganic or organic).  When fouling reduces the open area in the 
orifice plate, then the D/P goes up indicating higher flow while actual flow decreases.

14.6.1
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Flow Nozzle

The flow nozzle consists of a rounded inlet core and an outlet nozzle. The flow nozzle lends 
itself very well to the measurement of wet gases such as saturated steam with moisture in 
suspension. If the steam is dry or possesses superheat, then the nozzle is not necessary 
unless other conditions require it. Droplets carried in suspension in a gas stream can exert 
a considerable erosive effect, and the curved surface on the nozzle face guards this device 
against such action, thus contributing to a long, useful life that makes it more desirable for 
some installations than the orifice plate. Nozzles have somewhat better pressure recovery 
than the orifice plates and cause less head loss.

Flow Venturi

The flow venturi has the least head loss (best pressure recovery characteristics) and is used 
in those systems where a high pressure drop across the primary element is undesirable. 
The venturi consists of rounded inlet and outlet cones connected by a constricted middle 
section. As the velocity increases in the constriction, the pressure decreases. A pressure tap 
is provided in this low pressure area.

Elbow Flow Measuring Device

Elbow flow measuring devices (see Figure14-17) operate on the principle that when liquid 
travels in a circular path, centrifugal force is exerted along the outer edges. Thus, when 
liquid flows through a pipe elbow, the force on the elbow’s outer radius is greater than the 
force on the elbow’s inner radius.  Pressure taps are taken off the inside of the elbow (low 
pressure) and off the outside of the elbow (high pressure). The elbow-type flow device 
accuracy is poor at low flow rates. However, because the head loss across these devices 
is minimal, they are used in systems where maximum flow rates are essential (e.g., reactor 
coolant systems and main steam systems).

Figure 14-17: Elbow Flow Measuring Device

14.6.2
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Pitometer

The main advantage of the pitometer is that the head loss is nearly undetectable. This is 
extremely important in the RCS when natural circulation flow is used as emergency cooling 
for the reactor.  The use of the pitometer provides virtually no resistance to natural circulation 
flow.

Refer to Figure 14-18 during the following discussion of the operational theory of the 
pitometer. Although this cross-section view looks very much like a venturi, the actual 
pitometer tube more closely resembles a piece of pipe with eight fins on the inside 
circumference. The figure shows a cross section that happens to cut through the center 
of two opposite fins. The fins are equally spaced radially and are oriented axially around 
one circumference with two different types of fins in the cross section. The bottom one has 
its pressure nozzle pointed into the flow stream while the top one has its pressure nozzle 
pointed away from the flow stream. These two types of fins alternate around the inside of the 
tube.

Figure 14-18: Pitometer Flow Tube

14.6.5
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The pitometer is reversible.  It makes no difference which way the tube is installed in the 
piping.  There will be four fins pointing in each direction no matter which way the tube is 
installed.  However, the D/P detector must be connected properly (high-pressure and low-
pressure taps) to provide accurate indication.

For this example, assume that flow is from left to right. The top fin’s pressure nozzle faces 
downstream. Therefore, it will sense system pressure and transmit that pressure to the left 
piezometer ring (or chamber). All four of the nozzles that point downstream are connected to 
the same piezometer ring.

The bottom fin in our example faces upstream. It also is exposed to system pressure and 
will transmit that pressure to the right piezometer ring. The bottom fin and its nozzle are also 
exposed to the impact pressure on the fluid flowing by it. This impact pressure is proportional 
to the square of the flow rate.

Both piezometer rings run the full circumference of the insert. Each ring has five ports 
connected to it. Four come from the fins and the fifth connects to an access tap. The access 
tap is the point where a D/P transmitter will be connected. The purpose of sending the input 
from four fins to a common piezometer rings is to average those inputs. Because turbulence 
exists in the piping, it is conceivable that all four of the nozzles connected to each ring would 
see slightly different pressures. The rings will negate the effects of any turbulence through 
averaging and yield a much more stable pressure output to the D/P transmitter.

Both piezometer rings are exposed to system pressure; therefore, a D/P transmitter 
connected to each will cancel system pressure. The output of the transmitter will be 
proportional to only the impact (dynamic) pressure sensed by the upstream nozzles. This 
signal is then used to compute RCS flow rate.

Flow Sensors (Transmitters)
The differential pressures generated by the flow sensors described in the previous section 
must be converted to an electrical output signal which can be calibrated to indicate the 
process fluid flow in the system.  This electrical output signal can then be used to provide 
local flow indication as well as transmit the flow signal for remote indication and input into 
automatic protection and control circuits.  All of these transmitters are connect to a valve 
block that has the capability of isolating the process system (high and low pressure taps) 
from the transmitter.  The valve block also contains a valve for equalizing pressures between 
the low and high pressure tap.  The equalizing valve should only be opened when the 
transmitter is isolated from the process system.  When the equalizing valve is open, the 
D/P goes to zero, and the transmitter should read zero flow.  The equalizing valve may be 
opened to set the zero point of the transmitter during the calibration process and protect the 
transmitter from excessive differential pressure that could damage it.
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Bellows Flow Sensor

The bellows flow sensor (see Figure 14-19) consists of two bellows: one that senses 
the high side (inlet) pressure of the primary device and another that senses the low side 
(outlet) pressure of the primary device. The difference in force exerted by the two bellows 
is proportional to the ΔP developed by the primary element. A mechanical connection is 
made to the force bar of the force balance transmitter or to the core of the movable core 
transformer to convert the differential pressure signal to an electrical signal. Since the 
flowrate is proportional to the square root of the ΔP, a square root extractor or a specially 
marked scale is required.

Figure 14-19: Bellows Flow Sensor
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Diaphragm Flow Sensor

The majority of the flow transmitters in the plant use diaphragm flow sensors. Again, the 
principle of opposing forces created by the ΔP across the primary device is used to sense 
flow with the diaphragm flow sensor (see Figure 14-20). The displacement of the diaphragm 
causes motion of the force bar of the force balance transmitter or the core of the movable 
core transformer and converts the D/P signal to an electrical signal.  This type of transmitter 
is calibrated by the use of a square root extractor, but, when properly calibrate, the output is 
produced directly by the deflection of the diaphragm and the motion of the force bar creating 
an electrical output.  If the diaphragm were to leak then the pressure between the low and 
high pressure chambers would be reduced, the diaphragm would deflect less, and the output 
would indicate lower than actual flow.

Figure 14-20: Diaphragm Flow Sensor
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Other Flow Instruments

Unlike the previous flow sensors discussed in this section, the magnetic flow sensor (see 
Figure 14-21) does not require a primary element. The operation of a magnetic flowmeter or 
mag meter is based upon Faraday’s Law, which states that the voltage induced across any 
conductor as it moves at right angles through a magnetic field is proportional to the velocity 
of that conductor. The magnetic flow transmitter works on the principle that voltage will be 
generated if relative motion exists between a conductor and a magnetic field. The liquid is 
used as the conductor. The flow transmitter generates the magnetic field, and the flow of the 
liquid provides relative motion. Electrodes located in the piping detect the generated voltage.

Figure 14-21: Magnetic Flow Sensor

A rotameter is a device that measures the flow rate of fluid in a closed tube (see Figure 14-
22).  It belongs to a class of meters called variable area meters, which measure flow rate 
by allowing the cross-sectional area the fluid travels through, to vary, causing a measurable 
effect.  A rotameter consists of a tapered tube, typically made of glass with a ‘float’, made 
either of anodized aluminum or a ceramic, actually a shaped weight, inside that is pushed 
up by the drag force (FD) of the flow and pulled down by gravity (FG). The drag force for 
a given fluid and float cross section is a function of flow speed squared.  The mechanical 
nature of the measuring principle provides a flow measurement device that does not 
require any electrical power. If the tube is made of metal, the float position is transferred to 
an external indicator via a magnetic coupling. This capability has considerably expanded 
the range of applications for the variable area flowmeter, since the measurement can be 
observed remotely from the process or used for automatic control.

14.7.3
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Figure 14-22: Rotameter

An ultrasonic flow meter is a type of flow meter that measures the velocity of a fluid with 
ultrasound to calculate volume flow (see Figure 14-23). Using ultrasonic transducers (Tx) 
and receivers (Rx), the flow meter can measure the average velocity along the path of an 
emitted beam of ultrasound, by measuring the difference in transit time between the pulses 
of ultrasound propagating with and against the direction of the flow or by measuring the 
frequency shift from the Doppler Effect. Ultrasonic flow meters are affected by the acoustic 
properties of the fluid and can be impacted by temperature, density, viscosity and suspended 
particulates depending on the exact flow meter.

Figure 14-23: Ultrasonic Flow Meter
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Level
Accurate determination of water levels in a power plant is very important. Failure to maintain 
correct water levels in certain pieces of equipment can result in a quick failure or breakdown.

Most measurements of level are based on a pressure measurement of the liquid’s 
hydrostatic head (see Figure 14-24). This hydrostatic head is the weight of the liquid above a 
reference or datum line.

Figure 14-24: Level Measuring Device for Tank Open to Atmospheric Pressure

At any point, its force is exerted equally in all directions and is independent of the volume of 
liquid involved or the shape of the vessel. The measurement of pressure as a result of level 
head can be translated to level height above the datum line as follows:

 z  =  P/γ

z  =  height of liquid (ft)

P  = pressure resulting from hydrostatic head (lbf/ft2)

γ  =  weight density of liquid (lbf/ft3)

They vary greatly in purchase price but are often inexpensive to use and maintain because 
they do not use moving parts, unlike mechanical flow meters.  Another advantage is that 
they can be temporarily installed externally on almost any pipe without cutting into the 
systems.

14.8
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The relationship of the height of water above the gauge to the pressure is true if neither 
the atmospheric pressure above the water nor the water density (temperature) changes. A 
change in either of these parameters would necessitate a calibration change.

Bellows, diaphragm, or variable capacitance sensors can be used to provide a level 
indication signal. On tanks that are vented, the low side of the D/P sensor is open to 
atmospheric pressure.

Not all tanks are open to the atmosphere. Many are enclosed to prevent vapors from 
escaping or to allow pressurizing the tank contents. For these applications, a D/P detector 
is used (see Figure 14-25). To prevent any pressure on top of the liquid from being added to 
the hydrostatic pressure resulting from the liquid height, the pressure at the top of the tank 
is applied to the low pressure side of a D/P transmitter. The high pressure side is subjected 
to both the gas pressure on top of the liquid and the hydrostatic head of the liquid itself. The 
D/P transmitter’s output is the pressure difference between the high pressure (hydrostatic 
+ gas pressure) and the low pressure (gas pressure only) connections. With this D/P 
transmitter arrangement, level indication is not affected by changes in tank pressure. Any ΔP 
between the two sides of the detector is produced solely by the level in the tank.

Figure 14-25: Differential Pressure Level Detector

A variation of the D/P system described above is the reference leg level detection system. A 
reference leg system is typically used in systems where the vapor produced by the liquid in 
the tank could condense in the low pressure leg and cause a ΔP variation. In the reference 
leg arrangement, a D/P transmitter is again attached to the bottom of a closed tank (see 
Figure 14-26).
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Figure 14-26: Reference Leg Differential Pressure System

Note that the low pressure side is now the tank connection (variable leg) while the high 
pressure side is the reference leg side. The level (ΔP) is sensed in accordance with the 
following equation:

ΔP = zr γr - zv γv

zr = height of the reference leg

γr = density of the reference leg

zv = height of the variable leg

γv  = density of the variable leg

Note from the above formula that a density change in either the reference or variable leg will 
affect the ΔP that is seen by the sensor. When the vessel is full, the ΔP is equal to zero if 
the density is the same in both legs. As the level goes below full, the ΔP in the reference leg 
system increases. Other phenomena that cause the ΔP to increase (cooling the reference 
leg or warming the tank contents) will cause the indicated tank level to decrease. Lowering 
the level in the reference leg would cause ΔP to decrease and the indicated tank level would 
increase above the actual level. Therefore, it is essential that the level in the reference 
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leg is kept constant. This is usually accomplished by an external filling connection or by a 
condensing pot connected to the vapor space. Figure 14-27 depicts a typical pressurizer 
level detection system using a reference leg with a condensing pot.

Figure 14-27: Pressurizer Differential Pressure Level Detector

Both flow and level sensors use D/P cells or transmitters. If the equalizing valve (bypass 
valve) for the D/P cell is opened, the high pressure and low pressure signals for the D/P 
cell would be equalized and a zero ΔP would be generated. This would correspond to an 
indication of a full vessel for a reference leg level detection system or no flow for a flow 
measuring system.  Likewise, a diaphragm leak in a D/P sensor will result in a lower D/P 
indicated.  So, a level system utilizing a reference leg would have an indicated level that is 
higher than actual level.  A D/P flow sensor with a diaphragm leak would indicate low flow 
(low D/P).

