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ABSTRACT

The theory and design of a simulation for a Pressurized Water
Nuclear Reactor on a hybrid computer are the concerns of this thesis.
A hybrid computer system combines the speed of the analog computer
in solving differential equatioms, with the efficient logical control,
the memory, and the flexibility of the digital computer. To increase
the usefulness of this simulator, an auxiliary display panel was con-
structed. It features a diagram of the plant coolant and control
systems along with fourteen display meters and four manual controllers.
These controls are included so that the steam throttle opening, the
primary coolant flow rate, the reference temperature of the control
system, and the normalized power demand signal can be continuously
varied.

Both normal and accident responses may be studied for a variety
of plant conditions. Selected simulator results, including normalized
neutron concentration, reactivity, fuel, coolant, and steam tempera-
tures as function of time, are presented and discussed. The extensive
capabilities of digital-directed-analog hybrid system in process

control are well illustrated by this simulation.

[
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CHAPTER ONE
INTRODUCTION

The rapid expansion of nuclear energy applications, resulting from
the current energy crisis, has increased the demand for highly qualified
engineers and other technical personnel to operate and to maintain nucle-
ar reactors. This demand has placed special burdens on universities and
industrial training centers to provide realistic educational tools through
which students develop an appreciation for actual operating plants. Train-
ing reactors have been used in the past, but they are generally unsatis-
factory because of expense, record keeping, and restrictions on exper-
imental demonstrations. Reactor simulators, such as those at American
Electric Power Simulator Training Center in Charleston, West Virginia,
and Westinghouse Nuclear Training Center at Zion, Illinois, have there-
fore become increasingly populargl)

Simulation is a relatively inexpensive, speedy, efficient, and safe
method of teaching basic reactor control theory. It gives a visual de-
monstration of the solution derived from the reactor theory equation, and
abnormal or emergency situation can be studied without risking actual nu-
clear hazards. It affords a unique opportua}ty to blend theoretical study
with realistic concern for nuclear power plant problems.

The simulation of a nuclear power plant and its associated plant di-
gital computer is logically suited to a hybrid computer system (a combi-
nation of interactive analog and digital computers) because a nuclear

power plant can be easily simulated on the analog portion and the digital
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portion will actuate the control executions after high-speed calculations.
The input-output (I/0) devices, such as high-speed printers, and monitor
scopes controlled by the digital section, can be used to monitor vari-
ables continuously. This action is called '"data-logging" or "trending"
and is widely used in power plant operation.

In educational institutions, simulators can perform a valuable dual
role of demonstrating basic reactor charateristics and responses under
various conditions, and of providing research opportunities. Generally,

a university system is a relatively small scale simulation compared with
those found in industry.

The Louisiana State University Nuclear Science Center has a simula-
tion of Pressurized Water Reactor (PWR) on the XDS Sigma 5 and EAI model
680 hybrid computer systemsg) The original simulation was oriented toward
research rather than instruction because it required detailed knowledge
of the hybrid systemgé) A linearized mathematical model with a constant
average temperature control system is used to reproduce the dynamic be-
havior of the primary loop of the PWR system. The simulator can repre-
sent most of the operating conditions from start-up, through full power,
to shutdown~-with its appropriate xenon effect. Accident conditionms,
such as loss of coolant or control system failure, also may be studied.

In order to run this simulator, the operator was required to have a
thorough understanding of the basic proceduégs of the hybrid system,
especially of the analog computer.

If a simulation is too complex, its use will be limited to a small
fraction of graduate students and staff. A simplified operation is needed

in order to allow a wider usage of this simulator in instruction, without

reducing its capability. The primary objectives of this thesis problem



are to develop a prototype hybrid computer package to minimize the oper-
ation procedures of the analog computer and, simultaneously, to display

the key output variables of the PWR simualtor.




CHAPTER TWO

BASIC HYBRID COMPUTING SYSTEM

The hybrid computing system of Louisiana State University is a
medium-scale, general-purpose computer suitable for engineering and
scientific research and design purposes. The system consists of a XDS
Sigma 5 digital computer, an EAI 693 hybrid interface unit, and an EAI
680 scientific analog computer, which are shown in Figure 2-1.

2.1 Hybrid System

For ease of discussion, the hybrid system may be considered as
divided into three parts:

1. The control interface,

2. The logic interface, and

3. The high-speed data interface.

The control interface is the section of the interface which permits
the digital computer to exercise "button-pushing' control over the analog
computer. This control includes:

Mode control (analog and logic),

Time scale control,

Analog components selection, o

Digital volt meter (DVM) readout at selected analog components,

Potentiometer value selection and setting,

Analog console status,

Fault word readout, and

Console selection.
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These operations of linkage are in parallel with the manual (push-
button) control on the console of the EAI 680, thus permitting the
operator to intervene manually on the EAI 680 console at any time. Un-
like manual control, however, all of these operations are independent,
and no fixed sequence must be followed; these operations can also be
under complete program control.

The logic interface are those devices of the interface which trans-
mit logical information during a problem run. The logic interface con-
sists of:

Control lines,

Function relays,

Sense lines,

Comparators,

Timers, and

Interrupts.

Control lines are voltage levels which are directable by the digital
computer, and sense lines are voltage levels which are settable by the
EAI 680 and detected by the digital computer. Function relays can be
positioned by, and comparators can be read by, the digital computer.
Timers include digital timers, monostable timers, and BCD counters. Ex-
ternal interrupts may be either hardware or program-generated.

The high-speed data interface permits‘;apid, precise tramsfer and
conversion of data from either machine to the other. Normal conversion
time is approximately two microseconds. The EAI 680 analog computer is
equipped to operate in a hybrid enviromment through its interface capa-

bility. The control interface is in parallel with the entire I/0 system

of the digital computer.



2.2 Advantages of Hybrid System

The different roles of digital and analog computers may be outlined
to illustrate reasons for using a hybrid system rather than a digital or
an analog system alone in simulation.

