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Summary

Methods for measuring the response characteristics of resistance
thermometers are presented and verified. The methods include loop cur=-
rent step response testing for quantitative response characterization and
self heating for monitoring for changes in response time. The loop cur-
rent step response test provides the transfer function of the sensor (out-
put signal/fluid temperature change). The measured transfer function may
be used to give any index of response desired (i.e. response vs. time for
a step input, response vs time for a ramp input, time constant, ramp delay
time, etc.).

The loop current step iesponse test or the self heating test may be
pertormed at the end of the sensor leads where they are normallv connected
to their transmitter. The sensor rust be disconnected during testing; but,
otherwise, normal plant operation is not “focted.

The testing procedures have been verified by extensive laboratory
testing. Laboratory conditions varied from room temperature and pressure
and low flow to full PWR operating conditions. Laboratory tests permitted
direct resporn~e measurements and loop current step response tests with the
sensor in the same condition. Loop current step response results and
direct time constant measurements were found to agree very well (within ten
percent).

The procedures also have been applied in operating plants. Experiences
at six plants are reported herein which show the practicality of the pro-
cedures for in-plant testing.

The methods have been found to be reliable, accurate, and practical.

s-1
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1. Introduction

New techniques for response time testing of resistance thermom-
eters installed in nuclear power reactors have been developed, validated
and applied. The techniques are described and their validity is estab-
lished in this report.
1.1 Regulations and Standards

U.S. Nuclear Regulatory Guide 1.118(1)

provides criteria, re-
quiremerts and recommendations on periodic testing of electric power and
protection systems. This guide refers heavily to two Institute or Elec~
trical Engineers Standards (IEEE Std 279-1971‘?) and IEEE Std 338-1975¢3)).
The Regulatory Guide states that the criteria, requirements and recommenda-
tions in IEEE Std 338-1975 are considered to be generally acceptable sub-
ject to sixteen stated exceptions and/or clarifications. The key points
relative to sensor testing in the Regulatory Guide are:

- (Section C - Item 1). "Means shall be included in the design to facili-
tate response time testing from sensor input to and including the actuated
equipment."

- (Section C - Item 5). '"Designs that do not require the use of bypasses
in order to test all or part of a safety system, are preferred over those
that require bypasses."

- (Section C - Item 6). "Instrumentation channel tests should include
perturbing the monitored variable wherever practical. Wherever this is
not practical, it should be shown that the substitute tests are adequate."
- (Section C - Item 12). "6.3.4 Response Time “ification Tests. Safety
system response time measurements shall be made periodically to verify the
overall response time (assumed in the safety analysis of the plant) of all

portions of the system from and including the sensor to operation of the

actuator.




"Where it is not possible to include sensors in in-plant individual or
system response time tests, the sensors shall be periodically removed from
their normal installations and tested. When this is necessary, the test
installation shall duplicate as nearly as possible the expected environment
and mechanical configuration of the actual installation.

"For channel testing, not including sensors, test equipment shall include

that necessary to simulate sensor output over its full range and simul-
taneously record input and output conditions for determining the overall
response time. The test input should span the normal trip setpoint suf-
ficiently to reset the channel for the untripped condition and ensure com-
plete tripping for the tripped condition.

"For protection tripping functions where two or more variables enter intoc
the tripping action (for example, the trip point is computed from tempera-
ture, differential pressure, and nuclear flux signals), the channel re-
sponse time shall be verified using each of the variables to produce the
tripping action. During this tripping action, the test signals for the re-
maining variables shall be adjusted te within their expected operating
rarge, but to a value that will produce conservative test results,

"The response time test shall include as much of each safety system, from
sensor input to actuated equipment, as possible in a single test. Where
the entire set of equipment from sensor to actuated equipment cannot be
tested at once, verification of system response time may be accomplished
by measuring the response times of discrete portions of tne system and
showing that the sum of the response times of all portions is equal to or
less than the overall system requirement.

"Response time testing of all safety system equipment per se is not re-

quired if, in lieu of response time testing, the response time of safety




system equipment is verified by functional testing and/or calibration
checks where it can be demonstrated that changes in response time beyond
acceptable limits are always accompanied by changes in performance charac-
teristics that are detectable during these routine periodic functional
tests and/or calibration checks."
These criteria, requirements and recommendations, along with those in

IEEE Std 279-71 and IEEE Std 338-75, were taken into account when develop-
ing and evaluating a testing procedure for resistance thermometers. Full
compliance with these criteria, requirements and recommendations is demon-
strated in subsequent sections of this report.
1.2 Candidate Test Procedures

The response of a resistance thermometer is contrulled by the
rate at which heat diffuses from the fluid to the sensing element, There-
fore, a suitable test procedure will involve a variation in the heat dif-
fusion rate.

Several candidate test procedures have been identified and
evaluated. These are:

A. Remove and Plunge. The plunge test is the classical response time

qualification test for temperature sensors. Most tests involve rapid in-
sertion nf the sensor from room temperature air or an ice bath into flow-
ing water. The most common water flow rate is three feet per second.

These tests are of questionable value for proper evaluation of the response
time of reactor sensors because the conditions in the reactor (flow, pres=-
sure, temperature and possibly conditions inside and outside of a thermo-
well) are different than in the laboratcry. Partial resolution of this

problem is possible by simulating flow, pressure, and/cor temperature con-

ditions, but other environmental conditions (such as the thermowell) cannot




be simulated with confidence. Consequently, the removal and plunge test
procedure is judged to have limited usefulness for practical response
measurements.

B. Plant Maneuver. Fluid temperature changes can be induced by changing

| reactor power or by changing the steam flow. This will provide a sensor
output transient that depends on its response characteristics. However,
there is no way to determine the actual fluid temperature so that the
sensor dynamics can be identified. Simulation might be used to estimate
the fluid temperature, but the uncertainty in this would be significant.
Consequently, the plant maneuver approach is considered to be unsatisfac-
tory.

C. Internal Heating. It is possible to induce a heat diffusion transient

by passing an electric current through the normal sensor leads. Since a
small current must be used in the bridge used for normal temperature
measurement, this approach involves an increase in current from its normal
level to a level suitable for obtaining adequate test data. The Joule heat-
ing causes a temperature transient which is controlled by heat diffusion
from the sensing (and heating) element to the fluid. This is exactly the
reverse of the normal heat diffusion path, but the same physical properties
control the heat diffusion regardless of the path. This intuitive approach
led to the development of an internal heating test method called the loop
current step response (LCSR) test. The key to this test method is the
ability to construct the response of interest (the response to a fluid
temperature change) from information that is measureable in a LCSR test
(the response to an internal heating change). This transformation has been

developed and validated.(a’5’6’7)

The method is suitable for complying
with the criteria, requirements aud recommendations of Regulatory CGuide

! 1.118, It is discussed in subsequent sections of this report.

L—————————————————————————-———--—--—--—---.-—...__.___....__.____.________.________.._‘__________L_".-_ij.______________!
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(8,9,10)

D. Fluctuation Analysis. The output of a temperatur~ sensor that

experiences random fluctuation in fluid temperature depends on the sensor
response characteristics. Methods have been developed for analyzing these
fluctuating signals to determine the response time, but quantitative re-
sponse time determinations depend on satisfaction of an assumption about
the statistics of the process temperature fluctuations. Since this assump-
tion cannot be validated, this method is considered unsuitable for quanti-
tative measurements.

The research program for developing response time testing methods in-
volved theoretical analysis, equipment design, laboratory testing and in-
plant testing. The laboratory work involved testing at room temperature,
low flow conditions, and testing at plant conditions in a special test loop
at Electricite de France. In these tests it was possible to compare the
loop current step response test results with plunge tests or injection tests
and thereby evaluate the validity of the methods.

1.3 Organization of this Report

Subsequent sections of this report give a complete description
of the loop current step response test. This includes basic theory, equip-
ment requirements, analysis procedures, accuracy limitations, laboratory
validation and field testing experience. Most of the information was ex-
tracted from several earlier publications, but some new information is

included also.
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2. Resistance Thermometer Characteristics

2.1 Construction Features

A typical resistance temperature detector (RTD) consists of a
fine platinum wire mounted inside a metal sheath (usually stainless steel).
Two construction methods are commonly used: mandrel mounting and wall
mounting. In a mandrel-mount sensor, the platinum element is mounted on a
support piece, inserted into the sheath, and held in place by a powder or
cement filler (See Figure 2.1). In a wall-wount sensor, a platinum wire
~0il is attached to the inside wall of a hollow sheath by a cement that
also serves to insulate the platinum electrically from the sheath (See
Figure 2.2).

Each of the construction methods has advantages. If a support
structure is used to mount the filament, stress effects on sensor perfor-
mance can be minimized; however, the back-fill material needed for elec-
trical insulation has significant thermal resistance. If the filament is
very close to the inner wall of the sheath, as is the case for the wall-
mount sensor, the time response of the sensor is faster than when the fila-
ment is mounted on a separate support. ‘The fast time response is desired
for some applications.

RTDs may be designed for direct immersion into a fluid stream
(wet-type) or for installation into a well in the stream (well-type). To
improve the heat transmission in well-type sensors, a thermal bonding
material is often used in the gap between the sheath and the well.

The sensors found in pressurized water reactors manufactured by
different vendors are quite different., Table 2.1 gives specifications on
some of the commonly-used sensors, Figures 2.3 through 2.5 show some of

these sensors.
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TABLE 2.1

SPECIFICATIONS OF THE RTDS USED IN THIS WORK

Sensor Number of 2 Wire Resistance
Sensor Model Plants Wet Type Sheath Well Sensing Elements 3 Wire Dummy at 0°F
Manufacturer Number Where Used Or Well Type 0.D. 0.D, Per RTD or 4 Wire Wire? Ro ()
*
REC* 177-GY B&W wet .335" NA 2 4 no 100
*k
REC 177HW B&W well .290" .410" 2 4 no 100
REC 104-AFC C.E, well .125 .281" 1 2 yes 200 o
REC 176-KF Westinghouse wet .375" NA 1 4 no 200
*okk
REC 104ADA C.E. well 125" .25 1 2 yes 200
REC 104VC C.E, well W o ol L 1 2 yes 200
Sostman 8606 Westinghouse wet 25"  NA 1 4 no 200

*
Rosemount Engineering Company.

~~

*%
Babcock and Wilcox Co.

*k Kk
Combustion Engireering Inc.



10

FIGURE 2.3. PICTURE OF THE ROSEMOUNT 176-KF SENSOR
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FIGURE 2.4. PICTURE OF THE ROSEMOUNT 177-HW SENSOR
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The resistance element is connected to lead wires that connect te
appropriate instrumentation. Sensors may be constructed with the lead wire
configurations shown in Figure 2.6. The multiple lead and dummy wire con-
figurations are used in measurement systems to compensate for lead wire re-
sistance to obtain accurate temperature measurements. RTDs are aiso made
with single sensing elements per sheath and with dual elements that allow
two independent measurements with the same sensor.

2.2 Environmental Effects on Response Time

Environmental effects that may influence sensor response time are
ambient temperature, fluid flow rate, and ambient pressure. These are dis-
cussed below.,

2.2.1 Ambient Temperature Influence

Changes in ambient temperature can affect response time by the
following mechanisms:

- t.mperature dependence of heat transfer parameters (thermal conduc-
tivities, specific heat capacities and surface film heat transfer
coefficients).

