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PRELIMINARY ANALYSES FOR FFTF
HEAT TRANSPORT CONTROL SYSTEMS

R. A. Harvey and S. A. Hunt

ABSTRACT

A study was conducted to determine the effect of the
Fast Flux Test Facility main heat transport control system on
the plant behavior. A high-speed simulation of the facility
was used in the study. The study was conducted to gather
data concerning plant stability, characteristics of several
control configurations and effects of various operating condi-
tions. Transient responses and frequency analysis were used
to determine the controlled plant behavior. This report pre-
sents the data gathered and draws some conclusions on the
basis of the data.



TABLE OF CONTENTS

LIST OF FIGURES .
LIST OF TABLES
INTRODUCTION . e e e
CONCLUSIONS AND SUMMARY OF RESULTS.
PERFORMANCE MEASURES
THE MODEL e e e
CONTROLLER CONFIGURATION EFFECTS
OPERATING CONDITION EFFECTS .
Power Level Effects
Primary Sodium Flow Rate Effects
Secondary Sodium Flow Rate Effects
Air Temperature Effects
TRENDS WITH CONTROLLER SETTINGS
Secondary Cold Leg Controller

Primary Cold Leg Temperature Controller .
Primary Hot Leg Temperature Controller

APPENDIX A _ THE SIMULATION .

BNWL-1395

Vii

53
55
57
59
62
97
97
100
108
A-1



15

16
17

18

19

20

21

22

23

BNWL-1385

LIST OF FIGURES

Di agram Showi ng the Model Nodes and Conponents

in One Heat Removal Circuit . . . . . .+ . . 9
Controller Configuration Nunmber | 14
Controller Configuration Number II 15
Controller Configuration Number III 16
Controller Configuration Number |V 17
Controller Configuration Number V . 18
Controller Configuration Nunber Vi . 19
Controller Configuration Nunmber | Transients 27
Controller Configuration Nunmber II Transients 31
Controller Configuration Nunmber III Transients 36
Controller Configuration Number |V Transients 41
Controller Configuration Number V Transients 46
Controller Configuration Number VI Transients . . 51

Primary Cold Leg Controller Open Loop
Frequency Response . . . . .« . 63-73

Primary Hot Leg Tenperature COntroIIer

Open Loop Frequency Response . . 74-84
Controller Configuration Nunmber | Tran3|ents . 85-96
Secondary Cold Leg Tenperature Cbntroller

Open Loop Frequency Response . . e 98
G aph ShomnnP the Stability Limts for the

Secondary Cold Leg Tenperature Controller . . . 99
Contours of Constant Performance Index (IP) as

a Function of the Secondary Cold Leg Tenperature

Control ler Settings of Proportlonal Action (Pl)

and Derivitive Action (Dy). . 100

Stability Limts for the Prlnary Cbld Leg
Tenperature . . 103

Cont ours of COnstant IP for the Pr|nary Cbld Leg
Tenperature Controller with a 10° Setp01nt Step
Increase . . . . . . . 105

Contours of Constant IP for the Primary Col d Leg
Tenmperature Controller with a Power Disturbance
of 15 Megawatts Increase . . . . . . . . . 107

Contours of Constant IP for the Primary Hot Leg
Tenperature Controller with a 10° Step Increase
In Setpoint . , . . . o+ .« 4 a4 108



BNWL-1395

Contours of Constant IP for the Primary Hot Leg
Temperature Controller with a 15 Megawatt

Increase Power Disturbance . . . . . . . . 111
A-1 Reactor Frequency Response Characteristics . . . A-2
A-2 Control Loop No. 2 Frequency Response . « . .« A-3
A-3 Control Loop No. 1 Frequency Response .« o« . A-4
A-4 Reactor Frequency Response Characteristics . A-5
A-5 IHX Frequency Response Characteristics . . . . A-6
A-6 IHX Frequency Response Characteristics . . . . A-7
A-7 IHX Frequency Response Characteristics . . . . A-8
A-8 IHX Frequency Response Characteristics . . . . A-9
A-9 DHX Frequency Response Characteristics . . . . A-10
A-10 DHX Frequency Response Characteristics . A-11
A-11 DHX Frequency Response Characteristics . A-12
A-12 DHX Frequency Response Characteristics . . . . A-13
A-13 Reactor Kinetics e e e e e e e e e A9
A-14 Reactor Kinetics e e e e ..o . .« . A-30
A-15 Reactor Dynamics e e e e e e e e s A
A-16 Reactor Dynamics B e 74
A-17 IHX . . . . . . . . . . .« . < < . . A-33
A-18 DHX . . . . . . . < . . . < < . < . A-34
A-19 Mixing Plenumx . . . . . . . . . . . . A-35
A-20 Flow Calculation « e« .+« .+ < . .« . . A-36

A-21 Controllers . . . . . . . . . . . . . A-37



LIST OF TABLES

Controller Settings

Transi ent Peaks for Conflguratlons [, II, III,
IV, and V .

Transi ent Peaks for Confl gurations | and VI

Qperating Conditions with Controller Settings
for 20% Overshoot to Setp01nt Changes for
Configuration I .

Transi ent Peaks - Conflguratlon (. Vary| ng
Qperating Conditions .

Controller Settings to Show the Effect
of Primary Flow Changes .

Controlled Settings to Show the Effect of
Secondary Fl ow Changes .

Transi ent Peaks Arranged to EnphaS| ze
Effect of Fl ow Changes

ix

BNWL-1395

. 20

22

26

. 54

. 56

. 98

. 60

. 61



BNWL-1395

PRELIMINARY ANALYSES FOR FFTF
HEAT TRANSPORT CONTROL SYSTEMS

R. A. Harvey and S. A. Hunt

INTRODUCTION

A study of control systems for the Fast Flux Test Facility
heat transport system was started in order to develop a capa-
bility for auditing control system designs, develop information
useful for safety considerations, and develop information useful
during the operational phase of the facility. Also, some of
the information should be useful in making design decisions
for the facility.

The Fast Flux Test Facility (FFTF) is being designed for
the Atomic Energy Commission's Liquid Metal Fast Breeder
Reactor Program, a program aimed at developing efficient energy
sources for the generation of electric power. The FFTF is
being designed with a 400 MW sodium-cooled reactor capable of
providing a suitable environment for tests on reactor materials
and fuels. The heat transport system has three heat removal
circuits, each with a primary sodium cooled loop that supplies
heat to a secondary sodium coolant loop through an intermediate
heat exchanger. The heat is removed from each secondary loop
through a number of sodium-to-air heat exchangers.

The results in this report are from a study of control
systems for the heat transport system. The study was made with
a high-speed hybrid computer model of the heat transport sys-
tem using an AD-4 analog computer and a PDP-9 digital computer.
The study included three phases as follows:

Comparison of the dynamic responses to disturbances for

the following six control configurations:
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Configuration Controll ed Mani pul at ed
Nunber Vari abl es Var | abl es
| (Figure 2 2% Cold Leg Sodium Tenp  Air Flow
3. Hot Leg Sodi um Tenp Pri. Flow
IT (Figure 3) 1. Cold Leg Sodium Tenmp  Air Flow
2. Col d Leg Sodium Tenmp  Setpoint of 1
3. Hot Leg Sodium Tenp Pri. Flow
IIT (Figure 4) 1. Cold Leg Sodium Temp  Air Flow
2. Cold Leg Sodium Tenp  Setpoint of 1
5. Sodi um Tenp Rise Pri. Flow
|V (Figure 5 1. Cold Leg SodiumTenp  Air Flow
4. Avg. Sodium Tenp Setpoint of 1
5. Sodi um Tenp Ri se Pri. Flow
V (Figure 6) 1. Col d Leg Sodium Tenmp  Air Flow
2. Cold Leg Sodium Tenp  Sec. Flow
3. Hot Leg Sodi um Tenp Pri. Flow
VI (Figure 7) 2. Cold Leg SodiumTenp Air Flow
3. Hot Leg Sodium Tenp Reactivity

e Conparison of the dynam c responses to disturbances for a

single control configuration for various different operating

condi tion assunptions for:

e Power Level (full, 2/3, and 1/3)
* Primary flow(full, 2/3, and 1/3)
e Secondary flow (full, 2/3, and 1/3)

e Air tenperature (100

°F, 32 °F, and -25 °F).

e Investigation of trends associated with controller adjust-

ments for a single control

The purpose of this report

configuration.

is to present the results of the

FFTF control systems study along with recomrendati ons rel evant

to the control system performance.
mary of results with recomendati ons;

The report

i ncludes a sum
a di scussi on which includes

a description of the performance neasures, the nodel,

*  The numbers are controller numbers assigned according to the
controlled variables and are consistently used throughout

the report.
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control configuration effects, operating condition effects, and
controller adjustnment effects; and an appendi x that describes
the nodel in detail

CONCLUSIONS AND SUMMARY OF RESULTS

Six different control system configurations, shown in Fig-
ures 2 through 7 (pages 14-19), were analyzed for performance
I n reducing the effects of disturbances. This included a one-
third power setback disturbance (other control configurations
not considered in this study may nmerit consideration). On the
basis of equal weighting between reactor inlet and outlet tem
perature transients, Configuration II appears equal to or better
than the others for nost disturbances. This configuration

e Controls the secondary cold leg tenperature by mani pul at -
ing air flow.

e Controls the primary cold |eg tenperature by manipul ating
the setpoint of the secondary cold leg tenperature
controller

e Controls the primary hot leg tenperature by manipul ating
the setpoints of primary flow controllers.

Whil e nost of the controllers perforned about equally for nost
di sturbances, Configuration II gives equal or superior per-
formance for power setbacks. Configurations IIT and |V m ght
be consi dered superior depending upon the desirability of
reduci ng reactor inlet tenperature variations at the expense
of fuel cladding and reactor outlet tenperature variations.

The performance of the controlled systemis Iimted by the
| arge tinme constants and distance/velocity delays in the secon-
dary loop. A control or operating node that reduces the secon-
dary sodium flow increases the distance/velocity del ays even
more and thus degrades the performance of the system Hence,
it is reconmended that full secondary sodium flow be main-
tained even at reduced power in order to provide a control
system that nost effectively reduces transients caused by
di st ur bances.
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Several of the configurations automatically reduce the
primary flow in order to maintain the primary hot leg tem-
perature at its setpoint value during a setback. This appears
to be the most effective way to reduce the reactor outlet
nozzle and primary hot leg temperature transients during the
power setback.

Power level changes and air temperature changes cause
process gain changes, but do not affect the phase characteris-
tics. Compensating gain changes can be made by adjusting the
proportional action setting of the controller that manipulates
the air flow. Thus, the capability exists to maintain the
system performance for most conditions of power and air tem-
perature by a relatively simple adaptive approach.

Most of the configurations analyzed are relatively easy
to control; stability seems to be no problem. There are no
prominent differences in ease of control between controlling
the primary hot leg temperature or the reactor temperature
rise. Also, controlling the reactor average temperature is
almost as easy ascontrolling the primary cold leg temperature.
All configurations require that the controllers be adjusted
iteratively the first time in order to compensate for the
interactions between controllers. Transientsdue to setpoint
changes require about 10 min to settle out.

