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4.0 PROCESS CHEMISTRY 

Learning Objectivs

After studying this chapter, you should be able
to:

1., Define and/or explain: 
a. 'Acid 
b. Base 
c. pH 
d. Conductivity 
e. Radiolytic dissociation/recombination 

of water 
f. Crud trap 
g. Crud burst 
h. Decontamination factor 

2. Explain the operation of a voltaic cell, 
including the functions of the anode, cath
ode, and electrolyte." 

3. Briefly describe the six basic forms of 
corrosion found in power plantpiping sys
tems.  

4. Explain the basic crud cycle.  

5. List the sources of radioactivity in light 
water reactors a~id give examples of radio 
'nuclides that are 'associated with 'each 
source.  

6. Explain the principles of ion exchangers, 
demineralizers, and ion affinity.  

7. Explain the differences between deep bed 
and powdered-resin demineralization.  

8. State and/orexplain several chemistry mea
surements that are performed on PWR and 
BWR plant waters.. .  

4.1 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 (posi
tively chargedions) and anions (negatively charged 
ions). (Recall from the Power Plant Engineering 
(PE) Pre-Study Text that 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 hydro
gen cations along .vith counterpart negative an
ions. Because'"the hydrogen -ion immediately 
forms an electrostatic bond with a water molecule, 
it is sometimes written as H30+, and called the 
hydronium ion. Chemically, the two notations are 
equivalent; this chapteruses theH+notation. There
fore, when a sulfuric acid molecule (H2504') ion
izes in water,, it produces two hydrogen (H+) 
cations and one sulfate (SO4-) anion.  

H2SO4 '(in water) -4 2H+ + SO4

When a base dissolves in- water, the anion 
formed is the hydroxide ion (OH-), which is some
times called the hydroxyl ion. Bases in a water' 
solution always yield negatively charged hydrox
ide anions along with counterpart positive cations.  
Thus, the ionization ofsodium hydroxide (NaOH) 
produces sodium '(Na+) cations and hyd9xide' 
(OH') anions.  

NaOH (in water) -- Nat + oH- OH 

In neutral water the concentrations of hydro
gen and hydroxide ions are equal; there is no 
excess of either ion. If the hydrogen ion concen
tration is greater than the hydroxide ion concentra
tion, the solution is called an acid. If the hydroxide 
ion concentration is greater than the hydrogen ion 

Sconcentration, the solution is called abase. This is 
a significant consideration inthe plant because 
hydrogen and hydroxide ions in the plant waters 
affect the rate at which plant piping and compo
nents corrode. In extreme cases, strong acidic 
solutions -and very'stronfg bbaic solutions can irap
idly cause metal damage through corrosive attack.
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"It is important to know whether the water in the 

plant is either abasic 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 hydrox
ide 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 i solution is an 
inverse logarithmic measure of the conceniiation 
of hydrogen ions in the solution; therefore, the pH 
is aninverse 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 
concentation (in. moles/liter). (Recall that the 
bracket symbol is the notation for the concentra
tion of a solute in solution in moles/liter.  

pH =- log [H*] =- log [H3 0+] 

The pH of a solution is measured on a scale 
numbered from zero to fouitten 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 hydro
gen 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. Upto apHyvalue of 7, a solution will 
be acidic. If the pH is gieater than 7, the solution 
will be basic. The strongest basic solution-s, with 
very high concentrations of hydroxide ions, have 
a pH approaching 14.

0 I

ible reactionas shown in Equation 4-1:

H20 :• H++ OH- (4-1)

Pure water at 250C 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 sub
stances will increase the total ionic concentration 
of the solution without affecting the pH of the 
solution. If the solution is very pure water, how
ever, and free of other ionic substances, the hydro
gen and hydroxide ions produced by the dissocia
tion 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/iter, 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.

The pH Scale 

2 3 4 5 "6 7 8 9 10 11 12 13 14

Strong <- Acidic' "" NeutraJ 
Acid -..  

In pure water a small amount of water dissoci
ates into hydrogen and hydroxide ions in a revers-

- > Basic > Strong 
Base 

If sulfuric acid (H2S0 4 ) is added to a pure 
water solution, the hydrogen ion concentration in
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the solution is'increased (With a c6i'responding 
decrease in pH), and the total ionic concentration 
increased due to the increase in hydrogen ion 
concentration and the increase in sulfate ion con
centration. Conversely, if the base sodium hy
droxide (NaOH) is added to the pure water solu
tion, the hydrogen ion concentration in the solu
"tion is decreased (with a corresponding increase in 
"pH),-but the total ionic concentration is increised 
-dui to the increase in hydroxide ion concentration 
and the 'incr'eias in "sodium ion concentration. In 
both case, 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.  

The pH scale is a bit more complicated than it 
looks. Because it is a decade scale, a change of one 
number on the pH scale represents a change in the 
.hydrogen ion concentration (and the hydroxide 
ion concentration) by a factor often. Therefore, a 
-solution with a pH of 3 has a hydrogen ion concen
tration 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 spe
cific values on the pH scale.  

Itis 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 itself is actually a very 
sensitive voltmeter, with the readout scale cali
brated in pH. One of the two electrodes used is a 
reference electrode, and the other-is.an electrode 
made of a special pH-sensitive glass. -As the H+ 
ion concentration 'of the solution changes, the 
voltage developed between the glass electrode and 
the reference electrode ýalso 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 dissociation reaction (Equation 4-1) in
creases, arid the mobility of resultant ions also 
inareases. Therefore , the pH of a neutral or near 

neutral solution is very sensitive to chaniges in the 
temperature of the solution. -To take this factor 
into account during pH measurements, the iem
perature of the solution is measured, and a com
pensating dial on the pH meter is adjusted. Some 
pH measuring systems measure the temperature 
and compensate the mieter 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 solu
tion of known pH to ensure that it is operating 
properly. The solutions used are called-buffer 
solutions because they have the special character
istic 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.  

4.2 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 solu
tion. 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 impor
tant 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 con
ductors of electricity.. In-comparison to metals
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(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 ofelectricity through 
or across water systems is so limited that it is 
difficult to measure its conductance.  

For situations in ,which very few ions are 
available to conduct electricity, we actually mea
sure 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: 

Conductance - 1 
Resistance (4-2) 

Because resistance is commonly expressed in 
units of ohms, the unit mho (ohm spelled back
wards) is used for conductance. The solutions 
generally found in the plant are veiy dilute, and the 
conductance is very low. Therefore, the cbnduc
tance 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 rea
son, conductance is usually measured af a tem
perature of 25°C. This constant temperature mea
surement 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 be
tween 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 micromhosfcm (micromhos per 
cm 3 of solution per cm 2 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 conduc
tivity 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 ithe impurities in the stream, not 
those absorbed after sampling.  

As discussed in Section 4.1, the pH value of 
a solution is a measure of the acidity or hydrogen 
ion concentration (in moles/liter) in the solution.  
Similarly, the'conductivity of a solution is a mea
sure of the total concentrition of dissolved ions in 
the solution. However, the conversion between 
the conductivity of a solution and the total ionic 
concentration of the solution is affected by many 
variables, including the percentages and mobili
ties of the various ions. Determination of the exact 
percentages of the ,ariouis ions would require 
very sophisticaited meisurement methods. There
fore, an approximate conversion value based on 
the expected ion percentages is normally used, and 
the resultant total ionic concentration is expressed 
in parts per million or parts per billion. Since the 
actual ionic €ornposition and ionic percentages of 
the solution are unknown, the resultant value is 
often called the'concentration of total dissolved 
ions or total dissolved solids in the solution.  

Because conductivity is a measure of the total 
dissolved ion concentration in a solution, the con
ductivity of acidic/bisic solutions will be greatly 
affected by the pH'of the solution. Section 4.1 
explained that the total dissolved ion concentra
tion of an acidic or basic solution increases as the 
pH varies farther from 7. Therefore, the conduc
tivity of these solutions also increases as the pH 
varies farther from 7. When the identity of the acid 
or base in the solution is known, a proportionality
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constant between pH and conductivity can be 
determined and a curve of the expected conductiv
ity versus the solution pH can be constructed. If 
the measured conductivity of a solution is signifi
cantly greater than the expected conductivity value 
,for the measured solution pH, there must be other 
ionic impurities present in the solution that are 
responsible for the unexpected conductivity in
crease. - -

Conductivity measurements are used to deter
mine 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 de
creased below, the neutral pH (7) of pure water.  

On the other hand, PWR ator coolant sys
tems contain boric acid "for reactivity control.  
Many PWR plants also use LiOH in the reactor 
coolant to maintain a slightly basic pH for corro
sion control. PWR plants must measure thepH 
and boric acid concentrations in the coolant and 
plot these values on a standard curve to determine 
the expected conductivity. If the measured con
ductivity differs significanty from the expected 
value, it 'indicates that other ionic impurities are 
reaching tlid reactor coolant system.

4.3 Radiolvsis 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 corrosioi problem when it exists as a 
free oxygen ion or is dissolved as a free oxygen 
molecule (02). Radiolvsis is the dissociation of 
molecules by radiation, and the radiolysis of water 
molecules in the reactor core can' be an importaiit 
sourc& of frie oxygen in reactor co6lant when the 
reactor is operating a-tpower.  

"Undef a strongineutrotn flux,: such as in the 
reactor core at power, the hydrogen-6xygen bonids' 
in the 'water mblecules'can be broken,' and the 
moiecules separated into the individual atoms.  
The chemical equation for this radiolysis or adig
lvtic dissociation of water can be written as fol
lows: 

Underneutron flux: H20- 2H+O (unbalanced) 

The complete balanced reaction is shown in Equa
tion 4-3: 

Under neutron flux: 2H20 - 2H2"+ 02 (4-3) 

Only a small peicentage of the water mol
ecules in the core undergo the dissociation reac
tion, 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 
reeombination reaction will also occur, as shown 
in Equation 4-4: 

Under gamma flux: 2H2 + 02 -2H 20. (4-4) 

-The 'recombination, reaction may not go 
stiongly enough to the'right to remove all the free 
oxygen in' the coolant -unless it is somehow as
sisted.- 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 contrib
ute to plant corrosion, but it does force the recom-
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bination 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 reac
tor core. PWR plants cannot stop the formation of 
dissolved oxygen by the dissociation reaction, but 
the maintenance of an excess hydrogen concentra
tion in the coolant ensures that. any dissolved 
oxygen f6rmed by the dissociation reaction is 
promptly removed by the recombination reaction.  

Hydrazine is added to the reactor coolant when 
the plant is at temperatures below 2000 F and the 
reactor is shutdown. The addition of hydrazine 
results in the following reaction: 

202 + 2N2H4 - 2N2 + 4H2 0 

For either hydrogen orhydrazine, as the chemi
cal 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 coolantdirectly affects the amount 
of system corrosion experienced.  

The voltaic cell or galvanic cell typically con
sists 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 
c ode and the negative an anode. (The elec
trodes can have any shape, but they are normally 
shown as bars.) Copper and zinc are, frequently 
used as electrodes. The e normally con
sists of a water solution of an acid, base, or salt that 
is strongly, ionized in water., A sulfuric acid 
":H2S04) solution is used as the electrolyte in the 
simple voltaic cell shown in Figure 4-1.  

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 
(S04--).  

If a. zinc electiode is immersed in the acid 
solution, some of the zinc will corrode or undergo 
oxidationm 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'solu
tion, causing some of the zinc ions to return io the 
electrode. In a short time, an equilibriumu is estab
lished 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 nieutral 
atom of hl'drogen- gas. The copper electrode, 
which has given up its electrons to the hydrogen 
ions, accumulates a positive charge and a blanket 
of hydrogen gas.  

The chemical equatioris for the reactions that 
occur at the electrodes of the'voltaic cell shown in 
Figure 4-1 are: 

Zn (in electrode) --> Zn++ (goes into solution) 
+ 2e- (accumulate on electrode), and 

2H+ (in solution) + 2e- (on electrode) 
-- H2 (ac&umulates on electrode).  

As a consequence of the abo% e chemical ac
tion, the zinceelectrode becomes negative and the 
copper electrode becomes positive. Therefore, a 
voltage 'difference, or potential, is created be
tween the-two electrode terminals, and the'cell is 
capable of supplying electrical energy to an exter
nal electrical circuit that can be connected be-
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tween die two terminals. A ;voltaic cell con
"structed with copper and zin' electrodes will'de
velop apotential between the electrode terminals 
of ab6ut 1.08 volts.  

After an exiernal 'conductor has been con
nected, the electrodes become the conductors by 
which the current leaves or returns to the electro
lyte. In the example voltaic cell'the electrodes are 
copper and zinc rods thait'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 electrolte is the solution that acts upon 
the electrodes'which are immersed in it, and com
pletes the electrical circuit by allowing'electron 
flow (through ion transport) between the elec
trodes. 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 fomr; in the dry cell, the electrolyte is a 
paste.'

reactor.

• The buildup of corrosion deposits on fuel 
"surfaces will decrease the rte of heat trans

"fer from the fuel to the water. As a result 
the fuel can overheat, and fuel cladding 
failures may occur. " 

* increased activated corrosion product lev
els in the coolant may increase plant radia
tion levels and eventually overload the 

" wsedpoasystem-.  

"Increased corrosion may cause fuel clad
ding breaches which will increase fission 
product concentration in the coolant.  

* Piping failures may occur in the coolant 
system.: 

* Failure caused by corrosion may result in 
a release of radioactivity inside the plant.

SEven though corrosion in the plant cannot be 
The electrodes of a voltaic cell are often re- eliminated, it 6rn be confrolled to prevent the 

ferred to in other terms. The negative electrode adversconsequences'lised above. For t rea

from which electrons leave the cell to flow to the son, it is important to understand the reason that 
external circuit is called the node. The positive corrosion occurs and the steps that can be taken to 
e"lectrode into which electrons flow from the exter- control corrosion effects.  
""al circuit is'cal•e•d the cathode.  

Ini simple terms,- corrosion is the-'action of a 
-4.5 : r1m -metal trying to return to its natural state. In'the 

..... natural stae,a metal exists as a metal oxide. Metal 
Uncon&6lled 'coriosion -in a nuclear power .'ores are refined before they are used in'the manu

plant can cause many serious problems. Corro- facture ofplant components.Thie refining pirocess 
sion occurs cointinuously in the plant, arid every' ,reduces the meal o xides that arepart of itie natural 
metal-in the plant is 'subject to some tWpe of 'metal ores anid prodces -pure metal. Du-ring 
corrosion'. If 'corrosion is allowld to 'be6ome' -6cr6nsion, the refined or pure metal is oxidized to 
excessive, 'the followinsg types of proble•'i can. rietrn to its 'natural or oxide state.  
occur .. ... -- " '-.

* As corrosion products are carried into the 
core and build up on core surfaces, the 

' water'channeli -bec6rnie smaller and the 
7cdie'piessure differential icreases.- The, 
.esultant flow decrease mayforce the plant 
to reduce' the total power output of the'

Many of the systems and components in the 
plait are made from iron. When ir6n'corrodes, it 
is trying to return to its'iiatural siate byforming 
iron oxides, which we normally see as ied rust. In 
•nuclear systems the corrosion-of iron d6es not
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not always form red rust because there are other 
factors irvolved in the corrosion process.  

Corrosion is an elec tfoche mical process; that 
is, it involves both electricity and chemistry. Be
cause of some difference in materialg or environ
ment between two locations, an anode-and a cath
ode are formed on an iron surface that is exposed 
to an ionic solution. The solution conducts elec
tron fl- w like the electrolyte in a V~olt~ic cell A 
-:oltage potential will be created to cause electrons 
.o flow through the iron fr6m, the anode to the 
cath .e. A complete circuit is formed and elec
tron ilow continues while the anode is corroding.  

Figure 4-2 illustrates the corrosion of iron.  
The figure has been drawn to indicate reactions 
-ha 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-stab'iity, transi
tional-state of ferrous hydroxide, Fe(OH)2. An 
equilibrium conditon 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 
electroly-e is directly affected by the concentra
tion of dissolved oxygen in the solution. Oxygen 
promptly oxidizes the ferrous hydroxideand forms 
FeC:• (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 m-Intain the ionic equilibria. The presence of 
dissolved oxygen, therefore, accelerates the re
moval of iron atoms from the metallic surface and 
accelerates the corrosion process. 

Figure 4-2 also contrasts'the sequence of ev~ents 
discussed in the above paragraph with the case 
where there is no dissolved oxygen present in the 
solu: . 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 posi
tiveily charged hydrogen ions from the water to 
form hydrogen gas molecules. The hYdrogen gas 
forms a blanket at the cathode.  

Once again the iron ions react with hydroxide 
ions in the solution to form the. l6w-stability, 
transitional ferrous- hydrokide Fe(OH)2. If no 
dissolved 6xygen is present, the ferrous hydroxide 
molecules will slowly coalesce and form a new 
material, F3O4'(callnd magnetite), that tends to 
plate out on the iron surface.  

As the corrosion of the iron continues, the 
oxide that formsat the anode and the hydrogen' gas 
that forms at the cathode act as electrical insulators 
and rieist the flow of ions. Thus, when an iron 
surface becomes covered with oxide film, the 
corrosion filmr serves as a barrier io slow down 
additionalcorrosion. Common redrust (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 r-emoving 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 temperature 
if a slightly basc pH can be maintained in the 
coolanL Therefore, it acts asa 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 tern
peratures.  

i Having some dissolved oxygen in the coolant 
is often unavoidable, especially during refuelings.  
Therefore, coolant piping surfaces are normally 
made of or clad with stainless steel. Stainless steel
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alloys 'contain' chromium and exhibit enhanced 
general corrosion resistance due to the formation 
ofaprotective chromium oxide film by the follow

.ing oxidation process: 

4Cr + 302- 2Cr2O3 

This chromic oxide .film is not impervious to 
penetration at the high temperatures uýed in reac
tor plants, but it does assist the magnetite film in 
retarding additional corrosion.

4.5.2 Corrosion Rate 

t The actual rates at which corrosion occurs in 
the plantare affected by a number of different 
factors., For example; it has been shown that a 

-protective oxide film can slow down the corrosion 
Srate ofametal 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 re
move the oxide layer, thus exposing more fresh 
metal to corrosion. Water velocity can be consid
ered a problem when it increases beyond approxi
mately 30 to 40 feet per second.  

Water temperature can'also affect the rate at 
which corrosion proceeds. in general, chemical 
reactions proceed faster at high temperatures, and 
th is 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 accel

* erate 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 adher

- ence of the protective oxide layer described in the 
previous section.  

- Two other factors that canbe controlled are 
dissolved oxygen and dissolved solids/ions in the 

--plant water. High dissolved oxygen levels greatly 
,accelerate the corrosion process, as described in 
Section 4.5.1. 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 de
creased.  

4.6 T3ies 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 corro
sion, the general oxidation of a metal surface by 
the processes described in Section 4.5.1. 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 th a 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 concentra
tion of some material between the general envi
ronment 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 4-3 is a simplified drawing of 
-the initial stages of crevice corrosion. 'Figure 4-4 
shows some of the factors affecting crevice corr6
Sion. ' '~ 

Pitting corrosion is similar to crevice corro
sion. 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
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as they are deep. As corrosion products accumu
late in these holes, the pits become, in essence, a 
form of crevice corrosion., As with crevice corro
sion, 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 concentra
tions. Pitting can cause rapid metal failure in 
pitted locations even though the remainder of the 
metal component is unaffected. Figure 4-5 illus
trates some example types of pitting corrosion.  

Crevice corrosion and pitting are of particular 
concern because they can occur almost anywhere 
in- the planL A third type of specific attack, 
galvanic corrosion, only occurs when two dissimi
lar metals are in contact in a conductive solution.  
Galvanic corrosion uses the same electrochemical 
processes that have been previoulsy described for 
general corrosion, but in this case separate compo
nents made of different metals or alloys are in
volved, 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.  

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 be
come 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 devel
oped between the two metals, and this, in turn, will 
depend on the specific metals that are involved.  
Figure 4-6 shows galvanic corrosion between zinc 
and copper electrodes with seawater as the electro
lyte.  

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 in
volved: In general, the other metals in the environ-

ment will determine which metal is the anode and 
which 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 a galvanic reac
tion 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 corro
sion.  

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.  

Another type of corrosion that can be a real 
problem in the plant is intergranular cbrrosion, 
which takes place in the areas between the grains 
of a metal (see Figure 4-7). When a metal is 
manufactured, it is cooled from a liquid state to a 
solid state. As it solidifies, the metal forms mil
lions of tiny crystals or grains. The point at which 
two grains meet is called a'grain boundary. -In 
general, grain boundaries are more active chenili-
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"cally than the grains, and the grain boundaries 
usually corrode' sooner and more rapidly.  

Intergranular corrosion is usually the result of 
-some chemical difference between the grain bound
aries 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. Intergranu
lar corrosion begins on the surface of the metal, 
where the grains and the grain boundaries in
volved are in contact with the conducting solution.  
Once it starts, this type of corrosion can spread 
rapidly through the metal along the grain bound
aries. 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 con
cern for some cast.and welded stainless steel 
components. Undercertain conditions, some stain
less steels that have been subjected to the high heat 
input of welding or stress relief become sensitized.  

,Sensitization refers to the precipitation of chro
mium atoms as chromium carbides at the grain 
boundaries. The precipitated chromimum atoms 

'are -no longer available to form the protective 
chromicoxidefilm, andthe associated grain bound
aries are then subject to accelerated corrosion 
attack.

"'Stress corrosion cracking like intergranular 
- corrosion, can cause metal failure with relatively 
little metalloss. The stress involved is normally 
tensile stress, caused by bending or rolling the 
metal or by containing high systempressure. 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.  

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 test
ing has been done on stress corrosion cracking, the 
root causes of this type of corrdsion 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 cor
rosion cracking is the basis for the very stringent 
requirements (Technical Spcifications) main
mtained 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 cool
ant because these impurities promote stress corro
sion 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.  