- dimensional changes with temperature.

The materials used commonly in RTDs and available information on
temperature dependences of thermal conductivities and specific heat capac-
ities are shown in Table 2.2, From Table 2.2, we see that no information
is available for several important materials, so a conclusive answer to
the temperature dependence of sensor response time cannot be based on the
use of physical property data. Experiments on actual sensors must be used
to obtain quantitative information.

The heat transfer coefficient at the sensor surface changes with

temperature. This occurs because of the temperature dependence of water
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al 2 Wire
AAA—
bl 3 Wire
A
cl 4 Wire
dl 2 Wire with Dummy
NV

FIGURE 26. RTD LEAD WIRE CONFIGURATIONS



Table 2.2

Effect of Temperature on Thermophysical Properties of
Resistance Thermometer Materials

Percentage chznge in Property for a

Material Temperature incriase from 70°F to 600°F
Specific Heat Thermal Conductivity

304 SS +18 +25

316 SS Negligible +25

AL, (porosity = 0)" +43 -57

Air +0.5 +70

Cement Used in RTDs 4 [

Thermal Bonding Compounds ? ?

(for use as a filler between
sensors and their wells)

*Note - The thermal conductivity of Al;03; depends strongly on porosity,.
The net effect depends on the combined effect of Al;03 conductivity and
the conductivity of the air in the pores. Since the conductivity of
Al;0; decreases with temperature and the conductivity of air increases
with temperature, these are competing effects. For 53 percent porosity,
the temperature dependence is nearly zero.
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thermal conductivity, specific heat capacity and viscosity. It has been
shown(6) that the film heat transfer coefficient decreases by about a
factor of two as water temperature increases from 70°F to 500°F.

An additional (and possibly dominating) factor in establishing
the temperature dependence of the response time is the temperature effect
on dimensiins. The sensor is composed of several layers of materials.
Ideally, these materials are homogeneous and in perfect contact with one
another. In actuality, it is likely that cracks and gaps exist within
regions and at boundaries. As temperature increases, the gaps and cracks
may open or close depending on the temperature coefficients of expansion of
the sensor materials. Since gas-filled gaps and cracks have a large effect
on the heat transfer resistance, this could be a large (but unpredictable)
factor with the net effect being an increase or decrease in time constant
with temperature.

2.2.2 Fluid Flow Rate Influence

The film heat transfer coefficient for the sensor depends on the
fluid flow rate. Correlations show that the film coefficient varies as the
flow to the 0.8 power. The importance of the film coefficient in determin-
ing the time constant depends on the relative importance of internal heat
transfer resistance vs. surface heat transfer resistance, For example, a
sensor whose internal heat transfer resistance is ninety percent of the
total at low flow can experience only a maximum of ten percent improvement
even at very high flow.

2.2.3 Ambient Pressure Influence

If the sensor sheath were compressible, then increased pressure

would compact the materials, improve the heat transfer, and reduce the

time constant. The effect is insignificant for practical sensor designs.
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Ambient pressure also affects the thermophysical properties of water
(density, specific heat capacity, thermal conductivity and viscosity), but
the effect is small. The total effect of ambient pressure is small.
2.3 Modes of Response Time Degradation

Since the response time is controlled by heat diffusion, response
time degradation could occur either by an increase in the overall heat
transfer resistance or by an increase in the effective heat capacity of
the sensor materials. Response time degradation has occurred, so it is
useful to postulate causes. Possible causes are:
- Changes in properties of thermal bonding material. The NEVER-SEEZ com-
pound used for thermal bonding in some well-type sensors undergoes changes
with temperature. Experiments(ll) showed a tendency for NEVER-SEEZ to
change from a pasty material at room teqperatute to a powder at elevated
temperature (500°F). Consequently, tests were performed to determine the
influence of temperature on the time constant because of NEVER-SEEZ property
changes. Results are shown in Table 2.3. These show that NEVER-SEEZ prop-
erties change in a way that increase the time constant of the sensor-well
assembly.
- Changes in properties of filler or bonding material. A special cement
called PBX (manufactured by the Robert G. Allen Co. of Mechanicsville,
N.Y.) is used in most currently used PWR sensors, It is the filler mate-
rial in mandrel-mounted sensors and the cement used to hold the platinum in
place in wall-mounted sensors. Tests in air show that the cement changes
from a homogeneous, plastic-like material to a flaky, hard material when

(12)

heated in air to 500°F. Additional tests with PBX were performed in

which special sensors were constructed for material evaluations. Small,

iron-constantan thermocouples were placed in the center of 1/2 in. tubes
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TABLE 2.3

T PSSR

EFFECT OF NEVER-SEEZ PROPERTY CHANGES WITH TEMPERATURE ON THE TIME CONSTANT

Time Constant (Plunge Test)

Test Number Condition
1 Fresh NEVER-SEEZ in Well
2 After heating sensor and

thermowell with NEVER-SEEZ
at 500°F for 12 hours

3 Sensor and Well with NEVER-SEEZ
Removed-Sensor and Well cleaned
with alcohol (air now in Well)

4 Repeat of Test Number 1 (fresh
NEVER-SEEZ)
5 After heating sensor and thermo-
well with NEVER-SEEZ at 550°F for
16 hours
6 Repeat Test Number 3

3.70 sec.

4.55

4.12

3.72

5.08

4.13

(Note: The sensor was a Rosemount 104 and mat-hing thermowell)
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(13/16 inch long) and then the tubes were packed with PBX. The assemblies
were then cured according to the manufacturer's instructions. These sensors
were subjected to thermal shock tests, extended exposure at high tempera-
ture, and mechanical shock tests. The time constant was measured before
and after these tests. The results appear in Table 2.4. These tests show
changes (increases and decreases) in time constant, indicating a change in
PBX properties or a change in its bonding to the thermocouple or the tube.
If similar effects occur in a reactor sensor, then a change in time constant
would occur. Furthermore, if the main effect is PBX embrittlement, then
mechanical vibrations in a power plant would likely affect the PBX and its
heat transfer properties.
- Changes in conditions at the sensor-fluid interface. If any material
(such as corrosion products or crud) adheres to the surface, then this
would increase the heat transfer resistance and increase the time constant.
- Changes in contact pressure or contact area. In a well-type sensor with
no thermal bonding material, the contact pressure between the sensor sheath
surface and the inside wall of the well can affect the response time.
Higher contact pressure will give a faster response. If a gradual relaxa-
tion of a spring caused a gradual decrease in contact pressure, then an
increase in time constant would occur. Also, some sensors use bushings
with points or groves to establish contact between the sensor and the in-
side wall of the well. If vibration caused relative motion between the
sensor and the well, then wear would cause decreased contact and a slower
response time,

This short list of possibilities does act prove that these changes
will occur, but sensor response time changes do occur and the postulated

mechanisms are plausible. Consequently, they must be taken seriously.
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TABLE 2.4

ENVIRONMENTAL EFFECTS ON PBX CEMENT

Number of
Test Samples Effect
Thermal shock (450°-550°F 4 small (<5%) increase
then quench in room in time constant
temperature water)
Exposure to high 4 decrease (up to 35%)
temperature (450°F-550°F) in time constant
for at least 4 hours
Mechanical shock 4 increase (up to 21%)
(36 in. drop onto a in time constant

hard surface)
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2.4 Effect of Heating Current on RTDs

The response time testing procedures presented in subsequent sec-
tions involve heating the sensor filament by Joule heating. Consequently,
it is pertinent to consider the possibility of sensor degradation as a re-
sult of passing a heating current through the filament.

The sensors used in power plants routinely experience a current
of a few milliamperes as a result of the requirements for resistance mea-
surement with a Wheatstone bridge. RTD manufacturers normally specify
maximum currents to be used so as to avoid temperature measurement errors
due to self heating. A typical maximum recommended value is ten milliam-
peres. This would give a measurement error of about 0.1°C for a typical
PWR sensor.

Some manufacturers also specify maximum safe heating currents to
avoid sensor damage. These include large safety factors because there is
no need for high currents in the normal temperature measurement applica-
tions.

Now that sensor testing by internal heating is an important con-
sideration, several sensor manufacturers have re-examined the question of
maximum allowable currents. They agreed to provide their conclusions for
use in this report (See Appendix A). The consensus is that currents needed
for sensor testing (up to 80 milliamperes) are acceptable.

Additional evidence that Joule heating needed for sensor testing
does not harm the sensor has been obtained at Oak Ridge National Laboratory.
These results are also documented in Appendix A.

Further experience has been obtained in the EPRI-funded research
program at the University of Tennessee. Sensors have been subjected to
thousands of Joule heating tests with currents of up to 100 milliamperes

with no resultant observable change in sensor characteristics.



12

It is concluded that heating currents of up to 80 ma range needed

for effective testing will cause no deleterious effects on the sensors.
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. 8 Time Response Characterization of Sensors (See Appendix B for details.)
3.1 General

There is considerable confusion about the terms used to charac-
terize the response time of sensors. An attempt will be made here to clari-
fy the situation. There are three basic ways to specify sensor dynamics:

A, Response to a Reference Input. In this case, a reference input (such

as a step or a ramy) is imposed and the resulting output curve is recorded.
This is unambiguous, but the whole response curves must be specified rather
than a single concise numerical index.

B. Mathematical Relation. In this case, a mathematical relation such as

a transfer function, a differential equation or a response equation may be
used, These may be obtained experimentally. As such, they may be viewed
as condensed representations of the same information contained in the re-
sponse curves. Furthermore, once the mathematical relation is known, it
can be used to determine the response to any input.

(6)

It is well known that the following mathematical relations are
valid for giving the response of temperature sensors to temperature changes:
- Transfer function

0(s) _ 1
T(s) (rls+1)(r

(3.1)
2s+1)...

where
0(s) = output
T(s) = temperature

This transfer function has an infinite number of pecles (denomi-
nator terms), but the higher ones have decreasing importance. The transfer
function shown has no numerator terms (zeroes) because experience has shown

that they do not occur in typical RTDs used in current Psz.(ﬁ)

13 %
\
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It is important to note that a measurement of the transfer func-
tion is the preferred way to identify sensor dynamics. Once the transfer
fun-tion is identified experimentally, all essential information is avail-
able. The response to any input (such as a temperature traasient expected
in a postulated accident) can be determined easily and reliably.

- Response to a step change in fluid temperature.

’ -t/t -t/t
o(tr) a + ae 1+ a,e & ® s (3.2)

Again, an infinite number of terms is required ir theory, but the higher

terms have a small influence.

- Response to a ramp change in fluid temperature.

e/t b b2 4 .., (3.3)

0(:)-1([:-(11+t 2

2 + sss)] ¥ ble

where
K = ramp rate

C, Time Constant and Ramp Delay Time. The concept of a time constant (al-

so sometimes called a response time) was introduced to permit characteriza-
tion of system dynamics with a single numerical index. The standard defini-
tion of the time constant is the time required for the response to cover
63.2 percent of its spar. following a step input (other definitions based on
other percentages are also used sometimes). Figure 3.1 illustrates the
concept of a time constant.

Another index is the ramp delay time. It is the time displace-
ment between input and response after the cv . ves become parallel during a
ramp input (See Figure 3.2).

Both the time constant and the ramp delay time are very useful,

but they are unambiguous only for certain cases, That is, it is possible
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to have two systems with different dynamic characteristics, but identical
time constants (See Figure 3.3).

