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ABSTRACT

Dynamic tests were performed on the Carolina Power and Light
Company's H. B. Robinson Unit 2 to determine the frequency response
of the PWR steam supply system. Step inputs and multi-frequency
binary signals of various sequence lengths and bit durations were
used. The signals were introduced manually by the operator both for
reactivity perturbation and steam flow perturbation tests. The
experimental results were analyzed on an IBM 360/65 computer. The
test results were compared with theoretical results predicted by a
mathematical model of the system.

A mathematical model for the H. B. Robinson system was formulated.
In most cases, the experimental results were in good agreement with
the results. An unexplained time delay of about nine to fourteen
seconds was observed between the opening of the main steam valve and
reactor coolant cold leg temperature. The time delay is much longer

than the transport time.
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CHAPTER 'I
INTRODUCTION

A good understanding of the dynamic behavior of a nuclear system
is of primary interest for its safe operation. The design of nuclear
plants is based on mathematical models. It is very important to
determine the adequacy of these models. One way of determining the
adequacy of the models is to compare the frequency response predicted
by the model with the experimentally determined frequency response.
Besides verifying the model, the experimental data will provide
information which will he]p:(]’z)

(1) To improve the coefficients used in the model, optimize

its sophistication, and reduce the uncertainties in the
predicted performance

(2) To evaluate system stability margins and detect their

trends as fhe operating conditions change

(3) To optimize controller parameters.

The most straightforward approach for dynamic testing in
nuclear reactors is the oscillator method which employs a sinusoidal
reactivity input. But economic and operational considerations
prohibit the use of oscillator tests in commercial power reactors.

The periodic, discrete-level binary signals are more suitable for
frequency response testing in commercial power reactors. These signals

offer advantages over the oscillator tests because of reduced experi-

ment duration and equipinent costs. Moreover, the tests can be performed
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during normal operation with the existing plant hardware. Another
advantage of these signals is that a number of frequencies can be
covered in a single test.

Several frequency response tests have been performed on
pressurized water reactors using both oscillator and binary input

(1)

signals. Dynamic tests on H. B. Robinson Unit 2 were performed
by E. M. Katz and the group led by Dr. T. W. Kerlin. The purpose
of the work reported herein was to analyze and interpret the test
results and compare them with theoretical results predicted by the
system models. The detailed reactor model was originally developed

(1)

by E. M. Katz for the Oconee system; and major contributions in

modeling the U-tube and shell type steam generator came from M. R.
ari.(7)



CHAPTER I1I
SYSTEM DESCRIPTION AND MATHEMATICAL FORMULATION
I. PHYSICAL DESCRIPTION

The H. B. Robinson Unit 2 is a 739 MWe (2200 MWt) pressurized
water reactor type nuclear power plant. The nuclear steam supply system
(NSSS) consists of three reactor coolant 1oops.. The loops are connected
in parallel to the reactor vessel. Each loop contains a U-tube and shell
type steam generator and a circulating pump. The system also includes a
pressurizer. The flow diagram of one of the reactor coolant loops is

shown in Figure II-1.*

A. Reactor

The H. B. Robinson plant contains a Westinghouse pressurized water
reactor. The reactor core and vessel 1nterna1g are shown in Figure II-2.

Reactor coolant enters the reactor vessel just above the core and
flows downwards, through the annular space between the vessel wall and
the core barrel, into the lower plenum. The coolant enters the core at
the bottom and flows upwards through the core. Al1l the coolant coming
from the different radial sections of the core is mixed in the upper
plenum. The mixed coolant then flows to the steam generators through
three different hot leg pipes.

Table I lists some of the important design parameters of the
reactor, particularly those which affect the dynamic response of the

system. The ranges shown in the kinetic coefficients, in Table I, do

*A11 figures will be found in Appendix E.
3



TABLE I

REACTOR DESIGN DATA

10.

1.

12.

STRUCTURAL CHARACTERISTICS(q)*

Fuel Weight (UOZ)’ 1bs.

Cladding Weight (Zircaloy), 1bs.
Core Diameter, inches

Core Height, inches

H20/U Volume Ratio (cold)

Number of Fuel Assemblies

U02 Rods per Assembly
(4)*
KINETIC CHARACTERISTICS

Doppler Coefficient (aK/K)/°F

Moderator Temperature,
Coefficient (aK/K)/°F
Moderator Pressure coefficient,
(aK/K)/psi

Prompt Neutron Lifetime, sec

Delayed Neutron Fraction, %

176,200
36,300
119.7
144
4.18
157
204

21.0 x 1072 to

1.6 x 1072

£3.0 x 10°° to

3.5 x 1072

-3.0 x 10'7 to
3.5 x 107/
-5

1.4 x 10 ~ to
1.8 x 107°

0.52 to 0.72




TABLE I (continued)

13.

14,
15.
16.
17.

18.
19.

20.
21.
22.
23.
24.

(5)**
Delayed Neutron Constants
Mean Life Decay Constant Fraction of
sec -1 Total Neutrons
Ay» Se€C
80.4 0.0124 0.00021
32.8 0.0305 0.00140
8.98 0.111 0.00125
3.32 0.301 0.00253
0.88 1.14 0.00074
0.332 3.01 0.00027
(4)***
THERMAL AND HYDRAULIC CHARACTERISTICS
Total Primary Heat Output, MWt 2200 (7508 x 106 Btu/hr)
Nominal System Pressure, psi 2250
Total Coolant Flow Rate, 1bs/hr 101.5 x 10°

Average Coolant Velocity Along Fuel
Rods, ft/sec 14.3
Total Mass of Primary Coolant, 1bs 406,050

Average Coolant Mass Velocity,

1b/hr-ft2 2.32 x 10°
Nominal Coolant Inlet Temperature, °F 546.2
Nominal Coolant Outlet Temperature, °F 602.1

Active Heat Transfer Surface Area, ft2 42,460

2

Average Heat Flux, Btu/hr-ft 171,600

Maximum Thermal Output kw/ft 17.9




TABLE I (continued)

25. Maximum Average Clad Temperature, °F
26. Maximum Fuel Central Temperature at

100% Power, °F

715

4030

*Reference 4; Table 3.2.1-1.
**Reference 5, p.21.

***Reference 4, Table 3.2.2-1,
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not represent uncertainties in the measurement or unavailability of the
actual coefficients but they vary depending upon the boron concentration
in the reactor coolant, power level, operating temperatures, and burnup.

Since the reactivity perturbations for the experimental tests
reported here were introduced by moving a bank of control rods, a brief
description of the control systems will be given. A more detailed
description of the reactor and the control system is given in Reference 4.

The reactor is controlled by 53 rod cluster control (RCC)
assemblies of which 45 are full length and 8 are part length rods. The
full length rods are divided into three groups: a shutdown group com-
prising two banks of 8 rods each, a control group consisting of four
banks containing 8, 8, 8, and 5 control rods, and an x-y Xenon Control
group consisting of two banks of 4 rod clusters each. Each main bank
has two subgroups. Silver-indium-cadmium alloy is used as the absorber
material in the control rods.

The schematic of the RCC magnetic jack drive mechanism assembly
is shown in Figure II-3. It consists of the operating coil stack, the
drive shaft assembly, the pressure housing, and the position indicator
coil stack. Three magnetic coils are turned off and on in a fixed
sequence. The sequencing of the magnets produces step motion over the
144 inches of normal control rod travel. Each sequence moves the rod

by 5/8 inch and each sequence can be repeated up to 72 steps per minute.