S4.7 '"C

Crud is a colloquial term for corrosion and 
wear products (rust particles, etc.) in' the coolant 
that become radioactive when expose'dto radia
"tion. The term is actually an acronym ,for Chalk 
River Unidentified Deposits, named for the Cana
'dian plant at which the activated deposits were 
first identified. Crud may be defined as deposited 
or suspended circulating corrosion products, prin
cipally metal oxides, formed by the reaction of 
water with piping materials. The term crud in
cludes beth radioactive corrosion producis and 
nonradioactive corrosion products. Crud takes on 

•special Significance in nuclear p)lants because a 
large portion of it israidioactive.  

The formation,r transportation, and deposition 
of crud ca_ be described in a sequence of six steps, 
wvhichis called thescsdcce: 

"1 Corrosion produciscfoi'm and build up on 
out-of-core metal surfaces.
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2. Part of the cornrosion film that builds up on 

these surfaces'is released into the circulat
ing coolant where it is carried as a sus
pended impurity.  

3. The corrosion-products redeposit on other 
surfaces, frequently on the fuel surfabes in 
the core.  

4. Corrosion products' that have deposited in 
the core are activated by-the intense radia
tion with the degree of activity depending 
inpart upon how long the corrosion prod
ucts remain in the core.  

5. Some of the activated corrosion products 
are released from the'core and are circu
lated 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 activited corrosion 
products are removed by the reactorwater cleanup 
system while a small fradtion may be ca/nied offby 
the steam, thus contaminating the steam' separa
tors and e steamdrers. Ina PWR, some of the 
crud is ._-ried into the chemical and volume 
control system (CVCS) for removal from the pri
mary system.  

There is really no end to the crud cycle. Depos
ited material can be released again and carried 
back to the core surfaces, and the cycle will con
tinue. 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 w-ill not deposit. If the two 
charges are opposite, the crud particle will be 
attracted to the metal surface, and will tend to 
deposit.  

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 described in 
Section 4.5.1. Circulating crud should be re
moved 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 
acorresponding reduction in reactorpower.  

" 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 rriaterials that minimize cor
rosion and deposition, allow for efficient removal 
ofcorrosion products with the purification system, 
design and arrange equipment to mnimize crud 
deposition, and select coolant chemistry to reduce 
corrosion.  

Because crud is a mixture of corrosion and 
wear products (rust particles, etc.) that have be
come radioactive when exposed to radiation, the 
radioactivity of the crud depends on several pa
rameters. Included in the parameters'that affect 
the ildioactivity 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 
meital species of the crud's component atoms. One 
component of crud that is especially important is 
cobali-60 (Co-60), which emits relatively high
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level radiatioin 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 tie coolani 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 cnid is deposited in the 
core area, the more radioactive it will be upon 
release) and how much crud tends to concentrate 
inthe trap. Some typic icudtp locations in the 
S plant are: 

"* Instrument lines (particularly D/P cells) 

"• Valves (especially if they are installed 
with bonnets sloped down), 

* Pump volutes, 

- Heat exchanger heads,' 

* Vent and drain fittings, 

"- Test connections, 

• Socket-welded fittings, 

• Check valves,

Connections of an auxiliary system to a 
main system,

0 Thermal sleeves,

Bypass lines, ý, - , ,

Relief valves,

- Handholes or ranways, and 

Sampling lines.  

The amount of 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 .he 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. Crud is continually re
leased 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 

Strap is higherthan the activity level 6f otherpiping 
surfaces.  

Crud. tr aps caise localized a reas of high radia
tion, which may complicat- work in these areas.  
The problem can be reduced by making provisions 
"-for local 'flushing and decontamination, or by 

"-using extra shielding. To preefit these problems, 
the plant should be designed to have as few crud 
-traps as possible. Proper design and positio iing of 
components may significantly reduce the amount 
of crud that is trapped.r 

Problems in the'plant imay also occur as 'a result 
of crud bursts. A crud burt occurs when many 
crud pairticles .that have been deposited on piping 

,surfaces I are .jarred -loose to circulate with- the 
"coolant as a re-u of some distuibance. Changing 
coolant flow rates can loosen crud particles, as can 
thermal shocks cre ated- by heatups and cooldowns.  
Other types of disturbances which could cause a 
crud birst are physical shocks, such'as a rieator 
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 
trafisfer capabilities could cause the fuel to o'ver
"heat. 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.
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Thus, following a crud burst, the amount 'of crud 
available for additional release and deposit in
creases.  

4.8 Sources of Radioactivity in Reactor 
Coolant 

The following sections 'discuss the major 
sources of the radioactivity found in light water 
reactors.  

4.8.1 Activation of Corrosion Products 

As previously discussed in Section 4.7, corro
sion products can becomne activated when they are 
exposed to high levels ofineutron'radiatidn 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 compo
nents are already radioactive, -and they release 
corrosion products'into the reactor, water when 
they corrode. Table 4-2 lists sorme Of the more 
common activated corrosion products with their 
half-lives and formation mechanisms.  

One of the isotopes listed in the table is Co-60.  
Cobalt, which exists naturally as Co-59, is widely 
used in the plant mi various alloys for ttirbine blade 
tips, valve seats0and sonie contiolroddrive mecha
nisms. There are also traces of cobalt in most 
stainless st&es. If Co-59 is activated by a nieutron 
in the reacto'', it becomes radioactive Co-60 by the 
following radiation reaction: 

Co" (n,y) Cos°.  

The reac tion 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, aý 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.  

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) meanis 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: 

Nis$ (n,p) Co 5 .  

In this reaction, nickel-58, the target nucide, 
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: 

Feu (n, y) 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 im
portant in an individual plant will depend upon the 
metal alloys used in the systems that handle the 
water going into the reactor. The activation prod
ucts listed in table'4-2 are among the most com
mon seen in the plants.  

4.8.2 Activation of Water 

In additibii to the corrosion products thi'can 
be activated in the core, the plant water may also
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be activated by the neutron radiation in the core.  

- The oxygen in the water may Ibecome 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 bie'activited.  

The most abundant isotope, of oxygen is oxy
gen-16 (0-16). Neutron activation of 0-16 forms 
nitrogen'16 (N-16),'and proton activation of 0-16 
forms nitrogen-13,(N- 13). Of these two products, 
there is far more N- 16 because more neutrons than 
protons are a vailabli to activaite the 0-16 in the 
water.  

"N-16 is the most abundant activation product 
in the reacitor 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 carrie* reactor coolant.  

For a BWRI this restriction also applies to any 
equipment that carries steam from the ieacior.  
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 contribtiie 
to the gaseous activity of the plant.  

Oxygen may also exist in plant water as 0-17 
oro0 1. When these isotopes are activated, they 
create radionuclides such-as nitrogen-17 (N-17), 
fluorine-18 (F-18), and 0-19,'but *the amounts 
produced are very small in comparison writh N-16.  
N-17 has a very short half-life (4.14 seconds), so 
it decays very rapidly after 'shutdown 'or system 
isolation. 0-19 has a half-life of 26.8 secornds,'and 
it does not cause significant problnmsI. F- 18 has a 
relatively long half-life, 109.8 minutes, and be
comes significant after the decay of the shorter
lived activation products.  

4.8.3" Activation of Water Impurities' 

In addition to the water molecules, the react6r

coolant also contains trace impurities that may be 
Sactivated 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 longperiods of time.  
Potassium is activated to form'eith6r of two nu

'clides, potassium-39 and potassium-41. Another 
- element, argon, can become -a radiation factor if 

there is air leakage into one of the wtaier systems 
leading to the reactor. Argon,; hich occurs natu

"rally 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 hazaid. The 
tritium isotope (hydrogen isotope with oneprot6n 
and two neutrons) is not really an external hazard 
-due to the very low energy of the emitted betia 

"--particle. However, itis avery 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 tri
tium 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 as
sumed that 0.1% of the tritium enters the coolant, 
ternary fission contributes about 40 curies per year 
to coolant activity.

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 

Ssource 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
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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 ina BWR 
would be. nmary fission and the absorption of a 
neutron by a deuterium atom.  

4.8.4 Fission Products 

Another source of radioactive material in the 
plant is the fiskion products that are released dur
ing the fission process, primarily from the fission
ing of uranium-235 and plutoniium-239. Fission 
products are often grouped into three categories: 

* Iodines, particularly iodine-131 and io
dine-133 (see Table 4-3).  

9 Fission gases - kryptons and 'xenons, 
particularly krypton-85 and xenon- 133 (see 
Table 4-4).  

* Soluble metal ions, particularly strontium
90 and cesi-m-!27 (see Table 4-5).  

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 con
tains 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 4-8 shows that 
for the fission fragmniiits to make it to the coolant 
"they must be Within the recoil range (recoil is the 
ejection of the fission fragments after fissiomnig).  
If the fragments are within ý'to 11 microns of the 
cladding sum-face they wilI have a good chance of 
making it to the coolant.  

The second way for fission products to get into 
tie coolant is thrdugh a defect in the cladding. In 
this case, it is'possible for fission fragments pro
duced 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 
hiher whenM the"re 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, thi change in activity for 
a very small cladding defect may be so gradual as 
to not even be noticeable.  

4.9 Detection of Fuel Cladding Failures 

Detection of fuel cladding failures is an impor
tant part of plantoperations. It is important to 
know if any. fuel assemblies must be removed 
during'a forthcoming refueling outage, and it is 
essential to make sure that the radioactivity limits 
for reactor coolant listed in the plant technical 
specifications are not exceeded.  

Several "techniques can be used to detect the 
presence of fuel cladding defects. One of the most 
common methods is gross activity analysis. A 
reactor water sample is taken daily or several times 
during a week, and its activity measured. The 
measurement is then plotted in terms of activity 
per milliliter of reactor water. The gross activity
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is the total activity of the sample. No attempt is 
made to identify any of the radionuclides. When 
the readings -are plotted on graph paper, it is 
possible to follow any trend that may occur. If 
there is a small fuel'cladding failure, such as a 
pinhole,'it'may not be detectable'in terms of 
overall activiiy, but a large'failure should show up 
immediately as a change in the slope of the plotted 
curve. " 

-Ifa fuel failure is suspected on the basis of the 
gross activity analysis, another more precise analy
sis should be iused. 'An analysis of gross iodine 
activity is moie precise 'than an analysis of the 
overall aicivity. Iodine' separationis one of the' 
easier radiochemical separations, and iodine is 
one'of thi lArger contributors to fission product 
activity. For this tylpe' of analysis, reactor water 
samples are taken-and analyzed regularly, as was 
done for the gross activity analysis. The iodine is 
separated chemically, and the iodine activity is 
plotted on graph paper. The gross iodine activity 
is plotted with no attempt to determine which 
iodine radionuclides are Present. If there is a s.arp 
increase in -the- slope of the Curve, it is reasonable 
to suspect a fuel failure.  

"The next step is an analysis of the iodine ratio.  
This ianalyiis uses the same chemical separation of 
iodine that was made for the measurement of gross 
iodine activity. In this instance, however, 'an' 
analysis is made for the activity of 1-131 andi-133.
The analysig is actually made in one of two ways:

1. A'gamma spectrometer analysis can sepa
rate the peaks from the two nuclides and 
"determine the amount ofeachthat is present.  

"2. A ratio of1-131 to I-133 is determined by 
''counting the' sample after the I- 133, which 

- has the shoiter half-life, has had a chance 
to decay. ..  

'In either case, if the 1-133 activity increases 
significantly, it is likely that some new iodine has 
been introduced into the coolant as the- result of a 
fuel failure.

In wet'silping, the fuel asseinbly to be tested 

is' removed from the reactor core and placed in -a 
can under water.' The can 'is sealed, and ihe e 
assembly is stored for a peri6d bf rhiiiute-s or h bur's,' 
dependirig uion the expected seieiit•' of the fuel 
failtire. This allow' the fissionl'06diicts to collect' 
in the small space 'of the can whhre'dejection can 
be made more easily. At the end of the "soaking" 
peri6d, a sample of water is taken (sipped) froi'n 
the can and analyzed in'the lab. That'analysis 
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Changes of activity in -the -coolajit can be 
detected by radiation monitors in the off-gas line 
monitor for a BWR or the letdown cooling line 
monitor for a PWR. These gross activity monitors 
provide the first indication 6f a serious fuel clad
dinglfailure. " 

If fuel cladding, failures are adding enough 
activity to the reactor coolant to affect plant opera
tions, the failed fuel is U'sually removed during the 
next refueling- outage. The problem is to deter
mine which of the many fuel assemblies in the core 
are the failed ones. The firsi step in this determi
nation is made while the reactor is operating at 
reduced power. It is called flux tilting, and it 
involves changing the relative positions of various 
control rods to increase the flux in one area of the 
core while 'reducing it 'in another area. The in
creased flux will 'caus••'any fuel With claddinfg 
failures'to release'moie fission products into the 
co6lant. The flux is systematically increased in 
different portions of the core, and either the off-
gas activity (BWR) or the coolant fission product 
activity (PWR) is determined after each increase.  
An increase in activity indicates the presence of 
onieor more failed fuel assembiies. -' 

After the portions of the •core that contain 
failed ftel assemblie's have been identified, it is 
necessary to determine'the exact fuel assemblies 
that have cladding failures. Individual assemblies 
are tested, generally by a technique known as' 
sipping, after the reactor has been shut down and 
the vessel heid has been removed. -The sipping 
operation may be wet sipping, dry sipping, or wet
dry sippig.- -
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usually includes the 1 13 i-to 1- 133 ratio, but iti may 
be just a gross activity analysis and/or a gross 
iodine analysis.  

Dry sipping is similar to wet sipping, except 
that the water is pumped out of the can after the 
fuel assembly has been put into it. The assembly 
is allowed to heat up under controlled and mea
sured conditions for a few minutes, and then water 
is allowed to re-enter thecan from the bottom. The 
water displaces the gas up the sample tube where 
it can be sipped. The, presence of fission gases 
(xenons and kryptons) indicates cladding failures.  

Wet sipping will indicate the presence of large 
failures, while dry sipping generally detects even 
small failures. Wet-dry sipping is a combination 
of these two methods. The fuel assembly is placed 
in a can, and the water level is lowered until it is 
just above the assembly. The air in the area above 
the water is then pumped out past an on-line 
detector, which can detect a severe cladding fail
ure by the presence of fission gases.  

After the air has been pumped out, nitrogen 
gas is pumped in through the bottom of the can.  
The gas moves up past the fuel assembly and past 
the on-line detector and is then returned to the 
bottom of the can. This recirculation is continued 
for approximately 15 minutes while the radioac
tivity level is monitored. A steady increase in the 
radioactivity level indicates a fuel failure.  

4.10 Ion Exchangers and Demineralizers 

Ion exchangers and/or demineralizers are used 
in many power plant systems to improve the qual
ity of the process water. Ion exchangers and 
demineralizers both act as chemical and physical 
filters to remove both soluble and insoluble impu
rities that might enter the process water through 
corrosion, erosion, or injection from other sys
tems. Some systems may divert only a small part 
of the totaI system flow for cleanup, while other 
systems send full system flow through the ion 
exchangers or demineralizers., One example of 
partial flow cleanup is the letdown flow to the
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"CVCS demineralizers in the PWR plant. An 
example of full system flow cleanup is the conden
sate system in most PWR and BWR facilities.  

Ion exchange is basically the removal of unde
sirable ions in the process water using special 
resins. The special resins are complex polymers 
made from polystyrene and divinyl benzene. The 
polystyrene forms linear chains while the divinyl 
benzene acts as a cross-linking agent that can be 
used to control the physical properties of the resin.  
Resins with high degrees of crosslinking are desir
able because they swell less when subjected to 
process water flow. Figure 4-9 shows the basic 
resin structure. Recent technology allows resin 
manufacturers to increase the percent of 
crosslinking without making the resin too brittle.  
These new resins are called macroporous, or 
macroreticular. They have a greater affinity for 
large molecular weight ions because of their large 
pore structure.  

In all resins, the ion exchange groups are 
attached to the aromatic rings in the, polymer 
chains. A shorthand representation of common 
resins used in nuclear plants is shown in Figure 4
10. For cation resins, the exchange sites are 
negatively charged radicals of sulfonic salts that 
are initially "charged" or saturated with H+ ions or 
other desirable cations like Li+ (lithium). ,In the 
ion exchange process, the H+ ions are exchanged 
for undesirable positive ions that have more affin
ity for the exchange sites than the H+ ions do. For 
anion resins, the exchange sites are positively 
charged radicals of quartemary ammonium salts 
that are initially "charged" with OH- ions. In the 
exchange process the OH- ions are exchanged for 
undesirable negative ions that have more affinity 
for the ion exchange sites than the OH- ions do. If 
a solution with ionic impurities is allowed to flow 
through a mixed cation and anion resin bed, the 
undesirable positive and negative ions in the solu
tion will be removed by the ion exchange process.  
The effluent solution flowing from a mixed resin 
bed containing the resins shown in Figure 4-10 
would contain H+ and OH- ions in place of the 
undesirable cations and anions.
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Ion exchangers and demineralizers both use 

many.small -beads ofporous polymer resin to 
accomplish the ion ekchange process. The ex
change sites are initially charged with desirable 
ions, such as H+ and OH- ions by flushing the resin 
with very stfong solutions of these ions (acids and 
bases). When process water containing dissolved 

"ionic impurities from corrosion or maketp water 
is subsequently flowed through the fully Charged 
resin beads, the exchange sites'exchange (release) 
a -desirable ion for each undesirable ion encoun
tered. The ion exchange process is not perfect'a 
"few undesirable ions get through, but the exiting 
process water has a much lower concentration of 
undesirable ionic impurities than the entering water.  
In aiddtion, the closely packed resin beads actai a 
physical filter for insoluble, impurities (particu
lates) in the process water.  

Eventually the resin beads become "exhausted" 
when all the exchange sites become filled with 
undesirable ions when the resin contains too much 
insoluble material. When this happens,mincreasing 
amounts of undesirable ions or insoluble impuri
ties begin to get'throughthe resin.'At this point the 
"4 spent" resin is onorinally replaced, with freshly 
charged resin. Many nuclear plants have sophis
"ticated systems for removing the insoluble par
tidles fr6m spent iesin, and some plants have 
systems for regenerating the ion exchange capa
biliiies of the resin. However, most plants simply 
purchase new resin or hire private contractors to 
pr'ces the spent'resin.  

"D-min ýralzer are'a special form of ion ex
changer. Demineirlizer risinsare alwiys charged 
with H+ and OH- ions, and exchange the H+ and 

'OH- ions for undesirable "ionic impurities in the 
:process flow. The H4 and 'OH- ions quickly 
combine in the exiting process flow to formrpure 
water, H20, per the following reaction: 

H+ + OH- - H20..  

Since the dissolved mineral ions have been 
Sremoved, alid-the exiting flow is demirerilied 
water, this type of ion exchangii is called a demi-

neralizer. The ion exchangers used in condensate 
systems are normally demineralizers.  

Other systems, such as the CVCS system in a 
"PWR plant, often use ion exchangers that ex
change a light- 'metallic ion, such as lithium or 
barium, for other metallic impurities. The exiting 
process flow 'from these ion exchangers is not 
demiiieralized water, but rather is a slightly basic 
solution with Lit or Ba++ and OH" ions. This 
slightly basic effluent solution improves the cor
rosionresistance of the reactor coolant piping. Ion 
exchangers thai exchange something other than 
H+ and OH- ions to replace the dissolved mineral 

'ionrs are referred to simply as ion exchangs. 

An imporoan t por incple of ion exchange is that 
resins exhibit a selective affinity for ions in solu
"tion.. The relative affinity of resins for various 
cations and anions is shown in Table 4-6.* The 
strongly held ions are at the top of each column, 
"and the weakly held ions are at the bottom. As can 

be seen from the table, the greater the electrical 
charge on the ion, the stronger the affinity bof the 
resin is for that ion. This characteristic of a 
hierarchy of affinity, shown by resins for ionic 
impurities''is knownas ion affinity. The ion 
affinity listing shows why the HI and OH- ions are 
normally used to charge fresh resins. The H+ and 
"OH- ions are low on the ion affinity lists, meaning 
that they will readily exchange with (and remove) 

"almost all of the undesirable ions, which are higher 
"on the ioh affinity lists.  

"The fluoride ion is low on the affinity listing 
and"leaks" through the ion exchanger resins more 

•readily than other anions. Chloride ions will 
"exchange ýiih' hydro&dde ions, but chloride ions 
are not held as strongly as some of the other anions.  
Thus, if strict chloride control is required, care 
must be used that the resin i•-not depleted to the 
point where &ter anions'begin to dplace the 

'chlo-ride iorns. Also note'that'cleanup of radioac
tive coolant water is facilitated bythe fact that the 
iodine anion, containing the fission product 1- 13 1, 
is easily removed by resins due to its high affinity.
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4.10.1 Deep Bed Demineralizers 

Two basic types'6f ion exchanger systems are 
available. The first is the deep bed system which 
uses a tank partiall•, filled with bead-type ion 
exchan= resins. The second type is the powdered 
resin filter-demineralizer which uses pulverized 
resins precoated onto nylon fibers or cellulose 
fillers surrounding stainless steel filter septa or 
tubes.  

Deep- bed condensate demineralizer systems 
are used on all saltwater cooled BWR units and on 
all PWR units. In these plants the, added ion :change capacity is necessary for protection 

against condenser cooling water in-leakage. Res
ins are loaded as mixed resins into spherical or 
cylindrical tanks (150 to 200 ft3 resin per tank). A 
typical deep bed demineralizer is shown in Figure 
4-11.  

STw 

o 'actors norm ally lim it the length of the 
operating cycle of a deep bed demineralizer ex
haustion of the ion exchange capacity and reduced 
flow b6'--se of increased pressure drop resulting 
from cr, - or particulate buildup in the re- bed.  
In extreme cases the particiilates begin to leak 
through the resin bed..  

In the absence of condenser leakage the pres

sure drbp normally becomes:the limfi'ting- factor.  
Bed performiance can be optimized by a combina
tion of ultrasonic cleaning and chemical regenera
tion. Ultrasonic cleaning is a mechianial cleaning 
process that removes the suspended particles or 
crud that has beenlcollected *in the resin" bed.  
Ultrasonic cleaning is used when the pressure drop 
across the bed is excessive, but the ion exchange 
capacity is adequate.  