The time constant is a unique index in the special case of a
first order system (only the term involving B is significant in Equation
3.1, Equation 3.2 or Equation 3.3). In that case, there is only one re-
sponse for a system characterized by a certain time constant. Iurthermore,
the time constant and the ramp delay time are numerically idcatical., (See
Appendix B.)

For a higher order system (terms involving Ty 13, etc., are sig-

nificant as well as the term involving t, in Equations 3.1, 3.2, and 3.3)

1
it is still possible to use the concept of a time constant or a ramp delay
time, but it is not unambiguous as in tne case of a first order system.
That is, wo systeme can reach 63.2 percent cf their final value at the same
time, but have different dynamic characteristics (See Figure 3.3). Figure
3.3 also illustrates a common feature of real sensors that is not observed
with a first order system. That is the S shaped curve (derivative equal to
zero at the initial time).

The time constant and ramp delay time are useful to characterize
even sensors with higher order dynamics in spite of the ambiguity. Formulas

(6)

have been derived to relate the overall time constant to the 1, in Equa-

i

tions 3.1, 3.2 and 3.3. These T, are usually called modal time constants.

The modal time constants are related to the overall time constant, 1, and

the ramp delay time, D, as follows:
T = rlll - 1n (1-t2/11) - in (1-T3/11) = aeel (3.4)
D = T + T + T + - s (3.5)

1 2 3

While t and D are numerically equal for first order systems, they are
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slightly different for higher order systems. However, the difference is
small, Figure 3.4 shows the percent difference between 1 and D for a

second order system. For all practical purposes, they may be considerce

“1.
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4. Sensor Heat Transfer
4.1 Introduction

Theoretical heat transfer analysis has a very important role in
developing LCSR data analysis procedures and in determining limitations on
accuracv. However, the theory is suitable only for determining how to use
éata from experiments. Any analysis or correction based entirely on theory
is unsuitable because of rhe impossibility of specifying adequately the
geometrical, dimensional and physical property information that would be
required. Consequently, this section is devoted to heat transfer theory as
a tool for using the information in a LCSR transient.

The approach will be to study a range of sensor configurations in
search of correlations (which are independent of geometry, dimensions, or
physical properties) that are useful in LCSR data analysis. Exact solu-
tions for homogenecus solid cylinders and for homogenous annular cylindrical
geometries will be used. Also, finite difference methods will be used for
non-homogenous arsemblies. The results will reveal the sensor character-
istics and environmental conditions that control response time and will pro-
vide information needed to improve the accuracy of test results (from ap-
proximately twenty-five percent maximum without the improvement to ap-
proximately ten percent maximum with the improvement).

4.2 Homogeneous Systems

Sensors are not really homogeneous assemblies. They consist of
layers of materials with varying heat transfer properties. Nevertheless,
homogeneous models provide a useful starting point in analyzing sensor heat
transfer.

Many standard references give the equations, boundary conditions

and solutions for unsteady state heat transfer in homogeneous cylinders
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(solid or hollow). The heat conduction equation is:

2 <
8T(r,t) _ 3°T(r,t) 1 3T(r,t), . Q(r,t)
at . (3r2 . r or 1 ¥ pc (4.1

where

T = temperature

r

t

c

Q

radius

time

thermal diffusivity = k/pc
thermal conductivity
density

spec ific heat capacity

heat generation rate.

The solution is specialized to selected geometries and surface conditions

by selection of suitable boundary conditions,

4.2.1 Solid Cylinders

The proper boundary conditions for a solid cylinder are:

T(O,t) % = (4.2)
kS (R,t) = h (T(R,t) - 8(t)) (4.3)

where

R = outer radius

h = film heat transfer coefficient

A = heat transfer area

9 = bulk fluid temperature

The second boundary condition is called Newton's law of cooling. The solu-

tion of Equation 4.1 for a step change in 6 with these boundary conditions

is:

- 2

T(r,t) = T(r,=) _ e-(A a)t

T(r,0) - T(r,=) Z Kn " (4.4)
n=1
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where
2 Jl(Hn)Jo(Mnr/R)
Kn "M 2 2 (&.3)
n [Jo (Mn) +J, (Mn)]
M = 1R
n n
AnR . Jo(AnR) o5 )
hR JI(A R) N
r n

Jo’Jl = Bessel functions
There are several key points to note:

a. The response is an infinite sum of exponentials

b. The exponential coefficients depend on the solution of a trans-
cendental equation (Equation (4.6)). The An that cause validity of Equa-
tion (4.6) are called eigenvalues. The model time constants, Tys are
inversely proportional to Aiz.

s The quantity, EE, appears in Equation 4.6. This ver sportant

parameter is called the Biot Modulus, N It represents the ratio of

Bi®

internal heat transfer resistance to surface heat transfer resistance. It

will prove to be a very important item in developing LCSR theory and in
understanding sensor behavior.

The eigenvalues (values of xn that cause the equality in Equation
(4.6) to be valid) may be found by a graphical procedure. The procedure
requires specification of the following information about the sensor:
- outer radius

- Biot modulus

A plot with separate curves for the left hand side (EB- A vs. A) and for the

J (JR) Bi
right hand side ‘EQZKET vs. 1) will have intersections at values of A that
1

satisfy Equation 4.6, A plot of this type is shown in Figure 4.1. From
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this curve, several properties relative to the eignvalue spacing (which
will be useful in subsequent development of LCSR transformation theory)
can be determined:

- The smallest Ai (largest Ti) is much more sensitive to the Biot modulus
than the other Ai.

- The value of JO(AR)/JI(AR) goes to infinity at values of AR equal to

(n + 1/4)r for large, integer values of n. The intersections occur near
these values for large n. Since the exponential terms in the response
equation involve liz, we observe that the modal time constants, T are

inversely related to X - Therefore

i -
Ra

ot {1 + 174)"

Ti'

- The value of JO(AR)/JI(AR) goes to zero at values of (n = 1/4)7 for
large integer values of n.

-~ Since the straight line (with slope 1’"31) intecrsects the JO(AR)/JI(AR)
curve at progressively larger values of the abscissa, the intersections
occur nearer the vertical asymptotes at the larger values of AR. This

means that the larger values of A, are given by

i

=l i1+ 1/4)n

i R
The ratio of the higher eigenvalues is given by:

o+ 1.29)°
Ti+1 (1 +0.25)°

This is independent of the Biot modulus.

The response to a step change in heat generation rate is also

possible. The results are:

- 2,2
T(r,t) - T(r,0) .Z Lne‘xn oxin (4.7)

n=]



where
QO-Q_ Jo(lnr)Jo(AnR)

n Tk 2
ORI, AR + 3 (R ]

QD = jnitial heat generation rate
a. = final heat generation rate
The eignvalues (xn) are the same as for the previous case. Consequently,
the exponential terms are the same for both cases, but the factors that
multiply the exponentials are different.

The modal time constant ratios for different values of Biot
Modulus are shown in Table 4.,1. It is clear that for a solid cylinaer,
the eigenvalue ratios increase when the Biot modulus decreases (internal
heat transfer resistance decreases relative to surface heat transfer re-
sistance). This shows that higher modes are more important when the Biot
modulus is large (internal heat transfer resistance dominates over surface
heat transfer resistance).
4.2.2 Hollow Cylinders

The heat conduction equation (Equation 4.1) applies for hollow
cylinders as well as solid cylinders. Also, the Newton's law of cooling
boundary condition at the surface (Equation 4.3) is still applicable. The
other boundary condition must be changed. A suitable choice is to assume
that there is no heat transfer at the inner radius. This means that the

surface is insulated or that the material across the inner boundary has

no heat capacity. In this case, the boundary condition becomes:

IT(R;, )

5e 0. (4.9)

As for the solid cylinders, the response to a fluid temperature

step or an internal heat generation step is a sum of exponentials. As

7 091
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TABLE 4.1
EFFECT OF THE BIOT MODULUS ON THE MODAL TIME CONSTANTS
Biot us :_Z_Cf_;
A 21.69
1 10.49
2 7.18
5 5.64
10 5.34

20 5.28
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before, the exponentials are the same for both types of coefficients, but
the factors that multiply the exponentials differ. The solutions are given
in reference (12).
4,3 Multi-Layer Modal Models

Transient heat transfer models may also be constructed using a
finite difference approach. Dynamic energy balances may be written over
each section. This method gives results that approach the exact solution
as the number of sections increases. For a one-dimensional case, the equa-
tion for the temperature of the tgh node is:

dr

i 1 1 N
(MC) = L PRI ) = s (T, - T ) + Q

i de Ri,i-l i-i i Ri,i+1 i i+l i

where
th
Ti = average temperature in the i— section
Ri i-1 = heat transfer resistance between section i and section 1-1
’

Hi = mass in section i
Ci = gpecific heat capacity of material in section i

61 = heat generation rate in section i

The advantage of a model of this type is that it is easy to simu-
late non-homogeneous systems. The variations in heat transfer charac-
teristics in different regions shows up in the model in values for the
resistances which differ in different equations in the set.

The overall model for the sensor consists of a set of coupled,
linear differential equations. The solution for the temperature response

in the tsh gection is:

Ti(t) =3  +a iexlt + a exzt + aes

0i 1 21

If the model involves n equations, there will be n exponential terms in
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the response equation. Note that the response equation for each section
contains the same exponentials, but the coefficients that apply for dif-
ferent sections are different. Also, note that the solution is a sum of
exponentials, just like for the analytical approach in the previous section.
The equations may be solved to give the time responses of interest

(12) was to solve

or they may be solved to give the Ai. The approach used
the finite difference equations for homogeneous systems as a first step.
Comparisons with analytical results confirmed that the coefficients were
being calculated correctly and that a sufficient number of sections was
being used. Subsequently, the coefficients were re-formulated to approxi-
mate the multi-layer structure of typical commercial sensors and simulations
were performed.
4.4 Results of Simulation Studies

A large number of simulations was performed to find general cor-
relations of potential use in interpreting sensor response tests. One
question that was considered is, "Is it possible to find a correlation
that permits estimation of higher mode effects when only the first few
dominant modal time constants are known?" Particularly, can one use a
knowledge of £ and 1, to estimate the influence of Tys Tyo etc. on the
sensor response?

The approach is to define an approximate time constant T(N) based
on N modes. For example:
(1) = 1
1(2) = tl(l - 1n(1 - 12/11))
t(3) = tl(l - In(l - 12/11) - In(1 - 13/11))
Note the t(=) is the true time constant (infinite number of modes).

It was found that t(=)/t(2) correlates uniquely with 12/11 regard-

less of sensor geometry, size or materials. The basis for this may be . ,)‘;
L)”

¥ %
L
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reasoned as follows:

- The ratio of Tzlt1 correlates uniquely with the Biot modulus

-~ The Biot modulus completely defines the required sensor heat transfer
information

- The availability of the required sensor heat transfer information allows
assessment of higher mode contributions.

The correlation appears in Figure 4.2. It shcws results for homogeneous
solid cylinders, homogeneous annular cylinders, and inhomogeneous (multi-

layer) assemblies, Clearly, they all follow the same correlation.
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S Loop Current Step Response Theory
5.1 Derivation of the Loop Current Step Responce Transformation

The loop current step response transformation provides a means
to determine the response to a fluid temperature change from information
extracted from a loop current step response transient. The transformation
provides the sensor transfer function. Consequently, it enables one to
determine the response of the sensor output to anv fluid temperature dis-
turbance. In addition the time constant or the ramp delay time may be de-
termined.