B. Steam Generator

Each reactor coolant loop contains a vertical shell and U-tube

type steam generator. The steam generator consists of two integral



sections: an evaporator, and a steam drum section. The evaporator
section consists of a U-tube heat exchanger where heat from the primary
side coolant is transferred through the tube walls to convert secondary
side feedwater to steam. The steam drum section is located above the
U-tube bundle, and it contains moisture separating equipment. The
arrangement of different parts in the steam generator is shown in
Figure II-4, and the flow patterns of the primary and secondary side
fluids are explained below.

In the primary loop, reactor coolant enters the U-tube bundle
at the bottom of the steam generator through an inlet plenum and flows
through the U-tubes to an outlet plenum and leaves the steam generator.
The U-tubes extend through the subcooled region and into the boiling
region then they curve back and again pass through the non-boiling
region.

In the secondary side, feedwater from the feedwater heaters
enters the steam generator just above the U-tube bundle through a
feedwater ring and mixes with the recirculating water. The mixed
water then flows downwards through a downcomer and enters the evapora-
tor section at the bottom.

The steam-water mixture from the tube bundle passes through
the steam swirl vane assembly which imparts centrifugal motion to
the steam-water mixture and removes most of the water from the steam.
The water recirculates back into the downcomer for another pass
through the tube bundle and steam rises through the additional
separators to increase the steam quality to 99.75 percent.(4) The

dried saturated steam then flows to the turbine.



The important steam generator parameters are tabulated in
Table II. More detailed information on the steam generator may be

found in References 3, 4, and 7.

C. Pressurizer

One of the three coolant loops is connected to the pressurizer.
The main function of the pressurizer is to provide a surge chamber
and a water reserve to accomodate changes in the reactor coolant
volume due to temperature changes in the primary side. It also
maintains the required coolant pressure during steady state operations
and limits the pressure changes during transients. This is accomplished
by maintaining water and steam in the pressurizer at the saturation
temperature corresponding to the system pressure. During load transients,
the following sequence of events takes place (for a load decrease):

1. Plant load decreases.

2. Primary side temperature increases.

3. Reactor coolant volume increases and some of the coolant
flows into the pressurizer,

4. Pressurizer pressure increases.

5. The spray system (which is fed from the cold leg of the
coolant loop) condenses some of the steam in the pressurizer
to reduce the pressure to normal.

During an increase in the plant load, primary side temperature

decreases and water outsurges from the pressurizer. The pressure is
maintained, to prevent boiling in the reactor, by flashing water to

steam and by generating steam using the electric heaters.



TABLE 11

STEAM GENERATOR DATA*
(For Each Unit)

10

1.
12.
13.

STEAM GENERATOR

Design Pressure, Reactor Coolant/steam, psig
Design Temperature, Reactor Coolant/steam, °F
Overall Height, ft-in

Shell 0D, Upper/lower, in.

Shell Thickness, Upper/lower, in

Number of U-tubes

U-tube Diameter, in

Tube Wall Thickness, (average), in

Mass of U-tube metal, 1bs

Total Heat Transfer Area, ft2

STEAM CONDITIONS AT FULL LOAD

Steam Flow, 1b/hr
Steam Temperature, °F

Steam Pressure, psig

2485/1085
650/556
63-1.6
166/127.5
3.5/2.63
3260
0.875
0.050
91,800
44,430

3.169 x 10°
516
770




TABLE II (continued)

11

14.
15.

16.
17.
18.

19.

PRIMARY SIDE COOLANT

Reactor Coolant Flow, 1bs/hr

Reactor Coolant Water Volume, ft3

SECONDARY SIDE FLUID

Feedwater Temperature, °F

Recirculation Ratio**

Secondary Side Water Volume, (Full Power),
£t3

Secondary Side Steam Volume, (Full Power),

£t

33.93 x 10
928

425

1526

3203

6

*Reference 4, Table 4.1-4.

**Reference 7.



12

The pressurizer consists of the pressurizer vessel, electric
heaters, the spray system, relief and safety valves, and pressure
sensing and control devices. The general arrangement of the pressurizer
is shown in Figure II-5 and design and operating parameters are tabu-
lated in Table III. More detailed information about the pressurizer

may be found in References 4, 8, and 9.
II. MATHEMATICAL FORMULATION OF THE SYSTEM

Theoretical results for the H. B. Robinson power plant were
obtained using simplified models of NSSS components. A more detailed
model of the steam generator is under deve]opment(T) and it should be
able to predict some of the system parameters, particularly, cold leg
temperature, steam outlet pressure, steam flow rate, and feedwater
flow rate more accurately, than the simplified model used in this
analysis, once it is fully developed.

The pressurized water reactor dynamic behavior is described
by a twelve state variable, lumped-parameter model. Of the twelve,
seven variables are used to describe reactor kinetics. They include
reactor power and six groups of delayed-neutron precursors. The
point kinetics equations weré‘dsed.(]o)

The reactor power equation also includes reactivity feedbacks
due to change in the fuel temperature, coolant temperature, and
coolant pressure.

A simplified model, consisting of five state variables, is
used to describe heat transfer processes in the reactor rather than
a more detailed model (47 state variables) available at The University

of Tennessee.(]]) The detailed model has fifteen fuel lumps: five



TABLE III

PRESSURIZER DESIGN DATA*

13

Design/Operating Pressure, psig
Design/Operating Temperature, °F
Surge Line Maximum Flow Rate, gpm

Water Volume, Full Power, ft3

Steam Volume, Full Power, ft3

Electric Heater Capacity: kw (total)

Heat up Rate of Pressurizer, Hot Standby
Condition, °F/hr

Continuous Spray Rate, gpm

Design Spray Rate, for Valves Full Open, gpm

2485/2235
680/653
19,390
780
520
1300

-55
1.0
840

*Reference 4, Table 4.1-3.



14
in the axial direction and three in the radial direction and thirty
coolant lumps; two for each fuel Tump. This model is very useful if
one is interested in the detailed fuel and coolant temperature dis-
tribution in the core region.

The simplified version of the core heat transfer model is used
here because it reduces computer costs and it gives results that
compare favorably with results from a more detailed model. Calcula-
tions both in the time domain and in the frequency domain are much
faster for the 12 x 12 matrix than for the 54 x 54 matrix. Also, the
simplified model predicts reactor power and the reactor coolant core
outlet temperature fairly accurately and is comparable with the detailed
model. A comparison of the results obtained from both models, for a
step input in reactivity, shown in Figure II-6. Both models assume
constant inlet coolant temperature (no steam generator representation
in this comparison of core models).

The five variables, in the simplified heat transfer model, include
average fuel temperature and four nodes for coolant temperature; two in
the core region, one in the upper plenum, and one in the lower plenum.
The heat transfer from the fuel to the coolant is determined by the
temperature difference between the average fuel and the average coolant
temperatures in the core. The heat transferred from the fuel is evenly
divided between the two coolant lumps. The schematic drawing of the
heat transfer from fuel to the coolant is shown in Figure II-7.