2.2.1 Analog Computers

Operational speed is an advantage of analog computers because all
unites operate simultaneously and problem solutions appear in real-time.
In many cases, time scaling can be introduced to expand or to compress
time intervals.

Another feature of the analog computers is that the programing of
time-varying differential equation is relatively easy. More complex pro-
blems require only additional components. However, once a problem has
been satisfactorily set up on the computer, simulation described by the
equations can be thoroughly and easily investigated for a wide range of
conditions and parameter values.

The form of presentation of the solution is continuous, giving a
clear insight into the behavior of the simulation. By applying proper
scaling factors, output voltages of amplifiers can be readily converted
into actual simulated values and displayed on the I/0 devices, such as
meters, recorders, or monitor scopes.

A disadvantage of analog computers is their limited accuracy, which
is derived from the tolerance of electronicncomponents; the performance
of these elements may also change with time and enviromment.

Interference from electronic noise affects the measuring accuracy of
the output voltage. It is not easy to obtain a solution with a voltage

variation of less than 0.001% full scale. Also, analog systems lack a

capability for long-term information storage.



2.2.2 Digital Computers

Digital computers are capable of greater precision than analog com-
puters because the solution to a problem can be made as accurate as the
machine and the mathematical model allow. For a 16 bits word, a last
bit change is equivalent to a variation in the solution of one part of
100,000. Digital computers also have the advantage of a large memory
with no limit on the storage time for information. Logic operations are
much more efficiently carried and more rapidly performed.

Digital systems are good at solving algebraic equations with float-
ing point arithmetic, and there is no scaling problem with data. The
main disadvantage of small digital systems is the serial mode of opera-
tion. Since there is only one arithmetic unit for such a computer, it
has to be shared by all the required operations. Also, integration can-
not be performed continuously in the manner provided by analog computers.
2.2.3 Hybrid Computers

From the comparison of the advantages and disadvantages of the two
types of computers, it becomes obvious that they complement each other
for many applications. Hybrid computers provide solutions for complex
simulation problems which require both high-speed, continuous solutions
and large storage for arithmetic operations.

Digital-analog simulation is the most common hybrid computer appli-
cation because of the ease of impl@nentatig;. A general digital con-
trolled analog computation is shown in Figure 2-2.

The digital computer acts as a supervisory control for the analog
computation through sequencing operations. Variations in parameter
values generated by the analog computer are evaluated and controlled by

the digital computer through a predetermined program or integration of
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past results. The outputs of an analog computer can be converted and
printed as formatted reports on the digital high-speed printer, or dis-
played on a monitor scope and other I/0 devices.

Digital "house-keeping" functions provide diagnoses for the analog
computer, such as pinpointing analog computer malfunctions for the op-
erator. The digital computer also can perform automatic "static checks"
by measuring the propagation of the initial condition throughout the

analog computer setup and can therefore indicate errors before the actual

solutions of differential equations are carried out by the analog com-
puter. As a result, enormous time is saved for the operator in checking
the circuit design.

Combined digital-analog simulation provides for parallel differen-~
tial equation-arithmetic calculations, functions generation, or coordi-
nate transformations. Such information is transferred between the two
machines through the interface.

The Pressurized Water Reactor .simulation has taken advantage of all

these capabilities of the hybrid computer system. The digital computer
provides the preliminary setup and testing of the initial information by
static checks, and provides a report before the simulator is actually
started. As the simulation proceeds, the digital computer controls the
progress of the analog-mode selection and other logic operations, and
continuously calculates the primary coolan: flow rate and transfers the
value back to the analog computer as the inputs for heat-flow calculatiom.
Steady state values of selected plant output parameters are tabulated

and printed in the high-speed printer. Transient response of those out-

put variables may be monitored on the X-Y plotter.



CHAPTER THREE
MATHEMATICAL MODEL OF REACTOR SIMULATION

The development of a workable mathematical model achieves a suc-
cessful simulation. A linearized model permits total differential
equations to be used rather than partial ones, because this simulation
deals with the behavior of the primary loop for various disturbances,
and not with equipment design. It also provides for the usage of av-
erage quantities for many terms in the simulation, and in reactor con-
trol system design.

The mathematical model consists of space- and time-dependent dif-
ferential equations describing the neutron flux density and the primary
coolant loop heat transfer. A hybrid computer may be used to simulate
a PWR system accurately for the reasons covered in Chapter II. Because
of the limited capability of the EAI 680 analog computer, it is neces-
sary to reduce the multidimensioned neutron flux and heat flow equations
to one dimensioned time dependence. These techniques enhance the ef-
fective capacity of the analog computer and allow a more detailed sim-
ulation of the entire reactor system.

The one-group reactor kinetics equatiéﬁ can be approximated by the

Diffusion Theory as:

DV20(r,t) - L_8(r,t) + S = égé_tzﬂ (3-1)

in which r is the radial distance from the origin in cm
t is the time in seconds

11



® is

D is

¥ is

S is

n is

12

the neutron flux in n/cm?-sec
the diffusion coefficient in cm
the macroscopic absorption cross section in cm !

the neutron source term in n/cma—sec

the neutron demsity in n/cm®

If the reactor is assumed to be close to critical so that the

effective multiplication factor (k) is near unity, the shape of the

neutron flux will remain constant, even though it rises in amplitude

with time; as a consequence, V2% is equal to -B%®, in which B? is the

buckling in cm 2, Equation 3-1 therefore becomes time-dependent only,

and allows use of dn/dt in place of 9n/dt.