Level Error

A normal occurrence that will cause inaccurate level indication is the heating or cooling of 
the tank contents. During normal plant operation, a pressurizer temperature in excess of 
600°F is normal. During a plant shutdown, the pressurizer (and the rest of the RCS) will 
be cooled to less than 200°F. As the pressurizer cools, the water will become more dense 
resulting in a lower level. However, although variable leg height (zv) decreases, variable 
leg density (γv) increases, and the zvγv term remains essentially unchanged. Because the 
reference leg height (zr) and density (γr) have not changed, the D/P detector senses no 
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change in level. To compensate for this inaccuracy at lower temperatures, an additional 
D/P detector is installed that has been calibrated at a pressurizer temperature below 
200°F. The cold calibrated D/P detector is only used at low pressurizer temperatures; it is 
inaccurate at high pressurizer temperatures. In some cases, the temperature of the tank 
contents is continuously measured to provide electronic density compensation of the level 
indication.  The level signal from the D/P detector is adjusted based on the temperature in 
the pressurizer to account for the change in density of the liquid level in the pressurizer from 
hot to cold conditions.

Errors in level indication from detector failure or electronic failures can produce a number 
of unpredictable output errors. Predictable failures that are of concern during transient 
or accident conditions relate to the loss of the reference leg. Two abnormal conditions 
for discussion are rapid depressurization, associated with steam generator level, and 
containment temperature increases affecting both the steam generator and the pressurizer.

The water in the reference leg is maintained at ambient temperature, except in the 
condensing pot where the water is near saturation temperature. During depressurization the 
water in the condensing pot can flash to steam.  This can remove some of the water from the 
reference leg, thus lowering the reference pressure on the detector, thereby giving a higher 
than actual indicated level. This condition will correct itself as the condensing pot refills due 
to condensation. Some indications of this transient are bouncing level indications or unequal 
level indications between two level instruments.

If the reactor coolant system experiences significant leakage during hot conditions, then 
the containment temperature will rise significantly. The increase in the ambient temperature 
can affect the level indication by increasing the reference leg ambient temperature therefore 
decreasing the density in the leg; this will decrease the reference pressure on the detector 
giving a higher than actual indicated level. To reduce the effects of changing reference leg 
temperature, a stable ambient temperature should be provided. Excessive moisture and high 
temperatures may also cause degradation of electrical circuitry and lead to inaccurate level 
indication.
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Signal Processing
The output of many types of transmitter is a current signal with a range of 4 to 20 mA or 
10 to 50 mA for many different circuits. Figure 14-28 illustrates how the current output of 
one of these transmitters is used to supply input signals to several systems. If a 4-20 mA 
transmitter output and 250 ohm resistors are assumed, then by Ohms law, the input signal to 
each system will vary over a 1 to 5 volt range as the output of the transmitter varies from 4 
to 20 mA.  Since the resistors are in series, each system receives the same input signal. The 
arrangement in Figure 14-28 is known as a current loop. Note how an open circuit in this 
arrangement drops the current in all parts of the circuit to zero.  Because this is below the 
minimum, this type of failure can be detected and trigger an alarm or automatic action.

Figure 14-28: Current Loop

14.9
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Calibration
Calibration is a recurring and important activity related to plant instrumentation and control 
maintenance. Instruments are normally calibrated on a “loop basis.” The instrument loop 
includes the components from the sensor or instrument element to any signal processing or 
conditioning equipment to the transmitter or actuator device and finally to any recording or 
indicating devices.  Plant instrument calibration methods vary significantly between types of 
instruments, but some calibration procedure elements are similar.

The instrument must be “zeroed” to ensure that the lowest response or indicating ranges are 
accurate.  The instrument range must be verified with instrument accuracy determined over 
the entire operating range or span, and with linear responses over the entire range.  The 
setpoints of the instrument, or the alarm readings, must be adjusted and properly set.  And 
finally, the repeatability of the instrument must be verified.  When the instrument is found to 
be out of tolerance, a determination must be made of the error impact on plant operation 
and safety.  The equipment used in performing instrument calibrations are as diverse as 
the calibration methods.  Typical equipment used in calibrations include power supplies 
for simulating electrical inputs when calibrating electronic equipment; manual loaders and 
dead weight testers for calibrating pressure indicating equipment; manometers; gauges; and 
decade boxes. In all of these cases the equipment must be the correct accuracy, the proper 
range, and must be utilized in accordance with the proper instructions and procedures.

14.10
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Other Level Measurement Devices
The simplest and oldest industrial level measuring device is the sight glass (See figure 14-
29).  While sight glasses are simple and provide local indication of fluid levels in systems, 
they have a number of limitations.  The transparent material use to provide visibility can 
suffer catastrophic failure with ensuing industrial safety concerns (fire, burns, explosions, 
radiological contamination, etc.).  Sight glass seals can leak and residue can build up on the 
glass and obscure the visible level.  Sight glasses normally have isolation and drain valves 
which allow them to be isolated and drained for maintenance.

Figure 14-29: Sight Glass

14.11
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Float (Displacers)

Floats (displacers) work on the simple principle of placing a buoyant object with a specific 
gravity such that it will float on the level of the fluid being measured (see Figure 14-30).  The 
float is then attached to a mechanical device or placed in a column attached to the vessel 
to be measured.  Early float systems used components such as cables, tapes, pulleys, and 
gears to communicate level by moving slides up or down on a scale attached to the side 
of the tank.  Floats placed in columns attached to the tank are used to: change magnetic 
coupling of coils attached to the column; magnetically cause tabs to flop up or down (flop 
gauge); or move rods attached to linear variable differential transformers.  All these devices 
give a variable output in response to changes in tank level.

Figure 14-30: Float Level Switch

The most common use of floats in level control systems is level switches which make use 
of a float (displacer) in a column which rises on high level to pick up a magnetic switch or 
mechanical arm to actuate a high level alarm and/or initiate a high level control function.  
Conversely, a low level switch is picked up by a float dropping to pick up a magnetic switch 
or mechanical arm to actuate a low level alarm and/or initiate a low level control function.

14.11.1
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Bubbler Level Sensor

A Bubbler Level Sensor is shown in Figure 14-31.  This technology is used in systems that 
operate under atmospheric pressure.  A dip tube that has an open end near the vessel 
bottom carries a purge gas (typically air or nitrogen) into the tank.  The back-pressure of the 
gas flowing through the tube varies with tank level due to the change in hydrostatic force at 
the tube’s outlet.  A pressure transducer connected to the pipe supplying the purge gas to 
the dip tube can be calibrated to read the tank level (The highest back-pressure indicates a 
full tank, and the lowest back pressure indicates an empty tank.).

Figure 14-31: Bubbler Level Gauge

14.11.2
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Electronic Level Measurement

Electronic Level Measurement includes a variety of devices that use a reflective wave and 
time-of-flight (TOF) measurements to transduce the liquid level into a conventional output.  
These new devices typically operate by measuring the distance between the liquid level and 
a reference point at a sensor or transmitter near the top of the vessel.  The systems typically 
generates a pulse wave at the reference point, which travels through the vapor space or a 
conductor, reflects off the liquid surface, and returns to a pickup at the reference point.  An 
electronic timing circuit measures the total travel time.  Dividing the travel time by twice the 
wave’s speed gives the distance to the surface of the fluid.  The technologies differ mainly in 
the kind of pulse used to make the measurement.  Ultrasound, microwaves (radar), and light 
have all been used. See Figure 14-32, Guided-Wave Radar.

Figure 14-32: Guided-Wave Radar
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Environmental Qualification
Although knowledge of how various primary and secondary transducers function is desirable 
from an operations standpoint, it is vital that the operator have a general idea of how the 
instrumentation responds under accident conditions. In some cases, the operator is relied on 
to mitigate the consequences of certain accidents. To take correct actions, the operator must 
be supplied with usable information upon which to base decisions.

In order for utility companies to operate a nuclear plant, the NRC requires instrumentation 
that is able to monitor certain specified parameters within specified ranges, and accuracy 
that has been environmentally qualified.

The basic aim of environmental qualification of safety-related equipment is to reduce the 
potential for common mode failures due to environmental effects, and to demonstrate that 
safety-related electrical equipment is capable of performing its designated safety-related 
functions. To accomplish this, the equipment must be designed to perform with a certain 
degree of accuracy during normal operations, abnormal operating conditions (i.e., local heat 
up due to cooling equipment malfunction), accident conditions, and for a specified time after 
an accident.

Qualification may be accomplished in several ways: type testing, operating experience, or 
analysis. In type testing, the instrument is actually subjected to the various environments 
and operating conditions for which it was designed, and its performance is measured.

Although operating experience is limited as a sole means of qualification, it can serve as a 
useful supplement to other tests in that it may show how materials and equipment change 
with time under actual service and maintenance conditions. Operating experience is of 
particular use in qualification of equipment outside the containment.

Qualification by analysis requires a mathematical model to predict the response of the 
instrument to environmental influences. The validity of the model must be justified by test 
data, operating experience, or physical laws. Because general mathematical models that 
accurately predict the overall response of an instrument to a variety of environmental inputs 
do not exist, the usual analysis case predicts the response of the instrument to a single input 
(i.e., seismic event) while holding all the other inputs constant. Then, other partial type tests 
are done and the results are combined to provide the necessary qualification data.

Of the three methods, by far the most preferred is type testing.  In fact, NUREG-0588 states 
that the NRC will not accept analysis in lieu of test data unless testing of the component is 
impractical.

14.12
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Compensating Measures for Adverse Environment
The results of environmental qualification reveal that, even with the best design and 
construction, instrument channel accuracy is still affected by adverse environmental 
conditions. However, because of environmental testing, these effects are predictable and 
the maximum expected inaccuracies can be determined. Once the maximum expected 
inaccuracy for an instrument is known, the instrument reading can be corrected to yield a 
conservative value for the monitored parameter.

Emergency operating procedures (EOPs) use a variety of process instrument indications to 
direct operator actions during an accident condition. Many instruments that are relied upon 
have components located inside containment. If an accident causes an adverse containment 
environment, then many instrument readings may become inaccurate. In this event, EOPs 
provide alternate, more conservative, parameter values for use in directing the operators. 
For example, a steam generator level of 50% may be acceptable under normal conditions. 
But, if the instrument is being subjected to adverse environment, it may be inaccurate. 
Therefore, the EOPs will require a higher indicated level (such as 60%) to ensure actual 
level is acceptable. These alternate parameter values are used whenever containment 
temperature, pressure, or radiation level exceeds a predetermined value.  The values vary 
among vendors of nuclear grade instrumentation.

In other EOP applications where an accurate instrument reading is required from an 
instrument affected by adverse environment, graphs in the procedures provide a correction 
for indicated parameter (temperature or pressure).  The graphs provide a more accurate 
indication of the actual monitored parameter but are somewhat time consuming and are only 
used when accuracy of measurement is vital.

14.13

Summary
The measurement of process variables, most often, involves the conversion of these 
variables into a mechanical motion, and then into an electrical signal. The electrical signal 
is used as an input for indication, control, and protection systems. The process variables 
discussed in this chapter were temperature pressure, flow and level. Each process variable 
is monitored by an instrument channel to provide essential information to the operator. 
Instrument channel component operation was discussed including the effects of adverse 
containment and compensating measures. Remember that an operator controls the plant 
based on indications from process instrumentation. Therefore, knowledge of the operation of 
process instrumentation is essential to the safe operation of the plant.

14.14
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Chapter Overview
The purpose of this module is to assist the trainee in recognizing basic information and 
terminology as used in controllers.  This module is designed to assist you in accomplishing 
the learning objectives listed at the beginning of the module.

Learning Objectives

After studying this chapter, you should be able to: 

1. Recognize the purpose of the process control systems in nuclear power plant 
operation.

2. Identify the basic elements of a process control system.

3. Recognize the functions of controllers for the following parameters:

a. Temperature

b. Pressure

c. Flow

d. Level

4. As it applies to control systems, recognize what is meant by the term feedback.

5. Recognize the differences in operation of a closed-loop system and an open-loop 
system.

6. Recognize the theory of operation of the following types of controllers:

a. Bistable (two position)

b. Proportional

c. Proportional-plus-Integral (PI)

d. Proportional-plus-Integral-plus-Differential (PID)

7. Recognize what is meant by the following controller terms:

a. time constant

b. dead band

c. gain

d. reset rate

e. reset time

15.0
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f. rate gain

g. setpoint

h. hysteresis

i. saturation (wind up)

8. Recognize the change in output response to step and ramp changes in error signals for 
the following types of controllers:

a. Proportional

b. Proportional-plus-Integral (PI)

c. Proportional-plus-Integral-plus-Differential (PID)

9. Identify the advantages of digital control systems over analog systems.

10. Recognize the theory of operation of programmable logic controllers.

11. Recognize the purpose of calibration and tuning in control systems.
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Introduction
In power plants, automatic control is essential for operations such as controlling tank 
levels, pressure, temperature, flow and chemistry. A process control system is an automatic 
regulating system in which the controlled variable is a system process variable such as 
temperature, pressure, level, flow, or pH. Thus, the purpose of a process control system is to 
automatically control important process parameter values for individual plant systems.