Two equations that describe the lower plenum and the upper plenum
temperature use the well stirred tank approach to determine the core
inlet and the reactor coolant outlet temperatures. The differential

equations used in the reactor model are shown in Appendix A.
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The simplified steam generator model, used in the analysis, has
five differential equations to determine the steam generator dynamics.
The basic approach is described here and the detailed model description
is given in Appendix B. Two differential equations describe primary
side coolant temperatures in the inlet and the outlet plenums of the
steam generator. The other three differential equations include:
primary side coolant temperature, U-tube metal temperature, and steam
pressure.

The equation for the primary side coolant temperature which
describes heat transfer from the primary side coolant to the U-tube
metal is derived from the energy balance in the primary side. The
tube metal temperature is derived from the energy balance on the tube
metal.

The steam pressure equation is derived from three differential
and two algebraic equations. Three differential equations include:
mass balance of water in the secondary side, mass balance of steam,
and energy balance in the secondary side. The two algebraic equations
are: gas law (equation of state) and volume balance of water and
steam in the secondary side. The derivation of the steam pressure
equation and other equations used in the steam generator model are
shown in Appendix B.

The dynamic model of the pressurizer is similar to the model
used for the shell and U-tube type steam generator. The pressurizer
pressure equation was derived from the mass, energy, and volume
balances of water and steam in the pressurizer. The derivation of
the pressure equation is very similar to that of steam pressure equation

in the steam generator model. The details are shown in Appendix C.
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Transients in the pressurizer occur due to temperature changes
in the primary side coolant. The primary side coolant temperatures
are coupled to the pressure equation. One of the limitations of the
pressurizer model used in the analysis is it does not include an
automatic control system. The automatic control system maintains the

pressure within the prescribed limits.



CHAPTER III

EXPERIMENTAL PROCEDURES AND DATA ANALYSIS

The general procedure for any frequency response test on a
large system like the NSSS can be divided into four parts: (1) the
patterns and types of the input signals are determined beforehand
(This depends upon the frequency range of interest and the type of
the information to be obtained from the tests.), (2) the selected
input signals must be imposed upon the system, (3) the input signals
and the resulting output signals are measured and recorded, and
(4) the recorded signals are analyzed.

There are a number of ways in which one can perform each of
the above steps. In this section, the methods used to obtain the
frequency response results for the H. B. Robinson PWR will be

presented.
I. TEST PATTERNS

Before determining the test patterns, one should take several
things into consideration.(]’]z)
1. The test should make maximum use of the plant hardware and
instrumentation to minimize the cost and trouble to the
utility company.
2. Large amplitudes for the input signals help to increase

signal-to noise ratio, but the amplitude should be 1imited

so that normal system operation is not distrubed.

17
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3. Increasing the duration of the test also helps to diminish
the effect of noise on the signals, but the duration of
the test should be 1imited so that possible departure from
the normal control policies is as brief as possible.

4. The noise contamination in the signals also influences the
selection of the test signals. This occurs because the
permissible signal amplitude and test duration determine
the total signal energy available. Once these are fixed,
the only way to increase the signal to noise ratio at any
frequency is by adjusting the allocation of signal energy -
among the available frequencies. If the noise contamination
is small, the available energy can be allocated to a number
of frequencies. If the noise is large, the majority of the
signal energy must be concentrated in a few harmonics.

Taking all these aspects into consideration, two types of signals

were used to obtain the results. These were step input and multi-

frequency binary sequence (MFBS) input.

A. Step Tests(])

The step tests are useful in obtaining estimates of the frequency
response if the output settles to a constant value after the step input.
The useful energy in a test is limited, and it 1is usually not possible
to obtain very large signal-to-noise ratios. However, the tests are
easy to perform and are useful for augmenting more accurate tests such
as those using periodic input signals.

The step tests were used both in the case of reactivity perturba-

tion and the steam flow rate perturbation tests.
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B. MFBS(]’13) (Multi-Frequency Binary Sequence)

The main advantage of the MFBS over other periodic test signals
is that its spectrum can be tailored by the user to suit the test
objectives. The MFBS signal can be concentrated in frequencies of
interest with the result that the energy waste is minimized. This
allows the maximum signal-to-noise ratio for a given test duration.

The MFBS signal is generated by a random search optimization
of the polarities of the bits in the binary pulse chain (each pulse
in the chain is called a bit). The criterion function to be minimized
is the sum of the squared difference of the desired signal power and

the actual signal power at the selected frequencies.

J Py - 2lc;1%)

W=
a—

i

where Pi is the desired power at the ith frequency and Ci is the complex

Fourier coefficient of the binary signal at the ith frequency.

A computer code is available for generating the MFBS signa]s.(]3)

Experience shows that the procedure gives sequences which concentrate

70 to 80 percent of the total signal power in the selected harmonics.
For the MFBS signal, like any other periodic signal, the lowest

frequency containing the information is, of course, the fundamental

frequency,

where o is the fundamental frequency in radians/second, and T is the
period in seconds. The selected signals* with their important

characteristics are given below.

*Most of the signal selection work was done by E. M. Katz.
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256 bit MFBS
Bit duration (at) = 3 sec
Period (T) = 768 sec
/= 8.181 x 1073 rad/sec

Fundamental frequency

Number of frequencies = 12

Selected harmonics: 1, 3, 5, 7, 9, 13, 17, 21, 25, 29, 33
and 37

Highest frequency = 0.3027 rad/sec

Sampling rate = 4 samples/sec

Number of periods = 6

128 bit MFBS

Bit duration = 1 sec

Period = 128 sec

Fundamental frequency = 0.0491 rad/sec

Number of frequencies = 12

Selected harmonics: 1, 3, 5, 7, 9, 13, 17, 21, 25, 29, 33,
and 37

Highest frequency = 1.816 rad/sec

Sampling rate = 10 samples/sec

Number of periods = 17

64 bit MFBS

Bit duration = 20 sec

Period = 1280 sec
4,91 x 10'3 rad/sec

Fundamental frequency

Number of frequencies = 12
Selected harmonics: 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21,

and 27
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Highest frequency = 0.1325 rad/sec

3

Number of periods

Two hundred fifty-six bit and one hundred twenty-eight bit MFBS
signals were used for the reactivity perturbation tests and a 64 bit
MFBS was used for the steam flow perturbation tests.

Since the purpose of this report is to describe the interpreta-
tion of the tests rather then the test procedures, the experimental
procedures will be only briefly outlined here. The MFBS signals were
introduced manually by the operator for the reactivity perturbation
tests and for the steam valve perturbation tests. In each case, the
desired pattern was pre-recorded on a strip chart recorder. A paper
strip was taped to the window of the recorder as shown in Figure III-1.
The operator watched the signal on the chart and moved the input in the
specified direction when the move indication passed beneath the paper
strip. This method allowed the operator to anticipate upcoming actions.

The operator used the rod control stick on the control panel in
the reactivity tests. He had no trouble in obtaining either one step
or two steps as requested by varying the length of time he held the
control stick in the insert or withdraw position. The steam valve
perturbation test used the steam flow servo. The control panel
included a panel that had a steam flow demand set point adjuster. The
operator could depress a button to increase or decrease the steam flow
demand. After this was set, he could cause the steam flow change by
depressing another button that caused the controller to seek the new
point. The procedure was to adjust the set point between changes in

steam flow and to depress the "GO" button when the change was desired.
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The signals for the system responses were obtained at the junction
box where signals entered the plant computer. These were low pass
filtered, amplified, and fed to an ANSCAN digital data acquisition
system. The ANSCAN digitized and recorded the signals and wrote a

digital tape recording.
II. DATA ANALYSIS METHODS

The purpose of the dynamic tests was to determine the frequency
response of a large PWR type NSSS. The digitized data from the ANSCAN
tapes were analyzed to obtain frequency response, coherence function,
and standard deviation, on the IBM-360/65 computer at The University of
Tennessee.