The mathematical details of the development of the transformation
are given in Appendix C. The key points to understand about the basis for
the transformation are:

- No physical property information or dimensions are required to implement

the transformation. All information needed in the transformation is con-

tained in the loop current step response transient data.

- The validity of the mathematical model used in the analysis is assured.
The deriviation depends only on the form of the model. The form assumed is
based on a model developed by performing dynamic energy balances on a series
of adjacent slices to represent the sensor. The LCSR transformation theory
does not require a specification of the number of sections or the coef-
ficients. The model used in the theory can then be said to be free of any
restrictions that limit the validity of the transformation.

Two assumptions are made about sensor geometry.
A. The heat transfer is one dimensional
B. There is insignificant heat capacity between the sensing element and
the center line of the sensor.

The implications of these assumptions are important in assessing
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the validity of sensor response time evaluation by loop current step re-
sponse testing. The effects of imperfectly satisfying the assumpcions have
been evaluated theoretically and experimentally. These topics are dis-
cussed in Chapters 9 and 10 of this report.

Analysis based on the model and the two required assumptions
gives the following results (See Appendix C for details):

- LCSR transient

_t/tl _t./r2
x(t) = a + a,e + a,e * yas (5.1)
- Sensor transfer function
50(s) _ E
58(s) ~ (iys ¥ D(1,5 + D)oo (3.08¥
where
80 = sensor output variation
§0 = fluid temperature variation
- Sensor response to a step change in fluid temperature
_t/t1 _t/t2
§0(t) = b° + ble + b2e * 1 sen (5.3)

where b1 = f(Ti)

The noteworthy aspect of these results is that the 1, are necessary and

i
sufficient to specify the sensor transfer function. Furthermore, the same
T determine the LCSR transient and the response to a fluid temperature
perturbation, Consequently, identification of the T from the LCSR tran-
sient provides all of the information needed to determine the sensor's re-
sponse to fluid temperature changes. The result for a step change in fluid

temperature given above is one example.

The steps in a LCSR test and analysis program are:



A. Measure the time varying resistance following a step change in Joule

heating of the sensor.
B, Identify the T by analyzing the LCSR transient.
C. Use the i to identify the sensor's response to fluid temperature
changes., Identification may provide any of the following:

- transfer function (sensor output/fluid temperature changes)

- resmonse vs., time for a fluid temperature step change

- response vs. time for a fluid temperature ramp change

~ time constant (time required to veach 63.2 percent of the final

output following a fluid temperature step)

- ramp time delay.
This list illustrates the completeness of the information from a LCSR test
and analysis. The usual desired quantity is the timc constant, but much
more information ‘s available if desired.
5.2 Correction Factors

It has been shown that the sensor response can be specified if

all of the t, are identified. For example, the time constant can be

i

evaluated from the T using

t =1, [1-1n(1 - 12/11) - In (1 - t3lr1) i Eningl (5.4)

1

The contribution of the term involving 1, gets smaller as i gets larger.

i

Yevertheless, a good determination of T may require a number of t In

i
analysis of practical data sets, it is possible to identify only two, or
possibly three, T from a LCSR transient. If the additional, unmeasureable
Ti contribute a significant fraction to the total response, then the time
constant based on two or three terms will be too small.

The results of the theoretical studies may be used to develop

correction factors that account for the important modes (terms containing
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the exponential factors) that cannot be identified from practical LCSR data.
The relation between the modal time constants, Tys and the overall time con-
stant, 1, was given in Equation 5.4.

This is rewritten as follows:

T T, [L+C, +C, #+ ses]) (5.5)

1 2
where
Ci = - In(1 - tiltl) (5.6)
The true time constant (based on an infinite number of terms) is
t=T [1 + i£2 Cil £5:7)

The approximate time constant (based on a finite number of terms, N) is

N
T(N) = T 1+ 122 Ci] (5.8)
A correction factor is defined as:
Correction Factor = F_ = True time constant = (=)

N Time constant based on N terms T(N)

If two modal time constants (Tl and 12) can be identified experi-

mentally, then the appropriate correction factor is F The theoretical

2°
studies show that a measurement of 12/11 provides all of the information
required tc give FZ’ This very iuportant correlation appears in Figure 4.2.
Note that F2 varies from 1.0 to 1.2. It should be noted that the correla-
tion is based on simulations that include a wide range of geometries,
dimensions and physical properties. The striking feature is that the cor-
relation is independent of these properties. The procedure for determining
the time constant is:

- perform a LCSR test

- identify 1., and T, from the test data

1

- ayaluate 1(2) based on Il and Tz

B e e e I B i i e e e e NP ———— e e e S s e e
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- determine F. from the measured 12/11

2
- evaluate the true time constant T = Fz T{Z)s

The validity of this approach is confirmed experimentally in Chapter 10.
Other correction factors besides Pz are sometimes useful., Par-

ticularly, F, may be required in cases where experimental conditions make

1

it impossible to identify 1 is the only available modal

2* In this case, LY

time constant and it may be inadequate to evaluate the overall time con-
stant, In this case, it is not possible to evaluate the higher mode con-
tributions without knowing the Biot modulus. Since the Biot medulus is
just as poorly known as the time constant that is being measured, it is

not possible to specify a proper value to use in order to give Fl. However,
we can use F, to set an upper limit on 1. The theoretical studies show

1

that the maximum value for Fl is 1,4, Since v = Fltl the maximum possible

T 1is 1.611.

ER = . 1 R R R R RO R RO RS W " - -
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6. The Self Heating Test

The heat transfer resistance affects two measurable quantities
following a change in internal heating: the rate of temperature change and
the magnitude of the resulting steady state temperature change. The heat
capacity affects only the rate of change. Consequently, a change in heat
transfer resistance (and a concomittant change in time constant) may be
detected by measuring the magnitude of the temperature change per unit of
power dissipated in the filament. Since the temperature change in an RTD
is proportional to its change in resistance, the measurement may also in-
volve determination in the steady state change in resistance per unit of
power (typically ohms/watt). This index, which is called the self-heating
index, is easily measureable. Its suitability for detecting changes in

response characteristics is demonstrated in Chapters 10 and 11.



48

7. Equipment

Several options are available for the test equipment needed in
a loop current step response test. The instrument should permit switching
from one constant power condition to another constant power condition
while simultaneously providing a measurement of the time-varying resistance.
Bridge-type instruments are well suited for this. The bridge may be run
using a constant voltage source or a constant current source. Also, a
simple voltage measurement on a resistance element being heated by a con-
stant current may be used., These are considered below.
7.1 Constant Current Source With Voltage Measurement Across the Resistance

In this case, the equipment involves the simple circuit shown in
Figure 7.1. The resistance changes because of Joule heating and this af-
fects the voltage measurement. The voltage drop increases linearily as the
resistance increases and the power also increases linearily as the resis-
tance increases. Therefore, if the resistance changes significantly, the
constant power assumption used in the development of LCSR theory is not
valid. This can be overcome, but at the expense of a more complicated
analysis procedure.
7.2 Bridge, Constant Voltage

The voltage drop, V, across the arms of a Wheatstone bridge with
applied voltage E is (See Figure 7.2):
. (Rerp = R'Ry

(R1 + Rd)(Rl + RRTD)

If the bridge is initially balanced, then

= %y * 68

v E. (7.1)

and

! §R

A

1

R +ad (R1+Rd+6R) . -.~}\§(
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FIGURE 7.2. WHEATSTONE BRIDGE FOR LCSR TESTING
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The power dissipated in the RTD is

g (R, + 5R)
p = (7.4)

2
(R1 + Rd + 6R)

The relation between resistance change and measured voltage is
(R1 + Rd)

R E v (7.5)
s o
R1 + Rd

The relation between V and &R is nonlinear, but, if &R is small compared

éR =

to Rl + Rd, then assuming linearity iIs satisfactory. Typical values for

SR are two to ten ohms and Rd is 200 to 5060 ohms. Rl mayv be chosen large

enough to ensure adequate linearity, but 100 to 500 ohms is generally
satisfactory.
For a bridge with constant voltage, the power changes when the

resistance changes. For typical cases where &R is small compared to R1

and Rd’ the effect is small. If cases are encountered where SR is sig-

nificant compared to R, and Rd, then the analysis procedure may be modified

1
to account for the varying power
7.3 Bridge, Constant Current

In this case, the relation between voltage measured and resistance

change is

RII

2R1 + ZRd + 6R

v

&R . (7.6)

The power dissipated in the sensor is

(R} +RY 212(Rd + 6R) =
2(R1 + nd) + &R (7.7)

The linearity of V vs. 6R and the effect of resistance change on power are

similar to the previous results for a constant voltage bridge.
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7.4 Conclusions Concerning Equipment
The equipment is simple and its operation is fully understood.
' Equipment design or data processing features may be specified so as to

ensure adequacy of the data collected by the instrumentation.
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8. Typical Test and Analysis Procedures
8.1 Performing a LCSR Test
The loop current step response is performed as follows:
a. connect a lead from each side of the resistance elemert to the
test equipment, The additional leads used in multiple wire sensors
are not necded since the absolute temperature is not measured.
b. set the bridge to the low voltage condition. The voltage is
selected to give a sensor current of 1 to 4 ma so as to causc
negligible Jovle heating.
Ce balance the bridge by adjusting the variable resistor so as to
give a zero voltage drop, V, across the arms of the bridge.
d. Switch to the high voltage condition. The voltage is selected
to give 25 to 75 ma through the sensor. For a 400 ohm sensor this
gives 0.25 to 2.25 watts. This causes a resistance change of 2 to
20 ohms in typical PWR sensors. The temperature increase is 3 to
30°C. A typical transient is shown in Figure 8.1.
It is also possible to use the data obtained upon switching from high
voltage to low voltage. However, the measured signal is smaller and the
signal-to-noise ratio is lower. Consequently, the preferred test involves
a transition from low voltage to high voltage.
Appendix D gives a detailed test procedure.
8.2 Analyzing LCSR Data
The data analysis procedure discussed in Section 5.1 requires
the identification of exponential coefficients from step response data.
This may be done graphically using well-known exponential peeling tech-
niques or it may be done using a computer fit. The fit is usually based
on a least squares principle that finds the coefficients in a sum of ex-

ponentials that give the best fit to the data.
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8.2.1 Graphical Analysis

The function has the form

_t/t1 _t/t2
X(t) = a - ae + a,e * 5 on (8.1)
Since a = X(=), we may write
ty /i,
X(=)=X(t) = = a,e - aye * oo (8.2)

£ o > Ty then higher terms (r1 for i > 1) have a small influence relative

to the L term as time increases. If one waits until the higher terms are

negligible, then

t/T1

X(=)=X(t) = - aje” . (8.3)

In this portion of the data, a semi-logarithmic plot of X(=)-X(t) is a

|
straight line and --? is the slope. The intercept of this line at t = 0
1
10
The identification of the second exponential involves using the

gives the value of a

identified a, and 1

1 1 to construct a modified data set:

t/t1

y(t) = X(t)=-X(=) - ale' = a

_t/rz

e +ae o (8.4)

2 3

The same procedure may be applied to find T, that was used to find Ty

In principle, this could go on until a large number of T, were

identified. In practice, the small influence of the higher terms and the
limited accuracy of actual test data restrict the graphical analysis to
identification of one or two Ty

An example of a graphical analysis of laboratory data is shown in

Figure 8.2
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FIGURE 8.2 GRAPHICAL EXPONENTIAL STRIPPING
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8.2.2 Computer Analysis
Numerous algorithms are available for identifying exponential
coefficients from data records. Most involve minimization of the error

beiween the data and the equation pre&lttion of the response:

¥ 2
E= 5 € (8.5)
t/t .7
- 1 =% Lo
Ci X(ti) it 80°ale -~ aze - ave (806)
where
E = error

N = number of samples
The identification involves finding the parameters (ai and ri) that minimize

E. Experience has shown that two 1, can usually be identified using com-

i
puter fitting methods.
Results of a computer fit are shown in Figure 8.3. The figure
shows the raw LCSR data, the fitted curve and the predicted response to a
step change in fluid temperature as determined from the identified trans-
fer function. It is seen that the fit is indistinguishable from the raw
data. This is typical of LCSR analysis results.
8.3 The Self-Heating Test
In a self heating test, the sensor is connected to the test
equipment as for the LCSR test. The steps are as follows:
a. Set the applied voltage to obtain a low current (typically 5 to
10 ma) through the sensor.
b. Measure the sensor resistance. In a bridge-type instrument,
this means adjusting the variable resistor to achieve a voltage drop
of zero across the arms of the bridge.