(é) This is also called the

point reactor approximation. The transient neutronic equations are:

m
dfc;ét) _ 51;‘8 a(e) + EAC; + 5 (3-2)
dCi(t) Bi
—5— = 1 nle) = A C, (3-3)

in which 8k is
Bi is
B is
L is
A, is
C, is

S 1is

the reactivity which is equal to k-1 for k=1

the delayed neutron yield

the total delayed neutron yield which is equal to ZBi
-

the neutron lifetime

the decay constant of the ith delayed neutron group

2 .th
the concentration of the i delayed neutron group

the neutron source term

The source term includes neutrons produced by cosmic rays and spontane-

ous fission, as well as the steady-state neutron sources used for a
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reactor. In practice, S may be assumed to be zero in Equation 3-2 be-
cause usually the reactor is operated at a power level at which the
fission-produced neutrons overshadow the independent-source-produced
neutrons. Six groups of delayed-neutron emitters are currently con-
sidered necessary and sufficient for detailed determination of the ki-
netic behavior of a system. However, for a training simulator, a one-
group approximation is also provided to demonstrate the gross behavior
of the reactor system.

Neutron behavior may be discussed from the macroscopic viewpoint
by the "point reactor" approximation; however, this simplified approach
cannot be used to determine heat flow in the core coolant channels.

The additional complexity is imposed because consideration of fuel,
cladding, coolant, and structural components, each of which has differ-
ent thermal properties, is necessary. This simulation assumes a unit
cell containing the fuel which consists of a cylindrical rod with con-
centric cylinders of cladding materials and coaxially moving coolant.
Axial conduction of heat is considered to be negligible, so that the
heat conduction equations become functions only of time and radius
(measured from the center of the fuel rod). An important consequence is
that the equations for radial heat flow aré'the same at any axial loca-
tion, Thus, the heat transport equations are coupled in the direction
of the coolant flow. If a small increment along the fuel rod axis is
considered, the radial temperature distribution may be treated as in-
variant within any increment. The coolant temperature is thus assumed

to vary linearly along the fuel rod axis. With the above analysis,
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equations of radial heat flow and coolant temperature may be simulated
for only one small axial increment. It is also assumed that there is
a linear temperature profile with respect to the axial distance. Tem-
perature increase of the coolant through the core is the integral over
the entire length of the fuel rod, and is represented by the mass flow
rate of the coolant because the mass flow rate is the product of the
axial length of the fuel rod, the cross sectional area of the coolant
flow channel, and the density of the coolant. The preceding assump-
tions and simplifications lead to heat flow equations that are time
dependent only.(i)

In.this study, reactor control is based on the negative feedback
control system, which 1s used to describe the behavior of an controlled
system when the system responds to an error in such a manner as to
counteract the error; i.e., an increase in reactivity results from the
withdrawal of control rods. Actual power output is assumed to be pro-
portional to neutron density. The power-demand is determined by a
constant-average-coolant-temperature control system, which is made up
of a comparator, the proportional-integral-controller, and a control
rod drive unit.

Reactivity (8k) is the sum of the builg—in reactivity, temperature-
dependent reactivity, reactivity related to control rod position, and
reactivity arising from xenon poisoning:

8k = ka + Skt + ch + ka (3-4)

in which Skf is the built-in reactivity of the fuel
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8k_ is the temperature-dependent reactivity, which is equal

to OL(Tf - Tr)

o is the temperature coefficient of reactivity in °F !

Tf is the fuel temperature in °F

T_ 1is the reactivity reference temperature (temperature

contribution is zero) in F

ch is the reactivity related to control rod position

6kp is the reactivity arising from poison
Built-in reactivity may be assumed to be constant for a short transient
period, because its variation depends on fuel depletion with time. Re-
activity arising from poison has little affect on over-all reactivity
compared to the effect resulting from fuel temperature and control rod
position during normal reactor operation. In this model, reactivity
contributions from the fuel temperature and control rod position are
negative; built-in reactivity has the only positive effect. The system
is self-regulated; i.e., as the reactor heats up, the reactivity is re-
duced.

An error signal (€) is generated through the comparator, which

senses the difference of the average tempera;ure and the reference tem-

perature:
= - -5
€ Tref Tave (3-5)
in which Tref is the reference temperature in °F
Tave is the average temperature which is equal to
1 3 Sitio
2 (Tov lox) in 7l
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Toc is the coolant temperature at outlet of reactor vessel
in °F
Tox is the coolant temperature at outlet of heat exchanger
in °F
This error signal is fed to the proportional-plus-integral-controller,
which in turn positions the control rods to correct the difference by
regulating the total number of neutrons produced by fission.
Proportional-plus-integral-control is expressed mathematically as:
ng(t) = T KE + K, {t e dt (3-6)
in which ng¢ is the demand power
T, is the controller time constant in second

K, is the controller gain in n/°F—sec-cm2

The control rod drive unit, which positions control rods, is defined by:

d2] (t) + _l-_ du(t) - K_m [ nO(t) - n(t) ] (3_7)
de? T, dt T n(t)

in which p 1is the departure of control rod reactivity from its initial
value
Tn is the control rod drive unit time constant in second
Km is the modified gain constant in sec !
n is the neutron density in n/cm¥
In practice, reactivity related to control rod position and actual con-
trol rod position have nonlinear relationships, but for simplicity of
simulation they are assumed to be proportional.
In considering the negative feedback system with the above control

system design, it should be realized that it is the change in the output



17

of the reactor which determines feedback effect. As mentioned in pre-
ceding paragraphs, reactivity contributions from fuel temperature and
control rod position have the essential effect on over-all reactivity.
Suppose that, as a result of a power demand, the reactivity is increased
by moving a control rod, then the accompanying temperature change pro-
vides a negative reactivity feedback which tends to counteract the re-
activity change from the power demand. Thus, the reactor eventually
stabilizes at a new steady state with a higher temperature, which in

turn provides more power output.



CHAPTER FOUR
MULTIPARAMETER DISPLAY PANEL

The multiparameter display panel is a small replica of a power
plant control board. It consists of a diagram of the basic plant, with
key input and output variables highlighted. Fourteen meters display the
dynamic output responses of plant parameters, and four adjustable input
cont;ollers may be used to set plant variables. A central control
section provides for the operation and adjustment of the hybrid simula-
tion system contained on this board.