Control systems naturally fall into two types, depending on the relationship between the 
controlled element and the controlling element.  An open-loop control system is one in which 
the controlling element is unaware of the effect it is producing on the controlled element.  
A simple example of an open-loop system is an automobile that has no speedometer but 
does have a calibrated throttle.  The driver can set the throttle for 40 mph, for example, and 
hope that the actual speed settles at that value.  However, such a control system does not 
measure the resulting speed and cannot correct for errors caused by wind velocity, road 
conditions and slope, motor condition, or any of the many factors affecting car speed.  The 
open-loop system has the inherent shortcoming of any system that does not sample the 
final product – the system does not know if it is doing what is expected.  In other words, the 
system has no feedback (defined below).

Refinements could be built into the automobile throttle system; a slope-measuring device 
could correct for road slope, for example.  Refinements of this nature, while requiring 
more complicated control mechanisms, would still not assure the desired speed under all 
conditions.  A closer approach to the ideal outcome can be made by a mechanism that 
measures the actual speed and makes correction for any deviation of speed from the 
desired value. 

Thus, a closed-loop control system is one in which the controlling element is informed of 
the effect it is producing on the controlled variable via some type of feedback mechanism. 
That is, the actual response of the controlled variable is provided back to the control system. 
This response is then compared to a desired result (such as a setpoint) and is subsequently 
used to modify the controlling element output, thereby “closing the loop.” Perhaps the most 
obvious means for measuring such a deviation is a speedometer visible to the eye of the 
driver.  By reading the actual speed on the instrument and mentally comparing this value 
with the desired speed, and then changing the throttle setting to reduce the error, the driver 
acts to close the loop or provide feedback between the output speed and input throttle 
setting.  The use of a driver in this system results in a closed-loop or feedback control 
system.  A cruise control system on an automobile is an automatic closed-loop speed control 
system.

15.1
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Controller Terminology

Figure 15-1: Block Diagram of Feedback Control System

Figure 15-1 is a block diagram which identifies five elements common to all feedback control 
systems.  The first of these is the input signal, or setpoint, which determines the desired 
value of the second element which is the output, controlled or process variable.  The third 
element, feedback, involves measurement of the second element, the output, and feeding 
it back to the input, either in a proportional or modified form.  Comparison, or summation, is 
the fourth element. This function compares the input signal with the signal fed back from the 
output.  The result of comparison is a difference, or error signal, which in turn drives the fifth 
element, the controller.  The function of the controller is to produce a signal that is used to 
control some element of the system in order to achieve the desired operation.  In general, 
the controlled element is a device that affects the variable / parameter(s) to be controlled.

The measurement and feedback portion of the control system must measure the system 
output (in whatever form) and convert it into a signal form that can be compared with a 
signal corresponding to the setpoint.  Typical process control variables include fluid system 
pressure, temperature, flow, level, and electrical circuit voltage and current.

Time Constant

Physical systems exhibit a time delay between when a control element is changed and when 
the desired property changes. For example, after turning on a furnace, a home’s inside 
temperature does not jump instantly to a new value, but rather it takes a certain amount of 
time to change. Another example is changing the position of a fill valve will result in raising a 
tank’s level at different rates depending on the size of the fill line versus the size of the tank. 
The delay can be referred to in terms of a time constant which is illustrated in Figure 15-2.

15.2

15.2.1
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Figure 15-2: Control System Response

The time constant is defined as the time required for a system output to reach 63.2% of the 
total output change created by changing the control element or a change in system demand. 
Generally, response for a system reaches steady state after about five time constants have 
elapsed since the control element was changed. The time constant is a measure of how long 
it takes the system to respond to a change in the control element or system demand. The 
greater the time constant, the slower the system reaction.

Traditional electrical control systems use components (e.g., resistors, capacitors, inductive 
coils, etc.) to create distinct behavioral characteristics.  For example, the combined effects 
of resistance and capacitance in the circuit can produce an initial time-dependent response 
(output) curve for a controller.  Because of this initial time dependence, one measurable 
characteristic representative of the controller’s behavior is the time constant. The time 
constant of a controller’s response can be varied by modifying the circuit’s resistance and 
capacitance values.  Other control systems use pneumatic signals and can achieve similar 
time-dependent responses using complex bellows, diaphragms and valves.

When the two parts of a closed-loop control system, the system being controlled and the 
controller used to control the system, are combined, the overall performance is determined.  
The system time constant and the time-dependent response of the controller combine to 
generate the overall system’s response to a change in setpoint or system load.
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Dead Time / Dead Band

In controller terminology, two similar terms are used in discussions regarding time delays in 
a system’s response. These are: Dead Time and Dead Band. Although the terms are very 
similar, they are used to describe two different characteristics.

Dead time is defined as the time difference between when a process variable changes 
and when the controller system senses the change (see Figure 15-2).  An example of 
where this may happen is when controlling the temperature of a fluid flowing in a pipe.  The 
temperature sensor may be located several feet downstream of the heating element.  So 
when there is a change in the heater output, the sensor does not ‘see’ any change until the 
hotter fluid flows from the heater to the sensor.  This time difference would be a function 
of the velocity of the fluid and the distance it must travel from the heater to the sensor.  
The major effect of dead time is to introduce a delay into the control loop that allows the 
controlled variable to deviate from the setpoint before the controller can detect it and take 
any action. A longer dead time allows more deviation from setpoint.  It also means that once 
the control action is taken, the control loop doesn’t ‘see’ the desired response for another 
dead time period.  This can lead to sustained overshooting and undershooting of the desired 
operating point. A further complication caused by having a significant Dead Time is that it is 
not always a fixed time interval.  If the flow in the pipe mentioned above were to slow down, 
any change in temperature at the heater output would take longer to reach the sensor (Dead 
Time would increase). This makes controller tuning to obtain a quick and stable response 
under varying flow conditions difficult.  Obviously it is often very desirable to minimize Dead 
Time by placing sensors as close as possible to the controlling element in the process.

A Dead Band (sometimes called a neutral zone or dead zone) is an interval or band in which 
an input signal to the controller will be ignored. At first appearance, this may seem like an 
undesirable characteristic. However, it can be, and is, helpful in controller applications where 
the input signal contains a degree of randomness (also called “circuit noise”). As noise is a 
practical consideration in almost every real system, the dead band allows the controller to 
“ignore” the minor input variations and, therefore, the controller output remains stable. If the 
controller responded to every slight variation in input signal (i.e., if it was very responsive, 
having little or no dead band), the output would be constantly changing, possibly making 
the controller unreliable or unstable. This could produce an unacceptable system response.  
Even if system response is acceptable, the frequent minor changes of the final control 
element may result in excessive wear on the components.  Using a Dead Band is particular 
useful in the bistable type of control systems (either on or off) where it is desirable to limit the 
number of times the control system switches on and off.

Since virtually all circuits have some characteristic “noise,” the dead band, if appropriately 
set, significantly improves overall system response.  Dead band is usually expressed as 
a percentage of the overall span of the input signal range. For example, if the input signal 
range is 0-10 volts, a 1 volt dead band would be stated as “10%.” The graphs (below) 
illustrate this concept by showing that input variations do not produce output changes until 
the range of the dead band is exceeded.

15.2.2
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Gain 

Gain (K) is a term commonly used to describe how much a controller output changes for a 
given change of error.  The definition of gain that will be used for this section is the percent 
change in output divided by the percent change in input (error).

The use of percent change notation allows the comparison of gains for controllers with 
different input and output quantities (e.g., input = inches; output = flow) and different 
ranges of operation.  The gain of a controller is a function of the physical parameters of the 
controller design and internal adjustments. 

The term Proportional Band is related to controller gain.  It is defined as the change in input 
required to produce a 100% change in output:

15.2.3
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The gain of a controller and the proportional band are reciprocals, as shown in the following 
equations:

and

This inverse relationship shows that specifying the proportional band is simply another 
way of specifying the gain for a proportional controller.  Some manufacturers specify gain 
adjustments in units of gain, whereas others use adjustments expressed in units of percent 
proportional band.  Regardless of the units used, the adjustment performs the function of 
determining the input-to-output proportional relationship:

P = KpE + P0

where

P = proportional component of controller output,

E = error - setpoint minus measured variable (input),

Kp = gain of proportional controller, and

P0 = controller output with no error.

Reset Time and Reset Rate

Another pair of terms often seen in discussions about controllers and, because of their 
similarity, can be also confusing. The terms are: Reset Time and Reset Rate. 

Both of these terms describe the integral action characteristic used in some controllers.  The 
Reset Time refers to the time-constant built into an internal integrator used in some types of 
controllers (i.e. Proportional-Integral and Proportional-Integral-Derivative, to be discussed 
later).

15.2.4
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Much like how Gain and Proportional Band are reciprocals, Reset Rate is merely the 
reciprocal of Reset Time.  Since they are used to specify the integrators time-constant, they 
have units of time and inverse-time.  Typically expressed in minutes and Resets per Minute.

The reset rate, Ki , refers to the number of times that the proportional output amplitude is 
added by the integrator output (or repeated) each minute (rpm).  The term reset time, Ti , 
refers to the time needed for the proportional output amplitude to be added to the integrator 
output once.

The terms Ki and Ti are reciprocals of each other so that:

Rate Gain

This term is defined as the measure of how much a derivative controller output changes for 
a given rate of input change. It is sometimes referred to as the “derivative constant.”

Setpoint

The term setpoint is defined as the desired or target value for an essential variable of a 
system. Most commonly, the setpoint represents a standard configuration or norm for the 
system. In control systems, departure of a controlled variable from its setpoint is a basis for, 
and dominant element of, error-controlled regulation. For example, a tank might have a level 
setpoint, which is the level the tank level control system tries to maintain.

Hysteresis

In its simplest expression, hysteresis can be thought of getting a different output for the 
same input, just because the input changes in a different direction (e.g. level rising vs. level 
dropping). It can be found in a wide variety of natural and constructed systems. Generally, 
a system is said to exhibit hysteresis by the observation of a characteristic looping behavior 
when the inputs and outputs are simultaneously plotted on a graph. These loops can be due 
to a variety of causes. Because this term is used in so many diverse applications, existing 
definitions of hysteresis are useful in different contexts but usually fail to fully characterize it.

In control systems, the phenomenon of hysteresis (within components of the system) can be 
used to filter signals so that the output does not react as frequently to minor changes in the 
input. As a generic term, hysteresis can be helpful in understanding the delayed behavior 
that may be exhibited by a control system.

15.2.5

15.2.6

15.2.7
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Saturation

Saturation (also referred to as “Wind-Up”) is a term describing a specific behavior of a 
controller which includes an integral function.

To understand saturation, let us first consider how the integral component, used in some 
controllers, actually works. When used in a controller, the integral function modifies the 
output by the inclusion of a continual accumulation of the error signal. That is, the integral 
function accounts for the history of the error signal by using the magnitude of the error 
between actual process variable value and setpoint value and integrating it over the duration 
during which the error has been present.

Practically speaking, this can be viewed as a mechanism by which the controller output 
continues to change as long as an error signal persists. Said a different way: the duration 
of the variance from setpoint produces a continual “adding-in” to the controller computation. 
This results in a controller output value that is always changing (either negatively or 
positively) while there is an error. Operationally, it is often said that, by virtue of this design 
feature: “An integral controller will always return a process variable back to setpoint if it is 
within the capacity of the system.” Given that the controller will continue to adjust its output 
as long as an error signal remains, it is easy to see that, at some point, the controller could 
reach its maximum output (either positive or negative). This happens if the controller is in 
automatic, but due to some external influence, it is not able to restore the process variable 
to setpoint. For example, if all feedwater pumps trip, no amount of changes in the feedwater 
regulating valves by a level controller can restore and maintain water level in a tank that is 
also losing water (e.g. steam generators in a PWR).

In some controller designs, the integrator is allowed to continue this “adding-in” until the 
electronics cannot go any further. In that condition, the controller is said to be “saturated.” 
In common vernacular, this is sometimes referred to as a controller that has built in a large 
amount of “wind-up.”  In such a controller, consider what is needed for the integrator to 
return itself to a proper operation after correcting the external disturbance. To accomplish 
this, the controller must spend some amount of time during which the process variable is in 
the reverse state from that which produced the original controller output. Simply stated, if a 
controller has built up a “positive” error for some duration, the process variable would have 
to be adjusted to produce a “negative error” to “burn away” the accumulated signal.  For 
example, if a process variable was below the setpoint value, the controller would continue 
to ramp up its output for as long as it takes to bring the process variable back up to setpoint. 
However, saturation of the integral function would then cause the process variable to 
“overshoot” and, for a period of time, be above the setpoint value (thus beginning to null out 
the additive error that was contributed by the integral function). This behavior would continue 
until the error is ultimately resolved (if possible).