The frequency response G(jw), at frequency, w, is given by the
ratio of the Fourier transform of the output signal to the Fourier
transform of the input signal

Yo(t) endWt gt

0
I1(t) e”IWt g¢ -

G(jw) = T
7o
Here we have assumed a periodic input signal with period, T.

From Equation (1), we obtain:

.
o
fg I(t) coswt dt - j 7

0(t) coswt dt - j fg 0(t) sinwt dt

7
0

(2)

G(jw) =
I(t) sinwt dt

once, G(jw) is calculated using Equation (2), gain and phase may be

obtained using the following relationships.

2

GAIN = [G(jw)| =\I[Re (6(3w)11° + [Im (G(3w)}] (3)
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and

PHASE = tan™! [Im {G(jw)}/Re (G(jw)}] (4)

In the case of experimental results, the gain and phase were
obtained by averaging real and imaginary values of the frequency
response over different blocks of data. Each block contained one
period of MFBS signal.

Two computer codes, using different methods, were used to

calculate the frequency response results from the experimental data.

a. fFourcot1¥)

FOURCO capitalizes on the similarity between the Fourier
transform integral and the convolution integral for calculating
Fourier transforms of the input and the output signals. This is
done by a digital simulation of a sine-cosine filter. The method
is very efficient and takes about one-third the time required for
the direct integrations required in classical Fourier analysis.
The analysis of 6 cycles of data of 256 bit MFBS with 3 sec bit
duration (38,864 input and output data samples) required only 3
minutes and 48 seconds for calculating the frequency response for

12 different frequencies on the IBM-360/65.

B. HrrT(1%)

HFFT uses a simple recursion relationship which gives a result
that is easily transformed into the desired Fourier integrals. HFFT
takes about the same computing time as FOURCO, but much less core

storage. The analysis of three periods of the 256 MFBS with a 3 sec
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bit duration (18,432 input and output data samples) required only 2.5
minutes and 72K core for the calculation of frequency response results
for 12 different frequencies.

Since the Fourier transform of a signal that does not return to
its initial value are not defined, methods used in HFFT or FOURCO need
slight modifications to handle step response tests. A small computer
code was written using the method suggested in Reference 1 to calculate
the frequency response results from the step tests. The results were

(16) written at

compared using another code, based on Samulon's method,
the Oak Ridge National Laboratory, and were found to agree.

The coherence function values discussed in Chapter IV are a
measure of degree to which an output of the system is related to a
selected input. Mathematically, the coherence function between the

input I(t) and the output O(t) is a real valued function defined by(])

2
¢
A (5)

where

Y10 © coherence function

b1 ° power-spectrum of the input signal
= power-spectrum of the output signal

= cross power spectrum of the input to the output signal

The coherence function is always between zero and one. For
the ideal case of constant parameter linear system with only one
input and one output and with no uncorrelated system noise, it is

always unity. If I(t) and O(t) are completely unrelated, the coherence
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function will be zero. If it is greater than zero, but less than unity,
one or more of the following situations exists.(]’]7)

1. Extraneous noise is present in the measurements.
2. The system relating I(t) and 0(t) is a nonlinear system.

3. 0(t) is an output due to an input I(t) as well as other

parameters.



CHAPTER IV
EXPERIMENTAL RESULTS

In this chapter, experimental results obtained in the tests will
be presented and discussed. The results will be divided into two parts
for discussion and presentation purposes: reactivity perturbation and

steam flow perturbation tests.
I. REACTIVITY PERTURBATION TESTS

The reactivity perturbation tests were carried out by moving
a bank of control rods. Two different signals were used to obtain
frequency response results: 256 bit, 2-step (the control rod bank
containing five rods was moved two steps each time) MFBS with 3
second bit duration, and 128 bit, 1-step (the control rod bank was
moved only one step each time) MFBS with 1 second bit duration.

During both tests, the following system variables were measured
and recorded.

1. Reactor power (neutron level)

N
.

Reactor coolant (RC) core outlet temperature

RC hot leg temperature

el w
. .

RC cold leg temperature
5. Steam pressure

6. Pressurizer pressure

7. Steam generator level

8. Steam flow rate

26
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9. Steam generator feedwater flow rate

10. Control rod position

Results obtained for the 3bove system variables along with the
input signal are presented, in the time domain, for one period of data,
in Figures IV-1 through IV-6. It was noted that the rod position
measured by the linear variable differential transformer (LVDT) had a
bump in it every time the rods were inserted. Furthermore, the bump
was observed to occur after the neutron flux signal had started its
response to a rod position change. The bump is believed to be due to
the interaction between the magnetic field from the CRDM and the LVDT.
Since the rods actually move when the magnetic flux is generated at
the CRDM; the signal from the LVDT is misleading because it gives the

(18)  1he

impression that the rods only start to move after the bump.
apparent rod position signal was corrected as follows:

(1) The rod position (measured by the LVDT) and the neutron
flux signals were plotted and the MFBS signal (as specified
prior to the test) was superimposed on both rod position
and flux signals. This is shown in Figure IV-7 for the
2-step test and in Figure IV-8 for the 1-step test.

(2) The next step in the data correction consisted of holding
the MFBS signal in a fixed position on the time axis and
shifting the neutron level signals back and forth, until
the starting point of each transition indicated by the

flux change agreed with the corrected MFBS transition as

closely as possible.
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3. After this shift of the time axis, there were still small
differences between the apparent transition times observed
in the neutron level and the MFBS signals. To remove this
discrepancy, slight modifications in the number of points
in each pulse of the MFBS signal were made so that the MFBS
signal transitions would occur as closely as possible, at
the same times as the start of the flux changes associated
with the rod movement. In short, the MFBS signal was
adjusted using the neutron level signal as a guide. The
modified MFBS with the flux and rod position signals are
shown in Figures IV-9A (2-step test) and Figure IV-9B (1-
step test).

The apparent (measured) rod position and the actual rod position
signal were analyzed to obtain a rod position frequency response
correction factor (s measured position/¢ actual position). The correc-
tion factors for the 2-step are shown in Table IV-1 and for the 1-step
are shown in Table IV-2.

System frequency responses were obtained using the measured rod
position signal as the input and were corrected using the correction
factor, at each frequency. For example, the reactor power to reactivity
frequency response (Figure IV-19) was obtained as follows:

(1) & neutron level/s rod position (measured) was computed

using FOURCO and HFFT computer codes.