Wh-'n the ion exchange capacity of the resin 
Sd is ,leted, a more involved chemical regen

erati6n prbcess can be cond•cte.& In this process, 
the catiorn resin beads are suibjectýd to a strong acid 
solution; the anion beads, to a strong basic solu
t . The H÷ and OH- ions rieplace the impurity 
ions at me reactive sites, and the ion exchange

capacity of the resin is restored. Howeveir, if the 
resin was used in a radioactive coolant stream, the 
spent regenerant solutions are difficult to process 
and discard. Therefore, mnost plants normally opt 
for the simpler solution of replacing the depleted 
ion exchange resin with new resin.  

The advantage of a deep bed demineralizer 
over a powdered resin filter-demineralizer is the 
relativiely large ionic capacity of the" deep bed.  
This capacity provides an adequate ion exchange 
margin to allow an orderly plant shutdown follow
ing a significant condenser leak with its attendnt 
ingress of ionic impurities.  

4.10.2 PoWdered Resin Filter Demineralizer's 

The typeof condensate demineralizer system 
normallyused inBWRs with freshwatercooling is 
the powdered resin filter demineralizer (see Fig
ure 4-12).  

The powdred re'si system basically consists 
of ground-up, mixed bed resins that are precoated onto the filter elements, which consist of fibrous 
miaerial'wound ormechanically held onto a cen
tral filter tube The quantity of resin used in such 
a system is small compared to the deep bed sys
tems. Becauie of the smaller ion exchange capac
ity of powdered'resin systems, they are not used 
for feedwater purification where salt water con
denser cooling is employed. Powdered resin beds 
do not afford the ion exchange margin needed 
following the start of a salt water condenser tube 
leak. The powdered resin system does, however, 
provide suitable protection" for small leaks in a 
fresh water cooled plant. Depleted or clogged 
elements in po'wdered-resin demineralizers are 
normally not regenerated or cleaned, but are bar.  
reled and discarded after use.  

Because the fibrous material is a much be=er 
particulate filter than the loose deep bed resin, the 
efficiency of the powdered resin filter demineral
izer for insoluble material removal is better than 
"the corresponding, deep- bed efficiency. Pow
dered-resin systems in many cases remove more
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than 99% of the insoluble material. However, 
there are always thin resin layer areas that experi
ence rapid ionic impurity breakthrough. As a 
result, effluent conductivities are often higher than 
those for deep bed systems.  

For the deep bed system, only limited ionic 
breakthrough is expected until a good deal of the 
available capacity has been exhausted. For pow
dered resin, ionic breakthrough is approximately 
linear with the percent of resin exhaustion. This 
linear ionic breakthrough characteristic occurs 
because there are areas of very thin resin layers 
that rapidly become exhausted.  

4.11 Basic Water Chemistry Reouirements 

Sections 4.1 and 4.2 described the measure
ment of pH and conductivity in nuclear plants.  
The differences between the uses of these mea
surements in BWR and PWR plants was discussed 
in section 4.2.  

Nuclear plants measure other chemical pa
rameters, and some of these measurements also 
differ between BWR and PWR plants. For in
stance, most PWR plants sample the reactor cool
ant for fluoride and chloride ions, and dissolved 
oxygen, all of which directly affect the plant 
piping susceptibility to stress corrosion cracking.  
PWR plants attempt to maintain the concentra
tions of these dissolved impurities at the minimum 
detectable levels. If the ion levels start to trend 
upward, the efficiency of the makeup water demi
neralizers is checked. If the dissolved oxygen 
level increases, the status of the hydrogen 
overpressure in the volume control tank is checked.  

Fluoride ions and dissolved oxygen are not 
normally measured in BWR plants because these 
contaminants go off as a gas with the steam, and 
subsequently get removed by the condenser air 
removal equipment. Therefore, BWR plants limit 
their required sampling to chlorides and the con
ductivity measurements described in Section 4.2.  
If either the chloride levels or the conductivity 
results start to increase significantly, the effi-

ciency of the feedwater demineralizers is checked.  

Both PWR and BWR plants periodically 
sample for trace elements such as silicon, calcium.  
and magnesium. The frequency of these periodic 
samples is increased if the plant conductivity mea
surements show an increase in total dissolved 
ions.  

When the level of dissolved ions does start to 
increase, the frequent cause of the increase is 
exhaustion of the plant ion exchangers. The ion 
exchangers remove undesirable ions from the plant 
waters; if the efficiency of ion exchangers de
creases, the number of ions passing unaffected 
through the ion exchangers begins to increase.  
Both BWR and PWR plants ran a periodic decon
tamination factor check for the on-line ion ex
changers. The decontamination factor is defined 
as the concentration of an impurity entering an ion 
exchanger divided by the concentration of the 
same impurity exiting the ion exchangers. This 
relationship is shown in Equation 4-5: 

Decontamination Factor 
= Impurity concentration entering ion exchanger 
Impurity concentration exiting ion exchanger 

(4-5) 

The impurity concentrations being measured 
can be either conductivity (total dissolved solids), 
long-lived radioactivity (crud), or specific impuri
ties.  

Many plants use a decontamination factor of 
25 (96% efficiency) as a cutoff for determining if 
the resin is exhausted. If the decontamination 
factor decreases below 25, the ion exchanger is 
replaced and/or regenerated.
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Chapter 4 Definitions

ACID 

BASE

pH

CONDUCFTVTTY

RADIOLYTIC DISSOCIATION OF 
WATER 

RADIOLYTIC RECOMBINATION 

OF WATER 

CRUD TRAP

CRUD BURST

DECONTAMINATION FACTOR

- A chemical compound that produces hydrogen ions 
(H÷) when dissolved in water.  

- A chemical compound that produces hydroxide ions 
(OH) when dissolved in water.  

- The inverse logarithmic measure of the hydrogen ion 
concentration in a solution. Specifically, pH is the 
negative logarithm of the molar concentration of the 
hydrogen ion in a solution.  

- The conductance of a solution measured at 25°C 
between two electrodes that are each 1 cm2 in area 
and spaced 1 cm apart.  

- The breaking of the hydrogen-oxygen bonds in a 
water molecule that has been struck by a neutron.  

- The reconstitution of broken hydrogen-oxygen bonds 
to form water in a strong gamma flux.  

- A low flow velocity area where crud carried by a 
coolant stream can settle and accumulate.  

- The sudden return of many crud particles from 
various piping surfaces to the coolant stream.  

- The concentration of an impurity entering an ion 
exchanger divided by the concentration of the same 
impurity exiting the ion exchanger.
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Table 4-1. pH and Ion Concentrations

pH H+ Concentration OH- Concentration 
(moles/liter) (moles/liter) 

0 100 10-14 

Increasingly 1 10-1 10-13 

Acid 2 10-2 10-12 

Solutions 3 10-3 10-11 

" 4 10-4 10-10 

5 10-5 10-9 

6 10-6  10-8 

Neuutal 7 10-7 10-7 

8 10-8  10-6 

9 10-9  10-5 

,. 10 1010 10-4 

Increasingly 11 10-11 10-3 

Basic (Alkaline) 12 10-12 10-2 

Solutions 13 10-13 10-1 

14 10-14 100
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Table 4-2. Activated Corrosion Products 

Nuclide Half-Life Formation Mechanism 

Cr-51 27.8 days Cr50 (n,'Y)Cr51 

Mn-54 312 days Fe54 (n, p)Mn 54 

Mn-56 2.58 hours Fe56 (n, p)Mn56 and 
Mn55(n, y)Mn56 

Fe-59 45 hours Fe58 (n, ')Fe 5 9 and 

Co59 (n, p )Fe59 

Co-58 71 days Ni58 (n, p)Co58 

Co-60 5.24 years Co59 (n, "y)Co6O and 

Ni 60 (n, p)Co6o 

Cu-64 12.9 hours Cu63 (n, y)Cu 64 

Zn-65 243 days Zn6 4(n, y)Zn65 

W-187 24.0 hours W186(n,7)W 1 87
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Table 4-3. Radioiodines

Nuclide Half-Life Fission Yield Fission Gas 
(%) Daughter 

1-131 8.05 days 2.835% 

1-132 2.28 hours 4.208% 

1-133 20.8 hours 6.765% Xe-133 

1-134 52.6 minutes 7.612% 

1-135 6.58 hours 6.406% Xe-135m/Xe-135 

m = meastable variant
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Table 4-4. Fission Gases

m = metastable variant

USNRC Technical Training Center 4-29 Rev. 0892

Nuclide Half-Life Fission Yield (%) 

Xe-138 14.2 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

Process ChemistryPower Plant Engineering Course Manual

USNRC Technical Training Center 4-29 Rev. 0892



Power Plant Engineering Course Manual Process Chemistry

Table 4-5. Soluble Metal Ions

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 = rnetastable variant
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H (GAS) 

e+ zrte 

e so+ H-

He a COPPER 
ZINC (Zn) H+H+(CU) 

SULFURIC ACID ELECTROLYTE 

INSULATING MATERIAL 

Figure 4-1. Voltaic Cell Operation
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Table 4-6. Resin Affinity

USNRC Technical Training Center 4-33 Rev. 0892

Cation Resin Anion Resin 

Fe+ I__ _1

Ba++ NO" 

Sr++. Br 

Ca++ HSO4" 

Cu++ CC1 

Zn++ HCO3" 

Ni++ 103I 
Co++ SiO2" 

Fe++ OH" 
Mg++ F 

Ag+ 

Ti+ 

Cu+ 

Cs+ 

Rb+ 

K+ 

-- N a+ 

H+ 

Li+

NOTE: The degree of resin affinity for cations or anions decreases from top to bottom

Process ChemistryPower Plant Engineering Course Manual

USNRC Technical Training Center 4-33 Rev. 0892



Power Plant Engineering Course Manual Process Chemistry

3NC (Zn) " 

SULFURIC ACID ELECTROLYTi 

INSULATING MATERIAL 

Figure 4-1. Voltaic Cell Operation
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-++

OH
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Figure 4-2. Corrosion of Iron
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REDUCTION: 02 + 2H2 0 +4eC--,- 401-H 

OXIDATION: M -- MW + e"

Figure 4-3. Crevice Corrosion
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Figure 4-5. Pitting Corrosion
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Figure 4-6. Cu-Zn Galvanic Cell
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Figure 4-7. Intergranular Corrosion
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S03

CATION RESIN

CH3

OH
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Figure 4-10. Common Resin Representations 
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INLET
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SUPPORT LEG (TYPICAL) RESIN TRANSFER OUTLET

Figure 4-11. Deep Bed Demineralizer
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RESIN COAT 

CARTRIDGE

Figure 4-12. Typical Filter/Demineralizer Unit
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'Power Plant Engineering Course Manual Print Reading
5.0 PRINT READING .  

Learning Objectives 

After'studyinj this-chapter, you should be able 
to: 

"1: 'Describe the characteristics of a "con
trolled" drawing and an "information only" 
drawing.  

2. For a piping and instrumentation drawing 
(P&ID): 
"a. Trace a flow path from the source 

'through t'othe 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 spicific valve.  
d. Determine the meaning of the nota

tions used on a specific piping ruo.  

3. For elementary 6lecirical drawings (con
-' tr6l wiring diagrams): 

a. Determine whether specific relay con
tacts are shown open or closed; and 
"what actuates them to the other condi
tion.  

b.: Trace a start/stop'signal through to the 
closing/trip coil.  

4. Use one-line electrical distribution system 
drawings to determine system and compo
nent voltages.  

5. Given a logic -diagram for an actuation 
-function and the status of the accompany

"- ing inputs,'determine the'outprut condition 
"of the function.  

6. Describe the characteristics of coincidence 
'logic and selective coincidence logic.  

5.1 'Introduction -

Nuclear plant personnel must be familiar with 
many different types of technical reference docu-

ments to perform assigned job functions.: Me
chanical and electrical schematics and drawings 
(often referred to as prints) are among the-most 
important. New personnel must quickly learn to 
interpret piping and instrumentation drawings 
(P&IDs) and one-line electrical drawings.  

Because each plant produces their drawings in 
a slightly different format, this ,chapter'presents 
examples of drawings from several plants. Expo
sure to several different formats will allow stu
dents to understand'other formats that they may 
encounter in the future.  

5.2 Cateeories of Dravjings 

Drawings and schematics are often catego
rized by drawing purpose. -Purposes include: 

To describe piping system connections, 
accomplished in piping and instrumenta
tion drawings (P&IDs).  

0 To describe electrical coni-rol circuitry for 
breakers or motors, accomplished in con
trol circuit wiring diagrams.  

"* To describe power supplies, loads and the 
electrical connections between 'them, ac
complished in one-line electrical draw
ings. 

• To describe the 'conditions required for 
automatic operation ofsystem components, 
accomplished in logic diagrams.  

• To describe the physical location of equip
ment components with respect to one an
other, accomplished in plan views, eleva
tion drawings, and -isometric drawings.  

- Isometric drawings are used to show spa
tial arrange-rments of t'ree-dimensional pip
ing systems or components on a two-di
mensional surface using 1200 angles and 
same-scale (isometric) foreshortened 
lengths.
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5.2.1 Drafting Organization 

Several different orgaiization's produce draw
ings for use at commercial nuclear power plants.  

Examples include: 

"• Vendor - usually provided with vendor 
manuals f6r specific pieces of equipment, 
such asGE turbines.  

" Plant architect/engineer - used for both 
construction and system modifications.  

Utility engineering department - normally 
takes responsibility for maintaining and 
modifying plant drawings after plant be
gins operating.  

5.2.2 Status of Modifications 

Drawings are also categorized by the status of 
changes and modifications that have been made to 
a system. The following are common examples of 
the drawing categories used at a nuclear plant: 

0 As-designed drawings - reflect the origi
nal design for the system (often modified 
during construction due to uniforeseen in
terferences).  

* Baseline orAs-Built drawings - reflect the 
current as-is conditions in the plant.  

0 Interim drawings -reflectproposed changes 
to a baseline drawing or modifications not 
yet installed.  

9 Construction drawings - interim drawings 
used to modify the plant.  

0 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 some-

times even testing drawings) can exist simulta
neously for the same system. Additionally, cur
rent system component lineups may have been 
altered from that shown on the plant drawings to 
perform surveillances, maintenance, testing, or 
temporary alterations. The drawing user must 
ensure that the P&ID selected is proper for the 
intended use and that any short-term alterations to 
the system are known.  

5.2.3 Controlled vs. Information Only 

Copies of official plant drawings are typically 
maintained in files at several locations throughout 
the plant. Each of these locations will have either 
"controlled" or "information only" copies, de
pending on the normal usage at that location.  

Controlled copies are maintained up-to-date 
by authorities designated in the standard operating 
procedures and can be found only in designated 
locations. These drawings are the most accurate 
and up-to-date drawings available, and all revi
sions and Engineering Change Notices (ECNs) 
have been entered on them. Only controlled 
drawings should be used for construction, mainte
nance, operations, or testing. Although each plant 
uses different identification methods, controlled 
drawings can always be easily identified. The 
most common method includes a specific color of 
paper and/or a large red "CONTROLLED" stamp 
on each drawing. A complete set of controlled 
drawing copies is normally maintained in or near 
the control room of every plant.  

Drawing copies not identified as "controlled" 
are normally identified as "information only" cop
ies. Information only copies are used for reference 
and training. They may be obtained by making a 
non-controlled copy of a drawing from one of the 
designated "controlled" locations. Also, some 
plants may provide operator trainees with infor
mation only copies of the most commonly used 
diagrams. Information only copies are frequently 
a different color from controlled drawings and are 
stamped "INFORMATION ONLY."

USNRC Technical Training Center 5-2 Rev. 0197
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5.3 Print Reading Fundamentals 

Drawings and schematics of all types (except 
training'department sketches) are often referred to 

as prints. Every print will contain standard infor
mation required to identify the print, the equip
mIent or systems shown on the print, and any cross
referencing with oter prints. 'These functions are 
accomplished by print indexes, title blocks, num
bering systems, and grids.  

5.3.1 Indexes 

Print indexes are usually organized by draw
ing purpose. There is one index for all P&ID 
drawings, another for all one-line electrical draw
ings, etc.' Each index contains the print number 
ind a brief description of the system(s) included in 

the print.' Figure 5-1 is a copy of a partial print 
index.  

Other indexes that are usually provided with 
prints include an equipment list, valve designation 
listý and instrument list. Equipment lists usually 
include- the equipment noun name and number, 
print number and 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, vaive size, pressure rating, ad valve 
ty'pe. og..dv.  

Instrument lists usually include the instrument 
identification number, brief description, P&flD 
drawing number, one-line electrical drawing num

ber, logic diagram number, and the location or 

panel number of the instrument readout.  

5.3.2 Title Block' 

All plant drawings or prints have a title block 

in the lower right hand comer. A very simple title 

block is shown in Figure 5-2. All title blocks 
should include:

Origintn oranization or company 
name, 

- Drawing title,

Drawing numnber, '0

• Drawing revision number, and'

* Approval notations.  

Revision history blocks are often included 
with the title block to document all changes made 

to the drawing since it was originally produced.  

5.33 Numbering Systems 

Most plants have a'unique numbering system 
for both their printti and the equipment shown in 
the prints. The following information is usually 
included in the'print numbering system.  

Unit (for l'acilities with 'more than o6ne 
unit), : 

System, (ie., reactor coolant, auxiliary 
steaim), and '. .  

* Drawing purpose (P&lD, one-line electri
cal, logic diagrams).  

Equipment numbering systems usually include 
the following information: 

System (ie. reactor coolant, auxiliary 
steam), 

-- Component type (ie. pump, valve, tank), 
and 

Component number - Unique numbers are 
given to each component in the system.  
For example, valves in a system will be 
numbered "1,2,3, ..'." Niimbers in the one 
thousand series may be assigned to smaller 
instrument (line) valves.

* - -. ' Rev. 0197 
USNRC Technical Training Center 5-3

Power Plant Engineering Course Manual Print Reading

- Rev. 01975-3USNRC Technical Training Center



Power Plant Engineering Course Manual Print Reading
5.3.4 Grids 

Most prints have a grid system labeled on the 
edges of the drawing (see Figure 5-2). Typically, 
the horizontal axis is numbered from right to left 
and the vertical axis is lettered from bottom to top.  
The grid system is used to locate individual com
ponents. The grid system also allows components 
and piping connections on other prints to be refer
enced with appropriate drawing numbers and grid 
locations.  

5.3.5 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 include the effective dates and approval signa
tures. The part of the drawing affected by the 
revision may be identified by a small triangle 
containing the revision number, or 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 modi
fications that have not yet been annotated on the 
formýl drawing. Other plants use different identi
fication methods, for these recent revisions, such 
as colored paper or green-line annotations.  

5.4 Piping and Instrumentation Diagrams 

P&IDs are used to describe piping systems 
throughout the plant. P&IDs are usiually used to 
determine and/or verify one or more of the follow
ing: 

The function of a valve or other compo
nent known to exist in the plant; 

" The identification number of a system com

ponent; 

"• Valve lineups necessary to establish a de-

sired flowplath or isolate a specific compo
nent for maintenance; 

"* The cause of an undesirable flow restric
tion 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; 

and 

"* Valve types and pipe sizes.  

5.4.1 P&ID Symbols 

P&IDs use symbols to represent components 
in a system and to show the physical relationships 
between components. P&IDs also show where 
instrumentation is provided for measuring and 
indicating variables and control processes.  

To interpret the information provided on 
P&IDs, personnel must be familiar with the sym
bols used on the prints. The P&ID legend or 
symbol list includes the name and a brief descrip
tion of each symbol. Usually P&ID legends from 
different plants are slightly different; however, 
many common symbols are consistent throughout 
the industry.  

An example of a P&ID symbol list is included 
in Figure 5'-2. Figures 5-3 and 5-4 provide en
larged views of portions of the symbol list shown 
in Figure 5-2.  

P&IDs are typically drawn to show compo
nent lineups'as they exist during normal it-pdwer 
operation of the plant. Therefore, the valve sym
bols are shaded to indicate whether the valves aie 
normally open or normally closed when the plant 
is operating at power.  

5.4.2 P&ID Examples 

The following sections discuss examples of 
different types of P&IDs.

USNRC Technical Training Center 5-4 Rev. 0197
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5.4.2.1 Diesel Generator- Air Start System 

Before attempting to gather information from 

a P&ID drawing,_the user should have a basic 
understanding of the system operation. This can 
be accomplished by referring to the simplified 
training department sketch of the system.  

Figure 5-5 is a training department sketch of an 
.emergency diesel gene-ator air start system.- This 
systemrovides low pressure air to two airmotors 
that move the engine crankshaft until the combus
tion cycle takes over. This is accbmplishled by 
"supplying air to an air relay valve through a sole
noid operated valve and two valves that are open 
when the air motors are engaged with the crank
shaft flywheel. -When the air relay.valve is sup-

5) provide control signals for compressor opera
tion. Relief valves SA-154, SA-158, SA-177, SA
178, SA-179, and SA-180 (F-4,B-4,F-6,E-6,and 
C-6) provide overpressure protection at 250 psi.  