The optimum controller settings are functions of both
the plant variable being observed and the type of disturbance.
While the data are not complete, it seems that primary cold leg
temperature controller settings which most effectively reduce
reactor inlet temperature transients are not the most effective
settings in reducing process tube outlet temperature tran-
sients. Primary hot leg temperature controller settings that
are optimum in reducing tube outlet temperature transients
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due to setpoint changes are not optinmumin reducing the tube
outlet transients caused by power |evel changes. It is
recommended that a study be nade to determ ne the best con-
troller adjustment policy, taking into account the Iikelihood
of the disturbances and the affected plant variabl es.

The follow ng conclusions are made in terns of the spe-
cific performance nmeasures and configurations:
e Primary Cold Leg Tenperature - Configurations III and IV
result in lower primary cold |leg tenperature transients

than do I, II, and V during nost transients including
power setback. Conparison can be seen in Table 2
(page 22.)

e Fuel Coolant Tube Qutlet Tenperature - Configurations I,
II, and V are superior to IIT and IV in their ability to
reduce tube outlet tenperature transients. Configurations
II and V are better than | for the sl ow power setback (one-
tenth as fast as the fast power setback).

e Primary Hot Leg Tenperature - Configurations I, II, and V
are superior to IIT and IV in their ability to reduce
tube outlet tenperature transients. Configurations II and
V are better than | for the sl ow power setback (one-tenth
as fast as the fast power setback).

e« Secondary Hot and Cold Leg Tenperatures - Configurations II,
I11, and IV are superior to | and V in reducing the
secondary hot and cold leg tenperature transients due to
power setbacks. Configuration Vis particularly bad in
this respect (Table 2.

e | HX Mean Temperature Difference - Sufficient data were not
taken to define the I HX nean tenperature difference at
reduced power |evels. The nost satisfactory control sys-
tem performance for | ow power operation, however, is for
an operating node that has full secondary and full primary
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flows as can be seen from Table 5 by conparing run 9 with
runs 6, 7, and 8. The |ow power operating mode that results
in the |east satisfactory control system performance is to
have both primary and secondary flow rate reduced (run 7

for 1/3 power and run 3 for 2/3 power)

Sinplicity - Configuration | is probably easier to operate
than all the others. Configuration II appears slightly
sinmpler to operate than Configurations 111, IV and V. Con-
figuration Vresults in the nost plant variables changing
during a transient.

Control Rod Motion - Configuration VI, which manipul ates a
control rod, results in nmore control rod manipul ations than
any of the other configurations. All of the other configu-
rations maintain constant reactor inlet and outlet sodium
tenperature by manipulating flow, and thus no rod manipul a-
tion is necessary in order to maintain steady state power.
Ef fects on Experinents - A good systemis considered as one
that hol ds power level and primary hot and cold leg tem
peratures constant. Since Configuration II best reduces
transient effects fromdisturbances, it is judged to be

the best system

Ability to Reduce the Nunber of Scrams - Configuration II

Is the nost effective systemin reducing transients caused
by di sturbances; Therefore, Configuration II is judged to

be the best in reducing the nunber of scrans.

Costs - It is assuned that variable flow punps will be used
even if the control system does not require sodiumflow
mani pul ati on; therefore, no cost penalty is assunmed to

arise froma requirement for flow mani pulation. An operating
mode that requires the primary cold |eg conponents to be

desi gned for higher tenperatures m ght inpose added
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costs. Hence, the mode of controlling average reactor
temperature might add to the cost (Configuration V). The
other configurations are about equal with each other.

PERFORMANCE MEASURES

A number of performance measures were established for use

in evaluating specific control modes and control configurations
for the Fast Flux Test Facility. Some relate to the degree to
which the system prevents operating temperatures from exceeding
the design values and the degree to which temperature tran-

sients are prevented or reduced. The temperatures of specific

interest are:

The primary cold leg temperature is important because of
the difficulty in repairing the lower core support struc-

ture and because of experimental needs.

The fuel and fuel cladding temperature must remain low
enough to prevent fuel failures. The fuel coolant tube
outlet temperature was used to provide an indication of

fuel cladding temperature transients.
The primary hot leg temperature is important because of
thermal stresses, particularly at the reactor outlet

nozzles and because of experimental needs.

The secondary hot and cold leg temperature transients are
of interest because they give an indication of thermal
stresses on all secondary loop components and the margin

to blockage due to freezing.

The intermediate heat exchanger (IHX) mean temperature
difference between primary and secondary sides provides a
measure of stress on the IHX.

Other performance measures relating to things other than

temperature are:
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e The simplicity which is important to provide easy operator
understanding of what is happening during a transient and
to provide high reliability, easy maintenance, and easy
adjustments.

e The degree to which control requires reactivity adjustment
by control rod motion.

e The effect that the control mode and control configuration
have on experiments. Neutron flux and power should be
held constant.

e The degree to which the number of scrams is reduced by
action of the control system.

e The cost of the control equipment and the additional cost
of equipment necessary to meet the control requirements.

An additional index of performance (IP) that was used
primarily to define controller adjustment effects is the integral
of the error (or deviation from steady state) squared. This
penalizes for long time deviations and slow return to steady
state as well as for large deviations from steady state.

THE MODEL

A simple model of the reactor and heat transport system was
developed for use on a hybrid computer which consisted of an
AD-4 analog and a PDP-9 digital computer. The simulation using
the model is capable of operating at speeds up to 1000 times
faster than the real time system. While the simulation is suf-
ficiently accurate for control studies, it is not intended for
use in defining shutdown transients. The phase and magnitude
characteristics of the model were adjusted to provide a
reasonable match with those from more detailed information
(see Appendix A).

In order to gain simplicity and reliability for the high
speed simulation, a nodal approach was adopted (see Figure 1)
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whi ch uses as few nodes as possi ble while maintaining acceptable

accuracy. It was determned that two axial nodes would sinulate
t he heat exchange surfaces of the reactor, the IHX, and DHX with
sufficient accuracy. Inlet and outlet plena conplete the

simulation for each of these major conponents. The reactor
kinetics are calculated with three delayed neutron groups and
assum ng instantaneous pronpt neutrons. Doppler feedback from
the fuel tenperature as well as fission product heat is included.
Primary and secondary loop flow dynam c characteristics are
sinmulated by fitting a first order lag that approxi mtes the
characteristics fromnore detailed information. One heat
transport systemrepresenting all three circuits was sinul ated.

The reactor vessel inlet plenum nodel sinmulates a vol une
of 975 ft3 with a first order systemtime constant that is a
function of reactor sodiumflow. This inlet volume yields a
m xi ng time constant of about 10 sec at full reactor flow.
About 80%of the flow fromthe inlet plenum passes through the
two simlar fuel nodes. Approximately 15%of the flowis for
vessel and shield cooling and hydraulic holddown where little

heat is transferred to the sodium The remaining 5%of the flow

is for radial reflector cooling. The heat fromthese three flow
paths aid in the vessel outlet plenumwhich has a sinulated

vol ume of 1000 ft3. The outl et plenumis sinulated also by a
first order systemw th a time constant that is a function of
reactor flow(approximately 10 sec at full flow).

The hot and cold leg pipes are sinulated as pure distance/
velocity lags on the digital conmputer with no heat transferred
to or fromthe sodium The nunber of nodes are:

Ful'l Fl ow
Leg No. of Nodes Tinme Delay, sec
Primary hot 20 36
Primary cold 8 14
Secondary hot 22 41
Secondary col d 25 47

10
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The first order approximation for the internmedi ate heat
exchanger (IHX) primary inlet plenumhas a full flow tine con-
stant of 1.5 sec. The IHX primary outlet plenum also sinulated
with a first order approxi mation, has a full flow tine constant
of about 2 sec.

The heat transfer between the primary and secondary side of
the IHX is sinmulated as two nodes for each side. The first node
(in direction of flow) calculation uses a central difference
techni que while the second node uses the three point back
technique. This method of representing the heat transfer process
was found to give good dynamc as well as steady-state results
under bal anced flow conditions. The steady-state results under
wi dely unbal anced flows were not as satisfactory, however. It
Is not felt that this inaccuracy in steady state is an indication
of inaccurate dynamic results. The secondary side of the IHX is
simlar to the primary side. The only thing that distinguishes
one side of the IHX fromthe other is a small difference in
paraneters. The time constant for the IHX secondary inlet plenum
Is about 4 sec, while that for the outlet plenumis about 2 sec.
IHX bypass flows of 5% for the primary and 2.5% for the secondary
si des are assuned.

The dunp heat exchanger (DHX) sodium side cal cul ati on has
the same formas the IHX primary side cal cul ation, except that
the DHX has no bypass flow. However, paranmeters for the DHX,
such as the heat transfer coefficient, are significantly different
from those of the IHX. The full flow tine constants for the DHX
sodium pl ena, both inlet and outlet, are about 1.5 seconds.

The air side of the DHX uses 100 °F air directly in the heat
transfer calculations, unless air tenperature is varied as a
parameter. No air plena are sinulated. The heat transfer cal cu-
| ation for the DHX uses the sane finite differencing nmethod as
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Is used for the IHX and the sodiumside of the DHX. The param
eters are such that the air side of the DHX has very short tinme
constants inrelation to the rest of the process. These tine
constants are so short in fact that an al gebraic solution

could be used with no appreciable |oss of accuracy.

The frequency response of the primary cool ant, cool ant
punp, and notor were determned froma nore detailed sinulation.
This frequency response denonstrated that a first order |ag
wWth a 2.27 sec time constant is sufficiently accurate for the
representation of primary flow response from punp notor signal
changes. Flow rate of change limtations were not included
in the nodel.

CONTROLLER CONFIGURATION EFFECTS

Five different controller systemconfigurations, as
described in the introduction, were studied in order to
attain information on control system configurations. A series
of conputer runs was made to determine if it is desirable to:
e Control the primary cold leg with a cascade system which
i ncludes a fast inner [oop to control the secondary cold
leg tenperature (Configurations | and II).
e Control the reactor tenperature rise instead of the primary
hot leg tenperature (Configurations II and III).
e Control the reactor average tenperature instead of the
primary cold leg tenperature (Configurations III and I\).
e Control the primary cold leg tenperature by manipul ating
the secondary flow instead of manipulating the setpoint
of controller nunber 1 (Configurations II and .

A sixth control configuration was studied to determne if

it is desirable fromthe transient response viewpoint to con-
trol the primary hot leg tenperature by manipulating the
reactivity instead of the primary flow.
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The controller configurations are shown in Figures 2
through 7. Figure 2 indicates that the tenperature measurement
for the primary cold-leg sodiumtenperature is nmeasured at the
primary outlet of the internedi ate heat exchanger (IHX. In
some of the controller configurations the phase shift added by
the primary cold |leg distance/velocity |ag has noticeable
effects, hence for consistency, the IHX primary outlet sodium
tenmperature is used for the primary cold leg tenperature for al
configurations.

In this prelimnary stability study, the use of flow con-
trollers for directly controlling the sodiumand air flowrates
were not given consideration. They may or may not be used on
the actual system |If they are used, the controllers shown in
the diagrams sinply manipulate the flow controller set points
I nstead of manipulating directly the actuators. It is reasonable
to expect, however, that at least the primary flows will be con-
trolled individually by flow controllers.

A consistent nethod was used to adjust the controllers for
all configurations. Controller nunber one was adjusted first
with controller |oops two and three open. \When proportional
action only was used in controller nunber one, with control
| oop number one closed, the controller gain* was adjusted
until a 10° step increase in setpoint resulted in about a 20%
overshoot in response. |If a proportional plus integral action
controller was used, the integral action was first set at zero,
and the proportional gain was adjusted for a 10% overshoot in
response. Then the integral action was increased until the

*  Throughout the report, the controller gains include amplitude
scale factors for the simulation. Since the scale factors
remain unchanged, the controller gains (proportional action)
are useful for comparison purposes.