The operator has the option of changing a wide variety of thermal
and neutronic parameters, including the primary coolant flow rate, the
secondary steam throttle control, the reference temperature controller,
and the normalized power demand; in addition, either one-group or six-
group delayed neutron approximations may be selected. Output variables
which are affected by these input parameters include the normalized
thermal neutron concentration, the average inlet and outlet coolant tem-
peratures, the fuel temperature, the heat exchanger temperature, the
steam temperature, the reactivity, the inverse reactor period, and the
relative control rod position. These output variables are displayed

-
simultaneously for steady-state operation, or may be displayed individu-
ally for transient conditions on a hybrid computer X-Y plotter.

Operation of the simulator utilizes real-time direct communication

between the operator and the hybrid computer. 1In this system, the digi-

tal computer performs predetermined operations, which may be actuated
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from the control panel section by giving command signals to the digital
section through pust-button comntrols.

The PWR multiparameter display panel is intended to provide stu-
dents with visual display of the time dependent behavior of a reactor
system. Dynamic behavior of a nuclear reactor involves the interaction
of many physical phenomena. Thus, operational response characteristics
are often not immediately obvious, and can be understood and anticipated
only if the various physical phenomena involved are well understood.
This is especially true of a full-scale nuclear power generation unit
where the characteristics of energy removal and conversion system have
a significant influence on the behavior of the nuclear power plant
itself.

For ease of construction, the panel has four separable sections:
the meter section, the control section, the adjustable controllers, and
the plant diagram. Detailed functions of each section are described on
the following paragraphs.

4,1 Meter section

Fourteen meters with their labels are arranged on this panel, and
the meter layout is shown in Figure 4-1. Each meter displays the steady-
state response of a parameter from the analog computer output. Meters
1 through 12 are protected by a group of relays from possible overloading
caused by the analog computer malfunction d:ring the simulator prelimi-
nary setup period. No signal will be transmitted to these meters before
satisfactory checks, which are provided by the digital computer, are
accepted by the operator. Each meter is also protected by a diode to
avoid current reversing of some analog outputs. Meters 13 and 14 are

directly connected to proper amplifier outputs, because their initial
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values are zero and are controlled by the digital program. Every meter
is in series with a 10K ohm current limit resistor, which is also used
for meter calibration.

Succeeding paragraphs provide detailed descriptions for meter
instrumentation:

The normalized neutron concentration (n) is obtained from amplifier
66 output for one group delayed approximation, and from amplifier 110
output for six groups of delayed neutrons. It 1s unitless and has a
range of 0 to 1.0, with an initial value of 0.5.

The fuel temperature (Tf) meter is connected to amplifier 31 output.
The reading range is from 0 to 2000 °F, with an initial value of 1000 °F.
Variation of fuel temperature may be accomplished by adjusting the
reference temperature setting.

The inlet coolant temperature (T;.) signal is obtained from the
output of amplifier 21, ranging from O to 1000 °F with an initial tem-
perature of 400 °F.

The reactivity (8K), which is dimensionless, is the output of ampli-
fier 61, and has a range from -0.005 to +0.005. Meter limitation allows
only the portion of O to +0.005 to be displayed. Momentary overload of
this amplifier, resulting from initial signal propagating through the
simulation, may occur at reactor start-up; but during normal operation,
the reactivity should be very nearly zero. -

The average coolant temperature (Tc) is obtained from the output of

amplifier 1 and ranges from O to 1000 °F. The initial value is 500 °F,
which is the linear average of the inlet and outlet coolant temperatures.

The outlet coolant temperature (Toc) is read from the amplifier 17

output. It has a range of 0 to 1000 °F, and an initial temperature of
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600 °F.

The relative control rod position (u) signal is taken from ampli-
fier 45 output, ranging from -1.0 to +1.0 in dimensionless units.

Under usual operating conditions with the normalized neutron level at
0.5 and fuel temperature at 1000°F, the relative control rod position is
indicated as zero on the meter. Any disturbance, resulting from adjust-
ment of the input parameters, causes the control rods to depart from
their initial position, leading to a non-zero meter reading. Control-
rod withdrawal causes the output of amplifier 45 to go negative, and
insertion causes a positive output; however, the meter limitation allows
for an apparent positive reading.

The heat exchanger temperature (T,) signal is obtained from ampli-
fier 102, scaled from O to 1000 °F. This temperature is the linear
average of coolant temperatures at inlet and outlet of the heat ex-
changer, and is initialized to 500 °F.

The coolant temperature at inlet of the heat exchanger (Ty,) is
derived from the output of amplifier 71. It ranges from 0 to 1000 °F,
with an initial value of 600 °F. This temperature is the same as the
coolant outlet temperature but because of a heat transport delay, a lag
of 4 seconds is involved.

The secondary steam temperature (Tg) is provided by the output of

"~

75. It ranges from O to 1000 °F, with an initial temperature of 350 °F.
Steam temperature is allowed to vary with power output.

The inverse of the reactor period (1/T), obtained from the output of
amplifier 7 and has a normalized range of -1.0 to +1.0. At steady state,
the reactor period is close to infinity so the inverse period is essen-

tially zero. For transient situations, however, reactivity changes
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result in finite periods and lead to meter readings, which are always
displayed as positive because of meter limitations. In reality, re-
actor start-up or power-level increases are positive signals, and
scram or power-—level decrease are negative signals from the amplifier.

The error signal (g¢) is provided by amplifier 9, with a range of
-200 to +200 °F. The meter displays the variations from O to +200 °F when
when the reference temperature is decreased. Conversely, if the refer-
ence temperature increases, the meter indicates only zero.

The flow rate (m) is obtained from amplifier 82, which inverts the
signal from D/A channel 11. The flow rate value which is stored in the
digital computer memory, ranges from O to 125% of full flow, and is
entered on the digital console by the operator.

The xenon poison (Xe) is provided by amplifier 91 output, with a
range from O to 1.0. During normal operation, saturated xenon poison
level is approximately 0.04; xenon built-up after shutdown may be con-
siderably more and depends on the neutron flux level at the moment of
shutdown as well as the time after shutdown. This meter shows xenon
built-up after shutdown only if the xenon poison study subroutine is
requested.