(2) The corrected gains were obtained by multiplying the gains

obtained in (1) by the correction factor, from Table IV-1



TABLE IV-1

CORRECTION FACTORS FOR 2-STEP TEST

29

Harmonic
Number Gain Phase
1 1.0552 10.31
3 1.2394 - 3.54
5 1.1797 - 3.37
7 1.2513 - 6.49
9 1.1810 -11.36
13 1.1474 -17.66
17 1.1883 -17.81
21 1.2000 -23.10
25 1.1488 -30.14
29 1.1796 -32.62
33 1.1481 -36.01
37 1.2066 -42.04




TABLE IV-2

CORRECTION FACTORS FOR 1-STEP TEST

30

Harmonic
Number Gain Phase
1 0.805 17.41
3 1.097 - 14.88
5 0.842 - 31.26
7 0.994 - 50.94
9 0.942 - 61.61
13 0.963 - 83.87
17 0.923 - 109.76
21 0.911 - 127.47
25 0.897 - 156.78
29 0.796 - 176.32
33 0.634 - 204.03
37 0.589 - 220.06
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or IV-2 depending upon whether the case was a 2-step or
1-step test, and the correct phase was obtained by
adding the correction factor for the phase, to the phase
obtained in (1), from the appropriate table.

The tests were run for six periods of 256 bit, 2-step, MFBS and
seventeen periods of 128 bit, 1-step, MFBS. An error was made in
implementing the 2-step MFBS during the fourth period. The operator
failed to move the rods at the proper time. This period was omitted
for the data analysis purposes. The rest of the data were analyzed
to give the frequency response, coherence function, and standard
deviation.

c
(14) and HFFT(]J) computer codes were used to calculate

FOURCO
the frequency response results. Both codes gave almost identical values.
The slight differences are due to the different methods, used to
calculate the Fourier coefficients in the codes. They are explained
briefly in the Experimental Procedures chapter (Chapter III). Since
the absolute values of gain are not available, the frequency response
resul ts were normalized at the third harmonic. The normalization factors
are shown in Table IV-3.

The Bode plots for the reactor power (neutron level) to reactivity
transfer function are shown in Figures IV-10. The experimental gain is
in excellent agreement with the theoretical results. The plots of
the phase have similar shapes, but the experimental values for the 2-step

test are 10° to 27° less than the theoretical values in the frequency

range of 0.0245 rad/sec to 0.3 rad/sec.
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TABLE IV-3

NORMALIZATION FACTORS FOR REACTIVITY TESTS

Figure

Number 2-Step Test 1-Step Test
IV-10 80.0 217.5
V-1 80.0 216.5
IV-12A 4.45 22.2
IV-128 4.45 22.2
IV-13 2.37 7.26

IV-14 1.83 3.9
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The polar plot of the reactor power to reactivity frequency
response is shown in Figure IV-11. The experimental and theoretical
results are not as inconsistent as they seem to be. Here, the imaginary
values of the experimental results are smaller and the real values are
larger than the theoretical values at the corresponding frequencies.

This is consistent with the agreement in gain (GAIN = (Re2 + Imz)]/z)

and the negative phase shift (PHASE = tan-]

(Im/Re)) observed between
the experimental and the theoretical results shown in the Bode plots
(Figures IV-10).

The coherence function for the reactor power to reactivity
transfer function is shown in Figure IV-10. It was calculated using
HFFT. As expected, the coherence function is very close to unity
for the 2-step MFBS, and it is lower (between 0.86 and 0.96 at all
points except one) for the 1-step MFBS signal. Here, the signal-to-
noise ratio is lower than in the 2-step MFBS because the reactivity
input for the 2-step test is about twice as large as in the 1-step
test.

Other frequency response results and coherence functions for
some of the important variables are shown in Figures IV-12 through
IV-14. Most of the results are in good agreement with the theoretical
results.

Since the time constants for the thermocouples used measuring
temperatures in the loop are large, the effects of thermocouple
dynamics were taken into account in calculating cold leg temperature

to reactivity frequency response. The corrected results are shown

in Figure IV-12B. Here, the thermocouple time constant was taken to
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(18)

be 3 seconds. Since the harmonic frequencies are lTow (< 0.3025
rad/sec) the effects of thermocouple response on the experimental
results is not very significant.

In the case of the cold leg temperature, we observe a slight
disagreement in predicted and experimental results. The break
frequency predicted by the model is 0.1 rad/sec, while the experimen-
tally observed break frequency is about 0.05 rad/sec. Here, the
break frequencies were obtained by visual inspection. The phase is
in good agreement with the experimental results, except the phase
shift of about 35° at high frequencies. This could be due to transport
(19)

_lags not considered in the model. The coherence function for the
cold leg temperature/reactivity frequency response is above 0.74 for
the 2-step test while it is too low for reliable results in the case
of 1-step test. Here, the input signal is not strong enough to
overcome the effect of uncorrelated system noise.

The model has been able to predict both steam pressure and
pressurizer pressure signals fairly accurately.

Figures IV-15 through IV-18 contain information on the standard
deviations of neutron level, RC cold leg temperature, steam pressure,
and pressurizer pressure. Each of five periods of data was analyzed
separately. Results from these analyses were used to calculate standard
deviations. The standard deviation was calculated using the following

formu]a(zo)

/(N -1) (6)



35

where

o = standard deviation

N = number of data periods
x, = value for each period
X = average X3

The plots of the standard deviations are shown on a different
scale than the frequency response plots, since the frequency response
results were normalized to agree with the theoretical results at a
selected frequency. For most of the harmonics, the standard deviation
for the reactor power to rod position transfer function is within 10
percent of the average values of the gain. The phase shows more devi-
ations from the average values. For the other signals, the standard

deviation of the phase is around 10 percent while the gain shows

more deviations.

IT. STEAM FLOW PERTURBATION TESTS

The steam flow perturbation tests were performed using the main
steam valve. A 64-bit MFBS signal with 20 second bit duration and
steam valve step tests were used to obtain the frequency response
results. The same approach was used in the data analysis as in the
case of the reactivity perturbation tests except the first stage turbine
pressure was used as an input signal. Since the first stage turbine
pressure is proportional to the steam flow rate and also to the plant
load, this will enable us to study both the steam generator dynamics
and the load following capability of the PWR steam supply system.

The main purpose of the steam valve step test was to obtain
results that emphasize the steam generator characteristics. Plots of

the step tests are shown in Figures IV-19, IV-20, and IV-21. Most
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of the results except the steam pressure, steam flow rate, and the
cold leg temperature contain too much noise to be of value.

A time delay of about 9 to 14 sec was observed between the
opening of the steam thrcttle valve and the response of RC cold leg
temperature signal. The time delay is much longer than the transport
time which is about 2 to 3 seconds. The pressurizer pressure is shown
in Figure IV-21. The pressure changes because of volume changes of
the primary water in the steam generator that accompany water temper-
ature changes. Because the pressure sensors are fast, there is no
concern with sensor dynamics in the case of the pressure signal. The
pressure signal is noisy, but these results suggest a time delay in
the response, giving added confidence in the delay indicated by the
cold leg temperature response.