13
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response to the step setpoint change resulted in a 20%
overshoot. Next, leaving controller loop one closed and
adjusted, controller loop two was closed and the controller
proportional and integral action settings were adjusted in a
manner similar to that for controller loop one. Next, with
controller loops one and two closed and adjusted, controller

loop three was closed and adjusted in the same manner. Inter-
actions between controller loops require that with all loops
closed, readjustments be made until the loops respond to set-
point changes with a 20%overshoot. In the power setback tran-

sients, the final power level and primary flow were at two-
thirds of full power. Prior to the power setback the con-
trollers were readjusted to give 20%overshoot to setpoint
step changes at the reduced power level instead of at full
power (for configuration comparison purposes only). The con-
troller settings thus determined were:

TABLE 1. Controller Settings

Controller Settings

Controller Full Power 2/3 Power
Configuration Number F 1 P I
I 2 7 0.005 2.6 0,0035
3 12 0.1 10 0.075
II 1 30 0 10 0
2 0.75 0.015 0.7 0.019
3 12 0.1 10 0.075
I1I 1 30 0 10 0
2 1.2 0.017 1 0.022
5 1.5 0.27 1.5 0.16
v 1 30 0 10 0
4 1.3 0.017 1.2 0.015
5 1.5 0.27 1.5 0.16
V' 1 25 0.01 2 0.002
2 2.5 0.06 1 0.04
3 12 0.1 10 0.075
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The following disturbances were applied to each configuration:

Air temperature slow 32 °F decrease. (This disturbance is

an air temperature decrease with a time constant of

1000 sec to approximate realistic extremes in rate and

magnitude of temperature change.)

® Air temperature step 32 °F increase.

e Air flow step 8%decrease (to approximate sudden loss of
one blower).

e Primary flow step 10%decrease.

e Power 15 MW increase (caused by a step change in rod
reactivity).

e Controller number 2 or 4 setpoint 10° step increase.

e Controller number 3 or 5 setpoint 10° step increase.

e Fast 1/3 power setback (rod reactivity decrease rate of
one cent per second).

® Slow 1/3 power setback (rod reactivity decrease of one-
tenth cent per second).

The initiating events are shown on strip chart recordings
in Figure 13. The resulting temperature transients for process
tube outlet temperature and both primary and secondary loop hot
and cold leg temperatures are shown in Figures 8 through 12,
Additional parameters for power setback including power level,
reactivity, primary flows, and air flow are also shown in
Figures 8 through 12, Table 2 summarizes peak temperature
transient values for all configurations.

Configurations | and II can be compared to determine if
there is an advantage is using the cascade control system.
In general, the cascade system results in better performance,
particularly in the power setback transients (Table 2). While
Configuration II is already superior to |I for the fast power
setback, the improvement in performance is even greater in
going to the slower power setback, particularly in the tube
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TABLE 2 Tranzient Peaks for Configurationz I, II, III, IV, and V

Disturbances
Air Temp Air Temp Air Flow Pri Flow Controller Controller Fast Slow
Slow Step Step Step Power 2 and 4 10° 3 and & 10° One-Third One-Third
Measuze® Configuration 32 °F 32 °F 8% 10% 15 MW Setpoint Setpoint Power Power
ParamPter Number Decrease hcrpasp Decrease Decrease Increase  Increase Increase Setback Setback

Tubs» I 0.5° -3° -2° 18° 4° -2° 36° 19° 17°
11 0 -0.5 0 18 4 -2 34 13 7
Outlet IIT 0 3° 1 22 5 13 13 -56 -29
v 0 3 1 22 5 16 11 -54 -28
Temp v 0 -0.56 0 18 4 -2 35 15 6
Primary 1 0 1 0.5 5 1 0.5 12 -8 -3
II 0 0 0 ) 1 0 12 -7 -2
Hot Leg IcI 0 2 1 8 4 12 10 -50 -28
IV 0 2 1 9 4 13 7 -46 -26
Temp \' 0 0 0 5 1 0.5 12 -7 -2
Primary I -3 14 8 -6 8 12 -12 -95 -86
II 0 3 2 -6 7 12 -12 -67 -36
Cold Leg III 0 2 1 -8 4 12 -6 -41 -23
1V 0 2 1 -8 4 12 -5 -7 -22
Temp \ 0 3 1 -5 3 12 -12 -70 -60
Secondary I -2 7 4 -3 5 6 -7 -82 -77
II 0 2 1 -3 ) 6 -7 -56 -34
Hot Leg I11 0 2 1 -5 § +4 5 11 -3 & +5 -56 -37
1V 0 2 1 -5 § +4 4 12 -3 -53 -37
Temp \') 0 -3 -2 4 -9 13 14 150 145
Secondary I -1 12 7 1 -7 10 8 80 80
11 0 4 2 2 -7 10 11 82 80
Cold Leg IT1I 0 5 2 10 -8 19 -8 84 80
IV 0 ) 2 2 -8 21 1 80 80
Temp \ 0 ) 2 1 3 -3 -3 Z05 -190

S6¢T-TMNA
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outlet and the primary cold leg temperatures. Table 2 shows
that all of the configurations (II, III, IV and V) employing
controller one (controls secondary cold leg temperature by
manipulating air flow) are better than Configuration | for air
disturbances, but not necessarily for the other disturbances.
The improvement is expected since the control loop one is
faster acting due to the relatively small time delays as com-
pared with control loop two. Configurations | and II are easy
to stabilize and easy to adjust. Configuration | is simpler
than II since it has one less controller to adjust in each of
the three heat transport circuits; however, Configuration II
IS considered generally superior to Configuration | because

of the greater effectiveness in reducing transients due to the
controlled power reduction.

A comparison can be made between results from Configura-
tions II and III to determine the desirability of controlling
the reactor temperature rise instead of the primary hot leg
temperature by manipulating the primary flow. In Table 2, the
expected tendency of Configuration III to increase primary hot
leg temperature transients (and tube outlet temperature tran-
sients) over Configuration II and decrease primary cold leg
temperature transients is evident. Close comparison of the
transient timing in Figures 9 and 10 also reveals that some
of the Configuration III transients are slower than comparable
Configuration II transients. Weighting reactor inlet and
outlet temperature variations equally, a degradation in overall
system performance appears to result from controlling the
reactor temperature rise instead of the primary hot leg tem-
perature. The power setback peak transient increase in the
primary hot leg is greater than the decrease in the primary
cold leg. Both are easily stabilized. Configuration II is
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probably simpler for setpoint adjustments than III because pri-

mary cold leg and hot leg temperatures can be set independently.
In Configuration III, an operator may be concerned with the out-
l et temperature in addition to the temperature rise, so that the
cold leg temperature must be set first.

A comparison of Configuration III and IV transient
responses reveals the effects of controlling the reactor average
temperature instead of the primary cold leg temperature.

There appears to be a trend for Configuration IV to result in
slightly lower setback transients than III. The transient
response times are not noticeably different.

The effectiveness of manipulating the secondary loop sodium
flow instead of the number one controller setpoint can be
determined by comparing Configuration V with IT. A major dif-
ference exists in the secondary loop temperature transients that
result from the power setbacks; Configuration II appears con-
siderably better than V. There are small differences in the
remaining responses except that in V, the secondary cold leg
transients are reduced at the expense of the hot leg temperature
transients. Configuration II is simpler because fewer process
variables change during a transient. Comparison of the improve-
ment that Configuration I1 gives over V in going from fast set-
back to slow setback indicates that II has a greater potential.

A comparison was made between Configuration | and VI,
where VI is similar to | except that the reactivity instead of
the primary flow is manipulated to control the primary hot
leg temperature (Figure 7). No limitations were put on the
control reactivity magnitudes or rates of change. When Configu-
ration VI controllers were adjusted in the manner of the other
configurations, very large tube outlet temperature transients
resulted. Hence, the adjustment was made for 20% overshoot in
the tube outlet temperature instead of the primary hot
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leg temperature in response to a setpoint step change in
number three controller. |In order to provide a fair com-
parison, Configuration |I controllers were adjusted also for
20%overshoot in tube outlet temperature response. The con-
troller settings used for the transients summarized in Table 3
were:

Configuration EE IZ P3 I3
I 7 0.0065 2.5 0.08
VI 5 0.025 0.6 0.08

The transients for Configuration VI are shown in Figure 13.
Although the two configurations are comparable, the results
slightly favor Configuration VI. |If reactivity variations are
permissible for control, and if the rates and magnitudes of
reactivity variations are not constrained, then reactivity is a
slightly better variable to manipulate than the primary flow.
Although the difference does not appear great, it seems easier
to satisfy safety criteria by manipulating the primary sodium
flow rather than the reactivity.
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TABLE 3 Transient Peaks for Config~rations and VI

Disturbances
Air Temp Air Temp Air Flow Pri FIow Controller Controller
Slow Step Step Step Power #2-10° #3-10°
Measur»Q Configuration 32 °F 32 ° 8% 10% 15 MW Setpoint Setpoint
Parameter Number Decrease Increase Decrease Decrease Increase Increase Increase
Tubo I 0 +2,-3 -2 20 5 -3 14
Qutlet
Tomp VI 0 +3 -1 15 4 -4 13
Qrimary I 0 2 1 11 3 2 11
Hot Leg VI 0 2 0 8 3 2 11
Temp
Qrimars I -2 11 7 -9 8 12 -8
Cold Leg VI -1 8 5 “16 0 13 3
Temy

S6<T-TMNG
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OPERATING CONDITION EFFECTS

A series of conputer runs were made to gain understanding
of the effects of operating conditions on control system per-
formance. Control Configuration | was used for this series of
runs because it is a sinple configuration and because it is
relatively straightforward to interpret the effects for other
configurations.

The performance of the controlled systemis affected by
power |evel, primary and secondary sodiumflowrates, and by
the cooling air inlet tenperature. The controlled system
performance was studied to define the process gain and. phase
changes as well as the effects on transient responses caused
by di sturbances for the various operating conditions. Table 4
lists the set of eleven runs that include conbinations of three
operating power levels (full, two-thirds, and one-third) primary
flowrates, secondary flow rates, and air inlet tenperatures.
Also included in Table 4 are the controller settings that
resulted in approxi mtely 20% overshoot to 10° setpoint step
changes when both control |oops are closed.

Three kinds of infornmation obtained in order to study the
overal |l operating condition effects include:
e (Open |loop frequency responses
e Controller settings for 20% overshoot
e Transient responses.

The frequency responses for each run include a primary cold |eg
tenperature controller open loop frequency response (Figure 14-1
through 14-11), and a primary hot leg tenperature controller
open | oop frequency response (Figure 15-1 through 15-11). The
frequency response for the prinmary cold leg controller was

taken in all runs with the hot leg control |oop open. The
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TABLE 4. Operating Conditions with Controller Settings
for 20% Overshoot to Setpoint Changes for Con-
figuration |

Power Pri Secon {Xl'lefnpm IC):ontroIIIer Se;t;“ ng?
Run Level Flow Flow °F 2 2 3 3
1 full full full 100 7 0.005 12 0.1
2 2/3 2/3 full 100 2.6 0.0035 10 0.075
3 2/3 2/3 2/3 100 1.5 0.003 10 0.07
4 2/3 full 2/3 100 1.65 0.0035 15 0.11
5 2/3 full full 100 2.75 0.005 13 0.12
6 1/3 1/3 full 100 1.5 0.0035 5.5 0.05
7 1/3 1/3 1/3 100 0.5 0.002 6 0.045
8 1/3 full 1/3 100 0.8 0.00026 12 0.01
9 1/3 full full 100 2 0.002 25 0.1
10 full full full 32 4 0.006 13 0.09
11 full full full -25 3 0.005 12 0.1

sine wave output from a signal generator was applied to the
air flow, and the primary cold leg temperature was recorded.
The frequency response for the primary hot leg temperature
controller was taken in all runs with the primary cold leg
control loop closed and adjusted for 20%overshoot to set-
point changes and with the hot leg control loop open.