More modern controller designs include a feature known as ‘anti-windup’.  This additional 
circuitry in the controller prevents the integrator from saturating when there is a sustained 
error.  Thus, when the external disturbance is corrected, the controller is able to restore 
proper level with much less over/undershoot and more quickly.

15.2.8
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Note that ‘windup’ or ‘saturation’ concerns are only an issue if the controller is left in 
automatic and some other system factor prevents the controller from maintaining the 
process variable at the desired setpoint.

Bump-less Transfer

One final term often used in controller discussions is bump-less transfer.  Controllers 
often have a mechanism where the operator can adjust the output manually, bypassing 
the controller’s algorithm.  It is often desirable when transferring from automatic mode to 
manual, to pre-set the manual output to match the current automatic system output.  Or, 
when transferring to automatic, to somehow force the automatic output to match what the 
operator has manually set as the output.  Thus when transferring to the opposite mode, 
there is no abrupt change in the control element.

In many modern controllers, designers have included a feature which forces the automatic 
signal output (which includes the additive signal from the integral function) to track the 
manual output set by the operator.  Likewise, when in automatic, the manual output control is 
forced to track the current automatic signal. However, on older controllers, often the operator 
has to take some specific action to ensure the two circuit’s outputs are matched prior to 
transferring control mode. This is sometimes referred to as ‘preview’ or ‘balance’ mode.  A 
circuit detects the difference between the two outputs and displays the deviation on a meter 
for the operator to correct.

15.2.9



USNRC HRTDREV 0817 15-15

Examples of Feedback Control
A closed-loop or feedback control system is one in which the output has a direct effect upon 
the control action.  The error signal, which is the difference between the setpoint signal and 
the measurement/feedback signal, is fed to the controller so as to reduce the output error 
and bring the output of the system to the desired value.

To illustrate the concept of a closed-loop control system, consider the thermal system shown 
in part A of Figure 15-3.

Figure 15-3: Manual and Automatic Feedback Controls for Thermal Systems

15.3
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In part A. of Figure 15-3, a human being acts as the controller and wants to maintain the 
temperature of the hot water at a given value.  The thermometer installed in the hot water 
outlet pipe measures the outlet temperature.  This temperature is the output of the control 
system.  If the operator watches the thermometer and finds that the outlet temperature is 
higher than the desired value, then the operator reduces the amount of steam supply to 
lower this temperature.  If the temperature becomes too low, the sequence of operations 
would need to be repeated in the opposite direction.

Note that if the thermometer is located in piping some distance from the heating coil, this will 
result in a significant dead time.  The operator may reduce the steam supply, and not seeing 
any change in the thermometer, reduce the steam supply further and further.  When the 
cooler water finally reaches the thermometer, the operator he may have already reduced the 
steam supply too far.  This illustrates how a long dead time can adversely affect the ability to 
control a process.

If an automatic controller is used to replace the human operator, as shown in part B. 
of Figure 15-3, the control system becomes automatic (i.e., an automatic feedback or 
automatic closed-loop control system).  The position of the dial on the automatic controller 
sets the desired temperature.  The output, the actual temperature of the outlet water, 
which is measured by the temperature-measuring device, is compared with the desired 
temperature or setpoint to generate an actuating error signal.  To do this, the output 
temperature must be converted to the same units as the setpoint.  The error signal produced 
in the comparison circuit is used by the controller to produce an output signal.  This signal 
is sent to the control valve actuator to change the valve position for steam supply so as to 
correct the actual water temperature.  If there is no error, no change in the valve position is 
necessary.

The manual feedback and automatic feedback control system cited above operate in a 
similar fashion. The operator’s eyes are the analog of the error-measuring device; the 
operator’s brain, the analog of the automatic controller; and the operator’s muscles, the 
analog of the actuator.

The control of a complex system by a human operator is not always effective because of 
the many interrelations among the various variables.  Even in a simple system an automatic 
controller can overcome human shortcomings.  If high precision control is necessary, control 
must be automatic.

A feedback control system is, in general, inherently more accurate than an open-loop system 
constructed of essentially the same elements.  On the other hand, stability is often a problem 
in the closed-loop control system because it may tend to overcorrect errors, which may lead 
to oscillations of constant or even increasing amplitude.
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For a feedback control system to operate in a stable fashion, negative feedback must be 
used.  Negative feedback means that a change in the feedback signal causes the control 
element to move the measured variable in the opposite direction from the initial change.  
Negative feedback causes the error signal to approach zero when the measured variable 
approaches the setpoint value as shown by the following relationship:

Error = setpoint - measured variable

Thus, error is positive if the measured variable is smaller than the setpoint and negative, if 
larger than the setpoint.

Example: Tank Water Level

Error = Tank Level setpoint (40”) - measured, actual Tank Level (44”)

Therefore,

Error = -4”

If this error signal causes the tank fill valve to open slightly, raising water level further, the 
feedback is positive. This error would cause the control element to move in a manner that 
would increase tank level further. This causes a larger negative error, moving the control 
element further in the same direction, which results in a further increase in tank level, and so 
on. The result is an unbounded increase in the tank level and loss of control by the controller 
and the system would be unstable.

If the original error signal instead caused the tank fill valve to close slightly instead, the 
feedback would be negative.  This error would cause the control element to move in a 
manner that would reduce tank level.  This would reduce the negative error, limiting how far 
the control element is moved.  The result is a limit on just how far the tank level deviates 
from setpoint.
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Controller Operation
Five types of controller operations will be discussed: 

1. Bistable control,

2. Proportional control,

3. Proportional Integral (PI) control,

4. Proportional Derivative (PD) control, and

5. Proportional – Integral – Derivative (PID) control.

Each type of control relates the controller output to its input.  For example, with proportional 
control, the controller output is proportional to its input (the error signal).  By far, the most 
common type of control is PID.  As will be shown, PID controllers incorporate the advantages 
of proportional, integral, and derivative control.

Figure 15-4 shows a simplified steam generator water level control system and will be used 
to illustrate each type of control.

Figure 15-4: Steam Generator Water Level Control System

15.4
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To minimize the complexity of these examples, transient effects such as shrink and swell 
(transient changes in level due to changes in power) are ignored in these discussions and 
the associated illustrations. In this example, feedwater is supplied through a feed regulating 
valve, and steam is drawn out the top of the steam generator. Assume that with the valve 
50% open and with steam demand at 50%, feed flow will match steam flow and the steam 
generator will be in steady state. Similarly, 100% steam flow will equal feed flow with the 
valve 100% open. The function of the controller is to control the feed regulator valve to 
maintain steam generator level. The controlled variable in this case is the steam generator 
level. The feed regulating valve is the final control element. A feedback signal is provided by 
a level transmitter. Assume the level setpoint is 100 inches of water. At that level, the error 
signal is zero and the feed regulating valve remains stationary. The level range is from 0 
inches to 200 inches. The feed flow ranges from 0% to 100%.

For each type of control, the system response to a change in steam demand and a step 
change in input (such as would occur if the level transmitter failed or the setpoint was 
instantaneously changed) are examined.

Bistable Control
A bistable controller is a device that has two operating conditions -- either completely on 
or completely off.  Bistable control can be achieved by using very high gain.  For example, 
for any positive error, the output is a maximum (on); for any negative error, the output is a 
minimum (off).  The magnitude of the error is of no concern to the simple bistable controller, 
only the sign (positive or negative) of the error signal is important.

Bistable controllers are often used in protective systems when a control function is fully 
actuated if a process variable exceeds a limiting setpoint.  Bistable controllers are not 
typically used to control a process variable around a setpoint because of the bistable’s 
oscillatory (on versus off) output characteristic.  This characteristic is demonstrated in the 
following paragraph.

Simple bistable control is illustrated in Figure 15-5 for a steam generator water level control 
system.

15.4.1
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Figure 15-5: Simple Bistable Control

Assume the level is at the setpoint of 100 inches and the steam generator is operating with 
the feed flow at zero.  Obviously, since feed flow is zero, the level decreases and when it 
goes below the setpoint, the feed valve opens fully, raising feed flow to 100%.  This exceeds 
steam flow, so the level turns and starts rising.  Once it rises above the setpoint, the control 
system shuts off the feed valve, returning feed flow to zero and the sequence repeats.  This 
constant opening and closing of the feed valve will continue indefinitely and the result is 
rapid wear and tear on the valve and actuator.
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The simplest means of reducing the oscillation frequency is to operate the bistable controller 
with a dead band or neutral zone (see Figure 15-6). This shows a dead band of ±5.

Figure 15-6: Bistable Control with Deadband Reaction to Decrease in Steam Demand

In this case the valve does not shut until the level increases to 105 inches, and the valve 
stays fully shut until the level falls to 95 inches, where it fully opens.  The region between 
95 inches and 105 inches in this example is referred to as the dead band or neutral zone.  
Nothing happens to the regulating valve when the level is in this band. It will remain in 
whatever position it was in when level first entered this neutral zone.  Note that the reduction 
in oscillation frequency results in larger deviation from the setpoint, but the equipment life 
will be extended by not having to cycle as often.

Figure 15-6 also illustrates what happens when the steam demand changes with this type 
of control.  After the steam demand drops to 25%, the relative ‘on’ time versus ‘off’ time of 
the feed flow changes.  In order to have less average feed flow to the steam generator, the 
controller simply keeps feed flow ‘off’ more than ‘on.
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The response of a bistable controller to a step input or error signal is illustrated in Figure 
15-7.  Assume the level setpoint is changed to 120.  The valve remains open for a prolonged 
time until level again exceeds the new setpoint (+deadband). Then, since the steam flow 
remains at 50%, the control system resumes the cycling of the feed regulating valve with the 
same ‘on’ time versus ‘off’ time as before.

Figure 15-7: Bistable Response to Step Change in Input
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Proportional Control
The example steam generator system with proportional control is illustrated in Figure 15-
4.   With proportional control, the output of the controller is proportional to the input or error 
signal.  Therefore, the gain of a proportional controller (k) is the constant of proportionality.  
In the simplest case, if the error is small, the output is small, and if the error is large, the 
output is large.  Proportional controllers give an output to input relationship that is linear 
(proportional).  The magnitude of the linear input/output relationship is a function of the 
controller gain.  With proportional control, the final control element has a definite position 
for each value of the measured variable.  If the setpoint doesn’t change, each value of the 
measured variable will have a defined error

Figure 15-4: Steam Generator Water Level Control System

15.4.2
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For any value of the measured variable, there is a corresponding controller output.  The 
input/output characteristics for various proportional bands (gains) are shown in Figure 15-8.

Figure 15-8: Proportional Band

If the output is based solely on this proportional signal, we can see that the only time you will 
have an output, is if there is an error signal between the controlled variable and the setpoint.  
In order to provide control closer to the desired setpoint, a separate fixed signal is added to 
the system so that the output will be some higher value than 0% when there is no error.  This 
‘bias’ signal is a fixed value, set by the operator, used as a ‘starting point’ for control output.  
In our examples discussed from here on out, we will assume a fixed ‘bias’ of 50%.  Thus, 
when the error is 0%, the controller output will be 50% and the feed regulating valve position 
will be 50%.

Assume that a proportional controller with a gain of 1 is used in the steam generator water 
level control system.  Now consider the response to a decrease in steam flow from 50% to 
25% as shown in Figure 15-9.
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Figure 15-9: Response of Proportional Controller to Decrease in Steam Demand
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The level immediately begins to rise due to the mismatch between steam flow and feed 
flow.  The regulator responds by closing the regulating valve proportionately as the level 
rises above the setpoint.  The higher above the setpoint the level rises, the more the valve 
will close.  The response can be determined by observing that when the level reaches 120 
inches, the level error will be

E = 100 - 120 = -20 inches

Because the definition of gain is on a percentage change basis, the percent level change 
must be determined.  This can be done by dividing the error by the steam generator level 
range of 200 inches.  The percent level change is

-20 ÷ 200  =  -10%

In this example, the controller output with no error is 50% (due to the fixed bias discussed 
earlier).  The controller output for the -10% level error then be determined.  With a gain of 1,

P = (1) (-10%) + 50% = 40%

Because 40% feed flow is still greater than the 25% steam flow, the level will continue to 
rise, causing an even greater level error.  Eventually, the level will rise to a point where the 
controller output produces a 25% feed flow.  At this point, the level will stop changing.  The 
final level corresponding to a 25% feed flow is

25% = (1) (%E) + 50%

%E = -25% = E ÷ 200 inches

E = -50 inches

-50 = 100 - measured variable

measured variable = 150 inches.