The piping from the air receivers to valve SA
198 is normally pressurized. To start the diesel 
generator, solenoid valve SA-192 is opened al
lowing air to flow through lower motor valve SA
8-2B-2 and upper motor valve SA-8-2B-I-to the 
top of air relay valve SA-196, opening SA-196.  
•This allows air from the left side of diaphragm
operated air valve SA- 198 to pressurize the top of 
the diaphragm and open the valve. When SA-198 
i s opened, air flows through the air line lubricator 

-SA-7-2B and is applied to the upper and lower air 
motors to start the diesel: When the diesel reaches

--plied with air, the main air supply will reach the air. :, self-sustaining speed, SA- 192 is dumped, airbleeds 
motors and start the diesel., off the top of SA-196 until it shuts, and then SA

. ... .. - ' .- , ,198 shuts. -. - .  
.. Figure 5-6 is a portion of the P&ID~for the .  

diesel air start system. It is more detailed than the 5.4.2.2 Auxiliary Feedwater and Steam 
F training department, sketch -and contains valve Generator Blowdown Systems 

types, valve identification numbers, pressure , -.  
switches and indicators, alarms, and relief valves... Figures 5-7 and 5-8 show, portions of the 

auxiliary feedwaterand steam generator blowdown 
The diesel air start system P&ID indicates that_- systems. On figure 5-,7, which is a copy 6fdraiving 

valves SA-153 (grid location D-6), SA-170 (B-6), ... 11405-M-253, Sheet 4, an interconnection arrow 
and SA-190 (C-5) are normally closed gate valves., at grid location F-8 is labelled '"To Steam Genera
.SA-165 (C-3) is a normally closed globe valve.- - torRC-2A." The arrow indicates the print number 
SA-192 (D-3) is the solenoid valve referred to in and grid location of the connecting piping. .The 
the training drawing and SA-196 (C-3) is the air direction of the arrow indicates the normal direc
relay valve, both of which are normally closed. Ition of fluid flow through the interconnecting 

piping. The interconnection arrow indicates that 
One of the most importantfunctions ofaP&ID 'the continuation of this pipe can be found on 

is to provide information on the location and,-. drawing number 1 1405-M-253 (sheet .1) at -grid 
function of all -sensing and control elements used location D-6. On Figure 5-8, which is a-copy of a 
in the system. The legend on the bottom right of-, ,portion-of drawing 11405-M-253 (sheet 1), the 
the print provides instrumentation details. For -connecting piping -can be seen entering steam 
example, pressure switches 4 and 6 (PS-4 at C-4. generator RC-2A at grid location D-6.  
and PS-6 at E-4) provide both local and remote. - .. .. - ... .
alarms and computer inputs Y3360 and-Y3361. The configuration of the piping, valves, and 
The location of these alarms could be determined instrumentation on a P&ID is not determined by 
by referring to PA-3360 and PA-3361 in the in- -the physical configurations in the -plant. The 
strument log list. Pressure indicators 6 and 7 (PI- MIP&lD configurations are positioned by the artist as 
6 and PI-7 at C-4 and E-4) provide local indication P necessary to clearly depict flowpaths, compo
of starting air pressure. PS-3 and PS-5 (E-5 and B- nents, and instrumentation connections. Isomet-
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ric and/or construction drawings provide an accu
rate representation of the actual physical configu
ration of the piping and components.  

Figure 5-7 shows piping identification num
bers and construction drawing references. In grid 
location D-7, the feedwater piping has a 4-inch 
diameter and has characteristics that can be found 
by referencing piping specification FW- 1600. The 
reader should refer to isometric drawing IC-343 
and/or IC-344 for details regarding the exact pip
ing dimensions, bends, and fittings used in this 
stretch of piping.  

In the upper left hand comer of Figure 5-7, 
there is a dashed line indicating that some of the 
components are located in the containment build
ing and others are located in the atixiliary building.  
At grid location F-8, there is a box labelled M-97, 
which symbolizes the penetration through which 
the piping passes as it enters the containment 
building.  

On Figure 5-7, the diamond-shaped symbols 
containing numbers at grid locations E-7 and E-8, 
indicate the'ASME classification for this piping.  
The diamond containing the numbers 2 and 3 near 
HCV-1107B indicates that piping and compo
nents of higher ASME classification (level 2) are 
required downstream of this symbol. Pipihg and 
components of lower ASME classification (level 
3) are sufficient for upstream positions of the 
system. The rest of the diamonds in these grid 
locations are shaded black in one half and contain 
a number in the other half. Again, theside with the 
number indicates the ASME classifiction that 
must be met by the piping and comp•nents in that 
direction. The side with the black shading indi
cates that the piping and components ifi that direc
tion do not have to meet any AS ME classification 
requirements or specifications. See Figure 5-4 for 
further explanation of these symbols.  

Again, refer to figure 5-7 at grid location E-8.  
Note that HCV-1 107B is a diaphragm-operated 
gate valve shown in the closed positition. The 
letters "HCV" in the valve number mean "hand

control valve" and can be determined by referring 
to the symbol list in Figure 5-4. Other valve 
identifiers contain the letters "FCV" (flow control 
valve), "PCV" (pressure control valve, "TCV" 
(temperaturi control 'valve), etc.  

On some P&IDs valves are identified as to 
their fail position upon loss of air pressure or loss 
ofelectrical power. The letters FO (fails open), FC 
(fails closed), or FAI (fails as is) are placed near 
the valve operator.  

5.5 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
9, 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 conduc
tors and components in the circuit.  

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 efiergy transfer (as opposed to the current 
paths) between sources and loads. This course 
deals almost exclusively with one-line electrical 
diagrams.  

5.5.1 Purposes 

One-line electrical diagrams are used to de
scribe the paths available from power supplies to 
loads. These diagrams are usually used to deter
mine one or more of the following: 

"* The power source to a component, 

"* The prerequisites for energizing or deen
ergizing a component,
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0 The sequence of events when a control 

.switch is repositioned, and 

* The location of one'component with re

spect to another component.  

5.5.2 Symbols and Notation 

Like P&IDs, one-line electrical diagrams use 
symbols and notations to represent componerits in 

--a system and to show the physical relationships 
between components. The following information' 
is usually included on one-line diagrams: 

* Manufacturer's type designations-and rat
ings of devices, 

* Transformer identification'numbeis' and 
ratios, 

0 Power transformer connection types (ie, 
wye, delta), 

* Circuit breake-r ratings in volts and am
peres, 

* Switch and fuse ratings in volts and am
peres, 

0 Relayfunctions(devicefunctionnumbers), 

* Voltage, phase and frequency of all buses, 
and 

* Size and type of cables.  

To interpret the information provided on these 
diagrams, operators must be familiar with the 
legend, which describes the symbols and notation 
used on the diagram. A typical legend is shown in 
"Figure 5-10. Additionally, Appendix A at the end 
of this chapter provides a list of standard device 
numbers used throughout the industry in one-line 
electrical diagrams. For example, 51 is the stan
dard device number for an AC overcurrent relay, 
therefore, all the contacts associated with this type 

* of relay would be identified with the prefix or

suffix 51.  

Circles are used to represent meters, relays, 
indicating lights, and motors in the legend. Usu
ally these devices can be differentiated by their 
location in the circuit; however, the following list 
of abbreviations is also used for identification.  

Meter Abbreviations:

- A - Ammeter - PH - Phase meter

• AH - Ampere-hour " SYN - Synchroscope 

meter .  

* CRO - Oscilloscope -*TD - Transducer 

"--DM - Demand meter - V - Voltmeter 

F F - Frequency meter - VA - Volt-ammeter 

* GD - Ground detector,• VAR - Varmeter

- OHM - Ohmmeter • VARH - Varhour 
meter

• OSC - Oscillograph - W - Wattmeter

SPF - Power factor 

'Reliay Abbreviations: 

CC - Closing coil 

CR - Closing/control 
relay I

meWH - Wtthou'r 
meter

*TD -Time delay relay 

*TDE - Time delay 
energize

TC T 1ip coil - 7 .TDD'-Time delay de

. .. energize 

TR - Trip relay :' X - Auxiliary relay
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Indication lamp abbreviations:

A - Amber 

B - Blue 

C - Clear

G - Green 

R - Red 

W - White

Motors usually have their horsepower rating, 
abbreviated HP, in or near the circle.  

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 associ
ated relay deenergized.

a - Breaker "aY contact 

b - Breaker "b" contact 

BAS - Bell alarm switch 

BLPB - Backlighted 
pushbutton 

CS - Control switch 

FS - Flow switch 

LS - Level switch

PB - Pushbutton 

PS - Pressure 
switch 

PSD - Differential 
pres. switch 

TDO - Time delay 
open 

TDS - Time delay 
shut 

"TS - Temperature 
switch 

XSH - Auxiliary 
switch

"a" and "b" contacts usually refer to contacts 
that have their positions determined by the posi
tion of an associated breaker. "a" contacts are 
open when the associated breaker is open and 
closed when the breaker is closed. "b" contacts are 
clbsed 'when the associated breaker is open and 
open when the breaker is closed.  

Similarly, contacts operated by relays are typi
cally shown on electrical drawings as being in the

condition (open or closed) associated with the 
relay being deenergized. If the relay is subse
quently 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. Junc
tions are normally indicated by two wires crossing 
with a large solid dot drawn at their intersection.  
This symbol is shown in the lower left hand comer 
of Figure 5-10.  

5.5.3 Examples 

The following sections discuss examples of 
different types of electrical diagrams.  

5.5.3.1 Breaker Control Circuits 

One of the most 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
11 shows the control wiring diagram for a diesel 
generator tie breaker Ti.  

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 right hand 
comer of Figure 5-11 describes the position of the 
control switch contacts for every position of the 
control switch. For example, contact 3 is shut only 
when the control switch is held in the close or trip 
position, while contact 7 is shut while the switch is 
held in the close position and after it is allowed to 
spring return from close to the neutral position.  

To close breaker TI, the closing coil (CC) 
must be energized by the 125 V DC power supply.  
This occurs when contacts 24AX-2 and 24AX-3 
are shut to provide a complete path for current
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flow from the positive terminal of the 125 V DC 
p6wer supply on the too of the diagram, through 
24AX-2, through the closirig coil, through 24AX
3, and back to the negative terminal of the 125 V 
DC power supply on the bottom of the diagram.  
Since contacts'are always shown with their asso
ciated relay de-energized, relay 24AX must be 
energized tb'shut'contacts 24AX-2 and 24AX-3.  
Therefore, to energize the closing coil and shut 
breaker TI, a complete path for current flow must 
be provided from the 125 V DC power siipply 
through either relay 24AX-HC or 24AX-PC.  

'When the control switch is placed in the close 
position, contacts CS/1B-3 and CS/lB-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 (GI or G2) is open before TI can be 
"closed. Contact 24A-IS is shut unless the TI 
'breaker is racked out for maintenance. Therefore, 
relay 24AX-HC and the closing coil will be ener
gized and breakerT1 will shutif the control switch 
is takexi to theclose position, and provided breaker 
T1 is not racked out for maintenance.  

When breaker TI shuts, the 24b-TI contact 
"-opens, de-energizing the green, breaker open, in
dicating light, and both 24a-TI contacts shut, 
energizing the red, breaker closed, indicating light, 
and preparing the trip coil '(24A:-TC) to be ener
gized. 

The trip coil is energized and the breaker is 
opened if the control switch is taken to the trip 
"position, -shutting contact'CSIB-2, or if either 
overcurrent relay contact (51/CO) closes due to 
excessive current flow through breaker TI.  

5.5.3.2 Electrical Distribution System 

Anothercommon use of the one-line'electrical 
diagram is for plant electrical distribution sys
tems.' Figure 5-12 shows a simplified one-line 
diagiam of a plant electrical distribution system.  
Figure 5-13 is amore detailed version of a one-line 

USNRC Technical Training Center

diagram.  

"The distribution system diagram describes the 
power flow path from the source to ach of the 
major switchboards. It includes'a11 major electri

.cal 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 arrange
ment 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 diagrm..  

5.6 Logic Diagrams 

Logic diagrams are used to describe the condi
tions 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 c6ntrol 
function causes the reactor to scram automati
cally. Logic diagrams" are usually used by opera
tors for one or more of the following reasons: 

* Determine which'systems provide inputs 
to a control function; 

* Determine -how many instnrments must 
fail before acontrol functionis 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 orminimum sys
tem conditions'allowed before a control 
function occurs.  

5.6.1 Logic Diagram Symbols 

The symbols used in logic diagrams represent 
the logic devices, which are normally called logic 
gates. Figure 5-14 shows the common AND, OR, 
and NOT logic gates.- These are the most com
monly used symbols in commercial power plant

- ' . Print RealingPower Plant Engineering Course Manual
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logic diagrams. igur 5-14 also shows the sym
bol for a retentive memory device. Additional 
logic diagram symbols are explained on Figure 5
15. Figure 5-16 shows a portion of a typical logic 
diagram legend.  

As shown in Figure 5-14, the output of a logic 
gate is determined by the combination of inputs. A 
NOT gate is the simplest of the logic gates. The 
output of aNOT gate is always the opposite of the 
input.  

The output of an OR gate will be a "1" if any 
of the inputs are a "1." No matter how many input 
lines there are to an OR gate, if one or more of the 
inputs are a "1," the output will be a "1." 

The output of a simple AND gate will be a "1," 
ifaU of the inputs are "1's." If any of the inputs to 
a simple AND gate are 'V", the output is "0." 

In some logic diagrams, AND gates are shown 
with two numbers, such as 2/4, inside the gate 
symbol. The output of this type of AND gate will 
bea" 1"if m_.2 ofthe 4 inputs are "l's." Thistype 
of gate is still called an AND gate because multiple 
inputs must be a"1" to have a" 1" output. This gate 
is often called coincidence logic because multiple, 
but not all, inputs have to be present at the same 
time to produce an output from the gate.  

A variation on coincidence logic is the selec
tive 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.  

The output of a retentive memory logic gate is 
determined by the last input to receive a "1." The 
input circuits for these gates are arranged such that 
the gates never receive a "1" from both inputs at 
the same time. Therefore, their output is always

determined by the last input to be a "l." Retentive 
memory gates also remember their last input sig
nal even if power is lost to the circuit; they restore 
the appropriate output when power is restored.  

5.6.2 Logic Diagram Examples 

The following 'sections discuss examples of 
different types of logic diagrams.  

5.6.2.1 Simplified Reactor Trip 

Figure 5-17 shows a simplified version of a 
reactor trip logic diagram. The circuit will cause 
an automatic scram of the reactor if certain plant 
conditions occur.  

Oýen the easiest way to analyze a logic dia
gram is to 'work backward from the final output. In 
Figure 5-17, a reactor trip will occur if any of the 
inputs to the bottom OR gate are "l's." Except for 
the "Other trip signals" input, all of the inputs to 
this OR gate come through the row of AND gates 
just above the OR gate. The output of the AND 
gates will be a "1" if the output from the P-7 
Permissive Logic circuit is a " 1" and if any of the 
following conditions are true: 

"* Two of four reactor coolant pump 
undervoltage signals are received.  

" Two of four reactor coolant pump 

underfrequency signals are received.  

" A turbine trip signal is received.  

" Either two of four reactor coolant pump 
breakers are open, or two of four reactor 
coolant system low flow signals are re
ceived.  

" Two of three pressurizer high level signals 
(greater than 92%) are received.  

"* Two of four pressurizer low pressure sig
nals (less than 1970 psig) are received.

USNRC Technical Training Center 5-10 Rev. 0195
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Finally, the output of the P-7 Permissive Logic 

circuit will be a "1" if either of the following 
conditions are true: 

1. Two of the four nuclear instrumentation 
power range signals are greater than 10%.  

2. Either of the two turbine first stage steam 
pressure signals are greater than 10%.  

The purpose of the P-7 Permissive Logic cir
cuit is to prevent inadvertent reactor scrams due to 
this circuitry when the reactor is being started up 
(ie. less than 10% power or 10% pressure in the 
turbine first stage).  

5.6.2.2 Detailed Reactor Trip and Safety 
Injection 

Figure 5-18 is a detailed logic diagram for 
several pressurizer pressure functions. It shows 
the inputs from the pressurizer instrument systems 
to the reactor trip and safety injection functions.  
The pressurizer low pressure logic shows more 
detailed portions of the simplified logic diagram 
presented in Figure 5-17.  

In the pressurizer low pressure diagram, two 
of four signals from the instrument bistables and a 
signal from the P-7 circuitry (which is shown on 
Figure 5-18) produce a signal for a reactor trip. As 
described in the legend (see Figure 5-16), the 
larger circles with PB and a number represent 
pressure bistables. The C in a square represents a 
computer input from the bistable, the T in the 
circle represents a trip status indicator light, and 
the A in a triangle represents an alarm annunciator.  
The "step down" located to the right of each low 
pressure bistable indicates that the bistable output 
will be a "1" when the pressure decreases below 
the setpoint. The "step up" located to the right of 
the 3 pressure bistables indicates that the bistable 
output will be a "I" when level increases above a 
setpoint.  

Note the AND logic gate with three inputs, two 
of which come from the pressurizer SI block

control. If the operator places the block control 
switch in BLOCK, a "1" will be sent to the AND 
logic gate via an OR logic gate. If the other inputs 
to the AND logic gate are "I," the output will be a 
"1." The NOT logic gate will produce a "0" output 
thereby preventing (or blocking) a safety injec
tion. The block signal is "sealed in" by the OR 
logic gate because it receives an input from the 
output of the AND logic gate.  

5.7 Summary 

This chapter has provided an introduction to 
print reading. There are several different types of 
prints including P&IDs, one-line electrical dia
grams, and logic diagrams. Each diagram serves 
a different purpose and provides users with differ
ent types of information. To fully understand the 
plant systems and their operation, personnel must 
be able to locate, recognize, and interpret informa
tion available on these diagrams.  

Each plant maintains their diagrams in a dif
ferent manner and may use slightly different sym
bols and numbering systems; however, each set of 
prints contains a legend that should always be used 
to clarify any doubts or uncertainties. The funda
mentals presented in this chapter apply to the 
majority of prints in the industry.
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ONE LINE DIAGRAM OF ELECTRICAL DISTRIBUTION 
345 KV 

3451-4 i 3451-5

Figure 5-12. Electrical Distribution System Sketch
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INPUTS 

A B

OUTPUT

INPUTS 

A=1, B=0 

A=0, B=1 

A=A, B=I 

A=0, B=0
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A. OR Logic

INPUT 

OUTPUT

INPUT 

1 
0
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C. NOT Logic
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A=0, B=0 
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B. AND Logic
+

INPUTS 
A B

OUTPUT 

INPUT OUTPUT 

A=1 0 
B=1 1 

D. Retentive Memory

Figure 5-14. Logic Functions
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ALARM LIGHT 

COMMON 
REACTOR TRIP 
TURBINE TRIP 

BISTABLE 

PRESSURE BISTABLE Eý 
HAS OUTPUT WHEN INPUT EXCEEDS SETPOINT .  
HAS OUTPUT WHEN INPUT IS BELOW SETPOINT " 

COMPUTER INPUT (Z OR [•1 

DISPLAY 

INDICATOR 
RECORDER 

STATUS UGHT 

ACTUATION 0 
BYPASS 
PERMISSIVE 
TRIP GD

Figure 5-15. Miscellaneous Logic Diagram Symbols
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N I ULENTARI 
INSTRUMENTATION TURBINE 

POWER RANGE STAGE PRESS.' 
> 10% > 10%

RCP 
BREAKER

RCP

RCP 
UNDER FREQUENCY

RCS LOOP 
LOW FLOW

PZR LO PRESS

PZR HI LEVEL 
>92%

SIGNALS

Figure 5-17. Training Sketch of Reactor Trip Logic
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APPENDIX 5A. 'STANDARD ELECTRICAL 
DEVICE NUMBERS AND FUNCTIONS 

5A.1 Purmose of Device Function Number 

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 alutomatic and a~utomatic and in iiiany types 

-of manual switchgear.- These numbers are to be 
--lused on drawings, on elementary and connection 

diagrams. in instruction books, in all publications, 
and in specifications.

- Note: ,These 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 oi 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.  

5A.2 Standard Device Function Numbers 

Standard device function numbers, each with 
its corresponding function name and thegeneral 
description, of each function, are listed below: 

Note: When alternate names and descriptions 
are included under the function, only the name and 

- description which -applies to each specific case 
- should be used. In general, only one name for each 
device, such as "'relay," .. contactor," "circuit 
breaker," "switch." "monitor," or other "device" 

-. is included in each function designation: How
ever, when the function is not inherently restricted 
to any specific type of device and where the type 
of device itself is merely incidental, any one of the 
above listed alternative names, as applicable; may 
be substituted. For example, if f6r device function 
6 a contactor is used for the purpose in place of a

* circuit breaker.the function name should be speci
fied as Siarting'Contactor.  

Numbers from 95 to 99 should be assigned only 
"for those functions in specific casei'where none of 
the assigned standard device function numbers are 
applicable. Numbers that are "'reserved for future 
application" should not be used. -

1. MASTER ELEMENT is _the'initiating'de
vice, 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-DELAYSTARTING OR CLOSING 
-RELAY is a device that fun ctions to give adesired 
amount of time delay before or after any point of 
operation in a switching sequence or protective 
relay system, except as specifically provi-ded by 
device functions 48, 62, -and 79.' 

3. CHECKING OR INTERLOCKING RE
LAY is a relay that opeirates in response to -the 
position of a number of other devices (or to a 
number of predetermined conditions) in an eqiuip
ment, 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 pur
pose.  

4. MASTER CONTACTOR is a device, gener
ally controlled by device function 1 or the equiva
lent and the required permissive and protective 
dev'ices, that serve•s to m ake -and break the neces

:.sary, control circuits to place 'an equipment into 
operation under the desired conditions and to take 
it out of operation under other or abnormal condi
tions.  

5. ý STOPPING DEVICE is a control, device 
--used primarily to shut down an-equipment and 

hold it out of operation.". This device maybe 
manually or electrically actuated, but excludes the 
function of electrical lockout (see device function 
86) on abnormal conditions.

USNRC Technical Training Center SA-l
Rev.0892

Power Plant Engineering Course Manual Standard Electrical Devices

USNRC Technical Training Center 5A-I



Power Plant EngiDeering Course Manual Standard Electrical Devices
6. STARTING CIRCUIT BREAKER is a de
vice 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, orpullout 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 equipments.  

11. Reserved for future application.  

12. OVERSPEED DEVICE is usually a direct
connected speed switch which functions on ma
chine 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 ap
proximately 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.

USNRC Technical Truining Center 5

'i- 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 arma
ture, 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 functibn 
73 that serves for the switching of resistors.  

18. ACCELERATING ORDECELERATING 
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 TRANSI
TION CONTACTOR is a device that operates to 
initiate or cause the automatic transfer of a ma
chine from the starting to the running power con
nection.  

20. VALVE is one used in a vacuum, air, gas'. oil, 
or similar Ilife, 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 reac
tance 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 
fora machine field, or for regulating equipment. in 
a multiple-unit installation.  