Important information on the effects of operating con-
dition changes is contained in the controller settings,
(Table 4) that were found to result in 20% overshoot when
10° step setpoint changes were made. The method of
repeatedly adjusting the controllers for 20%overshoot when
both control loops were closed was the same as for the runs
on controller configuration effects.

The third kind of information is the transient responses
in the process tube outlet temperature, the primary hot and
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cold leg temperatures, and the secondary cold leg temperature
when various disturbances are introduced into the system. The
transient responses for balanced IHX flows only are shown in
Figures 16-1 through 6. The peak magnitudes for all runs
are given in Table 5.

POWER LEVEL EFFECTS

The effects on the controlled system of changing the power
level only is seen by comparing Runs 1, 5, and 9 which all have
full flows and 100 °F air temperature. The cold leg control
open loop frequency responses for these runs show that little
phase differences of significance appears, but there is an
increase in the process gain (db) as the reactor power level
decreases. One would expect that a compensating decrease in
primary cold leg controller proportional action (Pz) would
result, since for each run the controllers were adjusted to
give approximately the same overshoot for step setpoint changes.

The frequency responses for the primary hot leg controller
open loop were taken with the cold leg controller loop closed.
Since interaction exists between the two control loops, the hot
leg controller frequency responses have some phase and mag-
nitude changes that occur at about the cutoff frequency for
the primary cold leg controller. These vary widely depending
upon the primary cold leg control loop characteristics. A
primary hot leg control open loop frequency response taken
with the primary cold leg temperature held completely constant
did not show any sharp phase and magnitude changes occurring
just below the frequency of 0.01 H . For most runs, the phase
and magnitude effects due to the interaction are ignored and
the characteristics at higher and lower frequencies are
considered.



TABLE 5. Transient Peaks - Configuration | - Varying Operating Conditions

Disturbances

a b C d e e 3
Air Temp. Air Temp. Air Flow Pri Flow Pri Cold Pri Hot
Air Slow Step Step Step Power Leg 10° Leg 10°
Measured Power Pri  Sec  Temp,, 32 °F 32 °F 8% 10% 15 Mw Setpoint Setpoint
Parameter RUN Level Flow Elow °F Decrease Increase Decrease Decrease Increase Increase Increase
1 full full full 100 0’ -3° -2° 18’ 4° -3° 35°
2 2/3 2/3 full 100 0 -2.5 -5 19 5.5 -3 46
3 2/3 2/3  2/3 100 1 -3 -8 19 7 -3 44
Tube 4 2/3 full 2/3 100 1 -6.5 -4 12 3 -2.5 34
outl 5 2/3 full full 100 0 -2.5 -6 13 3.5 -2.5 31
utlet 6 1/3 1/3 full 100 0 -1 -3 19 5 -2.5 52
Temp. 7 1/3 /3 1/3 100 1 -3 19 6 -2.5 56
8 1/3 full 1/3 100 1.5 -3.5 -3 8 -3 -3 15
9 1/3 full full 100 0 -1.5 -3 6 2 -2.5 34
10 full full full 32 0.5 -3.5 -4 17 3.5 -2.5 37
11 full full full -25 0 2.5 -3.5 17 3.5 -2.5 36
1 full full full 100 0 0 0 5 1 0 12
2 2/3 2/3 full 100 0 0 1 4.5 1 0.5 12
3 2/3 2/3 2/3 100 0 0.5 -1 4.5 1.5 0.5 12
Primary 4 2/3 full 2/3 100 0 -1 -1 4 1.0 0 12
Hot Le 5 2/3 1/3 full 100 0 -0.5 -2 4 1.0 0 12
9 6 /3 1/3 full 100 0 0 1 4 1 0.5 12
Temp. 7 1/3 1/3 1/3 100 0 0.5 1.5 4 1.5 0 12
8 1/3 full 1/3 100 -1 4.5 3 3.5 3.5 3 11.5
9 1/3 full full 100 0 0 0.5 2 0.5 0.5 12
10 full full full 32 0 0.5 0.5 5 0.5
11 full full full -25 0 -0.5 0.5 5 1 0 12
1 full full full 100 -2 13 8 -5 8 12 12
2 2/3 2/3 full 100 -2 10 23 -4 8.5 12 -8.5
3 2/3 2/3 2/3 100 -3.5 13.5 19.5 -4.5 15 12 -10
Primary 4 2/3 full 2/3 100 -5 22.5 23 -5 19 12 -14
5 2/3 full full 100 -1.5 12.5 15 -4 10 12 S11
Cold Leg ¢ 3,3 1/3 full 100 0 7 16.5 0 6 12.5 5
Temp. 7 1/3 1/3  1/3 100 -4 14.5 18/60 -2 17 12 -10
8 1/3 full 1/3 100 -9.5 17.5 15 -7 15 13 -19.5
9 1/3 full full 100 -1 6.5 13 2.5 5.5 11.5 -10
10 full full full 32 -3 15 17 -5 8 12.5 -12.5
11 full full full -25 2 -12 17 -6 8.5 11.5 -12
1 full full full 100 -1 11 7 0.5 -9 11 9
2 2/3 2/3 full 100 -1.5 9 20 1 -9 9.5 6
3 2/3 2/3 2/3 100 -2 2.5 15 1 -13 9 7
4 2/3 full 2/3 100 -2 12.5 11.5 0 -16 8.5 11
Secondary s 2/3  full full 100 -1 10 8 1 -11 9 8
Cold Leg 6 1/3 1/3 full 100 0 6.5 17 0 -3 10 -3
Temp 7 1/3 /3 1/3 100 -3 13 50 0 -29 9 9
' 8 L/ 3 full 1/3 100 -2 15 11 2 -12.5 9 20
9 1/3 full full 100 -1 7 10 1 -7 10 8
10 full full full 32 -1 11 12 0 -8 10 7.5
11 full full full -25 1 -10 15 1 -8 10 7
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Comparison of the open loop frequency responses for the
primary hot leg control system shows that, as with the cold leg,
the phase differences are not significant. However, process
gain decreases; one would therefore expect an increased controller
gain as power decreases in order to compensate for the process
gain change.

Finally, since all effects of power level change occurs in
process gain and not in the phase, we would expect to see little
difference in transient responses to disturbances, provided that
controller gain adjustments are made to compensate for process
gain changes.

Comparison of the controller settings showed that the
primary cold leg controller proportional action decreased as
expected, and the primary hot leg controller proportional action
increased, as expected. Also, comparison of the transients
show that there are no major differences. There appears to be
no degradation of the controlled system performance as a func-
tion of the power level only, provided that compensating
proportional action adjustments are made.

PRIMARY SODIUM FLOW RATE EFFECTS

The effects of decreasing only the primary sodium flow
rate can be compared at various conditions of power level and
secondary flow as follows:

e Run 5 versus Run 2 for 2/3 power and full secondary flow.

®* Run 4 versus Run 3 for 2/3 power and 2/3 secondary flow.
Run 9 versus Run 6 for 1/3 power and full secondary flow.

® Run 8 versus Run 7 for 1/3 power and 1/3 secondary flow.

Inspection of the frequency responses show that in the primary
cold leg control loop there are no effects on the phase and

only slight increase of the process gain. The primary hot leg
control loop shows an increased process gain and an increased
phase lag as the primary flow decreases. The increased phase
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lag in the hot leg loop is expected since lower flow causes
longer mixing and transport times. Also, the hot leg loop
process gain increase results from the longer time that the
sodium is influenced by the reactor heat. The controller
settings for the 20%overshoot are summarized in Table 6.

TABLE 6. Controller Settings to Show the Effect
of Primary Flow Changes

Pri

Run Flow PZ I2 PS I

5 full 2.75 0.085 13 0.12 2/3 power, full
2 2/3 2.6 0.0035 10 0.075 sec flow

4 full 1.65 0.0035 15 2/3 power, 2/3
3 2/3 1.5  0.003 10 sec flow

9 full 2 0.002 25 1/3 power, full
6 1/3 1.5  0.0035 5.5 0.05 sec flow

8 full 0.8 0.0026 12 0.01 1/3 power, 1/3
7 1/3 0.5  0.002 6  0.045 sec flow

Table 6 shows that in all cases, as the primary flow
decreases, the primary cold leg controller proportional
action (P,) decreases slightly to compensate for the process
gain increase, and the primary hot leg controller gain (P2)
decreases to compensate for the process gain increase. There
is no consistent effect on cold leg controller integral action,
but the hot leg controller integral action was reduced as a
result of the increased process phase lag.

There appears to be a minor degradation of the transient
performance, as is expected due to the increased phase lag
effects. In summary, the primary hot leg control system
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characteristics and performance appear slightly degraded when
the primary flow is reduced. This mostly results from the
lengthening of transit and mixing times. The proportional
action in the primary hot leg controller must be increased as
the flow is decreased in order to retain system performance.

FOONDARY SODIUM  FLOW RATE EFFECTS

The runs that demonstrate the effects of changing only
the secondary flow are:
e Run 2 versus Run 3 for 2/3 power and 2/3 primary flow
e Run 5 versus Run 4 for 2/3 power and full primary flow
® Run 6 versus Run 7 for 1/3 power and 1/3 primary flow
e Run 9 versus Run 8 for 2/3 power and full primary flow.

The frequency responses show that the process phase and
gain for the primary hot leg control system are essentially
unchanged as the secondary flow is changed. The primary cold
leg control system, however, shows increased phase lag as the
secondary flow is decreased. This is as expected because of
the long distance/velocity delays inherent in the secondary
loop. The process gain for the primary cold leg system open
loop remains essentially unchanged as the secondary flow is
reduced.

Table 7 presents the controller settings to show the
effects of the secondary flow rate.

The characteristics of the primary cold leg control sys-
tem open loop are such that the increased phase lag caused by
reduced secondary flow requires that the overall control loop
gain must be decreased, thus causing a degradation in control
system performance. Study of the transient peaks from Table 5
reveals that the system performance is degraded as the secon-
dary flow decreases. The secondary flow is a major factor in
establishing the performance of the primary cold leg tempera-
ture controller. We expect that the same effect is present on
other control configurations.
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TABLE 7. Controlled Settings to Show the Effect
of Secondary Flow Changes

Sec.