These various meters serve the purpose of providing a simultaneous
display of the response of the simulator to various stimuli which result
from adjusting the input parameters on the :ontrol section. Slowly
varying transient phenomena as well as changes in steady state condi-
tions may also be observed. Precise transient responses of meters 1 to
9 and meter 11 under various operating conditions can be studied omn the
X-Y plotter as explained in next section.

4.2 Control section
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The control section of the panel, shown in Figure 4-2, consists of
a group of switches and lights. Reactor operations, selected transient
behavior studies of plant output parameters with either one- or six-
group delayed neutron approximations, and investigation of simulated
accidents are functions provided by this sectiom.

Transient response switches (PW 1-10), located on the upper left-
hand of the control panel, include ten interlocked-push-buttons. When
it is pressed, each push-button (associated with a light indicator on
the plant diagram, with the exception of reactivity) links the corres-
ponding plant output parameter to X-Y plotter, and a permanent record
of transient responses is obtained. The assignment of these push-
buttons switches are given in Table B-1.

Digital control switches trigger the real-time interrupt services;
that is, an action of pushing a switch by the operator results in a
command to the digital computer. A particular subroutine, which per-
forms a sequential logical control on the analog computer or up-dates
the value stored in the digital computer memory, is executed. When the
digital computer is executing that subroutine, a light associated with
the subroutine is turned on to serve an indicator of computer status for
the operator.

The start switch (S1) places the analog computer to "OP" mode which
essentially starts the reactor simulation a;d X-Y plotter. An orange
light (L1) directly above this switch is associated with this subroutine.

The reset switch (S2) repositions all relays and sets all logic
signals to low state on the analog computer; it also brings the simu-
lator from "OP" to "IC" mode, to be ready for next study. A green

light (L3) directly above this switch will be on when the digital
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computer is serving this subroutine.

The flow rate switch (S3) allows the operator to change the pri-
mary coolant flow rate at any time on the digital comsole. The input
format of flow rate is discussed in Appendix C. A light inside this
switch serves as the subroutine indicator.

The delayed neutron switch (S4) provides one- or six-group approxi-
mations, with a light indicator inside the switch. At reactor start-up,
the one-group delayed neutron approximation is selected automatically.

The xenon control (S5) notifies the digital computer to conduct a
study of the effects of xenon poison. An operator needs to enter the
operating neutron flux level of interest since xenon built-up is depen-
dent on this parameter after shutdown. An indicator light is inside
this switch.

Post-shutdown xenon poison level may be studies by pressing switch
(87) which has light indicators inside it to indicate either operation
or shut-down mode. This switch is located directly under the xenon
switch.

There are three additional light indicators on the control section
shown in Figure 4-2: The red light (L2) located between start- and
reset-lights is the indicator of actuating of the meter protecting re-
lays; the dark-red light (L7), and the yellow light (L8) directly under
the delayed neutron switch are the indicators for one-or six-group
delayed neutron approximations respectively.

A switch (59) controlling step changes in reactivity is located
under the flow rate switch and a blue light (L5) indicates input of step
change reactivity. Positive or negative 0.0025 step changes in reacti-

vity are provided by positioning a toggle switch (SW2).
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A scram condition is indicated by flashing light (L6) and an alarm.
This condition may have resulted from the neutron level exceeding 0.95,
or from pressing switch (S6). Actuation of this scram system causes
immediate and complete insertion of all control rods. This action
opens the feedback error signal relay to the control system, and re-
duces the primary coolant flow rate to its lowest level.

A simulated control system failure may be actuated by pressing
switch (S8) which disables the control system by grounding the input to
amplifier 45. Thus, control rods are frozen to a position where the
control system fails. A light located inside switch (S8) indicates this
condition.

The prompt neutron lifetime is selected on switch (SW3), which is
located under the delayed neutron light indicators. One of three prompt
neutron lifetimes (10’5, 10"4, or 10"3) seconds may be chosen using six
group approximation to treat the delayed neutron population.

A panel power switch (SW1l) is located on the lower lefthand of
control panel. It should be turned on before the hybrid system starts
to function, and turned off to release the hybrid program from Sigma 5.

With the above controls, the operator is able to start and to reset
the simulator, to investigate the responses of the reactor to abnormal
conditions.

4.3 Controllers

Three controls with meter indicators located directly under the
control section, are used to vary power demand, reference temperature
and throttle opening. By adjusting these input variables with different
flow rate, various operating conditions can be simulated, and the

responses of the reactor can be studied.
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The normalized power demand control (M1l) has a range of O to 1.0
with an initial value of O which must be maintained in order to start
the simulator. If amplifier 41 output is 0.1037 on the static check
report, then the setting of the normalized power demand control is
correct.

The reference temperature (M2) ranges from O to 1000 °F, and should
be set at 500 °F during normal operation. Fuel temperature can be
changed by adjusting the reference temperature after startup.

The steam throttle opening control (M3) regulates the amount of
steam admitted to the turbine. Its range is from O completely closed,
to 1.0 fully open position of the steam throttle valve. This throttle
should be kept fully open during normal operation.

4.4 Plant diagram

A schematic diagram of the reactor system, shown in Figure 4-3,
serves as a direct visual aid to the operator and to observers, When
the transient response switch is pressed, a flashing light associated
with its proper location on the diagram indicates that this parameter
is being sent to the X-Y plotter. The three lights that constantly
stay on indicate the flow rate, the reference temperature, and the
secondary loop steam throttle opening.

4.5 Digital program

The tasks performed by the digital com;uter in the control section
are directed by digital programs which are part of the hybrid package.
Appendix D-1 presents the main digital program flow which controls the
operations of the hybrid computer through appropriate digital and link-
age operations:

1. It sets the servo-pot coefficients, the positions of the



29

d9Suapuod

103BI2UDYH

wex8eTq JUBTd X030BaY °‘g-4 3IndTJ]

2UTqQINng

Q

L

X0

(
e

s
&

rth

9T3303Y] wWea3ls

XT

Q

ainjeiaduag
38e1aay

aanjeraduwag,
ERLERCREN

P L EET L LELE 2

1013u0) 938§ MOTJ

ITUn 9ATIQ
PoOY¥d Tox3juo)

e = -

4

wa3sLs
T0313u0)

Lemccmrccccrcec— e e ccmemcm = -



30

function relays and the logic states of each control line during pre-
liminary setup.