A-2 Rev. 0892
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23.-TEMPERATURE CONTROL DEVICE is 
a device that functions to raise or lower the tem
perature of a machine or other apparatus. or of any 
medium, when its temperature falls below, or rises 
above, a predetermined value.  

Note: Afn example is a thermostat that switches 
"on a spice heater in a switchgear assembly when 
the temperature falls to a desired vtalue as distin
guished from "a d6viceý that is used to 'provide 
automatic temperature regulation between close 
limits and would be designated a-s device function 
_90T.  

24. Reserved for future application.  

25. SYNCHRONIZING OR SYNCHRONISM
CHECK DEVICE is a device that operates when 

'two 'alterfiatiiig ctrrent circuits are within the 
desired limits of frequency, phase angle, or volt
age, 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 'ofth*e amo -tsseur winding of a ma
"chine, oirthat ofaload limiting or load shifting 
resistor -o of a liquid or other medium, exceeds a 
predeterTined value; or if the temperature of the 

"protected apparatus. such as apowerrectifier, orof 
any medium decreases -below a predetermined 
value.  

27.' UNDERVOLTAGE RELAY is a relay that 
"functions on agiven value of undervoltage.  

28. FLAME DETECTOR is a device that m6ni
tors the presence of the pilot or main flame in such 
apparatus as a gas turbine or a steam boiler.  

S29. ISOLATING CONTACTOR isadevice that 
is used expressly for'disconnecting ,one circuit 
from another for the purposes of emergency 'op
eration, maintenance, or test.  

, 30. ANNUNCIATOR' RELAY is- a 
nonautomatically reset device that gives a number

Sof separate visual indications upon the functioning 
"of protec-tve 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 powver rectifier.  

32. DIRECTIONAL POWER'RELAY is a de
vice 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 r'ectifier.  

33.'POSITION SWITCH is'a switch tha-t makes 
or breaks contact when the main device or tiece of 
apparatus, which has no device function number, 
reaches a given position.  

34. MASTER SEQUENCE DEVICE is a de
vice 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.majoi devices in an 
equipment during starting and siopling or during 
other sequential switching operations.  

35. BRUSH-OPERATING OR SLIPRING 
""SHORT-CIRCUITING DEVICE is adevice for 

raising, lowering, or shifting the' bruslies of a 
machine, or for short-circuiting its sliprings. or for 

" engaging or disengaging the contacts of a~me
"chanical rectifier. '

-36. POLARITY OR POLARIZING VOLT
AGE DEVICE is a device that operates. or per
mits the operation of, another device on a predeter
mined 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.

USNRC Technical Training Center 5A-3 Rev. 0892
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38. BEARING PROTECTIVE DEVICE is a 
device that functions on excessive bearing tem
perature, or on other abnormal mechanical condi
tions associated with the bearing, such as undue 
wear,,which may eventually result in excessive 
bearing temperature or failure.  

39. MECHANICAL CONDITIONMONITOR 
is a device that functions upon the occurrence of an 
abnormal mechanical condition (except that asso
ciated with bearings as covered under device func
tion 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 ma
chine field current, or on an excessive value of the 
reactive component of armature current in an AC 
machine indicating abnormally low field excita
tion.  

41. FIELD CIRCUIT BREAKER is a device 
that functions to apply or remove the field excita
tion of a machine.  

42. RUNNING CIRCUIT BREAKER is a de
vice 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 orý 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 trans
fers 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 MONI
TOR is a device that functions upon the occur-

rence of an abnormal atmospheric condition. such 
as damaging fumes, explosive mixtures, smoke. or 
fire.  

46. REVERSE-PHASE OR PHASE-BAL
ANCE CURRENT RELAY is a relay that func
tions when the polyphase currents are of reverse
phase sequence, or when the polyphase currents 
are unbalanced orc ontain 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 THER
MAL 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 trans
former (including a power rectifier transformer) 
exceeds a predetermined value.  

50. INSTANTANEOUS OVERCURRENT OR 
RATE-OF-RISE RELAY is a relay that func
tions 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 charac
teristic 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

USNRC Technical Training Center 5A-4 Rev. 0892
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under fault or emergency conditions.  

53. EXCITER OR DC GENERATOR RELAY 
is a relay that forces the DC machine field excita
tion to build up durinfg starting or'%ýhich ftinctions 
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 ýAC 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 predeter
mined point in the slip cycle.  

57. SHORT-CIRCUITING OR GROUNDING 
DEVICE is a primary circuit switching device 
that functions to short-circuift 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 rectifierffail to fire, or to deteci an arcback, 
-or on failure of a diode to conduct o" block prop
erly.  

59. OVERVOLTAGE RELAY is a relay that 
functions on a given value of overvolfage. I,

60.VOLTAGE OR CURRENT BALANCE 
-RELAY is a relay that operates on a given differ
ence in voltage, or current input or output, of two 
circuits.  

61. CURRENT BALANCE RELAY is a device 
which actuates on a given difference incurrent 
input or output of two circuits.

62. TIME-DELAY STOPPING OR OPENING 
RELAY is a time-delay relay that serves in con

--junctionwWith' the 'device that initiates the shut
'down, stopping. or opening operation in an auto
matic 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 re
lay that functions' on failure of the insulation of a 
machine, transformer, 'or, of other apparatus to 
"ground, oron flashover of a DC machine t6 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 stmicture'6f a piece 

-of apparatus to ground, oi detects a ground on a 
normally ungrounded windinfg or circuit. It is'not 
applied to a device connected in the secondary 
circuit of a current transformer, or in the secondary 
neutral of cuirrent transformers, 6onnected'in the 
power.  

65. GOVERNOR is'the assembly of fluid, elec
trical, or mechanical control equipment used for 
regulating the flow of water, steam, or other me
dium to'the prime m6ver 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 equip
ment, or a-specified number of successive opera

t tions within a given time of each other. It is also 
a device that functions to energize a circuit peri
odically or for fractions of specified time inter
vals, or that is used to permit intermittent accelera
tion'or jogging of a machine at low speedsý for 
mechanical positioning.  

67. AC DIRECTIONAL OVERCURRENT 
,:'RELAY is a relay that functions on a desired value 

of AC overcurrent flowing in a predetermined 
directior.  

'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 

r-under piedetermined-cofiiditions., or cooperates 
"with' other 'devices to block tripping or toblock
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reclosing on an out-of-step condition or on power 
swings.  

69. PERMISSIVE CONTROL DEVICE is gen
erally 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 oper
ated.  

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.  

72. DC CIRCUITBREAKERisacircuitbreaker 
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, 
that is used to operate, or to operate in connection 
with. a visual or audible alarm.  

75. POSMITON 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 func
tions on a predetermined value of frequency (ei
ther 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 com
plete electrical mechanism' or servomechanism.  
including the operating motor, solenoids. position 
3witcdaes, etc., fora tap changer, induction regula
tor, or any similar piece of apparatus that other
wise 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

U�NRC Technical Training Center 5A-6
Rev.0892

Power Plant Engineering Course Manual Standard Electrical Devices

USNRC Technical Training Center 5A-6



Power Plant Engineering Course Manual Standard Electrical Devices
DC pilot-wire fault directional relaying. ' 

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 somme other electrical quantities.  

88. AUXILIARY MOTOR OR MOTOR GEN
ERATOR is one used for operating auxiliary 
equipment- such as pumps, blowers, exciters, ro
tating magnetic amplifiers, etc.  

89.LINE SWITCH is a switch used as a discon
necting, 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 
'funmctioiis to fegulate -a quantity, 0rquantities.'such 

-as voltaige, c"urrienit, power, speed, frequency, tem
perature,-and load, at a certain value or between 
cýitain (gerierally close) limits for machines, tie 

-lines,'ort&her 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 DIREC
TIONAL RELAY is arelay that permits. or causes 

=the cohnecti6n" of two circuits when ihe voltige 
difference betrveen 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 ste., the value of field excitation •on a ma
chine.  

"94. TRIPPING OR TRIP-FREE RELAY is a 
relay that functions to 'trip a' circiaii bi'eaker.  
contactor, or. equipment. or to permit immediate 
tripping by other devices; orto prevent immediate 
reclosure-of a circuit inrterrupter 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.  

5A.3 Sunervisorv 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: 
REL, RE5, and RE94.  

Note:' The use of the "RE"prefix for this pu&rpose 
in place of thi former 200 series of numbers how 
makes it possible to obtain increased flexibility of 
the device furictin numbering° system. For ex-' 
ample, in pipeline pump stations, the numbers 1 
thfiough 99 are apIplied to device functions tha t are 
associated with the overall station operation. A 
similar series of numbers, starting with 101 in
stead 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 
instaflations. For switchyard use-the device func
ni6n numbers derived from the swfitch numbers.  
The common equipment will use the same'series 
as is used for the switch numbers and the equip
ment associated wiiheach bay will be ftrmulated 
by adding a zero to the series being used for the 
switch numbers.

5A.4 Suffix Letters

Suffix letters are'listed and classified indthe
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several general groupings from section- 5A.4.1 
through'5A.4.5 and m-y be'used with device 
function numbers for various purposes. They 
permit a manifold multiplication of available func
tion designations for the lairgý number and variety 
of devices used in the many iypes of equipment 
covered by this standard. Suffix letters may also 
serve to denote individual bor specific parhs or 
auxiliary contacts of these deviies or certain dis
tinguishing features, characieriitics, 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 apparaius, 
such as a feeder or motor or generator, to retain 
maximum simplicity in device function identifi
cation, 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 mean
ing, in an individual equipment. To accomplish 
this, short distinctive abbreviations', such as con
tained in Drafting Siandaids Abbreviations, orany 
appropriate combination of letters, may. also be 
used as letter suffixes, where necessary. How
ever, 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 fol
lowing manner on the necessary drawings or pub
lications' applying to the equipment: TC, Trip 
Coil; V, Voltage; X, Auxiliary Relay.  

In the cases where the same suffix (consisting 
of one letter or a combination of letters) has 
different meanings in the same equipment, de
pending 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 ineach-ciase. as follows: 63V. Vacuum 
Relay; 70R. Raising Relay for Device 70: 90V.  
Voltage Regulator.  

5A.4.1 Letters for Separate Auxiliary Devices 

These letters denote separate auxiliary de
vices, such as: 

C - Closing relay or conractor.  
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 posi
tion), 

PB - Pushbutton 
R - Raising relay 
U - "Up" position switch relay 
X, Y9 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 energie 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.  

SA.4A2 Letters for Condition/Electrical 
Quantity 

These letters indicate the condition or electri
cal quantity to which'the device responds. or the 
medium in which it is located, such as:

A 
C 
E 
F 
L 
P

- Air or amperes 
- Current 
- Electrolyte 
- Frequency or flow or fault 
- Level or liquid 
- Power or pressure

USNRC Technical Training Center SA-8
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PF - Power factor 
Q -- Oil 
S - Speed 
T - Temperature
V - Voltage or volts or vacuum 

"VAR - Reactive power 
"VB - Vibration 
W - Water or wires 

5A.4.3 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 appara
tus with which it is associated, when this is neces
sary, such as:

AC 
AN
B 
BK 

SBP 
BT 

=C 

"CA
'D 

DC 
E 
F 
G.  

H 
L: 

.M 
N 
P 
R 
S 
T 
TH 
TL 
TM.  
U

"- - Alarm or auxiliary power 
- Alternating current 

-- Anode, 
- Battery or blower or bus 
- Brake 
- Bypass 
- Bus tie 
- - Capacitor or condenser or com

- pensator or carrier current 
-Cathode* 

-. Discharge 
- Direct Current 
"- Exciter 
- Feeder or field or filament 

Generator or ground*, 
- Heater or housing 
- 'Line or logic 

-- Motor or metering.  
- Network or neutral* 
- Pump or phase comparison 
- Reactor or rectifier 
- Synchronizing or secoiidary 
. Transformer or thyratron ' 

'- "Transformer (high-voltage side) 
- Transformer (low-voltage side) 

- Telemeter 
- .Unit -

*Suffix "N" is generally used in preference to "G"

"for devicesconnected in the secondary neutral of 
current transformers or in the secondary of a 
current transformer whose primary' winding is 
loca'ted in the neutral 'of a machine or power 
transformer. In the case -of'transmission line 
relaying, the suffix -G' is more commonly used 
foir those relays that operate on ground faults: 

5A.4.4 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 or 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 
Slimit switches for such devices'and equip
ment as circuit breakers, contactors, valves 
and rheostats, and contacts of relays.  

An "a"-,contact'is open wvhen the main 
device is-in the standard reference posi
tion, commonly referred to as the 
nonoperated or deenergized position, and 
closes when the device assumes the oppco
"site position.  

A "b" contact.is closed.when the main 
device is in the standard reference posi
tion,'commonly referred to-as the 
nonoperated ordeeriergized position. and
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"opens when the device assumes-the oppo
site position.  

Standard reference position of some typical de
:es are as follows:

Stand--d Reference Position

Power Circuit Breaker 
Disconnecting Switch 
Load-break Switch 
Valve 
Gate 
Clutch 
Turning Gear 
Power Electrodes 

Rhe=,stat 
I 

Adjusting Means** 

Relay+ 
Contactor+ 
Relay (latched-in type) 
Contactor (latched-in 
type) 

Temperature Relay# 
Level Detector# 
Flow Detector# 
Speed Switch 
Vibration Detector# 
Pressure Switch# 
Vacuum Switch#

Main Contacts Open 
Main Contacts Open 
Main Contacts Open 
Closed Position 
Closed Position 
Disengaged Position 
Disengaged Position 
Maximum Gap 
Position 

Maximum Resistance 
Position 

Low or Down Posi
tion 

Deenergized Position 
Deenergized Position 
See 5A.7 
Main Contacts Open 

Lowest Temperature 
Lowest Level 
Lowest Flow 
Lowest Speed 
Minimum Vibration 
Lowest Pressure 
Lowest Pressure 

(Highest Vacuum)

"**These may be speed, voltage, current, load, or 
similar adju-sting devices comprising rheostat, 
springs, levers, or other components for the pur
pose.  

+These electrically operated devices are of the 
nonlatched-in type, whose contact position is de
pendent "nly 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.

Device

USNRC Technical Training Center SA.1O Rev. 0892

#The energizing influences for these devices are 
considered to be. respectively, rising temperature.  
rising level, increasing flow. rising speed. increas
ing vibration, and increasing pressure.  

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.  

5A.4.4.1 Auxiliary Switches with Defined 
Operating Positions 

When it is desired to have the auxiliary, posi
tion, 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 tv 
points to consider in visualizing or describing t 
operation of these position switches. The first is 
whether another contact is an "a' or "b" as indi
cated 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 whic% 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.7"high,"

Power Plant Engineering Course Manual Standard Electrical Devices
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"low." "up," and "'down,".respectively, are appli
cable. Also. other appropriate suffix letters may 
be used forspecial -'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 onlywhen 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).  

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 isopen 25% or more).  
a75 a" contac th .. ..  

contact that changes position when 
"valve is 75% open (i.e., closed only when 
valve is open 75% or more).  

b25 - "b" contact that chaifiges 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%).

5A.4.4.2 Auxiliary Switches for Circuit 
Breaker Operating Mechanisms 

For the mechanically mipfree 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" ised to 
designate the latch-checking switch of such a 
mechanism, which is closed when themechanism 
linkage is relatched after an opening operation of 
the circuit breaker.  

5A.4.4.3 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 alOOG. blOOG, alOOL, and blOOL are 
more descriptive than "LS" designations. In both 
cases they indicate whether the specific contact is 
an "a" or a "b.'"

USNRC Technical Training Center - �5A-11 - Rev.0892

: Power Plant Engineering Course Manual Standard Electrical Devices

-? oA-Ii"-USNRC Technical Training Ceniter -' "" - . •Rev. 0892



Power Plant Engineering Course Manual Standard Electrical Devices
5A.4.4.4 Torque Limit Switches 

This is a switch that is used to open an operat
ing 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 fol
lows: 

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.  

5A.4.4.5 Other Devices 

If several similar auxiliary, position, and limit 
switches are present on the same main device, they 
should be designated with supplementary numeri
cal suffixes as 1, 2, 3, etc., when necessary.  

5A.4.5. Other Letter Designations 

The following letters cover all other distin
guishing characteristics orconditions 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 of 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 

5A.4.6 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 5A.4.1 to 5A.4.3 should gener
ally form part of the device function designation 
and are usually written directly after the device 
function number, (e.g.. 52CS, 70W, or49D). 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 201)-CS).  

The suffix letters in 5A.4.4, which denote 
parts of the'main device, and those in 5A.4.5, 
which cannot or need not'form part of the device 
function designation, are generally written di
rectly below the device function number on draw
ings, (e.g., 52 or 43 

CC A 

5A.5 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.  

5A.6 Devices Performing More Than One 
Fuicntioh'a 

If one device performs two relatively impor
tant functions in an equipment so that it is desir
able to identify both of these functions; a double 
function numbe& and name, such as'50/51 Instan
taneous and Time Overcurrent Relay. may be 
used.
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5A.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 repre
sentation 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 indica
tion would consist of the numerical settings; and in 
the case of the switches, would consist of a chart 
similar to that illustrated in section 5A.4.4. 1.  

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 indicat
ing contacts on the housings or enclosures of a 
removable circuit breaker unit, the preferred 
method of representing these contacts is as an "'aW' 
switch. Each contact should, however, be identi
fied 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 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 iden
tified by the suffix letters "OUT." 

In the case of latahed-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 prefer
ably be shown in the normal nonlocking-out posi
tion. 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 neces
sary, on the elementary diagram to indicate the 
contact operation.
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6.0 BASIC ELECTRICAL 

Learning Objectives

After studying this chapter, you should be able 
to: 

1. State Ohm's Law and describe the behav
"ior of resistors in series and parallel.  

2. Explain the concept of electrical ground.  

3. State the conditions necessary for a volt
age to be induced in a conductor.  

4. Explain the significance of the root mean 
square (rms) value of an alternating 
voltage or current.  

5. Define the following properties of electri
cal circuits: 
a., Resistance 
b. Inductance 
c. Inductive reactance 

-.- d. Capacitance 
e. Capacitive reactance 

6. -Define the following terms and state the 
S unit of measurement for each: 
a. Real power 
b. Reactive.power 
c. Apparent power 

7. Describe the operation of a transformer.  

8. Describe the operation of a relay.  

9. Define power factor and describe the load 
characteristics associated with leading and 
lagging power factors.  

- 10: Describe the relationship between line and 
phase ,voltages and currents in wye and 
delta connected circuits.  

11. Explain why 3-phase AC power is pre
ferred over single-phase AC power.

12. State and describe the terms of the equa
tions for',DC power, single-phase AC 
power, and 3-phase AC power.

6.1 Electrical Fundamentals

The study of electricity is fundamentally about 
the movement and behavior of electric charges.  
Each atom contains protons and electrons that 
carry positive and negative charges. The majority
of charge movement is a result of the migration of 
negatively charged electrons. 

Conductors are materials through which'elec
tric charges move most easily. Conductor atoms 
typically have at -least one electron 'that is not 
closely held and can break free to create a moving 
charge. Examples -of good conductors include, 
metals such as copper, silver, gold, and aluminum.' 

Insulators, on the other hand, do not readily 
give up electrons and are poor conductorrsof 
electricity. Insulators are used as the "pipes" in 
electrical circuits to contain the charge move
ments along desired paths. Examples' of good, 
insulators are glass, mica, and rubber.  

Semiconductors are substances like germa
nium and silicon that are neither good conductors 
nor good insulators. Semiconductors are used to 
make circuit devices like transistors and diodes. 

An electric circuit is a network of conductors 
together with the components used to provide and 
remove or store energy from electric charges., 

6.1.1- Voltage 

Vo1tage (e) represents the work that must be 
done to move an electric charge from one position 
to the next and can be mathematically expressed

by e h 1dw where q'is the symbol for electrical 
dq 

charge and w is the'symbol for work. Voltage is 
also referred to as electromotive force (emf) or 
potential difference:.If onejoule of energy must be 
expended to move 'a positive charge from point A
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to point B, the voltage of point B is one volt (v) 
higher (more positive) than the voltage at point A.  

Voltage refers to a difference in potential and 
must be specified with respect to some reference.  
The circuit reference against which voltages are 
measured is called .round. In atrue earth-grounded 
circuit, there is an electrical connection to the earth 
and all voltages are measured against the earth's 
potential. Typical house circuits are earth-grounded 
and have voltages of about 115 volts with respect 
to the potential of the earth. Some transmission 
lines have voltages of 345,000 volts above the 
earth's potential.  

It is convenient to think of voltage as the force 
available to move charges. A battery, for example, 
has a potential difference (voltage) across its ter
minals that can be applied to charges to move them 
through a conductor.  

6.1.2 Current 

Cuiýen (i) is the rate of movement of electric 
charges through a conductor and can be math

ematically expressed by i = L The unit of 
dt 

current is the a (amp or.a).' One ampere 
exists when 'the charge flows at the rate of one 
coulomb per second, where one coulomb equals 
the charge of about 6.3 x 1018 electrons.  

By convention, curient flow is defined in this 
course as the flow of positive charges, which is 
opposite to the direction of flow of elections.  

Circuits in which the current flows in only one 
direction for the period under consideration are 
referred to as direct current (DC) circuits. Circuits 
in which the charges flow first in one diriction and 
then the other, repeating the cycle with definite 
frequency, are known as alternating current (AC) 
circuits. Figure 6-1 illustrates this variation of 
current magnitude and direction in a typical AC 
circuit. Note that the convention used to represent 
a voltage rise or drop with an arrow has the arrow 
point at the higher potential.. Note also that fre-

quency is measured in hertz (Hz) where one Hz 
equals one cycle per second.  

6.1.3 Resistance 

Resistance is a measure of the opposition that 
charges encounter when moving through a mate
rial (i.e., opposition to current flow). The resis
tance of a material is measured in ohms (Q2) and 
Ohm's Law expresses the relationship between 
voltage, current,'and resistance: 

e=iR 

where 

e = voltage across a resistor (volts), 
i = current through the resistor (amps), 

and 
R = the resistance measured in ohms.  