In other words, the level will finally increase to 150 inches to accommodate the reduced 
steam flow.
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If the gain is increased to 2 for the same example, the steam generator will again reach 
steady state when steam flow matches feed flow and the regulating valve is 25% open.  
However, the level error required to produce this change in flow with a gain of 2 is -25.0 
inches, which corresponds to a level of 125.0 inches.  Therefore, the controller with the 
higher gain (smaller proportional band) will control closer to the setpoint (100 inches) when a 
constant error is present.

Note that in both of these examples, the proportional controller will not control at the initial 
setpoint in steady state except for one particular steam flow, depending on the bias setting 
of the controller.  In both examples, the feed flow change from the initial 50% required an 
error or offset in the measured variable.   Also note that as steady state is approached, 
some oscillation may occur in the controlled variable (steam generator level). System time 
constant and closed-loop overall gain combine to cause the reaction of the valve to change 
level more than the initial error, requiring the valve to reverse and move in the opposite 
direction.  Increasing the gain (decreasing the proportional band) of a proportional controller 
will cause it to control closer to the initial setpoint, but at the risk of possible overshoot and 
oscillation.

If the operator wishes to restore level back to 100% with this lower steam flow, the operator 
may adjust the bias manually to account for the different steam demand on the system. 
Or the operator may deliberately move the controller setpoint to a lower value than 100% 
in order to have the necessary error with level at 100%. Either method will work, but both 
put the operator ‘back in the loop’, requiring frequent manual adjustments as steam flow 
changes.

The response of a proportional controller to a step change input is illustrated in Figure 15-10.
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Figure 15-10: Proportional Controller Response to Step Change in Input (Gain = 1)
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Again, assume the steam generator level is initially at 100 inches and that feed flow and 
steam flow are equal with the actuator valve 50% open.  Now, assume that steam flow 
remains constant and the setpoint is instantaneously increased to 125 inches.  The percent 
level error change is

E = 125 -100 = 25 inches

%E = (25 ÷ 200)100% = 12.5%

With a gain of 1 and because the controller output with no error (P0) remains at 50%

P = (1) (12.5%) + 50% = 62.5%

The actuator valve will open to 62.5% and increases flow.  Because steam flow remains at 
50%, the level will increase.  As the level approaches 125 inches, the resulting level error 
signal will approach zero, restoring the output back to 50% and feed flow will again match 
steam flow.
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Proportional-plus-Integral Control
The example steam generator system is illustrated in Figure 15-11 with proportional-plus-
integral control (often referred to simply as “proportional integral control”).  In this type of 
controller, the output is a function of not only how large the error signal is (proportional 
control), but also how long the error signal has existed (integral control).  Therefore, the 
longer steam generator level is above the setpoint, the more the regulator valve is shut. 
This integral action eventually eliminates the steady state error offset inherent in simple 
proportional control and causes the controller to control at the setpoint.

Figure 15-11: Proportional Integral Control

To illustrate these terms, assume a proportional integral controller has a proportional band 
of 100% (gain = 1.0) and a reset rate of 4 rpm.  If a step change of 25% occurs in the error 
signal, the magnitude of the change in the controller output due to proportional action is 25% 
(gain = 1.0).  A reset rate of 4 rpm will cause an addition of another 100% (4 resets) every 
minute the error exists.  (A reset rate of 4 rpm corresponds to a reset time of 15 seconds; 
therefore, the output of the controller will be increased an additional 25% every 15 seconds 
by the integrator.)

The actions of a proportional integral control system in response to a decrease in steam flow 
are shown in Figure 15-12.  Note that the integral action results in control returning level to 
the setpoint of 100 inches after a change in steam flow.

15.4.3
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Figure 15-12: Response of Proportional Integral Controller to Decrease in Steam Demand

Figure 15-13 illustrates the response of a proportional integral controller to a step change in 
the setpoint from 100 inches to 125 inches (an immediate 12.5% error signal).  Immediately 
the error signal causes the valve to open, which causes the level to increase.  At the same 
time, the integrator begins increasing its output, further raising feed flow.  As the level 
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approaches the new setpoint, the proportional component decreases, but the integral 
component continues to rise.  This results in the feed flow turning and returning to 50%.  In 
some circumstances, the rise in the integrator output and the drop in level error would match 
and return the error to zero in one smooth operation.  But often the gain and reset times are 
such that the level overshoots the new setpoint and dampens after a few oscillations at the 
new level.

Figure 15-13: Proportional Integral Controller Response to Step Change in Level Setpoint
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Proportional Derivative Control
The installation of a derivative function into the proportional control scheme gives the system 
the ability to “anticipate” a change in the process variable.  A device, called a differentiator, 
produces an output that is proportional to the rate of its input signal.

Pd = Kd (di ÷ dt)

where

Pd = derivative controller component

Kd = derivative constant, and

di ÷ dt = rate of change of the input signal

Note that exactly what signal is used as the input, varies with controller manufacturer.  Some 
will use the error signal, while others use only the measured process input.  The difference 
determines how a given PD controller responds when the setpoint is changed.  For a step 
change of the setpoint, the error signal undergoes a step change but the measured process 
input does not.  So for those PD designs that take the derivative of the error signal, there 
is a prompt jump the moment the setpoint is changed.  But for those using the measured 
process, there is not. This difference is up to how the manufacturer implements their design. 
In the following discussion, we assume the error signal is used as the input to the derivative 
circuit.

In Figure 15-14, derivative action has been added to the steam generator proportional 
control system.  The derivative constant Kd , specifies the function of differentiation and is 
called the rate gain.  A rate gain or derivative constant of 10%/%/second means that the 
output is equal to 10% for each 1% per second of input rate of change.

15.4.4
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Figure 15-14: Proportional Derivative Control

Assume a derivative component is added to a proportional controller.  If a rapid change 
in the error signal of 1% causes the proportional controller output to change by 1% in one 
second (proportional gain of 1.0), then the addition of the derivative action with a rate gain of 
10 would cause an additional 10% increase in the controller output for a total output change 
of 11%.

Figure 15-15 illustrates the response of a proportional derivative controller to a decrease 
in steam flow from 50% to 25%.  As in the case of the proportional controller alone, steady 
state steam generator level is controlled above the setpoint.  With a gain of 1, steady state is 
eventually reached with a constant -50 inch level error to match the change in valve position 
required to match the decreased steam flow.
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Figure 15-15: Response of Proportional Derivative Controller to Decrease in Steam Demand
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Another level transient is shown on Figure 15-16.  This transient involves a step change in 
setpoint to 125 inches.  The step change causes an additional increase in controller output 
due to the derivative action.

Figure 15-16: Response of Proportional Derivatives Controller to Step Change in Setpoint
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Note that since steam flow did not change, the valve will initially open in response to the step 
change and then return to the 50% open position in the steady state as before.  This implies 
the steady state level error will be zero, which in turn means that the steady-state level must 
equal the new setpoint.   This is shown by the following equation:

E = setpoint - measured value

E = 125” - 125” = 0”

P - P0 = Kp E

50% - 50% = Kp (0”) = 0

Also note that a step change input would theoretically produce an infinite differentiator 
output.  This is based on the fact that a step change has an infinitely high rate of change.  
In reality, no practical device can produce such an output.  Therefore, real devices rapidly 
saturate to their maximum output value when a step change is applied to the input and then 
decay as level stabilizes at the new setpoint.
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Proportional-plus-Integral-plus-Derivative Control
The proportional-plus-Integral-plus-Derivative (usually referred to simply as “proportional 
integral derivative” [PID]) controller is the most common type controller used in the nuclear 
power plants.  The PID controller combines the actions of the three types of control modes 
discussed above and is shown in Figure 15-17.

Figure 15-17: Proportional Integral Derivatives Control

First, the proportional component of the PID provides an output that is proportional to the 
error signal.  To correct the inherent offset problem in a proportional controller, an integral 
function is added.  Finally, the derivative action adds an anticipatory feature to the controller.

Figure 15-18 illustrates how the proportional, integral, and derivative actions of the PID 
controller combine to generate the PID controller output.  The response to four different 
types of error signals are examined.  Note that the proportional response to step error 
signals are also steps, and the proportional response to ramp error signals are ramps.  
Recall that the size of the step or ramp response is a function of the proportional gain.

15.4.5
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Figure 15-18: PID Controller Characteristics

In figure 15-18, the integral response to step errors is a ramp.  The integral response 
increases linearly with time for a constant error.  On the other hand, the integral response to 
a ramp error is not linear.  It increases both with time and also in response to the increasing 
error signal.

The derivative response to step error signals is a spike that decays back to zero.  Because 
the rate of the change of the step error signal is (by definition) infinite, the spike should 
be infinitely great; however, it is limited by the maximum response of the electrical and 
mechanical components of the controller.  For ramp error signals, the derivative response is 
an exponential buildup to a steady state value that is a function of the slope (rate of change) 
of the error signal.

At the bottom of Figure 15-18, the PID output is simply the sum of the proportional, integral, 
and derivative responses.
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As before, Figure 15-19 shows the response of a PID controller to a change in steam 
demand, and Figure 15-20 shows the response of a PID controller to a step change in the 
level setpoint.

Figure 15-19: PID Controller Response to Change in Steam Demand
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Figure 15-20: PID Controller Response to Change in Step Change In Setpoint
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Comparison of Control Modes
Figures 15-21a and 15-21b show the effects of an decrease in steam flow below the original 
steady-state feed flow in the example system and compares the results obtained using the 
four different control modes.

Figure 15-21a: Comparison of controller behavior for a change in steam demand

15.5



USNRC HRTDREV 0817 15-43

Figure 15-21b: Comparison of controller behavior for a change in steam demand

Note that for a proportional only and a PD controller, a steady state offset error exists at the 
new operating point.  Those controllers with integral action restore the controlled variable 
back to setpoint, but often will overshoot / undershoot the setpoint a few times as the 
integrator overshoots the new steady-state value.

Those controllers with derivative action included (PD & PID) tend to approach the new 
equilibrium level more smoothly, with slightly less overshoot in the case of PID controllers.

In general, the addition of the derivative function allows adjusting the controller for a higher 
gain (i.e. a smaller proportional band).  The higher gain is desirable to help ensure that the 
controller is more sensitive and response more quickly to upsets in the system.  The added 
stability resulting from the derivative action compensates for the lower stability resulting from 
the higher gain.
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Also, the addition of the derivative function allows adjusting the integral function for a smaller 
reset time, which equates to a greater number of repeats per minute.  This is desirable to 
enable a return of the control variable to the setpoint in a shorter time.

Again, the added stability resulting from the derivative action compensates for the lower 
stability resulting from the increased integral action.

Digital versus Analog Control Systems
Digital process control systems perform their functions in the same way as analog systems. 
Digital process controls provide several advantages over analog systems.  Digital control 
systems are often network accessable, allowing remote adjustment and monitoring 
(although this does raise concerns about cyber-security).  And because the internal 
calculations of integration, proportionality and derivation are performed mathematically by 
a digital processor, these types of controllers are not subject to drift as components age or 
change temperature.  Finally, because the digital processor is capable of doing so much 
more, advanced features such as validation and comparison of multiple inputs for the same 
parameter to detect sensor failure or self-tuning adaptive control algorithms are possible.  
In addition, many digital process control systems can evaluate their own performance, 
reporting or logging changes in the system behavior such as sluggish control element 
operation.  So if the system performance starts to degrade because a regulating control 
valve is not responding well, it can diagnose and report this to the system engineer. 

Across the commercial nuclear industry, migration to digital controllers is growing. There 
are plants that have embarked on large capital projects to achieve wholesale systematic 
changeover from analog to digital devices. These economic decisions are made to reduce 
periodic calibration intervals and reduce plant down-time caused by single component 
failures.

15.6

Programmable Logic Controllers (PLCs)
A programmable logic controller (PLC), or programmable controller, is an industrial digital 
computer which has been adapted for the control of manufacturing processes, such as 
assembly lines, or robotic devices, or any activity that requires high reliability control and 
ease of programming and process fault diagnosis. They are capable of storing instructions, 
such as sequencing, timing, counting, arithmetic, data manipulation and communication to 
control industrial machines and processes. To ensure their survivability in harsh industrial 
environments, PLCs are usually more rugged and “hardened” than their home or office use 
computer counterparts. 

Although some may receive analog inputs from sensors, they do NOT behave like analog 
process controllers.  The analog inputs, if used, are for bi-stable setpoint operations, such as 
might be done by an older discrete bi-stable unit providing a hi-level trip signal or an over-
temperature alarm limit.