Run  Flow ?_2 > s L3
full 2.6 0.0035 10 0.075 2/3 power, 2/3
3 2/3 1.5 0.0038 10 0.07 primary flow
5 full 2.75 0.005 13 ] 2/3 power, full
4 2/3 1.65 0.0035 15 primary flow
full 1.5 0.0035 5.5 0.05 1/3 power, 1/3
7 1/3 0.5 0.002 6 0.045 primary flow
9 full 2 0.002 25 1/3 power, full
8 1/3 0.8 0.00026 12 0.01 primary flow

|t appears that the secondary flow produces the most
severe of the effects with regard to the control system per-
formance. The operating philosophy that gives the best control
system performance at reduced power is to maintain full primary
and secondary flows. Table 8 shows a comparison of the tran-
sient responses in an order that demonstrates the effect that
coolant flows have on the system performance. The best cases
of full primary and full secondary flows for reduced power are
shown on top, and the worst case of low primary and low secon-
dary flows are next. The unbalanced cases of primary and
secondary flows (not included) are in between the best and
worst cases on Table 8. All cases with low secondary flow
appear unfavorable, however, regardless of what the primary flow
is.
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TABLE 8 Transient Peaks ArrangeQ® tO Emphasize Effects of Flow Changes
Disturbances
a b [& e f g
Air Temg Air Temg Air F1l w Pri. Fllow Pri. Cold Pri. Hot
Air Slow Step Step Step Power Leg 10° Leg 10°
Measured Run Power Pri. Sec. Temp., 32 °F 32 °F 8% 10% 15 Mw Setpoint Setpoint
Parameter No; Level Flow Flow °F Decrpase Incxeass Decrpase Decrease Increase Increase Increase
1 full full full 100 0 °o -3° -2° 18° 4° -3° 35°
Tube 5 2/3  full full 0 2.5 -6 13 3.5 2.5 31
Outlet 9 1/3  full full 0 ‘1.5 -3 6 2 2.5 34
Temp. 32/3  2/3  2/3 1 -3 -8 19 7 -3 44
7 1/3 1/3  1/3 1 -3 19 6 =2.5 56
1 full full full 0 0 0 5 1 0 12
Primary 5 2/3 full full 0 -0 3 -z 4 1.0 0 12
Hot Leg 9 1/3  full full 0 0 0.5 2 0.5 0.5 12
Temp. 3 2/3  2/3 23 0 0.5 -1 4.5 1.5 0.5 12
7 1/3 1/3  1/3 0 0.5 15 4 1.5 0 12
Primary 1 full full full -2 13 8 -5 8 12 12
Cold Leg 5  2/3 full full -15 12.5 15 -4 10 12 -11
Temp. 9 1/3 full full -1 6.5 13 2.5 55 11.5 -10
3 2/3 2/3  2/%3 -3 5 13.5 19.5 -4.5 15 12 -10
7 1/3 1/3  1/3 -4 14.5 18/50 -2 17 12 -10
1 full full full -1 11 7 0.5 -9 11 9
Secondary 5 5,z £u11 full -1 10 8 1 11 9 8
Cold Leg ¢ 1,3 f£u11 full -1 7 10 1 -7 10 8
Temp. 3 2/3 23 2/3 -2 25 15 1 13 9 7
7 1/3 1/3  1/3 -3 13 50 0 -29 9 9
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AIR TEMPERATURE EFFECTS

Runs 1, 10, and 11 demonstrate the effects of temperature
variations in the cooling air. Inspection of the frequency
responses show that as the air gets colder, the phase does not
change, but the process gain increases for the primary cold leg
temperature control system. Neither the phase nor the magnitude
of the primary hot leg temperature control loop are affected by
the air temperature change.

Inspection of the controller settings on Table 4 reveals
that the primary cold leg controller proportional action is
decreased to compensate for the increased process gain. None
of the other controller settings are appreciably changed. The
transients in Table 5 show no significant differences except
for the air flow disturbance.

The use of configurations that control the secondary cold
leg by manipulating the air flow (such as II and V) would show
the open loop process gain change in the system that manipulates
air flow. In Configuration II, one would expect no appreciable
effect in the primary cold leg control loop.
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FIGURE 15-3 Primary Hot Leg Temperature Controller Open Loop Frequency Response

¢

PHASE,

S6CT-TMNY



LL

CONFIGURATION 1
10~ — 4o0°
0 — e
-10 —-40°
s 20 —-80°
4. 2/3 POWER
-30 FULL PRIMARY FLOW -120°
2/3 SECONDARY FLOW
AIR IN TEMP. 100 °F
-40 = g - |Pri Hot Leg Temp. —1-160
Pri Flow
P = 2.6
-50 PC —-200°
IPC = 0.006
| |

0.0001 0.001 0.01 0.1
Freq - Hz '
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FIGURE 16-1. Controller Configuration Nunmber | Transients.

Ful | power, full primary and secondary fl ows,
air in at 100 °F.
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FI GURE 16-1. (contd)
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FIGURE 16-2. Controller Configuration Nunber | Transients.
2/3 Power, 2/3 primary flow, 2/3 secondary fl ow,
air inat 100 °F.
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FI GURE 16-3. Controller Configuration Nunmber | Transients.
2/ 3 Power, full primary and secondary fl ows,
air in at 100 °F.
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FI GURE 16-6. Controller Configuration Nunber | Transients.
Ful | power, full primary and secondary fl ows,
air in at -25 J.-
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TRENDS WITH CONTROLLER SETTINGS

A series of conputer runs were taken early in the study to
define the effects of controller setting adjustnment changes on
the performance of the controlled systems. All of the inforna-
tion on this set of runs is for a control Configuration II in
whi ch proportional plus derivitive action was used for the
secondary cold leg tenperature controller. The results were
i nfluenced by the lack of limts on the air and primary sodi um
flowrates, but the results are still considered as indicative
of the trends.

The indices of performance (IP) for the runs are all of
the integral-error-squared type. Were the IP was taken from
the controlled variable, such as the secondary cold |eg tenpera-
ture, the error was the difference between the setpoint val ue

and the measured value of the controlled variable. 1In sone
runs, however, the IP was taken fromthe reactor process tube
outlet tenperature. In these cases, the error is taken as the

difference between tube outlet tenperature and the final steady-
state val ue.

SECONDARY COLD LEG CONTROLLER

A frequency response of the secondary cold |eg system
open loop is shown in Figure 17. Figures 18 and 19 show st a-
bility limts and contours of constant index of performance as
functions of the controller settings.

The frequency response shows that at 180° phase shift, the
gain is down by 44 db. Thus the systemis expected to
oscillate if the controller gain is greater than about 150
(44 db). Figure 18 shows that the stability [imt for zero
derivitive action is about 150. The addition of the derivative
action introduces a phase |ead which stabilizes the system and
permts higher proportional action. The stability Iimt for
various values of proportional and derivative action is defined
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in Figure 18 for both the full-power full-flow condition and
two-thirds/two-thirds flow condition. It can be seen that
operation at reduced power and sodium flow rates decreases the
area of the stable region.

Figure 19 shows relationshi ps between the index of per-
formance and the controller settings for derivitive (Dl) and
proportional (Pl) action for both the full-power, full-flow con-
dition(Figure 19-1) and the two-thirds power/two-thirds sodi um
flow condition(Figure 19-2). The contours define the Iimt of
stability. The dotted lines on Figure 19-1 show the val ues of
Py and Dy used for later runs in this same set of runs. At a
different time when the runs for the configuration effects
were mede, D, was set to zero and P, of 30 gave an approxi mately
20% overshoot. It is apparent from Figure 19, however, that
I nproved control system performance can be obtained over the
proportional only action if the inproved performance benefits
the entire system At the time of this witing, we believe
that the overall heat transport system would not be inproved
appreci ably by using the derivitive action. The long tine and
distance/velocity lags in the remaining part of the primary cold
| eg tenperature control |oop provides a dom nating effect that
cannot be negated by inproving the secondary cold |eg tenperature
control system performance. The use of reset action is not con-
sidered beneficial when the outer |oop of a cascade contro
system has reset action.

PRIMARY COLD LEG TEMPERATURE CONTROLLER

Figure 20 shows the primary cold |eg tenperature con-
troller stability Iimts for the two conditions of full power
and sodium flows and for one-third power and sodium flows. The
region to the right of each line is unstable for the pertinent
conditions, and to the left of each line is stable. The trend
wi th power and sodium flow |levels is the same as for the
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secondary cold leg tenperature controller stability limts.
Reduci ng power and fl ow reduces the area of the stable region.

The effect of the integral action is different fromthe
derivitive action in that the integral action decreases sta-
bility instead of increasing it. This can be seen fromthe
need to reduce proportional gain as reset action increases in
order to maintain systemstability.

The index of performance contours for setpoint changes
are shown in Figure 21, where Figure 21-1 is for the IP from
the primary cold leg tenperature, and Figure 21-2 is for the
| P fromthe process tube outlet sodiumtenperature. The dotted
lines indicate that the controller settings used to study the
ot her controllers in this same set of runs. The nethod of
adjusting for about 20% overshoot with setpoint changes (as
described previously in this report) results in an integral
action setting of about 0.005. Conparison of Figure 21-1 with
21-2 illustrates that the optimum adjustnments for tube outlet
sodi um tenperature are different than for primary cold |eg
tenperature. Figure 22 shows the IP contours from process tube
outlet tenperature for a power disturbance. Conparison of
Figure 22 with Figure 21-2 shows that the shape of the contours
Is also a function of the type of disturbance. The nunbers on
the contours giving the value of the IP are related to other
contours on the same graph but should not be interpreted

bet ween graphs. |n general, the right side of a contour is

| ess stable than the left side. Thus, a greater stability
margin is realized by using low, rather than high values for
the proportional action setting. The |ow values of integral
action settings produce a high IP because the systemis slow
to reach the steady-state condition. Very |ow values of pro-
portional action settings make the system respond slowy and
results in a high error; thus, the result is a high IP.
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FIGURE 20. Stability Limts for the Primary
Cold Leg Tenperature
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FIGURE 21-1. Contours of Constant IP for the Primary Cold
Leg Tenperature Controller with a 10° Set-
point Step Increase

105



BNWL-1395

0.05
CONFIGURATION I1
= 35 1
- 3
0.04 0.005
FULL POWER
_f.2
IP =lecdt
L FROM
0.03 TUBE T
0
0.02 —— ——
0.01
0 | . — | I
0 0.5 1 1.5 2
Po

FI GURE 21-2. Contours of Constant IP for the Primary
Cold Leg Tenperature Controller with
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FIGURE 22. Contours of Constant IP for the Primary Cold
Leg Temperature Controller with a Power Dis-—
turbance of 15 Megawatts Increase
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PRIMARY HOT LEG TEMPERATURE CONTROLLER

The trends for the primary hot leg tenperature controller
settings are shown in Figures 23 and 24 for setpoint and power
di sturbances, respectively. Figure 23-1 shows the full-power-
full-flow condition, and Figure 23-2 shows the one-third power,
one-third sodiumflow condition, both with the IP fromthe
primary hot leg tenperature. Figure 23-3 shows the IP con-
tours fromthe process tube outlet tenperature.

A general trend can be seen by conparing Figure 23-1 for
full power and flows with Figure 23-2 for one-third power and
flows. The location of the optimumnoves to |ower val ues of
proportional and integral action settings for conditions with
| oner power and sodium flows. The settings of Pg = 35 and I,
= 0.005 were used for other full power-full sodiumflow runs.
The settings for 20% overshoot, as used in the runs show ng
trends with operating conditions, result in values for pro-
portional and integral action settings of 12 and 0.1.,
respectively.

Comparison of Figure 23-1 for the IP fromprimary hot |eg
tenmperature with Figure 23-3 for the IP fromtube outlet tem
perature enphasizes the differences that show up in different
pl ant variables. Since the index of performance from tube
tenperature gets worse (increases) as proportional action

setting increases, the desirability of using |low settings is
obvious. Figure 23-1 shows that the system may be on the

I nside contour line by having either high or [ow proportiona
action settings. Figure 23-3 indicates that the |ow settings
shoul d be used.