A 1 ohm resistor with 1 amp of current through it 
will have a voltage of 1 volt across it.  

Resistors, like any circuit elements, can be 
connected in series or in parallel. Resistors in 
series each have the same current going through 
them, as shown in Figure 6-2A. When resistors are 
in series, the total resistance can be expressed as 
follows: 

RT= R, +R 2 +R 3 +...  

where 

RT = The total or equivalent resistance 

Ri = Resistor 1, 

R2 = Resistor 2, etc.  

Resistors can also, be, connected in parallel as 
shown in Figure 6-2B.- These resistors each have 
the same voltage drop across them and the total 
resistance can be found by:
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RT R, R, R3 

where again 

RT = The total or equivalent resistance.  

6.2 - Electricity and Magnetism .  

.A m i e is the region inthevicinity of 
a magnet in which forces exist that act on ferro
magnetic material. Magnets are either artificial or 
natural, with each having two poles - one north 
and one south. The direction of the magnetic field 
outside a magnet is from the north pole to the south 
pole. This is illustrated in Figure 6-3. Due to the 
weak magnetic properties of natural magnets, ar
tificial magnets are constructed to fit most applica
tions. 

Certain materials, called ferromienetic mate
as are more receptive to magnetic flux than is 

air or free space. These materials, notably iron and 
its alloys, can be used in devices to concentrate and 
confine the magnetic flux in much the same man
ner as conductors channel electric current.  

Magnetic circuits may be constructed that are 
analagous in many ways to electric circuits. As 
stated abbve, ferromagnetic materials act as con
ductors of the magnetic flux that can be thought of 
as current. Magnetomotive fore (MMF), similar 
to electromotive force, is the magnetic p ntetial 
difference that tends to force flux' through the 
magnetic circuit.  

The opposition of the iron material to'cariying 
flux is called reluctanc and is aiialo6gdus to'elec
trical resistance. Reluctance is directly propor
tional to length, inversely -proportional to cross
sectional area, and dependent -on the rnaterial's 
magnetic receptiveness called its permeability.

6.2.1 'Electric Current Produces a Magnetic 
Field 

"Electricity and magnetism are closely interre
'lated. A current,:carrying conductor (moving 

charges) will produce a magnetic field around the 
conductor. Artificial magnets, or electromagnets, 
take advantage of this fact. The MMF that results 
from a coil of wire through which current flows is 
given by: -. " 

"MMF = N i ampere-turns, 

where 

MMF = magnetomotive force, 
"N- =the umberofturns ofwire in the 

-, ~~~coil, arid ",. -,: 

i =the magnitude of the current 
Sthrough the wire: 

Unlike the relationship betweenvoltage and 
"current through a resistance, the relationship be
tween MMF and-the resulting magnetic flux 
through a ferromagnetic material is non-linear. As 
more and more MMF is applied to a material, the 
resulting increase in flux becomes smaller and 
smaller until there is no increase in flux for in

- creased MMF.  

6.2.2 Simple Relay .  

The simple relay mechanism shown in Figure 
"6-4 is an application of the property of a current 
carrying conductor creating a magnetic field. The 

- relay permits a weak current in one circuit (pri
mary circuit) to control a heavy. current flow in 
another circuit (secondary circuit). Therefore, a 

.--relay is a special switch that permits closing a 
circuit at some remote location. Relays are used in 
many control applications where normal switches 

''are not practical. In Figure 6-4, when the switch is 
closed in the primary circuit, current flows from 

_the battery through the coil of the electromagnet, 
setting up a magnetic field that attracts the flat 
blade of magnetic material called -the armature.  
The armature pivots to close the contacts in the
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secondary circuit. Current then flows through the 
secondary circuit, consisting of a voltage source 
and load attached between terminals A and B. If 
the switch of the primary circuit is opened, the 
spring returns the armature to its original position.  
opening the contacts of the secondary circuit.  

6.2.3 EL :tromagnetic Induction 

A second phenomenon linking electricity and 
magnetism is electromagnetic induction. When 
.aere is r..ative motion between an electric con

ductor and a magnetic field (the lines of flux are 
"cut" the conductor), a voltage is induced in the 
condu :or. The relative motion in this case may be 
generated in several, ways.- -The magnetic field 
may br stationary and the conductor moved across 
iL The conductor may be kept stationary and the 
magnetic field moved across, it. Or finally, the 
ccnductor may be maintained stationary and the 
mag" z field built up and then collapsed in the 
vicinity of the conductor in such a way that the 
magnetic lines of flux "cut" the conductor. Elec
tromagnetic induction of voltage is basic to the 
cperation of transformers, motors, and generators.  

6.2.4 Two Pole AC Generator 

The: i- pole AC generator shown in Figure 6
5 is an example of a simple machine based on 
electromagnetic induction. The magnetic lines of 
2ux go from left to right between the two magnetic 
,,oles and- are symbolized by B. The conductor 
must be mechanically rotated and is physically 
attached to two slip rings that rotate with the wire 
loop. Brushes are normally made'from carbon, 
which is a good conductor., The brushes are 
stationary and. ride along the outside of the slip 
rings tc ,rovide a path for current flow between 
the stationary load resistor and the wire loop.  

In F a.ure 6-6, sketch A, conductors I and 2 are 
moving :parallel to the lines of flux at that instant.  
No lines of flux are being "cut" by the conductors 
a.r- -- 'voltage is induced. No current flows 
t the resistor.

In sketch B. part I of the conductor is begin
nine to move down in front of the south magnetic 
pole. and part 2 is beginning to move up in front of 
the north pole. There is relative motion now 
between the conductors and the magnetic field: 
therefore, voltage is induced in the conductors.  
The polarity of the induced voltage can be deter
mined from the right hand rule. If the fingers of 
your right hand poini in the direction of motion of 
the conductor and your fingers are curled toward 
the directibn" of the magnetic field, then your 
thumb will p6int in the direction of positive volt
age induced in the conductor. In this case, positive 
voltage is induced towi'd the near side of part I 
and the far side 6f part 2 of the wire loop. The 
resulting curreiit flows as shown by the arrow.  

In sketch C, the relative motion between the 
conductor a.nd the magnetic field is a maximum 
and the resulting induced voltage is a maximum.  
In general, the magnitude of :he induced voltage is 
"proportional to both the strength of the magnetic 
field and the amount of relative motion between 
the conductor and magnetic field.  

In sketches F, G, and H of Figure 6-6, note that 
the diretion of the induced voltage changes once 
the loop has rotated 180 degrees.  

6.3 Real. Abparent and Reactive Power 

Power is the rate of doing work or otherwise 
deaveringenergy: In electricalengieering, power 
is sometimes referred to as real power to distin
guish it from terms taught later in this section.  
Real power is measured in watts (W) where one 
watt equals onejoule per second. A 100 watt lamp, 
for example, is consuming 100 joules per second 
of energy.  

From the definitions of voltage and cuirent, 
the formula for instantaneous power consumed or 
provided by any element of a circuit can be derived 
as follows: 

=dw dw dq 
dt dq dt
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dw 

recall e = 
dq

dq 
"and i= 

dt 

therefore, P = ei 

where 

p = instantaneous power (watts), 
e = instantaneous voltage across the ele

ment (volts), and 
i = instantaneous current through the ele

ment (.amps).  

In a DC circuit, voltage and current generally 
do not vary with time and the equation above can 
be expressed as: 

P=EI 

where 

P = real power (watts) 
E = steady-state DC voltage across the 

element, and 
I = steady-state DC current through the 

element.  

6.3.1 Root Mean Square or Effective Values 
- ofVoltage and Current 

Though an AC sine wave makes a pretty pic
ture, its continuous oscillations make it somewhat 
"difficult to determine exactly a particular value of 
the voltage or current that can be said to be effec
tive in an AC circuit. Just which of the many 
possible instantaneous values of voltage or current 
would or should an electric meter read? To settle 
this 'question we define the effective value of 
alternating current as that which would prform 
:work at exactly the 'same rate as an** qual value of 
direct current. This is precisely what has been 
done and the only question is, just what is this 
effective value of an AC current or voltage?

The easiest way to compare the rates of work 
(power) of an alternating current and a direct 
current is to measure the" relative heating effect, 
when each flows through the same value of resis
tance. Accordingly, we define'theeffective value 
of an alternating current as that'AC value which 
produces heat at exactly the same rate as an equal 
amount of direct current flowing through the same 
resistance. In other words, an effective value of 1 
ampere AC w prcxduce -the same heat in agiven 
resistor and given time as 1 ampere DC.  

With this definition it is easy to compute the 
effective value of an alternating current. Heat 
production is proportional to the square'of the 
current for a given resistance (heating rate =power 

- i2R). So, let us square all the instantaneous 

values of an AC sine wave, as illustrated in Figure 
6-7. The top graph shows a typical AC sine wave 
of the instantaneous current Ci) against time, vary
ing between peak values of±Im. The bottom graph 
of Figure 6-7 illustrates the squared sine wave 
obtained when all the instantaneous values of the 
current (i) in the upper graph are squared and the 
corresponding i2 values are then plotted against 
time. Note that the lower graph, because of the 
"squaring process, has only positive values that 
oscillate between zero and im2 about a new axis.  
Since the curve vanies uniformly between these 
extreme values (0 and Im2), its average or mean 
value must be equal to im 2/2. We now need only 
extract the root of this mean-squared value (1/ 
21h2 ) to obtain the effective AC value in accor

Sdiance with our definition. This value is frequently 
Called the root-mean-square or rims value. Thus, 

"t •te effective, or rrns value (1) is' 

1..•I I_, ..- _I 

"•.," "- .,'.z: 0.707I 
_ -42 - - ---l.4141 

Hence, for an AC current: 

effective (rms) current value = I = .707 Im;
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and, similarly, for anAC voltage:" 

effective (rms) volage value.= E = .707 Em.  

6.3.2 Real Power and Reactive Powe" in AC 
Circuits 

There are three basic types of circuit elements 
that have been defined based on' the relationship 
between voltage and curient through them. These 
three elerments are resistors, inductors, and capaci
tors. Each will be examined-as to its behavior in an 
AC circuit.  

6.3.2.1 Purely Resistive Circuits 

In resistors, the relation between voltage across 
the resistor and current through the resistor is 
provided byOhm's Law. The constant'of propor
tionality is simply the resistance and is-expressed 
by the following formulaL

e =iR 

where 

e = instantaneous voltage across the resis
tor (volts), 

i = instantaneous current through the resis
tor (amps), and 

R. resistance of the resistor (ohms).  

Note that in a purely resistive circuit such as 
that shown in Figure 6-8, the voltage and curnt 
are in phase. That is, the sinusoidal voltage peaks 
at the same time as the current peaks. This rela
tionship is predictabie since the voltage and cur
rent are related by the resistance (R) which is a 
constantL In a purely resislive circuit, the power 
supplied by the source can be expressed by: 

P =EI, 

where 

P = real power (watts), 
E = source voltage (volts), and

I ='source current (amps).  

6.3.2.2 Purely Inductive Circuits 

Inductors are circuit elements in which the 
voltage is proportional to the time derivative or the 
rate of change of the current through it. Expressed 
mathematically, the voltage is 

*di 

dt 

where 

L = the constant of proportionality called 
the indutanc and is measured in 
henrys and 

di = rate of change of current through the 
dt conductor.  

A simple inductor may be constructed by wind
ing a coil of wire around a paper cylinder, and in 
fact all coils of conducting material have proper
ties of inductance. The voltage-current relation
ship across an inductor is based upon the two 
principles discussed in sections 6.2.1 and 6.2.3 on 
electricity and magnetism.  

When currefit is applied through the coils of 
the inductor, the current creates a magnetic field 
around and through the core of the inductor. If the 
applied current is'changing (that is increasing and 
decreasing in magnitude and changing direction 
as with an AC current), then the magnetic field will 
also be building;uup and then collapsing, then 
building up in the opposite direction and collaps
inig again.  

Applying the principle of electromagnetic in
duction, this changing magnetic field induces a 
voltage in the conductors of the coil (inductor). In 
this case, the coil is stationary and the'mag'netic 
field is "moving." The greater the rate of change 
of the magneitic* field the more lines of flux will be 
"cue' by the conducto'&,'and the greater the vlt1age 
induced. This leads us back to the vbltage-current 
relationship across an inductor that says that the
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voltage is proportional to the time derivative or the 
rate of change of current through the inductor.  

Figure 6-9 illustrates the relationship between 
instantaneous voltage, current and power in a 
purely inductive circuit. Note that when the rate of 
change of current is maximum (as the current 
passes through zero), the voltage is at its peak.  
And when the rate of chng of the current is zero 
":(at its peak), the voltage is zero. Note also that 
while 'the- voltage and current have the same fre
quency they are offset in phase by 90 degrees. For 
example, the voltage peaks at the 90'degree mark 
and the current peaks at the' 180 diegree mark. In 
other words, current lags the voltage by'90 de
grees. 'This relationship is characteristic of all 
purely inductive circuits.

Figure 6-9 shows that the average power con
sumed in this circuit is zero. (This ignores the very 
real resistance of the conductors that make up the 
wires and the inductor.) In fact, the inductor acts 
as a source of power during one quarter cycle and 
a consumer of power in the next quarter cycle.  
What is happening in the inductor is that energy is 
alternately being stored in the magnetic field of the 
inductor and then returned back to the circuit as 
"induced voltage.  

"-Although ihe average gain or loss is zero, 
"-energyis clearly being'transferred back and forth 
between the inductbr and theicircuit.' This'energy 
transfer is'important from a practical viewpoint 
because it involves current that'can be'measured 
and for which conductors must be" sized. T7ii term 
used to describe this transfer of energy is reactive 
" •.wr (Q). Reactive powerhas umits ofvolt-amps 
reactive (VAR) and in a purely iductive circuit, 
the reactive power can by calculatedby.

It is important to remember that circuits do not 
have to contain inductors to have inductive prop
"erties. Any circuit in which current flows through 
coiled conductors exhibits inductive properties as 
described above.  

6.3.2.3 Inductive Reactance 

In an inductive AC circuit, the current is con
- tinually changing and is continuously inducing an 
eff. Because this erif opposes the continuous 
change in the flowing current, its effect is mea
sured in ohms. This opposition of the inductance 
to the'flow of an alternating current is called 
"inductive reactance" (XL). The current flowing 
in a circuit which contains only inductive reac
tance is:

,E 
: •XL

I = effective current (A) , ",
XL = inductive reactance ( 2), and 
-,E= effective voltage across the 

. ,reactance.  

The value of XL in any circuit is dependent on the 
inductance and the rate at which the -current is 
changing ..The rate of change depends on the 
frequency of the applied voltage.- Therefore, XL 

-can be calculated as follows: - -

S"- '- , 2 L -,

L 

�wher&

Q EI, 

where 

Q -= reactive power (VAR), 
"E- = source voltage (volts), and 
I = source current -(amps).

7 = 3.14, frequency (Hz),and 
12 = inductance (H).  

6.3.2.4 Purely Capacitive Circuits,

Purely capacitive circuits are" a*nalogou- in 
many ways to inductive circuits. Capacitors are
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circuit elements through which the current is p-ro
portio'nal to the 'time derivative or the rate of 
change of the voltage'across it (just the opposite of 
inductors). Expressed maihematic'ally, the cur
rent is: 

i=C de 
dt 

where 

C = the constant of proportionality called 
the capacitance and is measured in 
farads and 

dg = rate of change of voltage across the 
dt capacitor.  

A simple capacitor may be constructed by 
placing two conducting plates next to each other 
and separated by an insulator (paper or air) called 
a dielectric. A parallel plate capacitor of this type 
is illustrated in Figure 6-10 and "can be used to 
describe the voltage current relationship in a ca
pacitor.  

When the switch is shut, positive charge builds 
up on one side of the capacitor and negative charge 
on the other. At the same time, current "through" 
the capacitor is immediately at maximum when 
the switch i shut and charge rapidly builds up on 
the two plates. As the voltage builds up and the 
potential difference between the battery and the 
capacitor decreases, the current decreases until in 
steady state the voltage across the capacitor equals 
the battery voltage anidthe current is zero. (Again, 
this assumes an ideal capacitor in which charge 
will not leak across the dielectric.) Note that the 
current is maximum when the voltage changes the 
fastest, and current is minimum when the rate of 
change of voltage is a minimum.  

Figure 6-11 illustrates the relationsl ip be
tween instantaneous voltage, current, and power 
in a purely capacitive circuit. Note that as the 
voltage passes through zero, the current is at its 
peak. When the voltage is at its peak, the current 
is zero. Again, although voltage and current have

the same frequency, they are offset in phase by 90 
degrees. In a purely capacitive cir6uit c'urrent 
leads the voltag' by 90 degrees. This relationship 
is characteristic of all purely capacitive circuits.  

Figure 6-11 shows that the average' power 
consumed in this circuit is also zero.' Like the 
inductor, the capacitor acts as a Sodirc of power 
during one quartei cycle and a consumer of power 
in the next quarter cycle. Real pow6r is zero but 
reactive power is being exchanged back and forth 
between the circuit and capacitor.. What is hap
pening in the capacitor is that energy is alternately 
being stored in, the electric field of the capacitor 
and then retiurnd back to the circuit. In a purely 
capacitive circuit, the reactive power can also by 
calculated by 

Q =EI, 

where 

Q = reactive power (VAR), 
E = source voltage (volts), and 
I = source current (amps).  

Compare Figures 6-9 and 6-11. If the frequen
cies and voltage sburces are the same, the inductor 
gives energy back to the circuit on the same 
quarter cycle that the capacitor removes (stores) 
energy from thie circuit. This 180 degree differ
ence results from the fact that current lags by 90 
degrees in an inductor andleads by 90 degrees in 
a capacitor. In the specification of reactive power 
we recognize this distinction by labeling reactive 
power associated with a capacitor as negative and 
that associated with an inductor as positive. It 
should be apparent then, if a circuit contains both 
inductive, and capacitive elements, the positive 
reactive power will cancel or offset the negative 
reactive power. Whether they cancel or one just 
offsets the other is a function of the size of the 
respective capcitances and inductances.  

Finally, as was the case with inductors, circuits 
may exhibit properties of capacitance even though 
they do not contain capacitors. For example, wire
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cables lying sid6 by side separated by insulation 
and through which current flows exhibit capaci
tive properties.  

"6.3.215 Caplacitiie Reactance 

Capacitive reaciance' is the opposition by a 
capacitor, or capacitive circuit, to the flow of 
current. The current flowing in a capacitive circuit 
is directly proportional to the capacitance and to 
the rate at which the applied voltage is changing.  
The rate at which the voltage changes is deter
mined by the frequency. T1herefore, if the fre
quency is increased, the current flow' will increase.  
It can also be said that if the frequency or capaci
tance is increased, the opposition to current flow 
"decreases. Therefore, capacitive reactance, which 

'is the opposition to current flow, is inversely 
"proportionil to frequehcy and capacitance. Ca
pacitive reactace, XC, is measured in ohms, as is 
"inductive reactance, and can be calculated by: 

XC - 2;rC'

where 

7f 
7r 
C

= frequency, in Hz, 
3.14, and 

- capacitance (farads).

Note that capacitive reactance decreases as 
frequenby increases and is 180 degrees ýout of 
phase with inductive reactance.  

6.3.3 Real Power in Complex Circuits 

Most circuits are neither purely resistive, puriely 
inductive, nor purely capacitive. Instead, they 
contain a combination of all three elements or 
exhibit properties ,of all three elements.' This 
situation is represented by showing the three ele
ments in series as seen in Figure 6-12. In this case, 
voltage and current are not in phase as they were 
in a purely resistive circuit, nor are they exactly 90 
degrees out of phase. Also, there is both real 
power (as a result of the resistor) and reactive 
power (as a result of the inductor and the capaci
tor). In the illustrated circuit, and in AC circuits in 
general, the power supplied by the source can be 
expressed as the product of voltage times current, 
modified by the degree to which voltage.-and 
current are in phase.  

The relative angle between the voltage and 
current in an AC circuit is measured in degrees and 
is referred to as the phase angle ( 0). In Figure 6
12, for example, current lags voltage by -30 de
grees, making the absolute value of the phase 

-angle: -- 1 - . . ..

0 =30 degrees.
The current that flows in 

-capacitive reactance is:
a circuit wit 61on

-~ E 
X C , , , 

where 

I . effective current (A), 
'E " effective ';oltage across the'

capacitive reactance, and 
Xc= capacitive reactance (D2).

Given phase angle (the angle by which voltage 
and current are out of phase), the degree or extent 
-to which voltage and current are in phase can be 
,-calculated by:

pf 

Swhere

= cosine(e), 

= the power factor. which represents the 
degree'to which voltage and current 
are in phase, and-

o = the phase angle.
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Using the power factor relationship, we can ex

press the general equation for real power in a 

single phase AC circuit as 

P = Elcosine(0), 

where 

P = real power (watts), 
E = source voltage (volts),
I = current out of the source (amps), and 

cosine (8) = the circuit or load power factor.  

Note that E and I are rms quantities.  

6.3.4 Reactive Power in Complex Circuits 

Reactive power in complex circuits is calcu

lated in a similar manner to real power, except it is 
a function of the degree to which, voltage -and 

current' are 90 degrees out of phase with each 

other. For the complex AC circuit of Figure 6-12, 
we can calculate reactive power by:

Q = Elsine (0), 6.3.6 Power Triangles

where now 

sine (6) represents the extent to which voltage 

and current are 90 degrees out of phase.  

6.3.5 Impedance 

In complex circuits containing elements that 

are both-resistive (resistors) and reactive (induc

tors and/or capacitors), the total opposition to 

current flow is called impedance (Z) and is mea

sured in ohms. Because the reactive elements 

affect both the phase angle and the magnitude of 

the current in a complex circuit, impedance is a 

complex quantity with both a magnitude (ohms) 

and an associated impedance angle., Impedance 

values are usually written in polar (orphasor) form 

(i.e., Z Z 4)), where I)is the impedance angle.  