A similar time delay in the cold leg temperature was observed

(21)

by G. Frei, et al. in measurements on the Stade PWR in Germany.
The simplified steam generator model used in the analysis or none of
the other steam generator dynamic models known explain the sluggish-
ness of the primary side coolant temperature. The steam generator
model used in Reference 21 simulates the delay using an emperical
pure time delay. '
The delay phenomenon requires further study, but several possible
factors in the process are:
1. Reactor coolant transport time which is about 2 to 3 seconds.
2. The tube and piping metals and the secondary water in the

steam generator has fairly large thermal capacity which also

contributes to the delay.
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3. Pressure changes accompany the load changes, causing shrink
or swell. For example, when the throttle valve is opened,
the steam pressure decreases causing submerged bubbles to
expand. This causes the boundary between the subcooled
liquid section and boiling section to rise temporarily
before the increased boiling rate causes the level to drop.
This temporary rise causes a larger fraction of the heat
transfer to be metal-to-liquid rather than nucleate boiling.
This may reduce the overall metal-to-secondary heat transfer
coefficient until the swell transient is completed. This
effect has an opposite influence on heat transfer than the
increased temperature difference that accompanies a pressure
decrease. This compensation might result in a reduced effect
on the primary fluid temperature until the level starts to
drop.(]8)
Results obtained from the 64 bit steam valve MFBS are shown in
Figures IV-22 through IV-24. The frequency response results and the
coherence functions for some of the important system variables are shown
in Figures IV-25 through IV-28. The frequency response results were
normalized at a frequency of 0.0147 rad/sec.
Most of the results are in good agreement with theoretical
results. RC cold leg temperature shows considerable sluggishness
which can be observed both in the time domain (Figure IV-23) and in
the frequency domain (Figure IV-26) confirming our observation in the
steam valve step tests. Figure IV-26 also shows considerable phase

shift, about 60° at 0.0147 rad/sec to about 90° at 0.13 rad/sec.
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Here, the pressurizer model fails to predict the results at low
frequencies, below 0.02 rad/sec. The gain for the experimental results
seems to be dropping while the model predicts it to be constant. A
possible reason for such behavior could be the automatic control system
which is not included in the model. The automatic control system plays
an important role in controlling the pressure at low frequencies. Also,
examination of the time response plots (Figures IV-21 and IV-23) shows
that the pressurizer pressure initially moves in the same direction
as the turbine first stage pressure, but after reacting its maximum
value, it starts moving in the other direction, even when the turbine
pressure is still unchanged.

The plots of the standard deviations of the results for three
periods of data are included in Figures IV-29 through IV-32. The
deviations in the gain are within 13 percent of the average values

except for the reactor power and cold leg temperature.



CHAPTER V
CONCLUSIONS

The purpose of this work was to analyze and interpret experimental
measurements of the frequency response of a large PWR type steam supply
system using binary signals. The experimental frequency response and
theoretical results (predicted with a preliminary simple model) are in
fair agreement for most cases.

The coherence functions for the 1-step MFBS were very low except
in the case of the neutron level signal. This is due to small reactivity
input. The input signals with larger perturbations increase the signal-
to-noise ratio and increase the confidence in the experimental results.
The 2-step test and the steam valve tests gave good results except the
problem of obtaining absolute values of the gain. The gain was norma-
lized to agree with the theoretical pred{ctions at a selected frequency.

During the steam flow perturbation tests, a considerable time
delay was observed between opening (and closing) of the steam valve
and the response of the RC cold leg temperature. Further study should
be made of this to determine the cause. A further effort also needs
to be made to study the low frequency pressurizer pressure results and
the phase shifts in some of the signals.

Dynamic testing provides information on the adequacy of the
model and in evaluating the performance of the nuclear systems. The

experience gained in this work suggests that the binary signals should
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play an important role in performing the dynamic tests on the

commercial power reactors.
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APPENDIX A
REACTOR MODEL

The differential equations used in the reactor model are:

Reactor power; 14
’// :
8 6 a. P o P
dsP _ T f'0 \ %2:0
——&-f-m—xﬁp*l'ifl A, 6 C, + GTf+ T GBC]
a P a P P
c 0 p 0 0 -
Yoo %8t A de ¥ A SPext (A-1)
where,

P = reactor power, Mwt

total delayed neutron fraction

A = prompt neutron generation time, sec

Ai = delayed neutron decay constant for ith group, sec']
C, = ith group delayed neutron precursor concentration

ar = Doppler coefficient, (80/°F)

P0 = steady state reactor power, Mwt
Tf = fuel temperature, °F
@, = moderator temperature coefficient of reactivity, (8p/°F)
6. = reactor coolant temperature, °F
ay = moderator pressure coefficient, (8p/psi)
Pp = pressurizer pressure, psia
80axt = external reactivity, due to control rod movement
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Delayed neutron precursors,

dsC; B _
— = 5 P - Ay G i=1,2, . ..,6

where Bi = delayed neutron fraction for the ith group

Average fuel temperature,

dsT.  Pg (hA)e_.
at = ™ ot P - T 657;’(5Tf - 86¢q)

where

Pf = fraction of power generated in the fuel

=
]

mass of fuel, 1bm

C_ = specific heat, mw - sec/1bm°F

46

(A-2)

h = overall heat transfer coefficient from fuel to coolant,

mw/ft2°F
A = heat transfer area in the core, ft2
Reactor coolant temperatures:

Lower plenum coolant temperature,

0p. L W LW
dt Mz.p. C.2. Mg.p. 2.p.
Bz.p. = reactor coolant temperature in the lower plenum, °F
W = reactor coolant mass flow rate, 1b/sec
Mz.p. = mass of coolant in the lower plenum, 1b
6o . = reactor coolant cold leg temperature, °F
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Average coolant temperature in the core, (The schematic drawing of heat

transfer from fuel to coolant is shown in Figure II-7.)

Pe1 . Tel 5P + e (6T, - 86 )
A (R e, T e

- (Sl (88¢y = 99, p) (A-5)
PC = fraction of power generated in the coolant
M = mass of coolant in the core, 1b.

Core outlet coolant temperature,

dse, Py (hA)¢_.

@t T THC] 8P+ T, (6T¢ - 66y)

- <3g> (60, - 80.4) (A-6)

Upper plenum coolant temperature,

“%up. 60, - —— 50 (A-7)
dt Mu.p. c2 Mu.p. u.p-
eu.p. = reactor coolant temperature in the upper plenum, °F
Mu.p. = mass of coolant in the upper plenum, 1b
The reactor is coupled to the steam generator using the following
equation,
480y 1. 1 1

H

&6 - 56

A-8
dt L. U.Pe T h.L. ( )
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coolant hot leg temperature, °F

D
"

coolant residence time in the hot leg, sec

The responses of the reactor for the step input in reactivity,
and reactor coolant inlet temperature are shown in Figures A-1 and

A-2.



APPENDIX B

STEAM GENERATOR MODEL

The equations used in the steam generator model are:

Primary side coolant temperature,

fE=EF159. -M(GT -lsT)-Ep-aT (B-1)
dt Mp i.p. Mp Cp p m Mp p ‘
Tp = primary side coolant temperature, °F
wp = primary coolant flow rate, 1b/sec
Mp = mass of the primary coolant in the steam generator, 1b
hpm = primary side to U-tube metal heat transfer coefficient,
Btu/sec-ft2 °F
Apm = primary side to U-tube metal heat transfer area, ft2
Tm = U-tube metal temperature, °F
ei.p. = reactor coolant temperature in the inlet plenum, °F

U-tube metal temperature,

dsT
m

h

dt

M
m

h
ms

ms
3T

on "o (6T - 6T ) - "ns s [sT - C Tsat) sP_1 (B-2)
Mm Cpm m Mm Cpm m ) PS S

mass of U-tube metal, 1b
metal to secondary side heat.transfer coefficient,
Btu/sec-ft° °F

metal to secondary side heat transfer area, ft2

slope of saturation temperature to saturation pressure
curve, °F/psia

49
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PS = saturation or steam pressure, psia