Conparison of Figures 23-3 and 24 shows another dif-

ference. Both figures use tube outlet tenperature for the
I ndex of performance, but the disturbances are different.
Figure 23-3 is for a setpoint disturbance, while 24 is for a
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FI GURE 23-1. Contours of Constant IP for the Primary Hot Leg Tenperature
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FIGURE 23-2 Contours of Constant IP for the Primary Hot Leg Temperature
Controller with a 10° Step Increase in Setpoint
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power disturbance. The power disturbance indicates that a | ow
I ntegral action setting is desirable wth a relatively high
proportional action setting.

The above trends nake it apparent that controllers can be
adj usted to decrease the effects of disturbances at a particul ar
point and for particular disturbances. This however, is often
at the expense of the effects for other disturbances and for
other tenperatures. W believe, however, that study of these
trends with controller adjustnments can result in a better
overal | understanding and | ead to nore know edgeabl e adj ust nent
procedures.
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APPENDI X A
THE SI MULATI ON

A simplified, high-speed dynam c sinulation of the FFTF
reactor and heat transport system was devel oped for use in
control studies. The sinulation which provides solutions of
the dynam c equations, represents the reactor and one heat
transport circuit of the FFTF. The sinulation can operate as
fast as 1000 times real time. The sinplified sinmulationis
based on a nore detailed hybrid sinmulation called HYSIM-2A.
HYSIM-2A is the present generation of the sinulation described
by Flowers, et al . (1) Many of the sinulation techniques and
all of the system parameters used in the sinplified sinulation
were previously devel oped for HYSIM-2A.

The HYSIM-2A nodel and internediate generations of the
model were conpared with detailed digital codes and found to
provi de sufficient accuracy for system transients and pre-
limnary heat transport design studies. (4 W conclude that
this nodel is sufficiently accurate to serve as a basis for the
sinplified nodel for control studies.

Frequency responses fromthe sinplified nodel were com
pared with those fromthe HYSIM-2A nodel for each plant com
ponent (Reactor, 1HX, and DHX) using both flow and tenperature
variations. As a criterion for acceptable accuracy, the sim
plified simulation, under full power and flow conditions, had
to produce reasonably accurate (~+5 db) magnitude and (~+30°)
phase results up to the frequency where the phase shift was
180°. Also, all full power and flow steady-state values had to
be reasonably accurate (~5%). The conparison frequency
responses are included in Figures A-1 through A-12. The sim
plified simulation frequency response characteristics are
shown using a solid line and the detailed simulation charac-
teristics are superinposed using open circles for the phase
and filled-in circles for the db.
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The reactor kinetics are calculated using an al gebraic
solution for the prompt neutrons (Equation 1).* The del ayed
neutrons are calculated by lunping the six groups into three
groups (Equation 2. The method for determning the tine constant
for each of the three groups is described on page 10 of
BANWL-707. (1) Reactivity changes for the kinetics equation are
supplied fromthe Doppler equation or by the rod reactivity when
t he operator wi shes to change power (Equation 3. The Doppl er
equation uses the average fuel tenperature and is a linearization
of the exact equation. Over the normal range of fuel tenperatures
there is alnmost no error introduced by linearizing the exact
Doppl er equation. Oher reactivity ternms are neglected because
they are smal|l and negative.

pL. =[— 1 1< e (1)
N T|ETER| 2 iC3
i=1

dcy By ;
T T pF (Ply) - MG
dC, 8,

T = 7% (Phy) - 2,0 r (2)
dc, 8

3 B3
£ = g% (PLy) - 25Cs
8K = ap(Tppp-Tppry) * 8K (3)

Power is generated in several regions of the reactor and by
several nmechanisms. The power generated by each nmechanismis
calcul ated explicitly, then appropriate fractions are sunmed to
cal culate the power in each region. The calculation of neutron

* See Table A-1 for explanation of symbols and parameter values.
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power (PL,) has already been described in the kinetics section
above. The fission product power (PLFP) is calculated (see page 13
of BNWL-7O7)(2) using three groups with time constants chosen to
best fit the post-scram fission product decay heat generation

curve (%) (Equation 4 and 5). The first group was simulated with an
infinite time constant since it has a time constant of nearly

104 sec. In cases other than post-scram, decay heat is of little

consequence.

d _ i
3t (Plgpy) = Agpp(Bgpy PLy - Plgpy)

d = -
It (PLppy) = Appy (Bppy PLy - Plpp,) (4)

d . )
3¢ (Plgps) = *gp3 (Bppz PLy - Plpps)

PLpp = Plgpy * Plppy + Plppg (5)

The neutron power and the decay heat power are summed in
various ways to calculate total power (PLpgT) » closed loop power
(PLCL), radial reflector power (PLRR), leakage region power (PLLR),
and fuel power (PLp) (Equation 6 through 10). The closed loop
power is removed by the closed loop heat transport system and
thus is subtracted from the power removed by the main heat trans-
port system.

Plror = Py * Phpp (6)
PLer, = Yoo Plror (7)
PLpr = Ypr Py (8)

A-15
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LR - *Lr Ply (9)

PLF = PLTOT - PLCL - PLRR - PLLR (10)

The reactor thermal model accounts for the major sodium
flow path through the reactor. All sodium entering the reactor
flows through the inlet plenum. The sodium then splits and flows
through the shroud tubes, the radial reflector region, or takes
one of the several small flow paths bypassing the main heat
generating regions. The sodium meets again when entering the
outlet plenum. The sodium goes directly into the primary hot
leg pipe upon leaving the outlet plenum. Figure 1 may aid in
understanding the model of the FFTF.

The inlet plenum is approximated by a first order time lag;
thus, perfect mixing is assumed (Equation 11). The time con-
stant for the lag is a function of reactor flow. The volume of
the inlet plenum is taken to be 975 ft3, This inlet volume
yields a time constant of about 10 sec at full reactor flow.
Te1r (Temperature Coolant Inlet Reactor) is the temperature at
the inlet of the plenum and Terp (Temperature Coolant Inlet
Plenum) is the temperature at the outlet of the plenum. The
reactor flow rate, W, is calculated directly from primary flow
since only one of the three heat transport circuits is simulated
(Equation 12).

dTerp Wi Cepp

I CY () (Terr = Terp) (11)

Wp = Wp(3) (12)

The majority of the reactor flow, about 80%, passes through
the driver fuel ducts to cool the fuel. The fuel-to-coolant
heat transfer is therefore the most significant reactor thermal
calculation. The driver fuel coolant, W is calculated as a

TR?
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percentage of the total reactor flow(Equation 13). The cal cu-
| ation of heat transferred between this coolant and the fuel
uses two-axi al cool ant and two-axial fuel nodes. A nodal heat
bal ance is performed to cal culate the fuel and coolant tem
peratures (Equations 14 through 17). The doubl e-prined param
eters (A", Vv') are per driver elenent while the barred
parameters (pVC) are averaged over all materials. There is no
axi al heat conduction. Sone cladding and duct netal is |unped
w th the coolant for the calculation of thermal inertia
paranmeters. This nethod allows representation of the additiona
lag effects due to heat stored in the fission gas plenum netal.
For this reason, the cool ant tenperature cal cul ated, Terr
(Tenperature Cool ant Tube Reactor), represents the tenperature
of the coolant |eaving the fission gas plenumregi on rather
than that |eaving the active core region. The tenperatures of
the two fuel nodes are averaged and this average tenperature,
TAFRi(Tenperature Average Fuel Reactor) is the fuel tenperature
used in the Doppler reactivity calculation(Equation 18).

Wrg = Brgp Wp (13)
dT g _ Wep Cor " fy (A", .%fl ; _
AT _ Wrr Cor 1 ey (VA™) —T .

dt N (577C) CT1 CTR GV £2 CTR| (15)
ER'P CT P CT *
dT ¢q _ ba PLp ] (UA") ¢ [r . ]
aT e — f1 CT1 16
Ngg V0 (5V7T0) (16)
T, _ ba PLyg (UA™M) o [T . ] an
T T

AFR 2
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The purpose of the leakage calculation is to account for
several sodium flow paths that are individually less significant
to the vessel dynamics than either the tube coolant or the radial
reflector coolant. The major contributors to what is called
leakage flow are in-core leakage, hydraulic hold-down, vessel
wall coolant, stored fuel coolant, and shield coolant flow.
About 15%o0f the reactor flow falls into this category. The
most significant factor that these flow paths have in common is
that very little heat is transferred to the sodium. The tem-
perature rise through the vessel for this stream is about 15"
compared to a 250° AT for the overall vessel temperature rise.
Terr (Temperature Coolant Leakage Reactor) is calculated
assuming a first order equation with a variable flow coefficient.
Terp and a small fraction of the neutron power are the inputs
(Equation 19). The thermal properties used are essentially
those of the sodium as the metal in the leakage region will
have little effect on the dynamics. The leakage flow, W ps is
calculated as a fixed percentage (about 15%) of reactor flow
(Equation 20).

dTepp B PLip Wi Cepp
T - g (Terr = Terp) (19)
(xVO;r (VO
Vir = Brr YR (20)
The radial reflector flow, WRR, is less than 5%of the
total reactor flow (Equation 21). 1t is a significant flow path,

however, as the radial reflector sodium carries almost as much
energy per pound as the tube coolant. For this reason, a
separate node is devoted to the radial reflector flow calcula-
tion. The radial reflector coolant outlet temperature, TCRR
(Temperature Coolant Radial Reflector), is calculated using a
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first order equation with a coefficient that varies with flow.
The input tenperature is TCIP and the input power is a fraction
of neutron power (Equation 22). The heat capacity of the
radial reflector metal is neglected in the calculation.

Wer = Brr "R (21)
dTepr P PLpr Wrr Ccrr . -
It - (Terr = Terp) (22)

The reactor outlet plenumis sinulated as a first order
lag, that is, perfect mxing is assumed. The tine constant
for this lag termis a function of reactor flow. Each of the
three outputs fromthe reactor coolant tenperature calcul ations
is multiplied by the percentage of reactor flow in that par-
ticular stream They are then added to formthe input tem
perature to the outlet plenum(Equation 23). The vol ume used
for the outlet plenumis 1000 ft3. This volume gives an out -
| et plenumtine constant of about 10 sec at full reactor flow

dT W. C
cor _ "r “cor _
at " vo Brp Terr * Brr Terr * Bir Teir - Toor)  (23)
OR

TCOR_(Tenperature Cool ant Qutlet Reactor), the tenperature
of the coolant when it |eaves the reactor, is the input to the
primary hot leg pipe. The pipe is sinulated as a pure distance/
velocity lag. The sinmulation assumes no m xing and no heat
transfer while the coolant is in the pipe. The calcula-
tion is perforned on the digital part of the hybrid conputer.
The distance/velocity lag is calculated by setting up a table
and letting each location in this table represent a block of
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sodi um nmovi ng along the pipe. The tenperature input to the

pipe is placed in a location in the table. Another tenperature,
which is to be the output fromthe pipe, is taken fromits | oca-
tion in the table and sent to the analog conmputer for the |HX
calculation. The rate at which the tenperatures are put in and
taken fromthe table is a function of primary flow rate. Each

| ocation in the table represents an equal volume of pipe such
that the volune of a single node tinmes the nunber of nodes
equal s the total volume of the pipe. |In this way, a cool ant
tenperature is entered into the table and taken fromthe table
every tine the integrated flow rate equals the nodal volune. To
acconplish this, the primary flowis integrated with time and a
check is performed to see if the integrated val ue has exceeded

t he nodal volune. When this occurs the flow integration is
re-initialized and the tinme delay table is updated. The primary
hot leg pipe is sinulated as 20 nodes. The distance velocity
lag of the primary hot leg pipe is nearly 36 sec at full primry
flow The output fromthis calculation is T Tenperature
Cool ant Primary IHX Inlet).