¢. Measure the power (IZR) dissipated in the sensor.
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d. Repeat steps a through ¢ for several different applied voltages

(usually ten or more values are measured).
A detailed self heating procedure is included in Appendix D.
8.4 Self Heating Test Analysis

The self heating data are plotted (steady state changes in

resistance vs. power). The plot is a straight line. The slope (ohms/watt)
is called the self heating index. The self heating index is proportional
to the overall heat transfer resistance for the sensor. Typical laboratory
results appear in Figure 8.4. 3elf heating index values for typical PWR

resistance thermometers are 5 to 10 ohms/watt.
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9. Accuracy Limitations
The accuracy of the results of a loop current step response test
depends on the significance of two types of errors:

Mathematical errors - Those errors due to violation of the conditions for

validity of LCSR trans ormation theory.

Measurement errors - Those errors due to measurement conditions that prevent

accurate identification of all of the exponential coefficients (11) that are
needed to permit accurate specification of sensor dynamics.
These errors are assessed below.
9.1 Mathematical errors
The LCSR transformation depends on the absence of zeroes in the

transfer function for the sensor. This is guaranteed (See Appendix C) if
the following two essential assumptions of LCSR transformation theory are
satisfied:

1. insignificant branching in the heat transfer path between the

sensing filament and the fluid.

2. insignificant heat capacity betwzen the sensing filament and the

sensor center line.

(13) that the presence of zeroes that would occur if these

Analysis shows
assumptions were violated causes the response to be slower than the true
value. Consequently, if these assumptions are violated, the results are
conservative and there is no possibility of failing to detect an unsafe
condition bezause of mathematical errors.
9.2 Measurement errors

Measurement errors have to do with the test conditions that

limit the amount of necessary information that can be extracted from the

data. In an ideal test, the LCSR transient will obey the following type



62

of equation:

S5y ~H%y STy
X(t) = a, + ale + aze + a3e P ase (9.1)

Experimental and data handling problems that limit the accuracy of the
identification of the T, are:

- noise (either due to electrical pick-up or process fluctuations)

- drift in the process

- finite resolution in the sampling of the data and in the digital computa-
tions.

The noise problem can be overcome by nsing large heating currents
or by averaging multiple data sets. In some power plants, adequate signal-
to-noise ratios have been obtained with moderate heating currents (50 ma).
In others, the noise was too high to overcome with safe heating currents so
averaging was used.

Drift is easily removed by identifying the drift rate and sub-
tracting it from the data before analysis.

The finite resolution in d»*a sampling and computer calculatiouns
is unavoidable. This effect usuzé ., limits the analysis to identification
of two modes (rl and 12). These alone are inadequate to specify the com-
plete response for some sensors. However, the identification of 11 and 12
has been shown to reveal all of the information required about sensor heat
transfer and permits evaluation of the contributions of 13, T4t etc. (See
Section 5.2 for details).

Further assessment of the validity of the method must rely on

tests performed under conditions when the response can be measured directly

and compared with the prediction. This is reported in Chapter 10.

1D
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10. Laboratory Testing
Laboratory tests were performed to check the validity of the test
procedures. These were performed by University of Tennessee personnel in
two different laboratories: the Thermometry Laboratory in the Nuclear Engi-
neering Department at the University of Tennessee and the RTD test facility
at the Renardieres facility of Electricite de France in France. In each
laboratory, it was possible to perform the tests developed for use in a
power reactor and to perform a direct response time measurement for the
RTD under the same conditions (ambient temperature, flow, pressure)., Com-
parison then showed the adequacy of LCSR testing and analysis.
10.1 Description of Facilities
10.1.1 University of Tennessee Thermometry Laboratory
The tests at the Thermometry Laboratory at the University of

Tennessee were performed in a rotating tank of water. The radial position
where a velocity of three feet per second occurs was found and used for
the tests. For LCSR or self heating tests, the sensor was mounted vertical-
ly with an insertion depth of about six inches., For direct response time
measurements, the following procedure was used:

1, Mount the RTD vertically on the shaft of a pneumatic cylinder

positioned such that the stroke of the shaft carries the sensor from

air down into the flowing water.

2, Place a container of ice water under the RTD. The container had

a thin membrane at the bottom.

3s Actuate the solenoid to move the cyli. er down (penetrating the

membrane) .

4, Record the sensor resistance and a timing signal that marks the

entrance of the RTD into the water.
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5. Measure the time constant (time to achieve 63.2% of the total re-
sponse) from the recorded trace.
10.1.2 ED¥F Facility
The EDF facility is a large loop designed primarily for testing
full size PWR pumps and valves at operating conditions. A special RTD test
loop was added. It includes a test section for mounting the sensor in
water flowing at typical PWR flow, temperature and pressure conditions.
A special injection system with a fast valve is used to feed a small
stream of colder water into the test section. This approximates a step
change (rise time of 20 to 60 ms) for direct measurement of the sensor
time constant, The LCSR test is performed with the sensor in the same
position.
10.2 LCSR Test Results
10,2.1 University of Tennessee Thermometry Laboratory
Results of loop current step response testing in the thermometry

Laboratory at the University of Tennessee(lz)

appear in Table 10.1. These
results show that the correction factor of Section 5.2 is capable of improv-
ing LCSR estimates and that the final LCSR estimates agree very well with
plunge test results (differences of 0 to 8.7 percent).
10.2.2 EDF Facility

Results of loop current step response testing in the EDF facility
appear in Table 10.2. These results also show the validity of the LCSR
testing method and of the correction factor of Section 5.2. The maximum
discrepancy between direct measurements via fluid injection and by LCSR
testing is 9.8 percent. These tests demonstrate clearly that the tests are
suitable at PWR operating conditions as well as at laboratory conditions.

10.3 Self-Heating Test Results

Self-heating tests were performed in room temperature water



TABLE 10.1

RESULTS OF LCSR AND PLUNGE TESTING IN THE UNIVERSITY OF TENNESSEE
THERMOMETRY LABORATORY

LCSR Estimate
of Time Constant

Without Higher With Higher
Plunge Time Mode Correction Mode Correction Percent

Sensor Constant (Sec.). of Section 5.2 of Section 5.2 Error
Ro semount 176KF 0.38 0:39 0.41 + 7.9
Rosemount 1C4ADA 3.1 2.9 3.1 0
(without thermowell)
Rosemount 104ADA 2 | 5.9 i + 1.4
(with thermowell)
Rosemount 104VC 23 17 2.4 - 8.7
(without thermowell)
Rosemount 104VC 33 4.5 5.5 + 3.8
(with thermowell)
Rosemount 177GV 3.8 31 6.2 + 6.9
Rosemount 177CY 6.1 $:2 6.3 + 3.3
Sostman 8606 2.0 1.7 198 | + 5.0
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TABLE 10.2

RESULTS OF LCSR AND INJECTION TESTING IN THE EDF FACILITY

LCSR Estimate

of Time Constant
Time Constant Without Higher With Higher
from Injection Test Mode Correction Mode Correction Percent

Sensor (Sec.) of Section 5.2 of Section 5.2 Error
Rosemount 176KF 0.14 0.11 0.13 - 7.1
Rosemount 177HW 8.8 7.0 8.4 - 4,5
(with thermowell)
Rosemount 104 6.2 4.9 359 - 4.8
(with thermowell with
air in gap)
(with thermowell with
NEVER-SEEZ)
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flowing at three feet per second. The main purposes of the tests wser: to
develop testing procedures and to determine the sensitivity of the measured
1 self-heating index to changes in the sensor's response characteristics.
Typical self-heating test results appear in Figure 8.4.

The sensitivity of the self-heating index to changes ia response
: characteristics was evaluated using sensors with artifically degraded heat
| transfer. This involved application of insulating material (plastic tape
or rubber tubing) to the surface of the sensor. For each different applica-
tion of insulator, self-heating tests and plunge tests were performed.
Typical results are shown in Figure 10.1. The sensitivity of the self-
heating index to changes in time constant were evaluated around the sensor's
normal, unmodified condition. Tests on two different sensor designs showed
that a one percent change in the self-heating index indicates about a 0.2

(6)

percent change in time constant.

e
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FIGURE 10.1. LABORATORY RESULTS FOR RELATION BETWEEN THE
TIME CONSTANT AND THE SELF-HEATING INDEX
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11. In-Plant Testing
11.1 Universzit- of Tennessee Program
Tests were performed on three pressurized water reactors as part

of the University of Tennessee research program.(5'6)

Tests were performed
on control system RTDs rather than safety system RTDs. The main purposes of
the tests were to establish suitable test procedures and to determine wheth-
er plant conditions (such as background noise, process temperature fluctua-
tions, etc.) interferred excessively with the testing. Measurements were
made at Turkey Point (a Westinghouse plant), at St. Lucie (a Combustion
Engineering plant) and at Oconee (a Babcock and Wilcox plant).

The program included self-heating tests and loop current step re-
sponse tests. Typical self heating test results appear in Figures 11.1
through 11.3. The expected linear relation between resistance change and
power is evident and the scatter is quite small. Consequently, it is con-
cluded that self-heating tests are feasible in operating plants.

LCSR tests were also performed and typical raw data traces ap-
pear in Figures 11.4 through 11.6. The results from St. Lucie and Oconee
tests are very similar to results obtained in the laboratory. The curves
were smooth and repeatable and analysis was accomplished without difficulty.

The Turkey Point results were quite different than typical labora-
tory data. The data had fluctuations due to fluctuations in the process
temperature that interferred with effective analysis of the date. The
problem occurred because only a small heating current was used (20 ma) and
the sensor is very responsive to process temperature fluctuations because
of its fas* response, Subsequent tests on the same type of sensor in an-
other Westingzhouse plaat showed that the problem could be overcome readily

with a large: heating current and averaging - (See Section 11.3).
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11.2 Test Procedure

A standard test procedure was developed based on laboratory
experience and in plant testing experience. It is shown in Appendix D.
11.3 AMS Test Program

AMS Corporation has performed five testing programs in three
pressurized water reactors for utility customers. The plants were Millstone
2, Arkansas Nuclear One-Unit 2, and Farley 1. The test procedures of Ap-
pendix D were followed.