Derivation of steam pressure equation, mass balance:

Water:
dsMw
I - 5w1. - aws (B-3)
Mw = mass of the secondary side water in the steam generator, 1b
wi = secondary side water flow rate, 1b/sec
ws = steam generation rate, 1b/sec
Steam:
ddMS
5 = W - aws,o (B-4)
Ms = mass of steam in the steam generator, 1b
NS 0o - steam flow rate to the turbine, 1b/sec
Assuming,
wS,O a VPS - PT
where,
PT = turbine 1st stage pressure, psia
Wg o= ¢ "Ps - Pp
e . 1/2
e = orifice coefficient, 1bm/(sec psi'/“)
Linearizing
5”5,0 = ¢ (<3Ps - 5PT) (B-5)
where

e = 52/2u5,0
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substituting (B-5) into (B-4)

d<SMS

“a"f”'= 6NS - ¢ ((SPS - (SPT) (8-6)

Energy balance:

Assuming both secondary side water and steam are at saturation

temperature corresponding to the steam pressure,

dsE _ _
3t - "ms Aus (8T = 6Tae) W Cp
* (5T1. - ‘STsat) - he S, o (B-7)
E = secondary side heat content, Btu
Ti = secondary side water inlet temperature, °F
hS = specific enthalpy

Equation of state (gas law)

PV, = RM.T (B-8)
VS = steam volume, ft3
_ 1bf - ft
R = gas constant for steam, (TBE—:—gf) * 2
z = compressibility factor, (PV/RT)
Volume balance:
<svw sV, =0 (B-9)

Vw = volume of secondary water, ft3

From B-8 and B-9

csPS = A 6MS + B mw (B-10)



where
A =R TS/(VS,o - R Mg o (8T¢/0Py))
- and
B = Ps’o/pw (VS,o -RM (aTS/aPS))
- . 3
Py = density of water, 1b/ft
From B-10
dsP chMS déMw
A T T

substituting for GPS (from B-10 into B-6)

dsM

S — - rd
Tl 6ws - ¢ (A 5MS + B aMw) + ¢ aPT.
From B-3 and B-12
d6Mw dGMS
T - 5wi - {e” (A 6MS + B GMW) + e sPT}.

From B-11 and B-13

dsM, 1 d<SPS
"Eif'(] - B/A) + g g = My - 7 6P+ e” 6P
Taking
E = Cp Mw TS + ug MS and
differentiating

aT_  dsP dsM dGMS

dskE _ S S W
3t = ¢ y,o ) *O T g8t Ys a@t

t P W,0 55;' dt p
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(B-11)

(B-12)

(B-13)

(B-14)

(B-15)
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From B-15 and B-7

oT . déP désM déMS

2) —2+C T —H2+u

dsE _
=Cpn dt p s dt s dt

>3 W0 ('ﬁ;

aT
=h A ST - {(h A +W C ) (5 )}

ms ‘ms - m ms ' ms
1 dc‘SPs
* - - — e i—
8Pg W C STy = he (o7 P+
dGMw
- B/A e SPT}. (B-16)
Simplifying B-16
2TS hS chPs hsB
(Cp Mvo (55;) M T {Cp Ts "
déMw
T T M Pus ST {(hms Ans * W Cp)
BTS
* ‘ -
(aP —==) + b 6P WL C 6T (B-17)

From Equations B-14 and B-17, we can obtain a simple first order

equation for the steam pressure

{Cp Mw (aTs/aPs) + hS A R , d6Ps
Cp TS - hS B/A A -B dt

_ {(h A +WC ) * aTs/aPs) + hS £’ e }
C TS - h B/R (1 - 8/A)
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A
* P+ LS 8T
S (Cp TS - hS B/A) m

hLi C 1

P - .
B P 77 B Tl (-7

-

€
T—8/A) °Pr - (B-18)

Temperatures in the inlet and outlet plenums of the steam
generator are modeled using the following differential equations.

Inlet plenum:

15p. _p 50 ! 50, (B-19)
dt Mi.p. h.L. Mi.p. i.p.
.i.p. = reactor coolant temperature in the inlet plenum, °F
Mi.p. = mass of primary water in the inlet plenum, 1bm

Qutlet plenum:

.p. =NP sT —Lce . (B-20)
dt Mo.p. p Mo.p. o.p.
eo.p. = reactor coolant temperature in the outlet plenum, °F
Mo.p. = mass of primary water in the outlet plenum, 1bm.

The response of isolated stear generator for the step input in
the primary side temperature and 1st stage turbine pressure are shown
in Figures B-1 and B-2.

The steam generator is coupled to the reactor using the following

equation.

8T (B-21)



i

reactor coolant cold leg temperature, °F

coolant residence time in the cold leg, sec

55



APPENDIX C

PRESSURIZER MODEL

The pressurizer pressure equation is derived from the mass, energy,
and volume balance on the water and steam in the pressurizer. The
derivation is shown below.

The following assumptions were made in deriving the pressurizer
pressure equation:

1. Both water and steam in the pressurizer are always at the
saturation temperature corresponding to the reactor coolant
pressure.

2. No heat losses through the pressurizer wall and pipings.

3. The automatic control system including the relief valve
and the safety valves are omitted to simplify the model.

A schematic of the pressurizer is shown in Figure C-1.

Hass balance:

Water:
dcsrflw
=t - 5ww’1. + dwsp - GNS (C-1)
Mw = mass of water in the pressurizer, 1b
ww,i = mass flow rate to or from the primary loop, 1b/sec
wsp = spray flow rate, 1b/sec
W, = steam generation rate, or condensation rate, 1b/sec
Steam:
chMS
5 = Mg (C-2)
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Energy balance:

w:
at 97 ww,i hw,i * wsp hsp

heat input from the electric heaters, btu/sec

enthalpy, btu/1b
pressure, psia

volume of water, ft3

dE _
at - Mshs - PV

Volume balance:

v
S

GVW + GVS = GVT =0

steam volume, ft3

- Who + PV,

57

(c-3)

(C-4)

Substituting the following equalities in Equation C-3 and linearizing

E=H-PV=U=Mu

su = (au/aP) &P
dv, = (avw/an) &P
heg = hg = M,

sh = C, oT

W

6T, = (aTw/an) &P,

specific volume of water, ft3/1b
heat of vaporization, btu/1b

water temperature, °F.
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Assuming
Tw ) Ts - Tsat
pp N Pw N Ps B Psat
Ts = steam temperature, °F
PS = steam pressure, psia
PSat = saturation pressure corresponding to the saturation temperature

au v dsp
M (=% +M P (=) =L = sq

,0 ‘9P ,0 p,o ‘3P dt
W 0 W0 'p,0 3P
* (hw,1 ~h,t pp Vw) wa,i * (hsp - h,
+ P Vw)o awsp - (hfg + Pp Vw)o sW
+ ww’o cp esTW,1 Nsp’o b s sp + [Nw,o {-cp

9V
w
+ Wy o -Gy (T /o) + P (3559 * VYu,0
- {Pp’o (avw/aPp) tv, o) ws,o] 5pp. (C-6)
Equation of state (gas law)
PV = RM T, (C-7)

R = Gas constant for the steam, 1bf - ft/1bm - °F.