The overall impedance of a circuit- is calcu

lated by combining the resistance and reactances

The relationship between real power and reac
tive power for either a source (generator) or a load 

may be shown using a power triangle. A power 

triangle is constructed in a coordinate system 
where reactive power in VARs is on the vertical 

axis; real power in watts is on the horizontal axis.  

Reactive power associated with inductive loads is 

drawn in the positive direction and reactive power 

associated with capacitive loads is drawn in the 

negative direction. This coordinate system is 
shown in Figure 6-14A.  

Figure 6-14B is a power triangle for a load 

consisting primarily of resistive and inductive 
elements (note that the reactive power is positive).  
Note that the hypotenuse of the triangle is libeled 

apparent power. Apparent power is defined as the 

voltage across the load times the current into the 

load and has units of volt-amps (VA).' Only in 

circuits with no net reactive components (reactive 

power equals zero) is the apparent power equal to

USNRC Technical Training Center 6-10
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of each circuit element, either in series or in 
parallel. Because of the need to account for 

angular relationships, this calculation is best ac

complished in a simple series circuit using vector 
addition as shown in Figure 6-13. In Figure 6-13, 
the vector sum of the resistance and reactances is 

5 ohms with an impedance angle of about 37 
degrees.  

Impedance values can be used in Ohm's law to 

calculate voltage or current in AC circuits with the 

following equations: 

E =IZ or I =E/Z or Z= E/I 

Applying Ohm's law to the circuit in Figure 6

13 results in a calculated current of 20 amps and a 

phase angle with an absolute value of 37 degrees.  
Note that the impedance angle and phase angle are 
equal in magnitude. Note also that the inductive 

reactance is larger than the capacitive reactance in 

this circuit, so the overall circuit is inductive in 
nature with current lagging voltage.
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the real powei. Similarly, only 'in circuits with no 
resistive components is the apparent power equal 
to the reactive power.  

':"Fromi the equations'of real and reacti,'e power, 
"note that the angle betweentirue power and apppar
"ent power on tlhe' power triangle representation is 
the phase angle (e).  

The utility of power triangles can be seen from 
the example shown in Figure 6-15. A generator is 
supplying two loads in parallel, each load consist
ing of some resistance and some reactance. In load 
1 assume that the generator is supplying 500 watts 
and 300 VARs; in load 2, assume 200 watts and 
-50 VARs. The question is, at what power factor 

-does the generator operate? 

At the bottom of Figure 6-15, the power tri
angles are drawn for the two loads and the genera
tor. Note that the total power of the loads equals 
the real power supplied by the generator, and the 
net reactive power of the loads equals the reactive 

-power supplied by the generator. Knowing the 
components of the generator's power triangle, itiis 
a simple matter to then calculate the phase angle 
and the power factor as shown at the bottom of 
Figure 6-15..  

From this example, it should be evident that a 
purely 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 (make it 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 they 
draw and consequently the amount these consum
ers must spend for electric power.  

6.3.7 Leading and Lagging'Power Factors 

The po%'er faictor must be stipulated as being 
either leading or ligging. "

- A circuit With predominantly capacitive 
reactance (negative reactive power) has a 
"leading power factor. (Current leads volt
age.)

.- 0- A circuit with predominately inductive 
*reactance (positive reactive p6wer) has a 
lagging-'power factor. (Currfent lgs-volt
age.), 

* A circuit' with no reactive elements or 
equal capacitive and inductive elements 
has a power factor equal to'l (unity pbwer 
factor).  

in the example above and Figure 6-15, a com
plete specification of power factor would be 0.94 

•lagging. 

6.4 ThreePhasefSvtems te 

Most of the generition, transmission,- and 
heavy-power utilization of 'electrical energy in
volves polyphase systems, i.e., systems in which 
several sources equal in magnitude but differing in 
phase from each other are available. Beciause it 
possesses definite economic and operating advan
tages, the three-phase system is by far the most 
common. A three-phase source is onethat has 
available three equal voltages, :which'are 120 
"degrees out of phaise with each other. As we shall 
see in Chapter' 7, all three voltages are usually 
generated in the same machine." 'A threeiphase 
load is one which can utilize the output of a three
phafse source: Three voltage sources forming 'a 
"three:Ph'ise system are shown in Figure 6-16A.  

"There are two possibilities for connecting the 
three phases of either a load or a generator. These 
are'shown in Figures 6-16B and C. Terminals a', 
b', and ý 'rmay be joined to form the' neutral o, 
yielding a'wye connection, or terninals a and b'; 
b and c', and c and a' may be joined individually, 
yielding a delta connection. 'In the \vye connec
tion, a neutral conductor, shown dotted in Figure 
6-16B. may or may not be brought out. If a neutral 
conductor exists, the system is a four-wire three-
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phase system; if not, it lia three-wire three-phase 
system. Wye connected systems are frequently 
found on genierators. In the delta connection (see 
Figure 6-16C), no neutral exists and only a three
wire three-phase system can be formed.  

The three phase voltages, as shown in Figure 
6-16A, are equal and phase-displaced by 120 
electrical degrees, a general characteristic of a 
balanced three-phase system. Furthermore, the 
impedance in any one phase is equal to that in 
either of the other two phases, so that the resulting 
phase currents are equal and phase-displaced from 
each other by 120 electrical degrees. Likewise, 
equal power and equal reactive power flow in each 
phase. An unbalanced three-phase system, on the 
other hand, may lack any or all of these equalities 
and 120 degree displacements. Significantly, un
balanced three-phase systems are not desired and 
are uncommon. Many industrial loads are three
phase loads and are, thereforee; inherently bal
anced. In supplying single-phase loads from a 
three-phase source, definite efforts are made to 
keep the'three-phase system balanced by assign
ing approximately equal single-phase loads to 
each of the three phases.  

Three-phase systems are advantageous for 
several reasons. Because the total circuit power is 
divided among three conductors, three-phase sys
tems may use smaller wires than single phase 
systems with the sa'me capacity and are, therefore, 
more economical. As we will learn in Chapter 7, 
three-phase power may be generated. relatively 
easily in a single generator simply by adding two 
more phases to _the, generator armature. Many 
large loads (motors) operate more smoothly and 
efficiently using three-phase power. The instanta
neous power for any balanced three-phase system 
is constant. This is of particular advantage in the 
operation of three-phase motors for it means that 
shaft power output is constant, and the torque 
pulsitions leading toward moior vibra'tiori do not 
occur as a result of the motor supply system.

6.4.1 Phase and Line Relationships in Three
Phase Systems 

In three-phase systems, itis important to know 
the relationship between phase and line quantities.  
This particularly applies to three-phase genera
tors. The phase voltage and currents are the 
voltages across and through a single phase and can 
be thought of as internal to the machine: Assum
ing a balanced system, the three-phase voltages 
and currents will be equal in magnitude and differ 
by 120 degrees.  

Line voltage and current are external to the 
machine, on the lines between a generator and a 
load or between loads or generators. This nomen
clature is illustrated in Figures 6-16B and C. Note 
that line voltage is often referred to as terminal 
voltage.  

In wye connected systems, the line current is 
identically equal to the phase current. However, 
line voltage is greater than phase voltage by a 
factor of 4- or 1.73. This number can be derived 
by applying Kiichoff's voltage law around a loop 
containing the wye"connection and taking into 
account the anguiarrelationships between theiphse 
voltages and currents. These relationships for a 
wye connected system can be represented by the 
following equations: 

ILY =I# 

VL= [3- VY 

where

'Ly 

VLy 
V~y

= line current, 
- phase current, 

= line voltage, and 
= phase voltage.

In a delta connected system, the line voltage is 
identically equal to the phase voltage. However, 
line current is greater than phase current by a factor
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- of -vff. The following equations represent this 
relationship: 

LA .. V 

LA= 

where 

VLA" line voltage, 
Vý,= phase voltage,, 
IL-L = line current, and 
I- 4 = phase current.  

6.4.2 Power in Three-Phase Systems 

In a balanced three-phase system, the total 
instantaneous power is constant and equal to three 
times the average power per phase. This relation
ship between average and instantaneous power is 
illustrated in Figure 6-17. Using this relationship, 
'the total real power in a three-phase system can be 
expressed in terms of the line voltage and current 
as shown below: 

Pý =P VI 0 cose 

PTOT = 3VIW i cos0 

Assuming a wye-connected system and express
ing voltage and current in terms of line values: 

V
71PTOT -3"" IL cos e 

Which reduces to: 

PTOT, NF3VLI1. cos e 

This is the general expression for power in a 

balanced three-phase system. It should be appar

ent that the assumption of a delta-connected sys

tem would yield the same expression.

6.4.3 Grounded Three-Phase Systems 

Three-phase power systems may be operated 

grounded or ungrounded. The grounded system 
may include 'a fourth neutral conductor, -which 

carries 'only the unbalanced current, if any. The 
windings in transformers, generators, and other 

three-phase equipment may be connected together 
in wye or delta form. Usually, the delta connection 
is used in ungrounded systems, and the wye in 

grounded systems, with the common or neutral 
point connected to ground and/or the neutral con

ductor. 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 (480 V in the common 
480-V system) and line-to-ground or line-to-neu
tral voltage. Line-to-ground voltage = 1/ -5 or 
0.57 x line-to-line voltage. Typical four-wire 
systems provide 480/277 V for power and lighting 
or 208/120 V. '" 

If a ground fault develops on one of the phase 
conductors, a ground -protection'relay immedi
ately detectsthe larg6 unbalance curent in ihe 

neutral and trips a circuit breaker, isolating the 

fault and cutting off power to the process.  

The ungrounded system has a fixed-line-to
line voltage only. In the event that a ground fault 
develops on one conductor, that conductor falls to 
ground potential, while the potential of the other 
two Iconductors rises 'to the 'line-jo-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: This is why the ungrounded 
system is preferred by many plant operators.  

-"Problems ariie only if the ground fault is left 

unrepaired -'eventually, a second ground fault 
occurson another phase'in another part of the 

system. The result is a much more destructive 

line-to-line fault (at the higher line voltage), which 
damrages equipment in two parts of the system. -
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An additional- problem that can occur with 

ungrounded systems is overstressing of insula
tion. Even with a low-level fault, the two unfaulted 
conductors are raised above their rated potential.  
If a high-level fault occurs, transient voltages are 
generated as the fault arc strikes and restrikes, and 
in the circuit breaker as it operates to clear, the 
fault,- These transient voltages impose much higher 
stresses on the conductor insulation of the 
ungrounded system.  

The resistance-grounded system is preferred 
by many industries. In this case, the neutral is 
grounded, not solidly, but through a resistance.  
The size of this resistance is selected so that, if a 
ground fault occurs, the current flowing through 
the neutral will be large enough to trip the ground
fault relay, but not so large that the fault arc can do 
serious damage, such as destroying motor lam ina
tions.  

Utilities prefer large ground-fault currents that 
ensure unambiguous operation of ground-fault 
relays. In addition, solidly grounded systems 
allow the utilities to use grounded-neutral light
ning arresters, which are less expensive and more 
effective than ungrounded arresters.  

6.5 Transformers 

I Transformers are devices that make use of 
electromagnetic induction to change or transform 
voltages from one value to another. Like any other 
device, a transformer cannot produce more power 
than it takes in. When voltage is stepped up, 
current is stepped down proportionately.  

Transformers are capable- of stepping up an 
AC voltage to very high values, permitting the 
transmission of large amounts of power over long 
cables without undue 12 R losses. By stepping up 
the voltage at the generator to values close to a half 
million volts, the current sent over the power line 
can be, relatively small for a. given amount of 
required power, permitting a reduction in the size 
of the cables. At the receiving end of the power 
line, the, voltage is then. reduced by. step-down

transformer to a value suitable for homes, offices.  
and factories.  

A transformer consists essentially of two coils 
wrapped around the same metal core and coupled 
by electromagnetic inductance (see Figure 6-18).  
The coils are electrically insulated from each other, 
but are linked by common magnetic flux through 
the metal core. One coil, the primary winding, is 
connected to the AC voltage supply (generator), 
while the other coil, called the secondary winding, 
is connected to a load, which may be any electrical 
device. The transformer thus transfers electrical 
energy from the primary circuit to the secondary 
circuit without a direct connection and permits at 
the same time a step-up or step-down of the pri
mary voltage or current.  

The fact that theere are no electrical connec
tions between the primary and secondary sides of 
a transformer allows it to be'used as an isolation 
device. Electrical faults (grounds) on one ciicuit 
(primary) will iot be "seen" by another-circuit 
(secondary) that is isolated by a transfoi'mer.  

6.5.1 Theory of Operation 

With the primary winding connected to an AC 
supply, the alternations of the primary current set 
up a changing magnetic field in the core that is 
continually expanding, collapsing, and building 
up again in the opposite direction. This changing 
flux induces an alternating (AC) voltage in the 
secondary winding, which can supply a current to 
a closed secondary circuit. The variations in the 
flux, which produce the secondary voltage, also 
affect the primary winding (due to its self-induc
tance). This induces a voltage referred to as 
counter emf that opposes the current AC (and the 
voltage) applied to the primary winding. The 
value of this counter emf is almost-equal to the 
applied voltage when no current is drawn from the 
secondary winding and very little currant flows 
through' the primary under no-load conditions.  
The small current that does flow is known as the 
no-load ormagnetizing current, because it magne
tizes the core. When a current is drawn by the
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secondary load, a proportional current flows 
through the primary. If the primary of a trans
former is connected to a DC voltage, a voltage is 
induced in the secondary for the instant during 
which the magnetic field is building up, but this 
voltage collapses immediately, as soon as the field 
reaches a steady (unchanging) value. Because of 
the absence of a counter emf for DC, the primary 
current will be large. Also because the resistance 
of the winding is small, the primary winding will 
bum out due to 12R losses. Therefore, the trans
former is strictly an AC device.  

6.5.2 Ideal Transformers 

In a transformer having a closed iron core, 
practically all the lines of force produced by the 
primary winding link every turn of the secondary 
winding and the flux leakage is almost zero. A 
transformer without flux leakage transfers all the 
energy from the primary to the secondary winding 
and, for this reason, is called an ideal transformer.  
Some of the larger commercial transformers come 
close to being ideal transformers. Typical trans
formers are greater than 98% efficient.  

A few simple relations hold for ideal trans
formers, which are approximately correct for most 
practical transformers. For example, the voltage 
induced in the primary winding (Er) is propor
tional to the number of turns of the primary (Nr) 
and the rate of change of the magnetic flux across 

the primary. winding (Et) 

This relationship can be expressed as fol
lows:

Er = N (~d*).

A similar expression can be written for the 
voltage induced in the secondary windings

"I Since the primary and secondary are linked by 
the same magnetic flux, 

dO_ do, 

dt dt 

The voltage induced in-the primary can be 
related to the voltage induced in the secondary 
by the ratio of turns in the primary to turns in 
the-secohdary:

E, N,.

where E_ aind E •are the primary and secohndary 
voltages, respectively, arnd-N a d Ns are- the 
number'of primary and seoncfary• turns, respec

tively. -1 

AIf no energy is lost by flux leakage (and other 
causes), the power output of ah ideal trafisf6rmrer 
must be the same as the power input to the primary 
winding. Hence, we can write:

ErIp = E1Is 

or 

Is EP 

but from the previous relation: 

E, Ný 
EP Nr,

Substituting:

Pn N, 
I, Nr

Stated in words, the primary-to-secondary 
current ratio is equal to the reciprocal of the 
primary-to-secondary turns ratio. By comparison 
with the previous formula, it is apparent that the
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current is stepped down whenever the voltage is 
stepped up, and vice versa.  

6.5.3 The Autotransformer 

In addition to the many applications of trans
formers in power distribution and electronics, one 
unconventional type of transformer combines the 
primary and secondary into a single tapped wind
ing (see Figure 6-19). This arrangement is'called 
an autotransformer. Either step-up or step-down 
voltage ratios may be obtained. The type illus
trated in Figure 6-19 is a step-down transformer 
because the input voltage is applied across the 
entire winding, serving as primary, while the out
put voltage is taken from the portion of the wind
ing included between one end and the tap. The 
autotransformer does not provide isolation be
tween primary and secondary circuits, but its sim
plicity makes it economical and space-saving.  
Autotransformers are used in some of the motor 
control circuits (see Chapter 9). -
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Chapter 6 Definitions

RESISTANCE (R) 

INDUCTANCE (L) 

INDUCTIVE REACTANCE (X,)

CAPACITANCE (C) 

CAPACITIVE REACTANCE (Xcl 

REAL POWER (P) 

REACTIVE POWER (Q)

APPARENT POWER 

POWER FACTOR (Pf)

The name given to the opposition to the movement of 
electrical current through a given material. This 
opposition results in the conversion of electrical 
energy into heat. All materials offer some opposition 
to the flow of electrical current, and there is no 
material in which some current cannot be produced, 
although it may be minute.  

The property of a circuit that causes a voltage to be 
induced in the circuit by a change of the current flow 
in the circuit.  

- The opposition to the flow of changing current due to 
inductance.  

- The phenomenon whereby a circuit stores electrical 
energy in a capacitor. Whenever two conducting 
materials are separated by an insulating material, they 
have the ability to store electrical energy. A capacitor 
connected to an AC circuit experiences a constantly 
changing voltage; therefore, current will flow first in 
one direction, charging the capacitor, and then in the 
opposite direction, discharging the capacitor.  

- The opposition to the flow of changing current due to 
capacitance.  

- Power is the rate of doing work, or the rate of 
delivering electrical energy to a working component.  
Real power (sometimes called true power) is the 
name given to the term measured in watts (W) to 
distinguish it from other power terms (i.e., apparent 
power, reactive power).  

The name given to describe the average power 
transfer of energy alternatingly being stored in a 
circuit and then transferred back to the circuit.  
Expressed in (VAR) volt-amps-reactive.  

The term applied to the product of voltage and current 
in an AC circuit. Also, the vector sum of reactive 
power and the real (true) power. Expressed in (VA) 
volt-amperes.  

The ratio of the true power (watts) to the apparent 
power (volt-amperes). Power factor is expressed as 
a decimal or as a percentage. Power factor should be 
stated as to whether it is leading or lagging (the 
relationship of the current to the voltage).
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Figure 6-1. Graph of Alternating Current in an AC Circuit
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Figure 6.2A. Resistors in Series

Figure 6-2B. Resistors in Parallel
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Figure 6-3. Direction of Magnetic Field is from North to South Pole 
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Figure 6-4. Schematic Presentation of Relay and Associated Circuits
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Figure 6-5. Two Pole AC Generator 
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Figure 6-7. Determining the Effective Value of an Alternating Current
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Figure 6-9. Reactive Power in a Purely Inductive Circuit 

USNRC Technical Training Center 6-33 Rev. 0892

Power Plant Engineering Course Manual Basic Electrical



Power Plant Engineering Course Manual Basic Electrical

SWITCH

+ 

BATTERY -

e

time
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Figure 6-11. Reactive Power in a Purely Capacitive Circuit 
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Solving the vector diagram mathematically yields the following: 

IZI = •/R2- (XL- XC) 2 

Iz0 = 4-42. (5-2Y =5 a 

(D = tan (XL- Xe) 
R 

)= tan" (3= 370 

Therefore, Z = 5 QLZ37" 

Applying Ohm's Law for AC Circuits: 

E 100v Z 0 
=Z= 5 C 37' 

I = 20 amps with a 370 phase angle (Current lagging Voltage) 

Figure 6-13. Impedance in AC Circuits
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Figure 6-14A. General Plot of Power Components

Reactive Power 
= El sin 0 

Volt-Amps Reactive

Real Power 
= El cos 0 

WATTS 

Figure 6-14B. Power Triangle
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Figure 6-15. Application of Power Triangle
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Figure 6-16B. Wye Connection

Figure 6-16C. Delta Connection
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Figure 6-17. Instantaneous Power in a Three-Phase System
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Figure 6-18. Elements of Simple Transformer
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Figure 6-19. Schematic Diagram of Step-Down Autotransformer
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7.0 

Let 

to."

GENERATORS - its source for transmission, and then converted to 
the voltage required by the load. Low current 

irninL, Objectives during transmission results in: low 12 R losses.  
Because of this unique ability of AC, most electri

After studying this chapter, you should be able - ccal power for commericial use is generated by AC 
generators. - -

1. Explain the conditions necessary-to pro-_ 
duce voltage in a generator.  

2. State the relationship between generator 
frequency and speed. - -

3. Define the following terms: 
a. Field 
b.Armature 

d. Rotor-

All generators operate'on the same basic prin-: 
ciples. To generate a voltage, there must be a'-
magnetic field, a conductor, and relative motion 
between the two. The stationary part of a generator 
is called the stator and the moving part is the rotr.  
The magnetic fiediis generated by current in the 

,field windings. The conductor in which the volt
age is induced is the armat. 'To satisfy the 
requirement for relative motion, the armature can, 
be on either the stator or the rotor., If the inagnetic.  
field is generated in the stator windings, and the

• - - . :-armature is on the rotor, the armature current path..  
4. Explain how generator terminal voltage must be connected from the rotor to the transmis-' 

and frequency are controlled. - sion lines by slip rings. 'Because the currents in the 
-, ,, armature are high, there would be considerable 

5. Explain what determines the power factor loss at the slip rings, which are high resistance 
for an independent generator supplying points. The answer to this problem is to have the ';.  

various loads, rotor generate the magnetic field and make the , 
- stator the armature. Even ff slip rings are used to 

6. Explain what determines the power factor connect the rotor windings to a current source to 
for a generator on an infinite bus. -produce a magnetic field, the field. currents are 

much lower than armature currents. .This type of 
7. Describe how real load is changed for a generator, a revolving field generator is'the one

generator on an infinite bus. most often used in commercial applications and 
will be the only one discussed in this chapter.  