Typical self heating test results appear in Figures 11.7 through
11,9. As in the earlier in-plant tests, the data were adequate to define a
reliable self-heating curve.

Typical LCSR raw data appear in Figures 11.10 through 11.12. The
data from the Combustion Engineering plants (Millstone 2 and Arkansas Nu-
clear One - Unit 2) are similar in quality to the earlier tests at St.
Lucie. The curves show some influence of process temperature variations,
but they are generally smooth and quite suitable for analysis, The data
from Farley are much better than the earlier data from Turkey Point (both
are Westinghouse plants) because a higher heating current was used. The
Farley data are not as smooth as the data from the Combustion Engineering
plants because the Farley sensor (Rosemount 176KF) is much faster than the
sensors used in Combustion Engineering plants (Rosemount 104) and more
responsive to process temperature fluctuations. Nevertheless, the Farley
data are suitable for analysis. The benefits of averaging several tran-
sients to reduce noise effects are illustrated in Figures 11.13 and 11.14.
These may be compared with corresponding individual transients shown in

Figures 11.10 and 11.12., The averaged data sets are preferred for analysis.

e — p— P —— - " - P — P ——
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11.4 Millstone 2 Tests

The reference plant for this report is Millstone 2., Consequently,
the detailed results will be presented for tests on that plant.
11.4.1 First Test Program

The first test program was performed by AMS Corporation in
December, 1977. Northeast Utilities contracted for these tests in order
to evaluate the test procedure as a method for subsecuent tests to be per-
formed for compliance with Regulatory Guide 1.118. The procedure of Ap-
pendix D was used to test sixteen safety system sensors.

Results of a typical self heating test performed in 1977 appear
in Figure 11.15. Self heating index results for all sensors tested appear
in Table 11.1. For comparison, laboratory values for the self heating index
for other similar RTDs (with thermowell) varied from 6.1 to 8.8 ohms per
watt.,

Typical LCSR raw data from 1977 appear ia Figure 11.16, Analysis
results appear in Table 11.1. These analyses were performed before the
correction factors (Section 5.2) had been developed to account for unde-~
tectable mndes in the transient. Consequently, the results in Table 11.1
have a bias that causes the estimates to be low by as much as twenty per-
cent.

11.4.2 Second Test Program

The Millstone 2 sensors were tested a second time in December
1978, The test procedures were the same as for the first Millstone 2 test,
The analysis was modified because of the development of the correction
factors to correct for higher mode contributions. Consequently, two sets
of LCSR results are of interest: the uncorrected values for comparison with
the first tests and the corrected values for giving the best estimates of

sensor behavior.
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Table 11.1

Comparison of Response Time Test Results at Millstone 2%

Tests of August 1977 Tests of December 1978
Time Constant Self Healing Time Constant Self Heating
Sensor S/N (sec) Index (ohms/watt) (sec) Index (ohms/watt)

A7770 3.2 5.6 5.2 7.4
A7765 2.8 4.5 3.2 4.8
75313 4.7 6.2 5.6 6.5
A7774 3.8 5.8 4.3 6.2
2456 ——k -tk 3.3 75
2455 ——kk -k 4.5 6.4
2454 -tk -tk 4.7 7.5
2453 -k -k 4.5 5.2
75294 B 6.0 4.4 6.4
75299 p P 8.6 9.3 9.1
75310 4.6 6.2 4.9 6.5
75300 4.6 6.5 4.7 6.5
75297 3.6 4.7 3.6 4.9
80364 4.0 5.6 4.4 6.1
75309 4.0 5.5 4.7 5.8
A77€9 3.1 4.8 3.6 5.0

*Since the correction factor had not been developed at the time of the
August 1977 measurements, all time constants shown here are uncorrected
values.,

*%*These sensors were not included in August 1977 measurements.
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A typical self heating curve from the 1978 test appears in Figure
11.7. Table 11.1 shows self-heating index results along with comparable
results from the first test.

Figure 11.17 shows a typical LCSR transient along with the fit
and the predicted response to a step change in fluid temperature. Table
11.2 shows time constant results obtained by analysis of the LCUSR data.
The table shows uncorrected values and the final corrected values. The re-
sults reveal the following:

- The sensor time constants (uncorrected) increased by up to sixty-nine
percent between December 1977 and December 1978. The average increase was
twenty-one percent.

- The self heating index results revealed the same trends as the time con-
stant measuremeuts, (Sensors had increases in self heating indices that
were roughly proportional to the increases in time constants.)

11.5 Conclusicns from In-Plant Testing

The conclusions that following from the in-plant testing experience
are:

a. By selecting an appropriate combination ot heating current and
number of cases to be averaged, in-plant LCSR data of comparable

quality to laboratory data can be collected.

b. Reliable self-heating data can be collected easily.

Ce Self heating data cannot be converted into time constant data

using correlations obtained from a given sensor design because of de=-
pendence on coastruction details., However, the self heating index

] was found to be a sensitive indicator of changes in response character-

istics.
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Table 11.2

Response Time Test Results for Millstone 2 RTDs
(Test of December 1978)

Uncorrecced* Corrected** Self Heating
Sensor S/N Time Constant (Sec) Time Constant (sec) Index (ohms/watt)

A7770
A7765
75313
A7774
2456

2455

2454

2453

75294
75299
75310
75300
75297
80364
75309
A7769
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*The uncorrected time constants are based on identification of two ex-
ponentials in the experimental data. The higher mode correction factor
of Section 5.2 was not used for these results.

**Correction factors ranged from 1.11 to 1.20 for these tests.
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12. Conclusions

Loop current step response testing has been developed thoroughly
and is completely adequate for testing resistance thermometers in nuclear
power reactors. The proof given in this report guarantees its suitability
as a substitute test as required in Section C, Item 6 of U.S. Nuclear
Regulatory Guide 1.118 (See Section 1.1 of this report for information on
the Regulatory Guide).

The proof of adequacy of loop current step response testing has
three bases:
- extensive theoretical analysis (Chapters 3, 4 and 5 of this report).
- extensive laboratory testing. In these laboratory tests, it was possible
to measure the response of the RTD directly (by plunge testing or injection
testing) for comparison with LCSR results. Good agreement was obtained.
- in-plant testing. In-plant tests show that the methods developed in the
laboratory are also suitable for plant testing. The test connections are
simple and safe, and require little interference to normal operation. In

fact, the desired plant condition for testing is full power operation.
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e,

Rosemount

ROSEMOUNT INC., 12001 WEST 78th STREET / EDEN PRAIRIE, MINNESOTA 55344
Mailing Acdress: P.O. BOX 35120 ] MINNEAPOLIS, MINNESOTA 55435

TEL: (612) 941-5560 TWX 910-576-3103 TELEX: 29-0133

lay 21, 1979

rofessor Tom Kerlin

uclear Engineering Department

Iniversity of Tennessee
oxville, Tennessee 37916

Dear Sir,

n response to your questions of using the Loop Current Step Response Test method
bn primary loop temperature sensors furnished to Combustion Engineering, Rosemount
inds no problem with applying currents up to S0 milliamps to these sensors.

surrents in excess of this magnitude have been used during testing at Rosemount
ithout damage to the sensor. Recent testing conducted at Rosemount indicates

hat currents in excess of 300 milliamps with the sensor being at a temperature of
500°F did not cause open elements.

¥hile Rosemount does not have test data available to certify the sensors that have
been shipped, it's my opinion that this testing will not damage the sensors.

Please contact me if I can answer further questions.

7

,‘>(i222;%{?(25{${N~h*‘_

.. E. Anderson
emperature Sensor Design Supervisor

-apce;ely,

RINTAIS
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23 Elm Avenue
Hudson, New Hampshire 03051
Tel: (603)882-5195 TWX:710-223-1882
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May 21, 1979

University of Tennessee

Dapt of Nuclear Engineering

Krnoxville, Tennessee 37916

Attention: Dr. T.W.Karlin Page 1 of 2

Dear Dr. Kerlin:

In response to our telephone conversation on May 17, 1979, concern-
ing RID's for Nucleac Application: RID's are usually designed to meet
specific time response requirements. This is accarplished, by thermally
coupling the sensor as closely as possible with the process medium,

This allows erergy to be transmittad batween the sensor and medium as
rap‘idly as possible. Under these conditions, an intermittant current of
50 - 60 millianperes generally will not cause self heating in the sensor
to be substantially obove the medium terperature, thus not causa any
parmanent damage to the sensing element. Seasing elerents with mechanical
carage to the sensing wire are susceptible to early failure.

RiF has tested "Off the shelf” standard commercial units at 100
milliznperes with the element sheath immersad in 700£‘ water, flcwing at

three (3) feet per second. Resistance shifts after exposure to 100

milliasperes are usvally less than .08%.
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Dr. T.W.Kerlin May 21, 1979

University of Tennessee Page 2 of 2

You may use this letter as part of your rerort to the Nuclear
Regulatory Comnission on locp current response tinme testing, and if

I can be of further help, please do not hesitate to call.

Yours truly,
RdF Corporation

(Fon bl Coidler,

Rancdal A Gauthier
Chief Transcducer Engineer
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The
LEWIS ENGINEERING

Company
P. O Box 268
Norwich, New York 13815 Tel 607-334-3939

May 24, 1979

The University of Tennessee
Nuclear Engineering Department
Knoxville, Tennessee 37916

Attention: Dr. 7. Kerlin

Subject: Effect of Loop Current Step Response Test
on Lewis Temperature Sensors for Nuclear
Applications

Dear Tom:

Lewis Engineering has furnished temperature sensors with
standard plunge test response time data for use in coolant
loops of nuclear reactors. These platinum resistance
temperature detectors, Models 56BPA2 and 56BPA4, are single
element, 200 ohm, four wire, thermowell type sensors.

The Loop Current Step Response (LCSR) method of measuring
sensor time constant as described in report NP-834,
Volume I for EPRI would not be detrimental to these Lewis
sensors. In-situ response time testing using the LCSR
method, with electric current transients up to 70 milli-
amperes, should cause no degradation of the sensors'
parameters.

Should you desire to copy or use this statement in your
report, per our conversation, please feel free to do so.

Very truly yours,

THE LEWIS ENGINEERING COMPANY

“Tswlm.CZ- S

James E. Dann

Engineering Manager

Transducer Division
JED/mlk

Corporate Headquarters: 238 Water Street Naugatuck, Conn. 06770
Tel 203-729-5253 Telex 952439
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OAK RIDGE NATIONAL LABORATORY
OPERATED BY
UNION CARBIDE CORPORATION
NUCLEAR DIVISION

POST OFFICE BOX X
OAK RIDGE, TENNESSEE 17830

July 17, 1979

Professor T. W. Kerlin

Department of Nuclear Engineering
University of Tennessee
Knoxville, Tennessee 37916

Loop Current Step Response of Thermocouples and Resistance Thermometers

Extensive use of Loop Current Step Response (LCSR) techniques has been

made at ORNL over the past B years to measure response times of sheathed
thermocouples in reactor experiment capsules in the HFIR, plant thermo-
couples in ORR, and sheathed thermocouples in sodium test loops. Comvarisons
were made of the results of LCSR tests and more conventional plunge response
tests for a wide variety of sheathed thermocouples. Using heating currents
typically of 1-1.5 amps for LCSR tests on thermocouples, agreement between
LCSR and plunge tests of better than 10Z is typical. A few disparities

as high as 20% were found, but could be attributed to differences in test
conditions, such as surface heat transfer conditions. 1 estimate several
hundred thermocouples have been tested ranging from some as small as 0.020 in.
0D to others as large as 0.125 in. OD. No damage from LCSR testing was

ever observed.