From (C-5) and (C-7)

6PS = A GMS + B 6Mw

where,
A=R Ts/(vs,o - R Ms,o (aTS/aPS)) and
B = PS,O/p (VS’0 -RM 0 (aTS/aPS));
From (C-8)
dsp dsM dsM
@t A B
From (C-9) and (C-2)
1 dspP dde
W, =g gt - B/A—4¢
substituting (C-10) in (C-1)
déMw 1 dsp
gt (-8R + g g = oW, 5+ oM
or
déMw i (G”W,i GNSP) ' ! ) chp
dt (1 - B/A) (A-B)’ dt
From (C-7), (C-10), and (C-11)
3u v (h

fg ¥ va)o
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(C-8)

(C-9)

(c-10)

(C-11)
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. (hfg + va)’o B} dde _
A(A-B) dt
, Y
[ww’0 {-Cp (aTw/aPp) p o (“Pp) +v ,0}

,0}

v
w
+ wsp’o {-Cp (aTw/aPp) + Pp,0 (5550 v,

- NS’O D)0 ( p) v, }] de

tear {hwsi B hwao ¥ Ppso VW,O *

+ Pv )

B (h
W o
} Sww + {hsp,

fg

tP VW)O
P }

W,0 ¥ pp,o vw,o ¥ A-B

* -
6wsp + Cp ww’o aTw’i + Cp wsp,o 5Tsp . (C-12)

5ww in Equation (C-12) represents insurge into the pressurizer
or outsurge from the pressure depending upon the increase or decrease

in the primary side coolant temperature, and it is equal to

N )
W = £ V.., —22l (C-13)
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The index i represents the location of reactor coolant nodes
at various points in the loop and
B; = slope of coolant density vs. coolant temperature curve,
1bm/ft>, °F

Vi = steady state coolant volume corresponding to the ith node.

The response of the pressurizer for the step changes in the
surge rate, wa, spray rate, Gwsp, and heat input rate, 8q, are shown

in Figures C-2 through C-4 .



APPENDIX D
OVERALL SYSTEM MODEL

The overall system consisting of equations from the reactor,

steam generator, and pressurizer models can be represented, using

(22)

the state variable approach, as follows:

=AX+7

ajla
[adBall

where

sP
sC
5C
6C
sC
sC

éseC]
§0C2

»—-«_--w..
—
.
o

(continued on next page)
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660.po“/

*OL.p.
*Oh.L.
%6c. L.
6Pp
A = constant coefficient matrix
f = forcing vector
Nonzero elements of the coefficient matrix are given in Table
D-1. The nonzero elements of the forcing vector must also be specified
for each type of perturbation. The forcing vector is 1.475 x 10'4 Sp
in row 1 for a reactivity perturbation, -0.17024 dPT in row 15 for a
turbine pressure change, -0.03076 SNFN for a feedwater flow change, and
0.05327 80Fy for a feedwater temperature perturbation. The system can
also be perturbed by -7.989 x 10-3 5“5? in row 20 for spray flow rate
change and 2.1726 x ]0—4 8q for electric heat input change in the
pressurizer.
The response of the overall system consisting of a reactor, a
steam generator, and a pressurizer using the above A-matrix is shown

in Figures D-1 through D-6 (pp. 118 - 123).



TABLE D-1

NONWZERO ELEMENTS OF A MATRIX

Row Column Obtained From
Number Number Elements Equation
1 1 -400.000 A-1
1 2 0.0125 A
1 3 0.0305- A-1
1 4 0.11100 A-1
1 5 0.30100 A-1
1 6 1.140 A-1
1 7 3.010 A-1
1 8 -1781.000 A-1
1 9 -13700.000 A-1
1 10 -13700.000 A-1
1 20 411.00 A-1
2 1 13.1250 A-2
2 2 -0.0125 A-2
3 1 87.500 A-2
3 3 -0.0305 A-2
4 1 78.125 A-2
4 4 -0.11100 A-2
5 1 158.125 A-2
5 5 -3.010 A-2
6 1 46.250 A-2

6 6 -1.140 A-2




TABLE D-1 (continued)

65

Row Column Obtained From
Number Number Elements Equation
7 1 16.8750 A-2
7 7 -3.010 A-2
8 1 0.0756 A-3
8 8 -0.16466 A-3
8 07 0.16466 A-3
9 1 0.00039 A-5
9 8 0.05707 A-5
9 9 -2.4403 A-5
9 17 2.3832 A-5
10 1 0.00039 A-6
10 8 0.05707 A-6
10 9 2.3262 A-6
10 10 -2.3832 A-6
11 10 0.33645 A-7
11 11 -0.33645 A-7
12 12 -1.4500 B-19
12 18 1.4500 B-19
13 12 0.2238 B-1
13 13 -0.76642 B-1
13 14 0.53819 B-1
14 13 3.07017 B-2
14 14 -5.3657° B-2
14 15 0.332720 B-2




TABLE D-1 (continued)
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Row Column Obtained From
Number Number Elements Equation .

15 14 1.3500 B-18

15 15 -0.4480 B-18

16 13 1.4500 B-20

16 16 -1.4500 B-20

17 17 -0.5160 A-4

17 19 0.5160 A-4

18 11 2.500 A-8

18 18 -2.500 A-8

19 16 1.4800 B-21

19 19 -1.4800 B-21

20 8 0.020707 C-12 and C-13
20 9 -0.020707 C-12 and C-13
20 10 0.01057 C-12 and C-13
20 11 0.24516 C-12 and C-13
20 12 -0.13296 C-12 and C-13
20 13 -0.51964 C-12 and C-12
20 14 0.64821 C-12 and C-13
20 16 -0.118330 C-12 and C-13
20 17 +0.12321 C-12 and C-13
20 18 -0.28554 C-12 and C-13
20 19 0.02401 C-12 and C-13
20 20 -1.9130 * 10° c-12
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FIGURES
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FIGURE II-7. Schematic Drawing of Heat Transfer Process From Fuel
to Coolant,
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NOTE: ALL PLOTTED VALUES ARE DEVIATIONS FROM THE STEADY STATE
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CHRANGE N THE TURBINE (1-ST STRGE) PRESSURE
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NOTE: ALL PLOTTEC VALUES ARE OEVIATION S FAROM THE STERC
- STATE
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FIGURE D-5. Time Response of the System for 50 PSI Step Change
in the Turbine (1-st Stage) Pressure.



PRESSURIZER PRESSURE

NOGTE: ALL PLOTTED VALUES ARE DEVIATIGBNS FROM THE STEADY STATE

Stage Pressure,

o

o

<)

o

o

™

I

o

o

©

)

O i

o

o

I

o

o

~

'0.00 25.00 50.00 75.00 100.00 125.00 150.00 175.00 200.0

TIME (SEC.)
FIGURE D-6. Pressurizer Pressure Response for 50 PSI Step Change in the Turbine 1-st Eg



VITA

Jivanlal Gandalal Thakkar was born in Kinkhlod, India on May
9, 1949. His parents are Gandalal Thakkar and former Bhanumatee Karia.
Most of his "growing-up" years were spent in Kinkhlod, India where he
attended primary and secondary school. He graduated from G. J. Sharda
Mandir in June 1966 and entered St. Xavier's College. In 1968, he
entered the nuclear engineering curriculum at The University of

Tennessee and obtained a B.S. degree in Nuclear Engineering in 1971.

124