8. Describethethree onditions that must be 
met in-order to parallel a generator with an -7.2 Polvohase and Multiple Pole 
infinite bus. enerators 

9. Explain the limitations associated with Figure 7-1 illustrates an end view of a simple -, 

generator operation. -two pole, single phase revolving field generator 
and its oiztput. Two magnetic poles are created on 

-IoUt.Jz 't n. the rotor by the application of direct current to the 
field windings on the rotor. Because the rotor is

Alternating current (AC) has definite advan-. turning and the direct current is normally supplied 
,es over direct crirent (DC). Low voltage DC fromoutsidethemachine, thisDCfieldinputmust 
mot be transmiued economically over long be appliedto the rotorusing slip rings and brushes,.

distances because of the large power losses on the 
transmission line (12R). On the other hand, AC can- Because this is a single phase generator, there 
be easilý converted to high voltage, low current at is a single loop of armature windings 180 degrees
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apart embedded in the stator. Note that you can 
trace the armature circuit. from the AC output 
terminal,T T, to the beginning of the winding on 
top of the stator and back along the inside edge of 
the stator (into the page in Figure 7-1). From there 
the circuit goes across the back of the stator and 
then along the bottom of the stator (out of the page) 
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 it the 
terminals Ti and T2 as the rotor is rotated 360 
degrees. Note that the peak voltage is pioduced as 
the magnedc 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.  

A three phase AC generator can be created by 
using three sets of armature windings, 120 degrees 
apart. Thsis illustrated in Figii-e 7-2A andB. The 
outputs can be sent to three separate loads using 
six lines or the coils can be connected together in, 
adeltaorwye configuration to make a three or four, 
wire system. Most commercial power is gener
ated as three phase.  

Figure 7-1 shows that for each full rotation of 
the field, the output will complete one full electri
cal cycle. To produce 60 Hz power, the rotor 
would have to turn at 60 revolutions per second, 
which is 3600rpm. 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. As the 
rotor makes a full rotation, the output will com
plete two electrical cycles. -This is a, four poli 
rotor, and only requires 1800 rpm to produce 60 
Hz power. The reliafionshij, between speed and 
frequency is expressed by the following.' 

120f N P

where 

N = speed in rpm, 
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.

7.3 Generator Construction

Because most utilities use revolving field gen
erators, the descriptions below are for this type 
machine. In this design, electricity is produced by 
rotating a magnetic field (rotor) through a conduc
tor (stator). The rotational (mechanical) energy is 
supplied by the turbine, and the magnetic field is 
supplied by exciting the rotor. The exciter pro
vides the current needed to produce the magnetic 
field in the rotor, making it a large electromagnet.  
The staxor, the rotor, and the" exciter are the three 
main components of a generator.  

7.3.1 The Stator (or Armature) 

The stator is the statioonary part of any genera
tor. The armature is the part of the machine in 
which voltage is induced; thus, in arevolving field 
generator, the armature is on thesiiutor. A simpli
fled stator is shown in Figure 7-4, consisting of a 
frame, a stator core, and armature windings'or 
stator bars.  

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 bais into a cylindrical steel core.  
The punchings axie grouped into Ipackages and
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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.  

The stator bars (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 wind
-ing 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 

S•coils.- :". """ 

Figure7-5 shows the assembiyofthe statorbar 
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 deionized 
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.

7.3.2 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 it 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. 

The rotor is simply alarge 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 conduc
"tor bars that fit into the slots in the rotor forging.  
The ends of the windingsa-re attached with end 
turns in an order to produce the proper magnetic 
field. To prevent the end turn-s from becoming 
"disconnected by centrifugal force- retaining rings 
are placed on the ends of the rotor., A' collector 
assembly is used to conducf.the excitation current 
from the stationary exciter- to theturning rotor.  
-The collectorrings are grooved in a hilical manner 
to remove dust and worii ring material and to help 
cool the brushes. : ..

7.3.3 Exciter

It was stated earlier that the rotor is an electro
magnet, that is, a core of conductive material with 
windings wrapped around it. When a current is 
passed through the windings, a maignetic field is 
set up around the core.' To create the proper 
magnetic field, the"exciter must provide direct 
current to the rotor windings.  

On::e basic type of excitation system is the, AC 
alternator with the DC rectifier. The principles 
behind this type of excitation system are typical of 
"oth6erexcitation systems. One type of system ises 
a separate shaft-driven AC alternator 'to provide 
excitation (see Figure 7-7). The AC alternator is, 
"contained in a housing 'at the end of the main 
generator.'DC rectifiers'in the hbusing convert 
-AC into the DC needed for main generator excita
tion. The alternator is a small, air-cooled genera
tor, it is referred to as an -"alternator" to avoid 
cbnfusion with the main generator. Water coolers 

-,are used to cool the alternator air. The DC rectifi
- :ers are also often water cooled.  

"The eiciatio'n sysItem controls the irre-nt to 
the rotor. The amount of c'urrent determines the 
strength of the magnetic field, and thus generator 

'voltage. As'th load increases, the rotor's resis
"tance to rotation increases, and the turbine control 
valves open to mraintain generator speed. The 
excitation current automatically increases to main
tain constant voltage at the generator terminals.
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Referring to figure 7-7,' the output of the alter
"nator is rectified" in the 'rectifier assembly' and 
supplied to the main field of the generator through 
the main colectors. tl€e alternator output is also 
rectified within the alemator field circuit assem
bly and used to provide its own field excitation.  
Hence, the alternator is self-excited. Note that the 
alternator field is supplied via: the exciter altema
tor collectors'and is either increased or decreased 
by the output of the voltage regulator. The regu
lator senses main generator output and responds 
by increasing or decreasing the alternator field 
current. When the generator is started, the alterna
tor field is "flashed" from a separate power supply 
and then the process is self-sustaining.  

7.3.4 ' 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 anid collectorrings 
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 thr•e basic paris: a 
permanent magnet pilot exciter, a main AC ex
citer, and a rectifier wheel.  

The high frequency permanent magnet gen
erator 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 arma
ture is fed along the shaft to silicon diodes mounted 
on the rotating diode wheels. The exciter ouiput is 
thus rectified and the resultant DC current is car
ried by rotating components on the shaft to the 

i generator field winding.  

"The system is protected against diode failure 
by series connected fuses having indicating de
vices that may be inspected during operation. The 
diodes and fuses are arranged in modular con
struction for ease of maintenance.

Geefuratn--
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7.4 Generator Auxiliary Systems 

Several systems relating to generator cooling 
will be discussed in this section. They are the 
stator cooling water system, hydrogen cooling 
system, hydrogen seal oil system, generator core 
monitor, and gas control system.  

7.4.1 Stator Water Cooling System 

Large modem 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 waterflows in the strands.  
Deionized water is used because it has low electri
cal 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.  

7.4.2 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 bum or explode. The 
hydrogen purity is usually greater than 97% for 
safety and efficiency of cooling.  

7.4.3 Generator Core Monitor 

A core monitor is provided to sense a break
down 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 con
nected to the electrode. When insulation breaks 
down, small particles of the insulation flow through
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Power Plant Engineering Course Manual Generators the detector with'the hydrogen and attract ions and
-:the detector with" the hydrogen and attact ions and 

cause a decrease in th• current.  

7.4.4 -Gas Control System 

To allow the generator to be opened to thý 
atmosphere without having an explosive mixture,
of hydrogen and air, a gas control system is pro

"'vided. 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.

fields: the main field from the current in the rotor 
field windings and the armature field from the 
current in the armature windings.) The aimature 
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 b6nstant 
motive force applied by the prime mover, the 
generator will exhibit a decrease in speed from a 
no-load condition to a full load condition depen
dent on the magnitude of the armature current.  
This reduction in speed causes a correspofiding 
reduction in output frequency"

C7-5 Re". 049
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7.4.5 Hydrogen Seal Oil System As electric load is added to an AC generator, 
- the ouiput voltage also tends to decrease. As the 

The hydrogen seal oil system is designed to load is inreased, armature current is icreased, 
-prevent hydrogen from leaking out of the genera- which has iwo effects. First, there is an increased 
tor where the shaft penetrates the housing." In one voltage drop due to the'resistance in the armature 
system design, the seal oil is supplied to a single- (E=LR). A more significant effect is the result of 
ring around the-shaft and the oil flows in both the interactin o6f the armature field with the main 
directions. The oil that flows toward the 'inside of ' rotor field. This interaction is call:d ai'mature, 
the generator will carry off some 'hydrogen that' reaition.The phase relationship of the'armature 
will be removed in the hydrogen removal section. field to the main'rotorfield is primarily determined 
The remainder of the oil flows toward the outside by'the load. 'If the' load is capacitive, the phase 
of the generator and picks up some air 'which is relationship of the'irmiature androtorfields willbe 
removed in the air removal section by' venting, such that the aimae field strengthens the rotor 

- Another system design has a hydrogen side supply field and the voltage induced in the armature (and 
of oil and an air side supply of oil, but the basic the terminal voltage) will be higher. Ife load is 
operation of the systems is similar. Hydrogen is!., :inductive, the armature field will weaken therotor 
kept from leaking out and air is kept from mixing ':- field and the induced voltage (and terminal volt
with the hydrogen: I age) will be lower. Loads are typically inductive; 

therefore, for a given magnitude of excitation, a 7.5 Generator Op~eration .generator ill exhibit a decrase in outpu voltage 

.. from a no-bIad'tb frill load condition:.  
Two parameters together describe generator, 

output:, frequency and terminal voltage. Output 7.5.1 Speed and Voltage Regulation " 
frequency is normally a direct function of the 
speed of the prime mover (diesel engine or steam Large'power generators have both speed and 
turbine). Terminal voltage is primarily a function voltageregulators that operate to adjust the motive 
of the magnitude of the voltage induced in the force (steam to the turbine orfuel to the diesel) and 
armature by the magnetic field.- the excitation or rotor field strength. "The speed 

regulator or speed governor can best be under
One characteristic 'of an AC generator is its -",stood by considering a turbine driven -generator 

tendency to slow down when a load is applied. As supplying an isolated load 'system. Without a 
load is applied to a generator, armature current is speed regulator, 'te prime mover speed (and gen
developed which establishes an armature mag- eiator frequency) would diop off rapidly with an 
netic field. (Note there are now two magnetic increase in load. The speed regulator senses the
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tendency for the prime mover to slow down with 
increased load arid 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 7-9A. In practice, speed 
regulation may result in about a 3% drop in fre
quency froin no load to full load. For a 60 Hz 
generator, this corresponds to about a 1.8 Hli drop 
between no load and full load. Although the speed 
droop characteristic was described using an iso
laied load system, the speed droop characteristic is 
primarily needed to operate generators in parallel.  

When a generator is supplying current to a load 
system that is isolaied from other generators, it 
may be desirable to operate the generator at con
stant speed for all system loadsi or in isochronous 
operation. For isochronous operations 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 
the set constant speed. If the load is decreased, 
causing the generator to tend to speed up, a de
crease-speed signal is sent to the governor to 
maintain the desired constant speed..  

Gener'ator voltage regulators control field 
excitation(field current) in response to changes in 
reactive load in a manner similar to the way. the 
speed igulator controls the governor in response 
to changes in real load. The voltage regulator is 
sensitive to the phase relationship between termi
"nal voltage and-armature current and acts to main
tain 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 7-9B. In
crease in reactive load does not affect generator 
frequency. Voltage regulators for large power 
generators typically have both a manual and auto
matic mode of operation. In the manual mode, 
operator action is required to maintain the desired 
output by adjusting the entire characteristic up- 
ward in response to an increase in reactive load. In

the automatic mode, this adjustment is done auto
matically by the regulator.  

7-5.2 Single Generator Supplying an 
Isolated Load 

Figure 7-10A depicts the situation 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. The loads are 
said to be isolated because there is only a single 
generator supplying them. Note from the power 
triangles of Figure 7-10B 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. Note also that the negative (capaci
tive) 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 
andforsingle generators supplying isolated loads 
in general,- the power factor of the generator is 
dererminedby 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: 

S reactive power]] 
pf os[[an repowerJ 

In Figure 7-IOC, the relationship between the 
generatorreal and reactive loads and the generator 
frequency and voltage" is shown for the, above 
example. The operating frequency of 60 Hz is a 
function of: 

* The no-load frequency setpoint ofthe speed 
regulator, 

0 The speed regulator characteristic (speed 
droop), and 

* The real power supplied by the generator 
(2200 kW).
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Similarly, ihe operating voltage of 4160 volts is Figure 7-13 depictsageneratorin parallel with 

deiermined by: an' infinite bus and supplying 7000 MW at 0.81 
- lagging power factor. The bus voltage is 22 kV 

Ilheno-loadv,6ltage stpoint of thevoltag6 ý1 '-and bus frequenicy is 60 Hz. Therefore, geherator 

regulator, 1 operates at 22 kV and 60 Hz: As with the case of 
a single generator supplying an isolated load, the 

The voltage regulator characteristic (volt- -power factor of g'enerator I is determined by the 

age droop), and "-'loads it is supplying. This can'be seen from the 
power triangle in the lowertportion of Figure 7-13.  

* The reactive power supplied by the gen- However, unlike that case of a single generator 

e"rator (14,4 kVAR). sujpplying isoldted loads, the real power.and reac
tive power supplied bygeneraltrrldonotequalthe 

To increase the freq=enc from 60 Hz to 60.1 real power and reactive power of the'loa&.- In this 

.( - Hzforexarple, thenio-loadfrequency setpointof case, each generator c nnected to the grid is sup

-th-spýd iegulator would have to beadjusted iiy :plying so mcifriction of the total load's power and 

an operator to increase the prime mover's gover- reactiviepower. Sothequestionis,howarethereal 

norsettingandraise the entireregulatorcharacter- " and reactive loads of generator Idetermined and 

- istic curve upward. To raise the operting voltage, controlled?.  "* T th,, nr-lnvl ur~lt~yp c€ptnn~, 'wniild'h~ve rn he. -" -•- -' ' :"

iaised'by an 'operator. That in turn -causes in
creased generator excitation current for all reac

' yive loads. -This is illustrated in Figure 7-11.  

-,The emergency diesel generator is unique in 
'that its speed regulator has two modes of opera
tion.-If the generator is supplying isolated loads, 
the speed droop is set to zero. In other words, the 
regulator maintains frequency at 60 Hz for all 

- rated load. If- the generator is to be operated in 
"parallel with other generators, its speed droop is 
set so that speed drops off as load is increased.  
"Typically this amounts to about a 5% decrease in 
speed between no load and full load.  

'7.5.3 -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 networkl ttie network is-ieferred to as an 
infinite'bus -or grid'and has the frequency and' 
voltage charictiristics shown in Figure 7-12. Any 
-load or generator 6onnecte6d to an infinite bus will 
operate at the frequency'and voltage of the bus.

The answer to that question is illustrated in 
Figure 7-14 "which depicts' the load sharing be
tween a generator and an infinite bus: The shaded 
"area represents the real power and reactive power 
being iupplied by generator 1. 'If the -no-load 
frequefincy'f the speed iregulator is adjusted up

" vard to opefnthe 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 wil supply a greater fraction of the 

real load and that is illustrated by the dotted lines 
"on'the frequen'eyr ve-rsiis-real p6wer diagram of 
Figure 7:14.: Similarly,- idjusting 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 the -generator.

Note then, that by adjusting the speed regula
tor and voltage regulator-of a generator in parallel 
with an infinite bus, we can conrrbl the'real and 
reactive power supplied by the generator, and, 
therefore, its power factor. If, inFigure 7-14, 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
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would* become more lagging. - Remember that 
even-.though the power factor of generator 1 
changed, the power faitor 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 
together 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 regula
"tor is adjusted such that the no-load voltage is 
above the system voltage. Induced voltage in the 
armature is higher than temminal voltage and reac
tive 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 genera
tor is operating with a lagging power factor.  

Under unusual conditions, the voltage regula
tor is adjusted such that the no-load voltage is 
below the system voltage. Reactive current will 
flow from the grid to the armature. VARs are 
negative (flowing in), the generator is described as 
underexcited, and operating with a leading power 
factor.  

7.5.4 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 other
wise occur if the breaker was shut across a high 
potential. The second condition is that oncoming 
generator frequency must be slightly higher (a 
fraction of a hertz) than grid frequency. This 
ensures that when the generator output breaker is 
shut, the generator will immediately pick up some 
real load when it slows down. This requirement is 

* illustrated in Figure 7-15. By ensuring that the 
Sgenerator immediately picks up real load, the 
possibility of motorizing, the generator is mini

•,mized.

The final paralleling requireme-iit is that the 
generator output breaker be shitd when the gen
eratoroutputis in phase with the grid. Again, this Sminimizes the potential difference across the out
put breaker.  

An instrument called a synchroscope, illus
trated in Figure 7-16, is used to compare the 
voltage phase relationship and relative frequen
cies of the two AC systems. The synchroscope 
physically measures the voltage potential between 
a single phase of the incoming bus (normally the 
generator) and the running bus (the portion of the 
system thatisalreadyconnected toapower source).  
Rotation in the FAST (clockwise) direction indi
cates the incoming (generator) frequency is 'faster" 
than the frequency on the running bus. Similarly, 
rotation in the SLOW direction indicates the in
coming (generator) frequency is "slower" than the 
running bus frequency. The speed of the pointer 
rotation indicates the magnitude of the difference 
in frequencies. The angularposition of the pointer 
at any instant indicates the magnitude of the phase 
difference at that instant. When the pointer is at 6 
o'clock, the two systems are 1800 out of phase.  
When the pointer is at 12 o'clock, the systems are 
in phase.  

The procdure to parallel a generator to an 
infinite bus first requires that the incoming genera
tor voltage be adjusted to match the running volt
age. Next, the generator speed is adjusted so that 
the synchroscope turns slowly in the FAST direc
tion, indicating that incoming frequency is slightly 
higher than the running frequency. Finally, the 
generator breaker is shut when the synchroscope 
pointer is at the 12 o'clock position, indicating that 
the two systems are in phase.

7.6 Generator Limitations

Figure 7-17 illustrates fourconditionsorquad
rants in which generator operation may theoreti
cally occur. Regions II and III represent negative 
power or motoring of the generator and is pre
vented by protective devices. Regions I and IV 
have the generator supplying real power to the
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grid, with the difference between the regions be
ing reactive power. In Region I, the reactive 
power is said to be outgoing (positive), lagging, or 
inductive. Inductive means that the loads being 
supplied are inductors; that is, they require addi
tional current to produce their magnetic fields.  
Motors are an example of this type of load. Lag
ging means that the current is behind the voltage 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 load 
tends to be inductive overall.  

Region IV is the area of incoming (negative) 
reactive power, leading power factor, and capaci
tive. 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 typical gen
erator 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 overexcitation.  
From points B to C, armature amps are high 
because of real power supplied. Although stator 
bars are watercooled, statorpunchings 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.

USNRC Technical Training Center 7-9 Rev. 0493

Porwer Plant Engineering Course Manual Generators

USNRC Technical Training Center 7-9 Rev. 0493



Power Plant Engineering Course Manual Generators

Chapter 7 Definitions

FIELD

ARMATURE

- The electrical component of a generator (or motor) 
that produces the magnetic field.  

- The electrical component of a generator (or motor) in 
which the voltage is induced.  

- The stationary assembly of electrical components in a 
generator (or motor).  

- The rotating or moving assembly of electrical 
components in generator (or motor).

STATOR 

ROTOR
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D-C FIELD INPUT

ARMATURE WINDINGS 

Revolving Field Generator 

VOLTAGE NNS SSN 

0o 900 1800 270' 360* 

Sine Wave Produced by a Revolving Field A-C Generator 

Figure 7 - 1. Revolving Field Generator and Resultant Output
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ROTOR

FIELD 
WINDINGS

A. Three-Phase AC Generator

4-

VOLTAGE I'
B. Sine Wave Produced by Three-Phase Generator 

Figure 7-2. Three-Phase Generator and Resultant Output
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ROTOR

FIELD 
WINDINGS

A 

-A 

A'

-C

C

Figure 7-3. Four-Pole, Three-Phase AC Generator and Schematic 
Diagram for Y-Connected Armature Windings
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LALUNATED

END FLANGE 
BOLTS HERE

/ STATOR FRAME

VENTILATION 
SPACE BLOCKS 

(TYPICAL)

. STATOR CORE SLOT

KEY BAR

Figure 7-4. Generator Stator or Armature
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Figure 7-5. Stator Bar Assemblies in Stator Core Slots



'I 

C,' 

0o

COOLING GAS 
(H2) FAN

BARS

Figure 7-6. Simplified Rotor Assembly
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Figure 7-7. Exciter System
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GENERATOR 
OPERATING 
FREQUENCY

SPEED REGULATOR CHARACTERISTIC 

- POWER (W) 

GENERATOR REAL LOAD

Figure 7-9A. Speed Regulator Characteristic
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GENERATOR 
OPERATING 
VOLTAGE

NO LOAD VOLTAGE 

VOLTAGE REGULATOR 
VOLTHHARACTERISTIC

A - - 11-At, I IVt 

GENERATOR REACTIVE LOAD
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Figure 7-9B. Voltage Regulator Characteristic
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4160 V 
60 Hz 
0.83 LAGGING pf

LOAD1 
1400 KW 
1800 KVAR 
(INDUCTIVE)

LOQAD2 
800 KW 
-316 KVAR 
(CAPACITIVE)

Figure 7-10A. Generator Supplying Isolated Loads
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Figure 7-10B. Power Triangles
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Figure 7-10C. Regulator Characteristic for Generator Supplying Isolated Loads
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(Hz) 
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NEW .< 
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2200 KW 1484

44
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Figure 7-IL Effect of Increasing No-Load Frequency and Voltage Setpoints 
to Generator Supplying Isolated Loads
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FREO VOLTAGE 

(Hz) (V) 

W VAR 

Figure 7-12. Frequency and Voltage Characteristics 
of an Infinite Bus
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INFINITE BUS

GENERATOR 1 LOAD MULTIPLE 
GENERATORS 

22 KV 
60 Hz 
7000 MW 
0.81 LAGGING pf

•j 130 WAR 

GENERATOR I

GW

LOAD
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MULTIPLE 
GENERATORS

Figure 7-13. Generator in Parallel with an Infinite Bus
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GENERATOR FREQUENC) 
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Figure 7-15. Frequency Requirements for Paralleling Generators
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Figure 7- 16. Synchroscope
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Figure 7-18. Generator Capability Curves
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