Tests of the LCSR method were also made for determining response times of
platinum resistance thermometers (PRTs) using heating currents typically

of 60 ma. No effects on calibration, as determined by changes in the ice
point resistance (R.), were found, although it is customary to restrict the
normal measuring currents to 1-3 ra to avoid sel® heating effects. 1In a
recent study to use the self-heating effect ir a PRT as a means for deter-
mining whether there was water surrounding the PRT sheath (in the Three Mile
Island pressurizer), we ran currents of 200-250 ma through a Rosemcunt
Engineering Model 104MB PRT for periods of 5-6 hours repeatedly over a
period of a week with the thermometer at temperatures as high as 550°F,
After these tests, the ice point resistance of the PRT was rechecked and
found to be 100.003 ohms, well within the normal calibration tolerance. It

1:,;(*
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APPENDIX B

TIME RESPONSE CHARACTERIZATION OF SENSORS

B.1l The Concept of Time Constant

The time constant is commonly used to represent the response charac-
teristics of a dynamic system. It has unambiguous meaning only for first
order systems (described by a first order differential equation or equiv-

alently, a first order transfer function);

.g_lts . ax = au (Bol)
or
3 x(s) _ 1
G(s) oy l-s+1 . (B.2)
a

If Equation B.2 is solved for a unit step change in the input, uj one

obtains
x(t) = 1 -e-ac. (B.3)
1f the response is evaluated for t = i, then
1
x(t = ;) = 0.632. (B.4)

The quantity, %} is defined as the time constant, 1., It is easily identi-
fied from test data by measuring the time required for the response to
achieve 63.2 percent of its final value following a step change in the

input.

= — PR R IR RN e R RN RRERIE= e e i —o.
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B.2 Migher Grder Dynamic Systems

The first order approximation is usually inadequate to represent the
dynamics of typical temperature sensors., This means that higher order
differential equations or transfer functions are required to represent
the dynamics. As is shown in Appendix C, a transfer function without

zeroes (no numerator dynamics) is usually adequate:

0
G(s) = . =3 (B.5)
s + a.s + & « » ¥+ a.s%a
1 1
or
ao
C(s) = -— - geie (B.6)
(s 51)(8 52) - s 5 A0 .sn)
For a step change in the input, the response is
a0 ao e Slt
x(t) = + « W
( Sl)( s2) > W& (-sn) 81(81-52) s % & (hl‘bn)
a, e SZt
¥ sz(sz-sl) i % (sz-sn) Fown (B.7)
or
;) oG )ao =y 1% (-Sli(-iz) e LI N
5y 85) o o e s s,(s; 52) ¢ ¥ & (sl-sn)
(‘s )(-S ) . s » (-S )
¢ B %% 5., 41 (B.8)

sz(sz-sl) s’ (sz-sn)

The s, are the poles of the system transfer function. They are all
negative real numbers for transfer functions for temperature sensors. It

is common to introduce the concept of a time constant for each mode of

the solution:
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e "t = o "ty (8.9)
Thus, we may write
1
Tk o . & % E
x(t) _ i+ 12 n - —t/\1
X(=) 1 1 +1 s & s 1 4+
= S o 12
4 1 2 i n
-t/
el b x 0 X v 2
1 2 n i s
A S S TP N Lot
o, G, 7P =,
2 2 1 2 n

It is clear that there is no simple relation between the multiple time con-
stants in the response equation. However, it is still accepted practice to
define an overall time constant, 1, as the time required to achieve 63.2
percent of the final resronse following a step change in the input.

It is possible to develop an expression that relates the overall time
constant, 1, to the individual time constants, Too using an assumption that
is well satisfied in typical temperature sensors. The faster time con-
stants have a decreasing effect on the response compared to the slowest
one as time progresses since they decay faster. For example, if we let 1

be the slowest time constant and evaluate the second exponential at t/r1 = 1.

we obtain the following:

11/12 e -t/TZ (at t = 11)
2 .135
3 .050
4 .018
5 .007

Since 11/12 is 5 or greater for a sensor, the T, term contribution is small

by the time t = 1

1 Since the Tl term has the most importan: effect on 1,
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we can also assert that Ty and higher terms have a small influence when

t = 1. Thus, we may write

1
TLiX 1
x(t) = 12" " % ~t/1,
70 B WP UL U e W (3.11)
-T -1 T -1 y
i ™1 3 1 '
Now, we can set x(1)/x(») = 0.632 and solve for 1 to obtain:
T T T
e Y a Q==L =D , .. G0 (B.12)
¢ 7 T T
1 1 1
or
T2 Ty “n
e =t -79) =@ =79 -, .- (B.13)
B B 2

To illustrate the effect of the faster time constants on the overall time
constant, the ratio, T/Tl, was evaluated for various values of 12/11 with

1, = 0 for i greater than 2. The results are shown in Figure B.l.

.

o~
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FIGURE B.1. EFFECT OF FASTER TIME CONSTANT ON OVERALL TIME CONSTANT



' 105

B.3 Ramp Response

The ramp response of sensors is of interest because safety studies
generally invoive ramp changes. The ramp response is obtained readily
from the transfer function of a system. First, let us consider a first

order system:

G(s) =

- 1+ - (B.14)
s

The ramp response is evaluated using the Laplace transform of a ramp with

ramp rate K as follows:

e i e

L (Kt} = = (B.15)
s
Then:
x(s) = —i——!'(———- (B.16)
s (ts + 1)

The response may be obtained by inverse Laplace transformation:

-t/ t

x(t) =K [t=t + T € ] (B.17)

For t>>t, the exponential term is insignificant. The response is as shown
in Figure B.2. The output, x(t), is delayed relative tc the true process
value, Kt, by a time that is less than or equal to 1. The asymptotic delay
is called the system ramp time delay and is equal to the time constant for
a first order system. Note that the ramp time delay is independent of the
ramp rate. The asymptotic measurement error is Kr.

Now, we will evaluate the ramp time delay and measurement for sensors

described by higher order dynamic models. Consider the transfer function:

B e e L
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Time Delay

Measurement Error
Temperature Ramp

Measured Temperature

Time

FIGURE B.2. TYPICAL RAMP RESPONSE AND ILLUSTRATION OF RAMP
TIME DELAY AND MEASUREMENT ERROR.



107

a
G(s) =

O
(8-81)(5-82) . s s (S-Sn) (5‘18)

a = (msl)(-az) v 4 (-sn)

and the input, Kt, with Laplace transform, —%. The Laplace transform of
s
the output is

Ka
o

x(s) = (B.19)

8 (s-sl)(s-sz) Bl® (s-sn)
The sensor response may be evaluated by inverse Laplace transformation.

The partial fraction method gives

A A A A
x(s) = —% P P +'——i— + .. (B.20)
s s s=8, S-%,

The arbitrary constants must be evaluated if the complete response is re-
quired. However, we are interested only in determining the ramp delay time
and the asymptotic measurement error. Consequently, the exponential terms are

of no interest, and we can concentrate on A, and A,. These may be evaluated

1 2
to give the following result.
A1 =K (B.21)
A2 = -K [tl + P *is s Tn] (B.22)
Therefore
In this case, we obtain:
ramp time delay = LY + T, * 5 0 0 T (B.24)
and
asymptotic measurement error = K[r1 + T, * 5y 5 a rn] (B.25)
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B.4 Relation Between Time Constant and Ramp Time Delay

The time constant and the ramp time delay are given by:

T ¢

time constant = 1, [1 - &n(1l - ?3) - n(l - ;;) -5t T 3 (B.26)
N 1 1
and
T, T4
ramp time delay = rlll + o +‘?— $5a 9 )o (B.27)
1 1

Insertion of numerical values into these expressions shows that the ramp
delay time is always less than the time constant, but the difference is
small for values of the Ty that are typical of temperature sensors. To
illustrate this, the percent differences between the time constant and the

ramp time delay was evaluated for a two-term representation (Tl and rz).

The error is shown in Figure B.3. We note that for a typical ratio of

0.20, the difference is less than two percent.




Note: The step response time
constant 1S always greater
than the time delay

Note: A typical value for 72,7,
is< 02 Therefore, the
difference 1s< 2%.

3 4

~4
-
0

slowest time constant

-4

2= fast time constant in a 2

Percent Difference Between Time Constant and Ramp Time Delay
o

L '\ '

—+ - -+ t t 4
0 1 2 K 4 5 6
Ratioof 2/ 1,

FIGURE B.3. RELATION BETWEEN PLUNGE TIME CONSTANT
AND RAMP TIME DELAY.

time constant representation.
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APPENDIX C

THE LOOP CURRENT STEP RESPONSE TRANSFORMATION

C.l Introduction

The result of interest is the time constant associated with a step
change in fluid temperature external to the sensor. The time constant is
defined te be the time required for the seuscr output to reach 63.2 per-
cent of its final steady-state value after a step change in fluid tempera-
ture. This time constant is usually obtained from a plunge test in a
laboratory environment. Since the plunge test cannot be used to obtain
the time constant of an installed RTD, the LCSR test is proposed as cne
method to ob..in an estimate of the desired plunge test time constant,

A transformation is needed to convert LCSR data into a prediction of
the response that would occur following a fluid teuperature step change.
The transformation may be developed using a general nodal model for sensor
heat transfer. The development is independent of the number of nodes in-
cluded in the model, so use of this approach does not imply any restrictive
assumptions. The following sections give some details on RTD heat transfer
that permit formulation of a transformation and that define the conditions

for validity of the transformation,

C.2 Mathematical Development of the LCSR Transformation

An analy.ical transformation for converting loop current step response
(LCSR) test results into plunge test results may be developed using a
gereral noaal model for sensor heat transfer. Consider first a system witlh
predominantly one-dimensional heat transfer. In this case, the nodal model
may be represented schematically as shown in Figure C.l. The accuracy of

such a model may be made as great as desired by using enough nodes.

P



G|-1 Gn G|+1

FIGURE C.1. SCHEMATIC OF A ONE-DIMENSIONAL
NODE-TO-NODE HEAT TRANSFER MODEL.

TT1
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The dynamic heat transfer equation for node i is:

" 3 1
(!‘l(:)1 % " i.;:; (Ti-l - Ti) '-"R—i' (Ti - T1+1) + Q1 (B:1)

where
Q1 = heat generation rate in node i

M., = mass of material in node i

i
C1 = gpecific heat capacity of material in node i
Ri = heat transfer resistance for node i-1 to node i
'l‘i = temperature of node i.