15.7
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PLCs were first developed in the automobile industry to provide flexible, durable and 
easily programmable controllers to replace hard-wired relays and timers. Since then, they 
have been widely adopted as high-reliability automation controllers suitable for harsh 
environments. 

PLCs can be designed for multiple arrangements of digital and analog inputs.  One PLC can 
replace the complex logic of dozens of individual relays, forming ‘AND’, ‘OR’, coincidence 
or any other Boolean logic behavior. They can be scaled from a simple local control box to 
large, rack-mounted modular devices. They may perform a single function on a system level 
(e.g., controlling the backwash and flushing actions for a demineralizer bed) to being part of 
an integrated, plant-wide control system.

Early PLCs were designed to replace relay logic systems. These PLCs were programmed 
in “ladder logic”, which strongly resembles a schematic diagram of relay logic. This program 
notation was chosen to reduce training demands for the existing technicians. Other early 
PLCs used a form of instruction list programming, based on a stack-based logic solver.

Modern PLCs can be programmed in a variety of ways, from the relay-derived ladder logic 
to programming languages such as specially adapted dialects of BASIC and C. Another 
method is state logic, a very high-level programming language designed to program PLCs 
based on state transition diagrams. The majority of PLC systems today adhere to the 
IEC 61131/3 control systems programming standard that defines 5 languages: Ladder 
Diagram (LD), Structured Text (ST), Function Block Diagram (FBD), Instruction List (IL) and 
Sequential Flow Chart (SFC).

The operation of a programmable controller is relatively simple.

The input/output (I/O) system is physically connected to the field devices that are 
encountered in the machine or that are used in the control of a process. These field devices 
may be discrete or analog input and discrete output devices, such as limit switches, pressure 
transducers, push buttons, motor starters, solenoids, etc. The I/O interfaces provide the 
connection between the Central Processing Unit (CPU) and the information providers 
(inputs) and controllable devices (outputs). 

During its operation, the CPU completes three processes:

1. it reads, or accepts, the input data from the field devices via the input interfaces,

2. it executes, or performs, the control program stored in the memory system, and

3. it writes, or updates, the output devices via the output interfaces. This process of 
sequentially reading the inputs, executing the program in memory, and updating the 
outputs is known as scanning.
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Calibration and Tuning of Control Systems
As can be seen from the preceding information, controllers play a major role in the reliable, 
efficient operation of a power plant. It is easy to focus on the controller’s behavior in 
isolation; that is, as a control device by itself. However, the ultimate goal for controller 
operation should be to create optimal performance for the controlled system as a whole.

Many routine activities can significantly affect overall system performance. These can 
include: normal wear and tear on pumps and flow control valves over time, maintenance 
actions that make adjustments to valve response times and rates (e.g., adjusting the packing 
on a valve can increase stem-to-packing gland friction, thereby slowing down the valve’s 
responsiveness or requiring higher air pressures to achieve a desired position). When taken 
in total, these subtle changes occurring over a long period can significantly diminish system 
performance (as well as that of interfacing “systems”).

This highlights the importance of periodic efforts to perform overall “loop tuning” (i.e., that 
is, to accomplish a holistic systemic adjustment of controllers and controlled devices such 
that all elements within the “control loop” work in a coordinated and efficient manner).  When 
performed on a system-wide basis, the controllers are adjusted to optimize overall system 
performance. This is accomplished by tuning the controller’s variable values (time constants, 
rate and reset values, gain values, etc.).  When done correctly, the resulting improvement in 
overall system performance can be, and often is, dramatic. When applied plant-wide, overall 
efficiency and output gains can be realized while operating costs are reduced.

While the novice may assume that the optimal tuning of a process control loop would be to 
have the process returned smoothly to the setpoint with no overshoot, this is often not the 
case.  Often a limited amount of overshoot is considered acceptable if it means the process 
can be more rapidly returned to near setpoint.  By increasing the control system’s gain and 
integration rate, the controller can return the controlled variable to the vicinity of the desired 
setpoint more quickly and only overshoot a limited amount and quickly dampen out any 
further oscillations.

15.8

Summary
The simplified steam generator water level control system used in this chapter is but one of 
many applications of automatic control systems in use in commercial power plants as well 
as in general industry.  Most of these systems, including actual steam generator level control 
systems that use steam flow measurements and programmed levels rather than a single 
setpoint, are much more complex than the system shown.  However, all of these systems 
operate according to the same basic principles.  Negative feedback is used to create an 
error signal, which is in turn amplified, differentiated, and/or integrated to produce an output.

The equations and arrangement of control elements presented here are but one example of 
how such control systems can be implemented.  Some manufacturers have variations such 
as using the process variable for the derivative and proportional elements instead of the 
error signal shown here. Other variations have been implemented commercially as well, for 
specific situations.

15.9
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Chapter Overview
The safe operation of a nuclear reactor requires that operators monitor and control reactor 
power and if power exceeds limits, that reactor protective systems automatically shutdown 
the reactor. This module describes how reactor power level is detected using nuclear 
instrumentation. 

In Reactor Physics, we learned that the heat from thermal fissions is used to create the 
steam that powers the main turbine to generate electricity. These thermal fissions also 
create high energy or fast neutrons that in turn slow down, or lose energy, in order to cause 
subsequent thermal fissions. Therefore, the number of neutrons in the core at any particular 
time is proportional to reactor power. More precisely, the neutron flux, the number of 
neutrons moving through a specific area per unit of time (neutrons per CM2 per second), is a 
measure of the power level. 

When the reactor is shutdown, the number of neutrons may be relatively low (source range). 
But as the reactor is taken critical and power increases into the power range, the neutron 
population in the core can be on the order of 12 decades (1012) above the source range 
level. Therefore, the nuclear instruments must be design to continuously monitor power 
during all power levels during reactor startup and operation.

To understand how nuclear instrumentation detects the neutron flux, it is important to first 
understand the principles of operation of a gas filled detector and how the applied voltage to 
the detector affects its output signal.  We can then explore the different types of instruments 
currently being used in commercial power plants including ion chambers, fission chambers, 
boron trifluoride (BF3) detectors, and self-powered neutron detectors.

Learning Objectives

After studying this chapter, you should be able to: 

1. Recognize the characteristics of a gas-filled detector operating in each region of the 
gas ionization curve.

2. Recognize the region of the gas ionization curve in which each of the following 
detectors operate:

a. Boron Tri-fluoride (BF3) detector

b. Compensated ion chamber (CIC)

c. Uncompensated ion chamber (UIC)

d. Fission chamber

3. Recognize the basic construction and theory of operation for each of the following 
detectors used to provide a signal proportional to reactor power:

16.0
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a. Boron Tri-fluoride (BF3) detector

b. Compensated Ion Chamber (CIC)

c. Uncompensated Ion Chamber (UIC)

d. Fission chamber

e. Self-powered neutron detector (SPND)

4. Recognize how gamma compensation is provided for each of the following:

a. Boron Tri-fluoride (BF3) detector

b. Compensated Ion Chamber (CIC)

c. Fission chamber

d. Self-powered neutron detector (SPND)
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Introduction
The safe operation of a nuclear reactor requires instruments that can continuously monitor 
the nuclear reaction rate and accurately measure the thermal power output of the reactor. 
The thermal power output of a reactor can be accurately measured by using a heat balance 
calculation, known as a calorimetric. For nuclear reaction control purposes, however, the 
determination of power output in this manner may be too slow. The nuclear reaction rate or 
reactor fission rate does dictate the thermal power output, but it takes some time for the heat 
generated by the fission events to transfer to the bulk coolant and ultimately to the measured 
plant parameters. Use of thermal power for reactor protection systems could be too slow to 
mitigate a rapid power excursion before limits were exceeded.

As discussed in Reactor Physics, at normal operating conditions, reactor power is essentially 
directly proportional to the rate of fissions occurring in the core. Each fission produces heat, 
gamma rays, fission fragments and neutrons. Because the average number of neutrons 
given off in each fission is constant, reactor power is also proportional to the number of 
neutrons present in the core at any time, or to the neutron flux. Instruments are available that 
can measure the neutron flux with an almost instantaneous response.  These instruments 
are particularly well suited for indicating the nuclear reaction rate and for providing 
associated signals to the plant’s automatic control and safety systems. These instruments 
can also be appropriately calibrated to provide an accurate indication of the reactor thermal 
power output.

The Nuclear Instrumentation (NI) System measures the neutron flux in the reactor. The NI 
system must be able to measure the neutron flux that exists in a shutdown reactor (about 
100 neutrons per cm2 per second) to the flux that exists in a reactor at maximum power 
output (about 1014 neutrons per cm2 per second). This measurement range of about 12 
decades, as shown in Figure 16-1, required the early NI systems to incorporate three 
separate ranges of sensitivity in the detectors: the source (lowest) range, the intermediate 
range, and the power range. Newer NI systems have incorporated wide-range detectors, 
either as an add-on to the three basic detector ranges, or as a replacement for the source 
and intermediate range detectors.

16.1
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Figure 16-1: Neutron Detectors Operation Ranges

Figure 16-2: PWR Excore Neutron Detectors
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Boiling water reactor (BWR) plants use only incore detectors to measure actual neutron flux 
at numerous locations in the core. BWRs use incore detectors for indication and protection 
in all ranges of power. Most PWR plants also use incore detectors to measure the actual flux 
at specific locations in the core. The PWR incore detectors do not have immediate readouts, 
however, and are normally used to ensure that localized conditions are being accurately 
represented by the excore detectors.

Almost all nuclear instrumentation detectors use a gas filled detector that relies on the 
effects of ionization to convert nuclear radiation interactions to an electronic output that 
is used in indication and control systems. Since neutrons are neutrally charged particles, 
materials are introduced into the detectors that will interact with the neutrons to create 
charged particles that can be monitored. Fission chambers are lined with a uranium coating 
which will undergo fissions creating highly charged fission fragments. Boron tri-fluoride (BF3) 
detectors and ion chamber detectors contain boron-10 which will produce a lithium and a 
helium nucleus when it interacts with a neutron. 

Ionization events in these detectors can also be produced during interaction with gamma 
rays. At low power levels, gamma flux is not proportional to power and the detector 
output must be adjusted such that only neutron interactions are monitored. This gamma 
compensation is discussed for each type of detector.

Although not a gas-filled detector, self-powered neutron detectors are also used in some 
applications. These detectors have no external voltage applied, but instead measure the 
current produced as neutrons interact with rhodium-103 in the detector.

Ionizing Radiation
Direct ionization of a material is normally caused by a fast-moving charged particle, such 
as an alpha or beta particle moving through the material. If the charged particle approaches 
closely enough to an orbital electron of one of the atoms or molecules of the material, it will 
create forces that will dislodge the electron from the atom or molecule. What is left of the 
atom, after the electron has been stripped from it, is a positively charged ion since it has lost 
the negative charge of one electron. In addition, there is now a free electron moving through 
the material. These two particles, the remains of the atom with one electron removed, and 
the free electron, are referred to as an ion-pair. The ability of a charged particle to produce 
this ionization is expressed by a number called its specific ionization, which is the number of 
ion-pairs formed per centimeter of path that the charged particle travels.

Specific ionization will tend to increase with the charge of the particle because it will exert 
more force on the orbital electron. For particles with the same charge and the same kinetic 
energy, those with higher mass will move more slowly and will spend more time in the 
vicinity of a given orbital electron, enhancing the probability of electron removal. Therefore, 
the specific ionization produced by an alpha particle is considerably greater than that caused 
by a beta particle.

16.2
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Because a neutron possesses no charge, it does not produce ionization in the manner 
of beta and alpha particles. Neutrons produce ionization indirectly. Various materials can 
absorb or capture neutrons in their nuclei, which leaves the nuclei in an “excited state,” or a 
condition of excess energy. This energy is commonly released by the emission of a charged 
particle, which produces the direct ionization described above.

Gamma rays or photons resemble neutrons in that they possess no charge and do not 
produce direct ionization as described for alpha and beta particles. However, gamma rays 
can interact with matter to produce ions depending on the energy level of the incident 
photon. The photoelectric effect causes an electron to be stripped from the atom of molecule 
and the gamma ray ceases to exist. Compton scattering also releases an electron, but the 
gamma ray remains and is reflected away at a lower energy. High energy gammas can 
undergo pair production, where the gamma radiation is replaced by an electron-positron pair. 
This pair will then undergo mutual annihilation and release lower energy gammas. For the 
purposes of this chapter, it is important to understand that gammas interact with matter to 
cause ionizations, not the specific mechanisms of the interaction.