2, It performs the static check for amplifiers and pot setting
checks and provides tabulated reports for errors.

3. The primary coolant flow rate is stored, and is transmitted to
the analog computer through D/A channels after calculations. This pro-
cess is performed continuously.

As mentioned in previous chapters, the PWR simulation system is a
digital-control structure. The digital computer performs certain
routine tasks which are usually done by the operator, and which must be
carried out frequently without preset time intervals. In order to ac-
hieve the partial automation with minimum work by the operator, a
direct communication between the operator and the digital computer is
required. This type of operation is sometimes called real-time opera-
tion. In this PWR simulation, the Direct Memory Access Channel (DMAC)
interrupt is the main software package used in the real-time operation.

In an interrupt system, a logic signal interrupts the digital
computer program after the current instruction is executed, causes the
current program to be saved, and starts a new instructional sequence
(interrupt service subroutine) from a specific memory location associ-
ated with that interrupt. As a service subroutine completes its job, it
returns to the main program as for any ordi;ary subroutine; and the high-
speed operation of the digital computer eliminates any delay which
could possibly be noticed by the human operator. The main difference
between the interrupt service subroutine and the ordinary subroutine in
a program is that the interrupt service subroutine may be executed in

real time without any prefixed sequence.
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Interrupt operation would be simple if there were only one possible
source of interrupts; but this is not true in practice. Digital com-
puter usually has various levels of interrupts, which act as watchdogs
for its operational status. Such details as power, digital clock, I/0
devices, etc., are internally generated as part of the digital computer
hardware and software package. A digital computer usually also provides
several groups of external and general purpose interrupts which can be
controlled by programs. In order to execute these internal and exter-
nal interrupts properly, a practical interrupt system, therefore, must
have the following features:

1. The ability to "trap" the program in different memory

locations corresponding to the specific interrupt, and

2. The ability to execute the interrupt service with priorities

in case of simultaneous or successive demands for the ser-
vices. In a priority interrupt system, a logic signal can
cause an interrupt if, and only if, the interrupt is enabled
by the digital computer and no higher priority interrupt is
being served.®

In the XDS Sigma 5 digital computer, the first group of external
interrupts, which has the highest priority among other groups of exter-
nal interrupts, is incorporated with the EAI analog computer. Six
external interrupts are provided, and five %f these interrupts are con-
nected to service subroutines for PWR simulation.

Interrupts as well as other logic commands respond to logic signals
which are basically step inputs of 5 volts DC. When a logic signal is
high, it stays at 5 volts, triggering the interrupt of other logic

components; and when the logic signal is low, it has a zero voltage.
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The digital computer reads status of these logic signals through the
interface to perform programmable commands.

Subroutine '"START", which essentially sets the analog computer to
operate with a series of logical controls, is outlined in Appendix D-2.
Because this simulation is designed to demonstrate reactor system
responses to various disturbances to the steady state, calculations of
pot coefficients and outputs of amplifiers of the analog computer are
based on the steady-state condition. In order to start this PWR simu-
lation with reasonably balanced amplifiers, the control system is not
implemented when the analog computer is placed in "OP" mode. A 10-
second delay is required before the error feedback signal are admitted
to the proportional-plus-integral-controller; then, after an additional
20-second delay, the control system is enabled. Relays 9 and 64, which
admit the error signal and control system signal, respectively, are
excited by monostable timers. When the analog computer is placed in
"OP" mode, the X-Y plotter is also started. Since the simulator reaches
an operable state after 30 seconds delay, the plotter pen is placed down
just before relay 64 is closed to provide a transient study at reactor
start-up. The above actions are executed by hybrid subroutines with
setting or resetting control lines, and a logic diagram as shown in
Figure 4-4. This interrupt service has highest priority level of

-
X'6l'.

The service subroutine "RESET" places the PWR simulation in its
initial state by setting the analog computer in the "IC" mode and re-
setting all logic components, including monostable timers, functional
relays, and the plotter. This service is required for terminating

transient studies at start-up and during any simulated accident, such as
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loss of primary coolant flow, to allow overloaded amplifiers to reset.
A program flow of this subroutine is shown in Appendix D-3. This inter-
rupt has the next highest priority level of X'62'.

Subroutine "SUB" updates the primary coolant flow rate either
manually or automatically. The flow rate has to be set at its normal
full valve in order to start the simulation. The digital program can
be used to set a flow rate between O to 125% of full flow. Upper limit
of flow rate can be adjusted to higher values as long as the actual
value transmitted in the D/A channel is less than 0.9999; above this
limit, a constant 0.9999 is received in the analog computer. The
program flow of this subroutine is shown in Appendix D-4. Because flow
rate is one of the four main controllers in the simulation, it is ready
to be adjusted at any time. Thus, this interrupt has a priority level
of X'63', which allows the digital computer to serve this interrupt
before changing delayed neutron and executing xenon poison studies.