CPXI(

Tepx» the tenperature of the sodiumentering the IHX, is
the input to a plenumcalculation. The plenumis sinulated as
a first-order tine delay with the delay being a function of the
primary flow(Equation 24). At full flow the time constant of
this plenumis 1.5 seconds.

dTepx; = 1-8p

T Ty Wp) (Tepxr — Tepxa?

(24)

Because of the design of the IHX, it is felt that sone of
the primary hot leg sodiumw |l leak into the primary cold |eg
stream at the point where the hot leg and cold |leg pipes join
the IHX Sone of the secondary cold leg sodiummay |eak into
the secondary hot leg sodiumin the same way. Thus, some sodi um
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both primary and secondary, will bypass the heat exchange sur-
faces. This bypass flowis accounted for in the heat transfer
and the plenumcalculations. It is sinmulated wth the assunp-
tion that a percentage of the sodiumis diverted just before

it enters the inlet plenumand mxes with the main stream again
when they enter the outlet plenum The bypass flowis taken to
be 5%of the total flowfor the primary side and 2.5%of the
total flow for the secondary side.

The exact equations for heat transfer in the | HX include
partial derivatives with respect to distance (Equations 25 and
20). To solve these equations, the IHX heat transfer surfaces
were sinulated wwth two primary and two secondary nodes. A
finite differencing technique was used to calculate the %%
termfor each node. The node nearest the flow inlet uses a
central difference technique to calculate the tenperature
gradi ent (Equations 27 and 28). The node at the flow outl et
uses a three point back technique to calculate this term
(Equations 29 and 30). The prined paranmeters are per unit
length (v', A). The tube nmetal was not sinulated as a
separate node, but the thermal inertia that the tubes con-
tribute was lunped with the sodium One-half of the tube
metal goes with the primary cool ant and the other half goes
w th the secondary. The heat transfer coefficients and netal
properties are sinulated as being constant. Coefficients and
properties applicable to full-power steady-state operation are
used.

' aTP oT
(VIO p 5~ = = Wp Cop 5~ - (VA (Tp - Tg) (25)
T T
1] Y - - Y _ 1 _
(V'O g % Wg Ces 5x - (A (Tg - Tp) (26)
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dT. -C 1-8.) (W
(V' C) cexz _ “Cepx(fp) (Wp) T o )
PX T4t Iy cPx3 - Tepxi
- WAy (Tepxz - Tesxo) (27)
dT C 1-8. )W
(7'C) csxz _ Cesx(1-Bg)Wg - )
SX T dt Iy csx3 - Tesxa
- 1 -
(UAY)y (Tesxz ~ Tepx2) (28)
dT Crmo(1-8)
, cexs _ Ccpx(18p )
(V'O px —3% Iy Wp) (3Tepyz = 4Tepxz * Tepyxa)
- WAy (Tepys - Tegxs) (29)
dT C (1-8c)
csx1 _ Cesx (18 ] )
(eV'Cexy —ag— ~ Ly Ws(4Teoxz = 3Tesx1 ~ Tesxs)
- WAy (Tegxr - Tepxa) (30)

The tenperature output fromthis primary heat transfer
calculation is an input to the IHX primary outlet plenum cal cu-
| ation. The other input to the outlet plenumcalculation is the
bypass flow tenperature which is the IHX primary inlet tenpera-
ture. Each tenperature is nultiplied by the percentage of flow
Iinits respective path. The sum of these products forms the
input to a first-order time lag calculation which represents
m xing in the plenum(Equation 31). The time constant for the
plenumis a function of primary flow. At full flow, the tine
constant for the primary outlet plenumis about 2 sec. The
resultant tenperature fromthe plenum calculation is TCPXO
(Temperature Coolant Primary IhHX CQutlet)

dTepxo 1

dt 7 oV pyp (Wp) [(1_BP)(TCPX3 “ Tepxo? * Bp (Tepxr

‘Tcpxo)] (31)
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The primary cold leg pipe, with input Tepxo? I's sinulated
in the same way as the primary hot leg pipe. The tinme delay
for the primary cold leg pipe at full flowis about 14 sec.

Ei ght nodes are used for the primary cold |eg pipe simulation.
The outlet tenperature fromthis pipe feeds into the reactor
and is called TCIR(Ténperature Cool ant Inlet Reactor).

The m xing plenuns for the secondary side of the IHX are
calculated in the sane way that the primary plenuns are
(Equations 32 and 33). The tinme constant for the inlet
plenumis about 4 sec, while that for the outlet plenumis
about 2 sec. The inlet tenperature for the secondary side of
the IHX is Tesx1 (Tenperature Cool ant Secondary IHX Inlet)
and the outlet tenperature is Tesxo ( Tenperature Cool ant
Secondary I HX Qutlet).

dT (1-8&)
CSX3 _ S )
It~ TVaxg W) (Tegxr - Tesxs) (32)
dT
CSX0 _ 1 i )
Tt~ TWgg 'S [(1 8s) (Tesx1 ~ Tesxo)
v 8g (Tegxr - Tcsxo)J 33)
The secondary hot leg pipe, with input Tesxo: I's sinulated

in the sanme way as the primary hot leg pipe. The tine delay
for the pipe is about 41 sec. Twenty-two nodes are used. The
output fromthe pipe is Tesyl (Tenperature Cool ant Secondary
DHX Inlet). As the nane specifies, this tenperature forns the
I nput to the secondary side of the DHX cal cul ation.

The secondary side DHX cal cul ation has the same formand the

sane approximations as the primary side I HX cal cul ation, except
that the DHX has no bypass flow. However, the paraneters for
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the DHX, such as the heat transfer coefficient, are signifi-
cantly different fromthose of the IHX. The time constants for
the secondary DHX plenuns, both inlet and outlet, are about

1.5 sec (Equations 34 and &. The output fromthe DHX secondary

side calculation is Tesyo (Tenmperature Secondary DHX Qutlet).
Tesyi . N T (38)
dt (pV)gyp ~ CSYI CSY1
Tesyo - ¥s - PSR (35)
dt (bV)gyg = CSY3 CSYO

Tesyo is the input to the secondary cold |eg pipe cal cu-
lation. This calculation is perfornmed in the same manner as
the primary hot leg calculation. The time delay at full flow
Is about 47 sec. Twenty-five nodes sinmulate the pipe.

The tertiary (air) side of the DHX has an inlet tenpera-
ture called Teryl (Tenperature Coolant Tertiary DHX Inlet).
This is the anbient air tenperature and is determ ned by the
requi rements of the run being made. Unless specified other-
wi se, this tenperature is taken to be 100 °F. There are no
m xing plenums in the air side of the DKX. The heat transfer
calcul ation uses the sanme finite differencing nethod explained
previously (Equations 36, 37, 38, and 39). The paranmeters are
such that the air side of the DHX has very short time constants
inrelation to the rest of the process.

T C
csyz . Cesy ]
V'O sy —at— = tov- W) (Tesyr - Tesys)
yNMy
- WAy (Tegys = Tery?) (36)
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d “Co
cryz " CeryVr ]
(eV'Cqy —q¢— = L, (Teryo = Teryr)
- (UADy (Teryp - Tesy2) (37)
dT Croo (W)
(577 C) csys _ Sesy™s) o Car St
sy —dt L Ny csY?2 csy3 - Tesyl
- (VA y(Tegys = Tepyp) (38)
dT Co W
cryo _ CeryVr ) ]
eV'Clqpy —q¢— = L, (4Teryz - 3Teryo - Teryr)
- WAy (Tepyy - Tegyr) (39)

The cool ant flow dynamcs are sinmulated with | ess accu-
racy than the rest of the process. Since the flow response is
considerably faster than the response of the other conponents
of the system the systemresponse is determned primarily by
factors other than the fl ow response.

The primary flow dynam cs were determ ned by perform ng
a frequency response anal ysis using HYSIM-2A, which sol ves the
dynam c flow and punp equations explicitly. HYSIM2A sinu-
| at es wound-rotor notor-driven punp. The frequency response
was performed by varying the punp controller setpoint Wwth a
sine wave and neasuring the primary flow. The frequency
response showed that a first order lag woul d represent the
portion of the flow dynam c range that coincided with the
systemdynam c range. A tine constant of 2.27 sec was used
for the first order lag as this gave the best fit of the
frequency response data in the region of interest.

The response characteristics of the secondary flow were
determ ned by analyzing the flow decay upon |oss of power to
the punp and by using information gained fromthe primary flow
study. As in the case of primary flow, a first-order tine
| ag provi des adequate accuracy. The tinme constant for the |ag
IS 4.5 sec.
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The tertiary flowor air flowis not sinulated dynam -
cally. The calculation is purely algebraic; hence, the air
flow setpoint determ nes the air flow instantaneously. There
I's not sufficient information available on the conponents that
determne air flow dynamcs to sinulate this process accurately.
The lack of a dynamc sinulation of air flow may be a
deficiency for secondary cold leg controller studies because
the air flow response may be a significant part of the |oop
dynam cs. For all the other studies perfornmed, however,
the algebraic air flow simulation will not cause a | oss of
accuracy. The air flow has been [imted so that it cannot
exceed 115%of its full-power, steady-state flow. This is
done to sinul ate expected bl ower characteristics.

To provide a conplete description of the sinmulation, it
Is necessary to furnish some detail concerning conputational
techni ques. The division of responsibility between the anal og
and digital is such that each machi ne has partial contro
of the operating node. The digital conmputer controls the
problem time scale and puts the problemin initial condition
(10 during the initialization phase of the program The anal og

conmputer controls the operate, hold, and IC parts of the node
after the initialization phase.

The hi ghest speed that the problemcan run in is X1000.
Time scal es of X10 and X100 are also available. Progranm ng
care was especially required for the fastest tine scale of
X1000 so that the digital conputer was not included in a fast
probl em | oop, even for digital calculations that required little
time. At the highest speed, the time to convert the signal
fromanalog to digital and back again can cause a significant
phase shift in the system However, the analog-to-digital and
digital-to-anal og conversions are rather a small portion of the
distance/velocity |ags, even in X1000; thus, these lags are a
good application for the digital conputer.
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The pots | abeled DCU on Figure A-19 (see page A-35) are
digital coefficient units. They are special pots that can be
updated from the digital conputer while the problemis running.
These pots are used in the mxing plenumcal culations. The
pot setting is proportional to the flowin that plenum

The digital flow integration is perfornmed using a rec-
tangul ar integration routine. At uniformtinme intervals, this
programnultiplies the flow by a constant factor which includes
the size of the tine step and the integration gain. The
product is added to the result from previous integration steps
(Equation 40). The summation is then checked to see if it
equal s or is greater than the mass of sodiumin one node. |If
the integration has filled the node it is time to update the
time delay and initialize the integration. The integration is
initialized by subtracting the nodal mass fromintegrated flow
val ue that was just found to cause the node to overflow. The
difference represents sodiumthat spilled over into the next
node in the last integration step. It is saved and added to
the first integration for the next node.

t=T
Ty 4t
of Wpdt = > Wat (40)
t=o0

The analog circuit diagranms have been included to provide
addi tional detail concerning the sinulation (Figures A-13 through
21). Several points need to be explained for the diagrams to
be understood thoroughly. Most of the inputs to anplifiers on
the anal og used nust be current inputs as there are very few
I nput resistors associated. with the anplifiers. Since the pots
are current pots, inputs to an anplifier are often fed through
a pot, even though the coefficient on the input is one. In
t hese cases, a V-to-1 designation has been used for that pot,
specifying that the function of the pot is to convert a
vol tage signal to an equivalent current signal. Al of the
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anal og anplifiers used are bipolar anplifiers, neaning that
these anplifiers have an inverted and a noni nverted out put
signal. The node of the anplifiers can be changed so that they
behave as conventional single pole anplifiers. A designation
systemto show the polarity of the output in relation to the

i nput has been used for the circuit diagrams. A minus sign

by an output fromthe anplifier designates that a phase

i nversion occurs in the amplifier. A plus sign by the output
i ndicates that there is no inversion. Wen an anplifier has
a noninverted output there nust also be an inverted output.
This is represented by two wires leading fromthe anplifier,
one narked (+) and the other marked (-). The pots that set
the initial conditions for the integrators have not been
shown to conserve space on the circuit diagrans.