A substantial fraction of the energy released from nuclear fission appears in the form of 
gamma radiation. Therefore, at high power levels the intensity of this radiation is proportional 
to the fission rate, and hence the reactor power level. It would seem possible to use a 
measurement of gamma radiation level in or near the reactor core to indicate reactor power 
level, and indeed it can be done. However, the measurement is complicated because 
in addition to the gamma radiation released instantaneously from fissions, many of the 
resulting fission products decay, at various rates, with the release of sizable amounts of 
gamma radiation. This component of the overall gamma radiation level is not proportional to 
the instantaneous fission rate or reactor power level, but instead is a complicated function 
of the previous operating history of the core. Because the overall gamma radiation level 
has this component that is not directly related to the current power level of the reactor, 
measurement of the gamma radiation field does not provide a good indication of current 
reactor power level at low power levels.
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Gas Filled Ionization Detectors
Most nuclear instruments for the detection of radiation depend on the production of ion-
pairs by ionizing particles in their passage through a gas. Radiation detectors basically 
consist of two electrodes in a chamber of gas with an electric potential established between 
the electrodes. A basic radiation detector is shown in Figure 16-3. As a general rule, the 
center wire is the positive electrode (anode) and the outer cylinder is the negative electrode 
(cathode), so that (negative) electrons are attracted to the center wire and positive ions are 
attracted to the outer cylinder. The anode is at a positive voltage with respect to the detector 
wall.

Figure 16-3: Gas Filled Detectors

As ionizing radiation enters the gas between the electrodes, a finite number of ion-pairs 
are formed. The number of ion pairs produced is also a function of the mass, charge and 
kinetic energy of the incident particle. The behavior of the resultant ion-pairs is affected by 
the potential gradient of the electric field within the gas. Under the influence of the electric 
field, the positive ions will move toward the negatively charged electrode, and the negative 
ions (electrons) will migrate toward the positive electrode. The collection of these ions will 
produce a charge on the electrodes and an electrical pulse across the detection circuit.

When a radiation detector is held in a constant incident radiation field, the magnitude of 
the charge collected on the electrodes or the pulse size will depend on the magnitude of 
the applied voltage difference between the two electrodes. Figure 16-4 provides detector 
gas ionization curves for various types of constant incident radiation fields and illustrates 
the dependency of the pulse size on the magnitude of the voltage applied to the detector. 

16.3
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The curves in Figure 16-4 are produced with the detector remaining in a constant incident 
radiation field of the indicated type while the voltage between the two electrodes is slowly 
increased. Gas ionization curves of the type shown in Figure 16-4 can be divided into six 
different regions to describe the predominant behavior of the ion-pairs produced by incident 
radiation.

Figure 16-4: Gas Ionization Curves
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Recombination Region
If the voltage between the two electrodes is set to zero, ions will not be attracted to either 
electrode. The ion-pairs will be produced, but will recombine within the gas chamber, so 
no charge will flow in the detection circuit. As the voltage is increased above zero, some of 
the free negative ions (electrons) will be attracted to the anode, and some of the positively 
charged ions will be attracted to the cathode. Thus, there will be some charge flowing 
through the circuit.

When the voltage is low, recombination can occur while ions are traveling toward the 
electrodes, so not all the ions produced will reach the electrodes. As the detector voltage 
is increased, however, an increasingly larger fraction of the ions produced will reach the 
electrodes. This increase continues until the “saturation” voltage is attained. At this point, 
all the ions being produced by the incident radiation are being collected by the electrodes. 
A chamber in which the applied voltage is less than the saturation voltage is said to be 
operating in the “recombination region.” This region is shown graphically in Figure 16-4a as 
Region I of the six-region curve. Detectors are not operated in Region I because neither the 
number of recombinations nor the number of ion-pairs initially produced can be determined 
accurately.

Figure 16-4a: Gas Ionization Curves (Recombination Region)

16.3.1



USNRC HRTDREV 0817 16-13

Ionization Region
In the ionization region (Region II of Figure 16-4b), an increase in voltage does not cause 
a substantial increase in the number of ion-pairs collected. Therefore, this portion of the 
curve is flat. The reason for this is that every ion-pair produced in the detector is collected 
by the electrodes. The voltage is high enough to prevent recombination, but is not high 
enough to cause gas amplification (ions moving toward the electrodes so fast that they 
cause secondary ionizations). In the ionization region, the number of ion-pairs collected by 
the electrodes is equal to the number of ion-pairs produced by the incident radiation, and is 
dependent on the type and energy of the particles or rays in the incident radiation.

Figure 16-4b: Gas Ionization Curves (Ionization Region)

In the ionization region, the number of ion-pairs produced and the number of ions collected 
do not vary with voltage. When the incident radiation field is strong enough, ionization 
chamber instruments are operated in the ionization region because a small variation in 
detector voltage will not affect the output current in the detection circuit.

16.3.2
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Proportional Region
When the detector voltage is increased beyond the ionization region values, gas 
amplification begins to occur. Some of the positive ions that are moving rapidly toward the 
positive electrode collide with neutral atoms and ionize them, resulting in the production of 
additional ion-pairs. These new ion-pairs are attracted to the electrodes and are collected 
with the ion-pairs produced by the incident radiation. The collected charge is proportional to 
the charge produced in the ionization region, which is dependent on the type and energy of 
the particles or rays in the intercepted radiation field.

A detector whose applied voltage is large enough to cause gas amplification is said to be 
operating in the “proportional region” (Region III of Figure 16-4c). The gas amplification that 
occurs in this region can increase the total amount of ionization to a measurable value. Gas 
amplification is needed when the ionizing radiation that enters a chamber does not produce 
enough primary ionization to be measured accurately.

Figure 16-4c: Gas Ionization Curves (Proportional Region)
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When instruments are operated in the proportional region, the voltage must be kept 
constant. If it is, the number of ion-pairs collected in the proportional region is directly 
proportional to the number of ion-pairs originally produced in the detector by the radiation. 
Proportional counter detection instruments are operated in the proportional region because 
the effect of gas amplification makes the instruments sensitive to low levels of radiation.

Limited Proportional Region
As the voltage is increased still further, other factors arise that limit the production 
of secondary ion-pairs, so the gas amplification factor does not continue to increase 
proportionally to the voltage. The negative ions (electrons) are much lighter than the positive 
ions; thus, they are drawn toward the positive central electrode much faster than the positive 
ions are drawn to the chamber wall.

The result is a “cloud” of excess positive ions, which forms a space charge around the 
positive center electrode. The space charge reduces the electric field intensity between the 
electrodes. Consequently, at sufficiently high voltage in Region IV, the amplification factor 
approaches a limit, and the charge collected is no longer proportional to the initial ionization. 
Region IV is, therefore, referred to as the limited proportional region. This region is not used 
for detection or measurement of ionizing radiation.

Figure 16-4d: Gas Ionization Curves (Limited Proportional Region)
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Geiger-Mueller Region
The space charge limitation is effective across the Geiger-Mueller (G-M) region (Region 
V). In this region, any particle that produces ionization in the detector will produce a large 
amount of secondary ionization, even though the original ionization may consist of only 
one ion-pair. This large discharge of secondary ionization occurs for gamma rays, which 
produce ionization by secondary processes, and for all types of charged particles. Therefore, 
detectors operating in the G-M region cannot distinguish between different types of radiation. 
G-M detectors register one event for each intercept of an incident particle or ray.

Figure 16-4e: Gas Ionization Curves (Geiger-Mueller Region)
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Continuous Discharge Region
If the applied voltage is increased beyond the Geiger-Mueller region, there is a rapid 
increase in the charge collected; this condition is represented by the Continuous Discharge 
region (Region VI). The potential is so high, then, that once secondary ionizations are 
initiated, others follow in such rapid succession that the instrument is effectively in a 
continuous discharge. This region is not used for detection or measurement of ionizing 
radiation.

Figure 16-4f: Gas Ionization Curves (Continuous Discharge Region)
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Neutron Detection
Neutrons are not detected directly, like alpha or beta particles. Neutrons do not have an 
electrical charge to cause direct ionizations, but neutrons can interact with certain materials 
to create charged particles, and the ionization effects of these particles can be measured.

Three types of reactions are used to create particles with neutrons.  The first is the neutron- 
alpha (n, a) reaction. 

0n
1 + 5B

10 → 5B
11 → 3Li7 + 2He4

In this reaction, a neutron strikes a boron-10 atom and is absorbed into the nucleus of the 
atom. The result is boron-11, which promptly decays into a lithium nucleus and a helium 
nucleus. The decay reaction also releases significant energy, which is normally converted 
into the kinetic energy of the decay nuclei. The high velocity of the nuclei often causes some 
of their orbital electrons to be stripped away, causing the nuclei to become charged particles. 
The charged helium nucleus essentially becomes an alpha particle, hence the neutron-alpha 
designation for the reaction. The charged alpha particle (and the charged lithium nucleus) 
produce significant ionization that can be used for neutron detection.

The neutron-alpha reaction is useful for neutron detection because it has a large probability 
of occurrence with boron-10. The microscopic cross section of boron-10 is very large (3,840 
barns). It is also useful because of the energy released when the reaction takes place. If the 
boron-10 is arranged so that the (n, a) reaction takes place in a gas, the kinetic energy of the 
decay nuclei will be consumed by ionization of the gas. The resulting ionization can then be 
detected, and is an indirect detection of the neutron.

The second method of detecting neutrons is a neutron-fission (n, f) reaction. A neutron 
is absorbed into a uranium-235 nucleus and produces uranium-236, which immediately 
fissions and produces charged fission fragments that can be used in the neutron detection 
process.

0n
1 + 92U

235 → 92U
236 → fission fragments + neutrons

The (n, f) reaction is highly suitable for use in neutron detection for several reasons. The 
reaction probability is relatively large (the cross section for fission of U-235 is 580 barns). A 
great deal of kinetic energy is released (about 160 Mev shared among the fission fragments) 
in the reaction, and the energy can be readily used to produce gas ionization.

The third reaction is a neutron activation reaction. A neutron is absorbed into the nucleus of 
a rhodium-103 atom and produces rhodium-104, which is radioactive.
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0n
1 + 45Rh103 → 45Rh104 + γ

Because the rhodium-104 is radioactive and, therefore, unstable, it eventually decays into 
palladium-104 by emission of a beta particle.

45Rh104 → 46Pd104 + -1β
0

The beta particle from the rhodium is negatively charged and can be used for neutron 
detection. This reaction is not prompt, because rhodium-104 has a half-life of 42.5 seconds. 
This delay occurs between the time the neutron is absorbed into the nucleus and the time 
that the rhodium-104 changes into palladium-104 and emits a beta particle.  The half-life of 
rhodium-104 causes a delay in the neutron detection process. This delay is an important 
consideration in self-powered neutron detectors, which use this activation reaction. 
Proportional counters and ion chambers use neutron-alpha or neutron-fission reactions to 
detect neutrons. In all cases, the number of charged particles produced is proportional to the 
number of neutrons and, hence, to reactor power.
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BF3 Detector  
The boron trifluoride (BF3) proportional counter (Figure 16-5) is one of the simplest types 
of proportional neutron detectors. This type of detector amplifies and collects the ion-pairs 
from a single ionizing event and creates one large “pulse” of electric current. A count of the 
number of pulses produced is a measure of the number of neutrons entering the detector.  
As previously stated, this number can be correlated to reactor power.

Figure 16-5: BF3 Detector

All proportional detectors have several common features.  For example, they all operate in 
the proportional region of the six-region gas ionization curve. Because of the high applied 
voltage, all of the ion-pairs created by the charged particles and the additional ion-pairs 
created by gas amplification will be collected. The additional ion-pairs created by gas 
amplification help create an easily discernible electrical pulse for each ionizing event. The 
size of the pulse will vary with the type of neutron reaction that is used. (Different charged 
particles create different numbers of ion-pairs.)
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BF3 Detector Construction and Operation
The walls of the BF3 detector’s aluminum body serve as the negative electrode, and a 
tungsten wire in the center of the detector acts as the positive electrode. A ceramic seal and 
insulator are used at each end of the wire. An instrument cable at one end is connected to 
the positive and negative electrodes. The cable supplies the voltage to the electrodes and 
carries away the current created by the collection of ion-pairs.

Boron trifluoride (BF3) gas is added to the chamber inside the detector, and neutrons react 
with the boron in the gas to create neutron-alpha reactions. The charged particles created 
then cause ionization in the gas. The high voltages applied to the electrodes make the 
detector operate in the proportional region.

The operation of a BF3 proportional counter is as follows:

1. A neutron enters the detector and reacts with the boron in the gas to produce positively 
charged ions and free electrons.

2. Because there is a voltage applied between the electrodes, the positive ions move 
toward the outer electrode. The kinetic energy of the positive ions produces more ion-
pairs, which in turn accelerate toward the electrodes. The speed at which these ions 
are drawn to the electrodes depends upon the voltage applied to the electrodes; as 
more voltage is applied, the ions travel faster.