The purpose of subroutine ''SUB2" is to select either onme- or six-
group delayed neutrons. Because the one-group approximation is part
of the main analog simulation, and the six-group approximation is simu-
lated on an external RC network, the normalized neutron concentrations
are obtained from two different amplifier, Amplifiers 61 and 62 outputs
are used for one-group simulation,and amplifiers 110 and 102 for the
six-group approximation. Digital programs’;ontrol two functional relays:
relay 4 which connects the positive and negative normalized neutron
concentrations to the reactor simulation for either the one- or six-
group approximations, and relay 34 which directs the normalized neutron
concentration to the plotter and amplifier 68 output to RC network if

the six-groups are used. This program flow is shown in Appendix D-5.
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This interrupt has a priority level of X'64',

Xenon poison studies are performed by subroutine "Xenon." This
algorithm provides different levels of neutron flux for the build-up
of Xe-135 after shutdown. Various flux levels are simulated by setting
pots 60, 91 and 93 through the digital computer controlled program.
Because xenon poison has a different time scale factor than normal
operations, the simulation is separated from the main reactor circuit,
and the xenon poison signal is directed to the plotter automatically
through a relay which is controlled by the digital program after the
neutron flux is selected. The digital program also places the plotter
pen down without time delay because the initial values are all zero for
these amplifiers. The program flow is shown in Appendix D-6. This
interrupt has the lowest priority of X'65'.

In addition to the above five real-time interrupt services, a data-
logging subroutine "SSVP" (which is not part of interrupt system) is
provided. The operator can obtain a formatted report of key plant
parameters at any time during reactor operation. This feature may be
further expanded to display these parameters on a monitor scope with
incorporation of a real-time interrupt in any given time interval (e.g,
every second). Currently, triggering this subroutine is done through a
sense line (shown in Appendix D-7).

Interrupt services perform the necessa;§ digital and data manipu-
lations required to achieve a set of control tasks on the analog com-
puter. Each interrupt service with its associate digital program can
be further expanded to accomplish more control tasks which may improve
the performance of the simulation.

4.6 Description of general operation
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In steady state, responses of PWR simulation under various simu-
lated conditions are achieved by adjusting four controllers: the
primary coolant flow rate, the secondary steam throttle opening, the
reference temperature, and the normalized power demand signal. All
controllers are manually operated, with the exception of flow rate,
which has an additional automatic mode.

The primary coolant flow rate is set at 100% of full flow during
simulation preliminary set up, and is automatically reduced to 50% of
full flow when the reactor scrams. In manual control, the interrupt
service is triggered and the desired flow rate is entered by the opera-
tor through the digital console. This type of control system is ''base-
loaded," which means that the generated power of the reactor is constant
unless the flow rate is changed while holding other input parameters
constant. Power extracted from the reactor core depends on heat
removed by the coolant to the heat exchanger. At a constant flow rate,
the power is lnversely proportional to the coolant temperature at the
reactor vessel inlet. An increase of flow rate causes a rise in inlet
coolant temperature and a drop in outlet coolant temperature. Conse-
quently, the total power output increases because the higher flow rate
provides an increase of heat extracted from the reactor core. The
purpose of rate control, which is one of the PWR simulation response
studies, is to set the optimum relation bet;éen the flow rate, tempera-
ture difference between outlet and inlet of the reactor vessel, and the
net power output. Obviously, it is not economical or desirable to
maintain a given low power demand with high flow rate which increases
the inplant loss. Conversely, a low flow rate at high power demand

cannot provide enough heat to the steam generators, and the control
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system would eventually shut down the reactor.

This PWR simulation utilizes the constant-average-coolant-tempera-
ture control programs in the primary loop. At steady state, secondary
steam temperature and pressure are allowed to vary without automatic co
control because of the limited number of analog components which are
available. The secondary steam throttle regulates the amount of steam
flow, temperature, and pressure. Performance of the turbine depends on
the available enthalpy in the steam, and the output power of generator
is directly proportional to the torque input, provided by the turbine,
under a constant speed which is required to maintain a constant fre-
quency.’/ If the steam throttle is gradually closed down, steam flow
decreases and less steam is admitted to the turbine, resulting in a
reduction of turbine output torque delivered to the generator. Then the
slow steam flow also causes the average temperature of the heat ex-
changer to increase, and the constant-average-coolant temperature con-
trol system responds to the large temperature difference by inserting
control rods into the core. The ultimate effect is to reduce the
neutron population (which is also directly related to the power output).
Since the control system limits the neutron population at lower settings
of the steam throttle opening, the reactor cannot be started with a
closed steam throttle. Hence, the recommended throttle setting is full

-
open for reactor start-up.

Power produced by the reactor is directly proportional to the
average temperature in this control system, as stated above. The refer-
ence temperature controller sets the operating temperature for the
reactor through the control system. That is, higher reference tempera-

tures are associated with higher fuel temperatures. Consequently, more
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heat can be extracted from fuel by the coolant and carried to the heat
exchanger to generate steam. Closing the steam throttle results in a
decrease in neutron population. This increased reference temperature
causes neutron population to settle at a higher level. With the present
control system design, it is not advisable to operate the simulator at
high reference temperatures during start-up because neutron multiplica-
tion increases too rapidly. Conversely, the control system prevents
the neutron level from increasing at very low reference temperatures.
Reference temperature settings between 450 °F to 550°F are recommended
for start-up transient studies. When the simulator reaches its steady
state, this reference temperature may be set higher as long as the
neutron level is below the maximum allowable value of 95% of full scale.

The normalized power demand signal controller acts as a manual
power 'booster'"; that is, an increase in this controller results in a
sudden rise of neutron population, fuel temperature, and a withdrawal of
control rods. However, the control system eventually brings the simu-
lator back to its original state. Conversely, this controller also
causes a drastic reduction in neutron population for a short period
during reactor operation. This controller may be used with other con-
trollers to prevent the simulation from reaching scram conditions by
injecting a function counteracting neutron multiplication during
transients. After the simulator reaches stZady state, this controller
may be raised by steps to any desirable value as long as the normalized
neutron level remains less than 95% of full scale. It is recommended
that this controller be set at 0.5 during steady state operation.

Simulated reactor accident studies may include total loss of the

primary coolant flow and control system failure. These studies should
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conducted at steady state levels rather than during reactor start-up
periods.

A loss of coolant accident is initiated by the operator triggering
the flow rate interrupt service by entering zero on the digital comsole.
Consequently, the neutron population gradually decreases to its minimum
value as the control system responds by inserting control rods. Coolant
temperature at the outlet of the reactor rises to very high levels and
the inlet coolant temperature decreases to very low value. These
actions result from the linearized mathematical model used with this
particular control system. The simulation must then be reset because
of a number of amplifiers will be overloaded.