Dividing through by (MC)i and defining constants gives

d'l'1

at - %,4-1 Tqe1 T (8.2)

a Tyt s T YRy

L where
l a - 1
. i,i-1 (MC). R
' i i-1
E 1 1 1
L a = + =)
: i,i (MC)1 Ri-l Ri
|
| 1

i a = ——
1,541 (HC)1 Ri

1
bi (M!C)1

The nodal equations may be applied to a series of nodes, starting at
the node closest to the center (i®l) and ending with the node closest to

the surface (i=N). The equations have the form:

5
e
4
=
——
l-
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dT

3 "My Rty Lty Q)

ar,

gt "8 Ty ma, T ta, Ty +b, Q,

dT

qJ " Tymay, Ty va, T, 40,0,

d1

dt = An-1 M-l T %8 I Or TRt Py Oy

where

TF = fluid temperature.

These equations may be written in matrix form:

dx _ =, =, v
gt Ax+Bgtc T, (C.3)
where
T1 _all 312 0 0 s & F
T2 a21 -a22 a23 0 ila s
T3 0 a a)h EL R
x = . A= .
T . A
N aN,N-1 2N, N
— — L— o
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bl 0 0 Q1
0 b 0 B Q
B = B q = 2
0 0 b3 .« e Q3

Laplace transformation gives:
[s1-A] X(s) = ¢ T (s) + B q(s). (C.4)

The Lapla.e¢ transform solution for the response of any node, Xis may
ha found using Cramer's rule. Let us consider several cases:

Case l--no heat capacity in region between the filament and the center of
the sensor, no heat generation in any nodes, fluid temperature pertur-

bation, one dimensional heat transfer

T, (s) 'l-s%%ll (C.5)
where
0 -a,, 0 0 « s e
0 (s+322) -323 0 R
0 -332 (s+a33) -a3a -
ks 0 0 -aq, (s+a44) s @
CN,FTF(S) . . . e e Ay Ny (S+an,N)

o ,7() (C.6)
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This may be written
2 g . -4
(sta,,) -a,, 0 .
FGs) = Gy p Tp(s) ()0 j‘az fs*a33) j“a& : : :
‘ ' R I S

This determinant is for a matrix in lower triangular form (all elements

(C.7)

above the diagonal are zero). The determinant is given by the product of

the diagonals, all of which are constants. Therefore, for a fluid tem-
perature perturbation in a one-dimensional heat transfer system, the
response of the innermost node is characterized by a transfer function
with no zeroes. If the sensing element in an RTD is centrally located,
or if there is insignificant heat capacity between the filament and the
center of the sensor, then this type of transfer function describes the
respouse characteristics of the sensor.
The transfer function may be written

T,(s)
T,(s) | si-A |

- K
(s-pl) (s-pz) ..

where

Py " poles (identical to eigenvalues of A).

(€.8)
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For a unit step change in TF, Tp(s) --%, and we may write:

K

Tl(s) % s(s-p,) (s-p,) « . . (c.9)
a 1 2
Inversion ot this Laplace transform using the residue Lheorem gives:
1 eplt
T,(t) = K[ + -
epzt
* o0k (C.10)

’ (y) (py=py) « o«

Thus, we make the following important observation:

For an RTD with predominantly one-dimensional heat transfer and with

insignificant heat capacity between the sensing element and the

center of the sensor, the poles alone (no zeroes) are adequate to

characterize the response due to a fluid temperature change.
The implication is that if cne can identify the poles by some other test
(such as the LCSR), then he can construct the response to a fluid tempera-
ture step.
Case 2——significant heat capacity between the filament and the center of
the sensor, no heat generation in any nodes, fluid temperature perturba-
tion, one-dimensional heat transfer

This case may be analyzed for the response of any non-central node,
but for notational simplicity, let us consider the response of the second

node. In this case

R(s

T)(8) =7s1- |

(C.11)
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where
(s+a11) 0 0 0 . v
-a21 0 -323 0 « % &
' ; 3 -
0 0 (b+d33, 334 T e
F(B) - L . . . . . - (Colz)
. CN’FTF(S) . - . . .
This may be written
(S+all) 0 0 0 . - -
—a21 -2, 0 0 SF R I
0 (s+a33) ~aq, 0 s B {C.13)
2+N
F(S) - CN F TF(S) ("l) ) . . . - & & 5

Again, we observe that the matrix is triangular, but the diagonals are
not all constant. In this case, the transfer function will have one zero.
For the response of nodes further from the center, there will be more
zeroes., Thus, the pole: alone are not adequate to construct the response

for an RTD if the sensing element is not located at a position with in-

significant heat capacity between the filament and the center of the sensor.

a A
t [ 7
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Case 3—insignificant heat capacity between the filament and the center

of the sensor, heat generation in central node, constant fluid tempera-

ture, one-dimensional heat transfer

= F(s) C.14
Ty (8) =514 o
where
bl Ql ’alz 0 0 - . .
0 (s+322) =a,y, 0 ol "E 5
0 (s+a..) -a e ok
F(s) = 33 34 (C.15)
This may be written
(s+a22) ayq 0 0 > % 3
) (stajy) -3y, ’ R
0 -8 (S“a ) -8 . e+ .
43 44 45 (C.16)

F(s) = b1 Q1

In this case, the matrix is not triangular, and the transfer function will
have zeroes.
The transfer function may be written:

Tl(s) L Kl (s-zl) (s—zz) . & (s-zM)
Q, () (s=p,) (s=p,) « « - (s=py)

: (C.17)
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For a unit step change in Ql(ql(s) = i), we obtain

Kl(s-zl) (8-22) .« .o (s-zM)
s(s—pl) (s—pz) i, 5 » (s—pN)

Tl(s) = . (C.18)

Inversion by the residue theorem gives:

. KI[('zl) (=2,) « « « (=2 ) (py-2y) (Py=2,) « « o (py=2y) eplt
(-pl) (-pz) . » s (“PN) (Pl) (Pl"PZ) « . (PI‘PN)

T, (t)

(pz-zl) (pz-zz) . e (pz-zu) Pyt

’ (py) (Py=p) « + + (Py=py) ¥ oln o he (C.19)

Note that the response is determined by the zeroes as well as the poles.
However, the poles are the same as for the fluid temperature change case.
Thus, if we can identify the poles from a LCSR test, we can construct the
equivalent fluid perturbation response using Equation (C.10).

Case 4--insignificant heat capacity between the filament and the center of
the sensor, no heat generation in any nodes, fluid temperature perturbation,
multi-dimensional heat transfer

In this case, there is branching in the heat transfer (see Figure C.2).
This means that the temperature of a node may be influenced by more than
just two neighboring nodes as in the one-dimensional case. In the one-
dimensional case, all of the elements of the A matrix are on the diagonal
or in the position adjacent to the diagonal. In the multi-dimensional
case, coupling terms appear in other positions (always symmetrically

positioned around the diagonal). Thus F(s) may be written

\/ if;



FIGURE C.2. SCHEMATIC OF A MULTI-DIMENSIONAL
NODE-TO-NODE HEAT TRANSFER

0zZT
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- * *
0 812 - - -

- . *
0 (s+a22) a,q . o0
. ‘332 (s+a33) "83“ . s .
” * * * LA

F(s) = (C.20)

CN,FTF(S) . - - - .

where .

* = possible new coupling terms.
In this case, the matrix is not triangular and zeroes can occur. This
meane that the ayailability of the poles through some sort of measurement
is not sufficient for construction of the response to a fluid temperature
step.

C.3 Steps in Implementing the LCSR Transformation

The steps for obtaining the plunge test time constant are:

1. perform a LCSR test

2. identify the poles associated with the LCSR data

3., construct the step response for a fluid temperature perturbation

using Equation (C.10).
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APPENDIX D

TEST PROCEDURE

A test procedure for performing a combined self heating, loop current

step response test program is presented below.

% Set up the equipment as near as possible to the cabinet where the
RTD leads are connected to the plant transmitters. The equipment
includes:

- The test instrument (bridge, switchable power supply, adjustable
decade resistors, adjustable-gain amplifier to amplify the voltage
drop across the bridge, and a digital voltmeter that can monitor
the amplifier output or can be switched to measure the voltage
drop across a fixed bridge resistor to provide the current).

- A etrip cliart recorder connecred to the bridge amplifier output.
- A data recording system (analog or digital) connected to the
bridge amplifier output and to the current switch status (open

or closed) indicator output.

.19 Connect a spare RTD to the test instrument. The RTD should be
immersed in water to within two inches of the top connector on
the RTD.

3 Turn on the power supply with the current selecter switch set to
LOW and the power supply voltage at its lowest setting.

4. Adjust the power supply to give 1-5 ma.

. Balance the bridge (adjust the decade resistor until the bridge
amplifier output goes to zero).

6. Check to be sure that the resistance is correct for the water
temperature.

i Switch the current selector switch to HIGH.




9.

10.
11.
12,
13.
14.

15.

16.

17.

18.

19.

20,

21.

22,

23.

24,
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Adjust the power supply to give 40 ma (typical) through the
sensor.

Adjust the amplifier gain to give an output voltage that is suit-
able for the recording cquipment.

Switch the current selector switch to LOW.

Wait until the bridge amplifier output settles out.

Turn on the strip chart recorder.

Swritch the current selector switch to HIGH.

Wait until the bridge amplifier output settles out.

Measure the time required for the output to reach 63.2 percent of
its total variation.

Compare ihis time with a reference value (obtained on previous
tests on t e same sensor in still water).

1f the difference in times is more than fifteen percent, check
equipment and procedure.

If the difference in times is less than fifteen percent, set the
current selector switch to LOW and continue. Otherwise, check
equipment.

Turn off the power supply

Disconnect the spare RTD.

Remove the selected plant RTD leads from its in-plant transmitter.
Connect the in-plant RTD leads to the test instrument. 1f the
RTD has more than two leads, select only one from each side of
the filament.

Turn on the power supply and adjust to give 1-5 ma through the

RTD.

Balance the bridge.




25.
26.
27.

28.

29.

31.
32.

33.

35.

36.

37.

38,
39.
40.
41.
42,

43,
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Check the noise level at the bridge amplifier output.

Set the power supply to its lowest value.

Switch the current selector switch to HIGH.

Start the self heating test, Increase the power supply voltage
to give a current through the RTD of about 10 ma.

Wait until the bridge amplifier output settles out.

Rebalance the bridge.

Calculate the power dissipated in the RTD filament.

Record the resistance and power.

Repeat steps 23 through 32 for current values up to 40 ma
(typical).

Plot resistance versus power on linear graph paper. If the data
indicate a well-defined straight line, go to step 35. If the data
indicate scatter, repeat steps 23 through 32 for more data points.
Start the Loop Current Step Response (LCSR) tests. Balance the
bridge at low current then set the current selector switch to
HIGH.

Set the power supply voltage to give a current of 40 ma (typical)
through the RTD,

Adjust i‘he amplifier gain to give an input voltage that is suit-
able for the recording equipment.

Set the current selector switch to LOW,

Wait for the bridge amplifier output to settle out.

Start the strip chart recorder and the data recording equipment.
Switch the current selector switch to HIGH.

Wait until the bridge amplifier output settles out.

Switch the current selector switch to LOW,

S
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; 44, Repeat steps 38 through 43 at least five times (more for noisy or
unstationary data).
| 45. Set the current selector switch to LOW.

46. Turn off the power supply.

47. Disconnect the sensor.

48. Reneat steps 22 through 47 for the next sensor to be tested.

49. Complete tests on all sensors.

50. Remove test equipment.
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