It was necessary to develop a method to show continuity
when a diagramused nore than one sheet. Hexagonal boxes with
numbers in them were used. Any boxes with the same nunber are
connected directly or are connected through a time delay in the
digital conputer. Those boxes that are directly connected
have the sane synbol beside themwhile those connected through
a tine delay have different synbols. The reason for this is
that a different designation is used for a tenperature entering
atime delay than for a tenperature leaving the time del ay.

I n cases where boxes have the same nunber, nunbers specifying
figures are provided.
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The scaling used for the variables on the analog circuit

diagrams treats 100 V as unity.

shown are given in Table A-1.

The units for the values

TABLE A-1.
Symbol Explanation Value
b Conversion from MW to Btu/sec 948 Btu/sec-MW
Bi R Ratio of leakage flow to reactor
flow 0.1648
BRR Ratio of radial reflector flow
to reactor flow 0.0312
BTR Ratio of Driver Fuel (Tube)
Coolant flow to reactor flow 0.804
Ci 5 3 Delayed Neutron Precursor
> Concentration
Cerp Specific heat of reactor inlet
plenum sodium 0.311 Btu/1b-°F
CCLR Specific heat of the leakage
coolant sodium 0.311 Btu/1b-°F
CCP Specific heat of primary sodium
in the general heat transfer
equation Btu/1b-°F
Copx Specific heat of primary |HX
sodium 0.307 Btu/1b-°F
Ccor Specific heat of reactor
outlet plenum 0.304 Btu/lb-°F
Cerr Specific heat of the radial
reflector coolant sodium 0.307 Btu/1b-°F
Ceg Specific heat of secondary
sodium in the general heat
transfer equation Btu/1lb-°F
Cesx Specific heat of secondary
: | HX sodium 0.309 Btu/1b-°F
Cesy Specific heat of secondary
DHX sodium 0.309 Btu/lb-°F
Cer Specific heat of Driver Fuel

(Tube) coolant sodium

0.307 Btu/1lb-°F



TABLE A-Ll (contd)

Symbol Explanation

CCTY Specific heat of DHX air

G Flow integration gain factor

L* Neutron lifetime

X Effective IHX tube length

Ly Effective DHX tube length

P L Power generated in the closed
loops

Pik Power generated in the driver
fuel

P; op Power generated by decaying
fission products

PIEp1.2.3 Power generated by the indi-

* e vidual fission product groups

PiiR Power generated in the leakage
region

PiN Power generated immediately by
fission

PLRR Power generated in the radial
reflector

p Total power generated in the

LTOT reactor

NeRr Number of equivalent reactor
channels*"

Nymy Number of DHX modules per circuit

t Time

T Time at the end of one flow
integration

TAFR Average Fuel Temperature

'AFRZ Steady state average fuel

temperature

*

BNWL-1395

Value

0.255 Btu/1b-°F

3.5 x 1077 sec
15 f t
120 f t

MW

MW

MW

2

E

MW

78.25

secC

sec
°F

°F

includes driver fuel channels and open test positions.

*
E%ch open test position contributes three fourths to ¥
while each driver fuel channel contribute one. Itis

ER

expected that an open test position will generate about
three fourths the power of a driver fuel assembly.



TABLE A-1. (contd)

Symbol Expl anat i on
Terp Tenmperature of the coolant |eaving the
inlet plenum
Terr Tenmperature of the coolant entering
the reactor
Terr Tenperature of the coolant |eaving the
| eakage region
Teor Tenperature of the cool ant |eaving
t he reactor
Tepxa Tenperature of the coolant entering the
1st primary IMX heat transfer node**
Tepxa Tenperature of the coolant entering the
2nd primary IHX heat transfer node
T Tenperature of the coolant |eaving the
CPX3 2nd primary IHX heat transfer node
T Tenperature of the coolant entering the
CPXI primary side of the IHX
T Tenmperature of the coolant |eaving the
CPXO primary side of the IHX
TeRR Tenperature of the coolant |eaving the
radial reflector region
T Tenmperature of the coolant |eaving the
CSX1 2nd secondary IHX heat transfer node
T Tenperature of the coolant entering the
CSX2 2nd secondary IHX heat transfer node
T Tenmperature of the coolant entering the
CSX3 1st secondary IHX heat transfer node
T Tenmperature of the coolant entering the
CSXI secondary side of the IHX
Tesxo Temperature of the coolant |eaving the
secondary side of the IHX
Tesyl Tenperature of the coolant entering the
1st secondary DHX heat transfer node
Tesya Tenperature of the coolant entering the
2nd secondary DHX heat transfer node
Tesys Tenperature of the coolant |eaving the
2nd secondary DHX heat transfer node
* %

The nodes are numbered in the direction of flow.

BNWL-1395

Val ue
°F
°F
°F
°F
°F
°F
°F
°F
°F
°F
°F
°F
°F
°F
°F
°F
°F

°F



Symbol
Tesyr
Tesyo
CT1
CTR
Tery2
CTYI

CTYO

(CAY)

(UA") g

(BA')

TABLE A-1. (contd)

BNWL-1395

Explanation Value
Temperature of the coolant entering the
secondary side of the DHX °F
Temperature of the coolant leaving the
secondary side of the DHX °F
Temperature of the driver fuel (tube)
coolant leaving the 1st node °R
Temperature of the driver fuel (tube)
coolant leaving the driver ducts °F
Temperature of the coolant entering the
air DHX heat transfer node °F
Temperature of the coolant entering the
air side of the DHX °F
Temperature of the coolant leaving the
air side of the DHX °F
Radially averaged fuel temperature at
the outlet of the 1st fuel node °F
Radially averaged fuel temperature at
outlet of the 2nd fuel node oF
Temperature of the primary coolant for
the general heat transfer equation °F
Temperature of the secondary coolant for
the general heat transfer equation °F
Heat transfer coefficient times heat
transfer area for the general heat
transfer equation Btu/°F-sec ft
Heat transfer coefficient times heat
transfer area per driver element
per node for fuel to coolant heat
transfer 1.53

Btu/°F-sec node

element
lieat transfer coefficient times
heat transfer area per axial foot
for IHX heat transfer 87.6

Btu/°F-sec ft

i-leat transfer coefficient times
heat transfer area per axial foot
for DHX heat transfer

0.744

Btu/°F-sec ft

Leakage Flow

1b/sec



TABLE A-1. (contd)

Symbol Explanation

WP Primary Flow

Wa Reactor Flow

WRR Radial Reflector Flow

WS Secondary Flow

W Air (tertiary) Flow

Wrr Driver Fuel duct (tube) flow

X Axial distance along heat exchange
surface
Fraction of power generated in a
fuel node

o Doppler coefficient

B Fraction of total neutrons that
are delay neutrons

81 Delay neutron fraction for the
1st group

8, Delay neutron fraction for the
2nd group

Bz Delay neutron fraction for the
3rd group

Brpq Fraction of total power contributed
by 1st fission product group

Bepo Fraction of total power contributed
by 2nd fission product group

Brps Fraction of total power contributed
by 3rd fission product group

Bp Fraction of primary flow that
bypasses the IHX

Bg Fraction of secondary flow that
bypasses the IHX

oL Fraction of total power generated in
the closed loops

VLR Fraction of total power generated

in the leakage region

BNWL-1395

Value

1b/sec
1b/sec
1b/sec
1b/sec
lb/sec
1b/sec

ft

0.5

21.86 x 10 9/°F

0.0032

0.000122

0.00123

0.001845

0.0156

0.0076

0.0158

0.05

0.025

0.0105



TABLE A-1. (contd)

BNWL-1395

Synmbol Expl anati on Val ue
YRR Fraction of total power generated in
the radial reflector 0.026
SK Total change in reactivity ¢
8K Change in reactivity introduced
by the operator ¢
Ay Decay constant for the 1st
delay neutron group 0.0129/sec
Ay Decay constant for the 2nd
del ay neutron group 0.0357/sec
Ay Decay constant for the 3rd
del ay neutron group 0.649/sec
‘EP1 Decay constant for the 1st 4
fission product group 1.02 x 10 "/sec
AEp? Decay constant for the 2nd 4
fission product group 7.5 x 10 "/sec
\Ep3 Decay constant for the 3rd -2
fission product group 1.73 x 10 “/sec
(eV)pyy IHX primary inlet plenum volume times
sodi um density 2092 1b
(pV) pxo IHX primary outlet plenum volume
times sodium density 3536 1b
(eV)gxy |HX secondary inlet plenumvolune
times sodi um density 5775 1b
(bV)gyg |HX secondary outlet plenum volume
times sodium density 2915 1b
(pV) gy DHX secondary inlet plenum vol ume
times sodium density 2650 1b
(pV)gyq DHX secondary outlet plenum vol une
times sodium density 2750 1b
(oVTC) oy Aver aged density, volume, specific
heat termfor the driver fuel
cool ant, calculated per driver
el ement per node 4. 67
Btu/°F node
el ement
(pv"C)¢ Density, volume, specific heat term
for the driver fuel, calculated per
driver elenent per node 3.34

Btu/°F node
el ement
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TABLE A-1. (contd)

Symbol Explanation Value
(pVC)IP Density, volume specific heat term for

the inlet plenum calculation 16,500 Btu/°F
(pVC)LR Averaged density, volume, specific heat

term for the leakage region calculation 2420 Btu/°F
(pVC)OR Density, volume, specific heat term

for the outlet plenum calculation 15,900 Btu/°F
(pV'C) Density, volume, specific heat term

P for the general primary IHX equation Btu/°F ft

(pV'C) py Density, volume, specific heat term

per axial foot for primary IHX heat

transfer region 134 Btu/°F ft
(pVC) gr Averaged density volume specific heat

term for the radial reflector region 328 Btu/°F
(pV'C)S Density, volume, specific heat term

for the general secondary IMX equation Btu/°F ft
(pV'C)SX Density, volume specific heat term 109 Btu/°F ft

per axial foot for secondary IHX heat

transfer region
(pV'C)SY Density, volume, specific heat term

per axial foot for secondary DHX heat

transfer region 32.2 Btu/°F ft
(pV'C)TY Density, volume, specific heat term

per axial foot for tertiary (air)
DMX heat transfer region.

0.182 Btu/°F ft
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