3. As the negative ions are collected at the positive electrode, they produce a current 
pulse that flows through the circuit. As more negative ions are collected, the current 
pulse magnitude increases until it reaches a peak. After all of the negative ions have 
been collected and converted into output, the circuit current returns to zero.

4. Each rise and fall of the current is equivalent to one pulse of electrical current. Each 
pulse is an indication of one ionizing event, and the number of ionizing events, or 
neutrons, entering the detector is proportional to reactor power. Therefore, the number 
of pulses produced can be used as an indication of reactor power.

For each electron that is collected in the chamber, there is a positively charged gas ion left 
over. These gas ions are heavy compared to the electrons, and move much more slowly. 
These ions move away from the positively charged tungsten wire, toward the negatively 
charged wall, and are neutralized by gaining an electron. In the process some energy is 
given off which causes additional ionization of the gas atoms. The electrons produced by this 
ionization move toward the center wire, and are multiplied again. This secondary amount of 
charge is unrelated to the incident radiation, and can add to the magnitude and duration of 
the pulses that must be eliminated or “quenched.”

One method for quenching these discharges is to add a small amount (10%) of an organic 
gas such as methane in the chamber. The quenching gas molecules have a lesser affinity 
for electrons then the chamber gas, and therefore, the ionized atoms of the chamber gas 
readily take electrons from the quenching gas molecules. Thus, it is always the ionized 
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molecules of quenching gas that reach the chamber wall. These ionized molecules of 
the quenching gas are neutralized by gaining an electron, and the energy liberated will 
not cause further ionization, but causes dissociation of the quenching gas molecule. This 
dissociation quenches multiple discharges. The quenching gas molecules are consumed 
during this process; therefore, the lifetime of proportional counters is limited by the usage of 
the quenching gas.

In addition to neutrons, gamma rays also cause ionization events in a proportional counter. 
The electrical charges produced by gamma reactions are smaller in magnitude than those 
produced by neutron reactions; therefore, the secondary ionizations caused by the gamma 
will produce a smaller pulse. This fact will allow the discrimination or removal of the gamma 
pulses, which would interfere with the neutron signal at the low reactor power levels where 
proportional counters are used.

BF3 Detector Gamma Compensation
BF3 detectors are normally used to measure source/startup range neutron flux in a PWR. 
The source range/startup channel provides the operator with necessary information to 
monitor the shutdown neutron flux levels and determine criticality during a reactor startup. 
Because the operator is interested in detecting only neutrons at the low power levels where 
proportional counters are used, a method must be used to eliminate the signal due to 
gamma reactions within the detector. A block diagram of a startup channel is shown in Figure 
16-6.

Figure 16-6: Startup Channel

The detector output (pulses) caused by neutrons and/or gamma events is supplied 
to a preamplifier (preamp), which functions to increase the magnitude of the detector 
output pulses. The pulse counting circuit performs two functions. First, the pulse height 
discriminator eliminates the undesirable gamma signal by passing only the larger neutron 
pulses. The signal is then converted to a uniform rectangular square wave by a square 
wave pulse shaper. The log pulse integrator/amplifier converts the neutron pulses into a 
logarithmic signal, which is required for accurate resolution on the local or remote indication.
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The output of the log circuit supplies instrumentation meters and an input to the startup rate 
circuit (SUR). The startup rate is used to provide indication to the operator on the rate at 
which reactor power is changing. The meter will be calibrated to read out in decades/min 
(SUR).

Ion Chamber Detectors
The principles of operation for ion chamber neutron detectors are similar to those of the BF3 
detectors. The ion chamber has a positive electrode and a negative electrode that collect 
ion-pairs like the electrodes in a proportional detector. The ion chambers are coated with 
boron-10 to produce charged particles from the neutrons entering the detector. The gas 
inside the chamber that is ionized by the charged particles is usually argon.

The major difference between BF3 detectors and ion chambers is that they operate in 
different regions of the six-region gas ionization curve. The ion chamber detectors operate in 
the ionization region. The voltage applied between the electrodes in an ionization chamber 
is less than that applied in a proportional chamber. The lower voltage in the ion chamber 
means that no gas amplification takes place. When an ionizing event occurs, only the ion-
pairs that are initially created by the ionizing event will be collected for measurement by the 
electrodes.

Ion chambers are normally used in higher neutron flux ranges. A higher neutron flux results 
in many ionizing events making it impossible to count each individual pulse. Instead, an 
electric current is produced, and the magnitude of the current signal is proportional to the 
number of ionizing events. Ion chambers can be designed to provide a means of removing 
the current caused by gamma ionizations from the current caused by neutrons.
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Compensated Ion Chamber (CIC)
CIC detectors are normally used to measure intermediate range neutron flux in a PWR. 
Figure 16-7 shows a compensated ion chamber. This detector is actually two detectors in 
one case. The outer chamber is coated on the inside with B-10 and produces an electron 
flow due to neutrons and gammas. The inner chamber is uncoated and produces an electron 
flow due to gamma only. By connecting the two chambers so that the electron flows are 
electrically opposed, the net electrical output from the detector will be the electron flow due 
to neutrons only.

Figure 16-7: Compensated Ion Chamber

Mathematically this relationship could be written as:

e- (n +γ) = electron flow in outer chamber 

e- (γ) = electron flow in inner chamber 

e-
net = e- (n + γ) – e- (γ)

e-
net = e- (n)
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The detector high voltage and the compensating voltage is supplied from the intermediate 
range circuitry drawers to each compensated ion chamber. The compensating voltage 
is adjusted to cancel the effects of the gamma flux at the detector so that the output is 
proportional only to the neutron flux.

To achieve the proper amount of gamma compensation, the voltages between the two sets 
of electrodes must be balanced. If the voltage in the compensation chamber is too high, the 
detector is overcompensated. Too much opposing electron flow due to gammas only will 
exist, and the meter will read less than the actual neutron flux. If the compensating voltage 
is too low, under compensation will occur.  Too little opposing electron flow due to gammas 
only will exist, and the meter will indicate higher than actual neutron level.

Because the output of the compensated ion chamber is an electron flow rather than pulses, 
no signal conditioning is necessary prior to the log current amplifier. This device provides 
a logarithmic output, from which a startup rate indication can be obtained by using a 
differentiator circuit similar to that discussed for the BF3 detectors.

Uncompensated Ion Chamber (UIC)
UIC detectors are normally used to measure power range neutron flux in a PWR. As neutron 
levels increase into the power range, gamma compensation is not a major concern because 
gammas do not contribute much to the total ionization (about 0.1% at 100% power). The 
power range detector is an uncompensated ion chamber, which is constructed similarly to 
the CIC. The main difference is that no compensating voltage is applied to the power range 
detectors. An uncompensated ion chamber is shown in Figure 16-8.

Figure 16-8: Uncompensated Ion Chamber
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Fission Chamber Detectors
Fission chambers are used for all power levels in BWRs and also as wide range and incore 
detectors in some PWRs. When a uranium atom undergoes fission, two (or more) very 
large charged particles with significant energy are created. These fission fragments cause 
extensive ionization. As such, fission chambers are normally operated in the ionization 
region of the ionization curve. 

Fission chambers are gas filled detectors coated on the inner surface with a uranium oxide 
compound (U3O8). The detector is filled with an inert gas (typically argon) and a voltage 
is applied across the outer cylinder and inner electrode. Thermal neutrons entering the 
detector have a large probability of being absorbed by the U-235 in the U3O8 coating. Of the 
neutrons that are absorbed, a percentage cause U-235 atoms to fission. The result is that 
two or more high energy, charged fission fragments cause ionization of the argon gas within 
the detector (see Figure 16-9).

Figure 16-9: Fission Chamber

The ions are collected, and an electrical output can be observed. Figure 16-10 shows a 
BWR source range detector.
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Figure 16-10: BWR Source Range Fission Chamber Detector

One advantage of using a U-235 coating rather than a boron-10 is that fission fragments 
have a much higher energy level than the charged particles resulting from the boron 
reaction. The higher energy fission fragments produce many more ionizations in the detector 
per neutron interaction than do the boron reaction particles. The greater ionization enables 
fission chambers to be used in lower neutron flux levels and higher gamma fields than BF3 
proportional counters can handle.

Some ionization of the argon gas in the fission chamber detector may also be caused by 
gamma radiation. The amplitude of the charge-pulse is dependent on the number of ion-
pairs produced, and is a function of the energy of the ionizing radiation producing the ion-
pairs. The fission fragments resulting from the interaction of neutrons with the U3O8 coating 
cause a significantly larger amount of ionization within the fission chamber than the gamma 
radiation incident on the detector. 

Fission chambers can be operated with either current indicating circuits or pulse counting 
circuits, or both, depending on the neutron flux level. They are especially effective with 
pulse counters due to the very large pulse size difference between neutron and gamma 
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interactions. Because of their dual capability, fission chambers are sometimes used in “wide 
range” channels in nuclear instrumentation systems, where they are capable of accurate 
indication over the source and intermediate ranges of neutron flux levels.

When used in the source range, the output from the detector is in the form of discreet 
pulses. The neutron-generated charge pulses are significantly larger than the gamma charge 
pulses. Pulse height discrimination circuitry can then be used to block out the unwanted 
gamma pulses as in the BF3 detectors discussed earlier. This signal is then sent to a log 
circuit. The output of the log circuit supplies instrumentation meters and is an input to the 
startup rate (SUR) or period circuit. SUR and period are used to provide indication to the 
operator on the rate at which reactor power is changing. The meter will be calibrated to read 
out in decades/min (SUR) or in seconds (period). 

When a fission chamber is used for the intermediate range or power range flux monitoring, 
the fission rate is such that the “pulses” tend to pile up on top of each other. In these 
cases the output from the detector is sent to a root mean square (rms) analog unit. The 
output of the analog unit is proportional to the square of the variance of the input signal. By 
Campbell’s theorem, this output value is proportional to the neutron event frequency (reactor 
power). A measurement technique, commonly referred to as Campbelling, employs the 
theorem that the variance of the current pulses about an average value is proportional to the 
square root of the average pulse rate. To obtain neutron event rate, the variation signal is 
amplified and then processed through a squaring circuit. This measurement technique also 
tends to discount any gamma-induced pulses. (If we assume a gamma pulse is one-tenth as 
tall as a fission pulse, and this ratio is squared, the gamma contribution to the output signal 
becomes only 1% vice 10%).
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Self-Powered Neutron Detectors (SPND)
Self-powered neutron detectors are used for incore instrumentation in some PWRs. SPNDs 
do not require an external voltage source to create a voltage potential in the detector. 
Instead, a current is produced in the detector as the result of activation and decay in the 
detector itself. As an example, the beta-current type of self-powered detector uses the 
following activation reaction to produce a current that can be measured.

0n
1 + 45Rh103 → 45Rh104 → 46Pd104 + -1β

0 

In this reaction, a neutron causes a rhodium-103 atom to become a radioactive rhodium-104 
atom. The rhodium-104 then decays into palladium-104 plus a beta particle (electron). The 
rhodium-104 half-life of 42.5 seconds delays the emission of the charged particle. The beta-
current detector uses this production of beta particles (electrons) to create a current that is 
proportional to the number of neutrons entering the detector.

Figure 16-11 shows a self-powered detector. The center of the detector is an emitter, which 
is usually made of rhodium and is used to produce electrons. The emitter is surrounded by 
insulation, which is usually made of aluminum oxide. The metal walls of the detector encase 
these parts and serve as a collector for the electrons that are produced. The collector is 
attached to ground potential, and the ground potential is also connected to the rhodium 
emitter. A current meter indicates the electron flow from the ground potential to the emitter.

Figure 16-11: Self-Powered Neutron Detector
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A neutron that passes through the detector hits the emitter and activates a rhodium atom. 
The beta particle has enough energy to pass through the insulator and reach the collector. 
As neutrons cause activation reactions, the result is a loss of electrons in the emitter. 
Therefore, there is a flow of electrons from the collector to ground potential to the emitter to 
make up for this loss. The strength of the current is proportional to the number of neutrons 
entering the detector, which is also proportional to reactor power.  

A background correction is necessary due to gamma reactions that occur in the rhodium 
detector and lead wire. These reactions cause beta emissions; therefore, a portion of the 
detector’s current flow is due to gamma rays. To compensate for this erroneous signal, a 
background detector is installed at each detector location. The background detector consists 
of the same components as the detector, except the rhodium is removed.  Because the 
background detector is the same size and located in the same assembly, it is subject to the 
same gamma flux; therefore, its output current represents the same gamma current that is 
present in the neutron detector signal. The plant computer receives the background signal 
and corrects the SPND output for gamma interactions.

Self-powered neutron detectors are fairly simple and provide an accurate measurement of 
neutron flux. The disadvantage of these detectors is that they do not have a fast response 
time because of the rhodium half-life delay. Therefore, self-powered neutron detectors are 
not used for real-time reactor control.
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