The control system failure demonstrates the events due to a mal-
functioning of the control rod drive unit. When this simulated accident
occurs, the control rods remain in a fixed position, and the neutron
level also remains at a fixed value. The system must be reset since
the large accumulated error signal causes overloading of amplifiers.

The scram or reactor protection system is actuated either automati-
cally or manually. This system monitors the neutron concentration and
if the normalized neutron concentration is above 0.95, a scram condi-
tion is reached and the control system is disabled with a large nega-
tive reactivity feedback. After a manual scram, the primary coolant
flow is reduced to 107 of its normal value,”énd an audible alarm and
a flashing red light on the panel will be actuated. Sometimes a
scram condition cannot be cleared instantly by resetting the simulator.
The operator must allow the system to recover from amplifiers over-

loading for approximately 5 minutes before it can be reset.



CHAPTER FIVE
TYPICAL SIMULATION RESULTS

Typical responses of this PWR simulator for various disturbances
and inputs, either at steady state or at start-up, are shown in the curves
in this chapter. These curves are plotted while one input parameter is
varying and the others are set to designed steady-state values. That is,
if the reference temperature is changed, the flow rate is set at 100% of
full flow, the steam throttle opening is 1.0, and the normalized power
demand signal is zero. If the steam throttle is gradually opened, the
reference temperature is set at 500 °F, the flow rate is set at 100% of
full flow, and the power demand signal is zero. The curves indicate the
system responses using six groups of delayed neutrons unless otherwise
stated. The actual values of these curves, in different computer rums,
have slight off-set which result from the accumulated error of the analog
computer components such as setting of servo poté, of the input parame-
ters, and electronic noise. Thus, all curves have been normalized to
their calculated steady-state values in order to be consistent. Care-
fully investigating the error reports, provided by the digital printer,
of static check with necessary adjustments may reduce these off-set.

The first set of curves, illustrated in Figures 5-1 through 5-5,
show the behavior of the system for various start-up conditions. Since
this simulation was designed to demonstrate the system responses for
various disturbances in steady-state operation, these curves are relative,

not absolute, representations of possible system behavior at start-up for
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a particular implementation of the control system discussed in Chapter
Four. If the timing of implementing the control system is changed, dif-
ferent curves will be obtained. The general shape of these curves are
similar, however, because they demonstrate an overall picture of neutron
behavior. For example, Figures 5-1 and 5-2, at a high reference tem-
perature, show a large reactivity and neutron concentration than those
corresponding ones at 500 °F. The simulation would scram if the refer-
ence temperature is raised to 600 °F because the transient neutron level
exceeds 0.95, which is the maximum allowable value. Figures 5-3 and 5-4
show the effect of various steam throttle openings. The control system
limits neutron generation as the throttle is closing down with an in-
crease in steam temperature. An additional purpose of these curves, in-
cluding Figure 5-5, is to illustrate that this simulation, either with
or without adjusting settingé of the input parameters, requires a delay
of 5 to 6 minutes after start-up to allow amplifiers to reach their cal-
culated steady-state values.

The system responses do not show any significant difference between
one- and six-groups delayed neutron approximations at steady-state. The
next set of curves (Figures 5-6 through 5-14) show the behavior of the
system for step changes in reference temperature, throttle opening, re-
activity, flow rate, and normalized power demand signal, respectively.
One common phenomenon is that the simulationn;equired 5 to 6 minutes to
stabilize after disturbances take place. Figures 5-6 to 5-9 show the
system responses for step changes in reference temperature. The system
was designed to operate at a 500 °F reference temperature, which is com-
patible with 0.5 of normalized neutron concentration; thus, a straight

line was drawn at 0.5, as it is shown in Figure 5-6. It is observed that
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Fuel Temperature in °F
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the normalized neutron concentration reaches its highest or lowest value
within approgimately 50 seconds, but a much longer time is required for
restabilization at a new state. It is also demonstrated, in Figure 5-8,
that changes in neutron level cause an immediate increase in fuel tem-
perature, The coolant temperature rises with a slight time delay due to
the effect of the heat transfer process, which has a built-in transport
delay in simulation, between Toc and Tix as shown in Figure 5-13; the
figure also illustrates the temperature increase resulting from decreas-
ing coolant flow rate. The steam temperature and neutron level show the
same effect (see Figures 5-10 and 5-11) for the various throttle openings
as those for Figures 5-3 and 5-4, namely that while the throttle is clos-
ing down, steam temperature rises and neutron level decreases. Figure
5-12 shows the system reaching its stable state within 5 seconds after a
step change in reactivity. A positive step increase in the reactivity
has a large effect on overall neutron concentration at the instant that
the reactivity is inserted. The relative control rod position, shown in
Figure 5-9, demonstrates the relation between the normalized neutron con-
centrations and the control rod positions. Figure 5-14 shows the effect
of a change in normalized power demand signal which "boosts' the neutron
level by withdrawing control rods, after which the automatic control sys-—
tem restabilizes the simulation to its original state.

The third set of data show system respoﬁses during simulated acci-
dents. The response that results from the loss of primary coolant flow
is shown in Figure 5-15; the neutron level decreases to zero within appro-
ximately 180 seconds. It should also be noted that the neutron level
drops very rapidly at first and then gradually decreases to zero. Con-

trol system failure is simulated by pressing the control switch, and the
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control rods are frozen at a given position., Note that the neutron level
remains at a constant value of 0.7 after the control system failure, as
shown in Figure 5-16. A scram, illustrated in Figure 5-17, is simulated
by increasing the reference temperature to 700°F at steady-state. The
normalized neutron level reachs its maximum value of 1.0 and the scram
mechanism, which removes the control system from the simulation circuit
and feeds a large negative reactivity to amplifier 61, is actuated. The
neutron level responds as expected by dropping quickly toward zero, first
rapidly then more slowly as the delayed neutron precursors decay.

The build-up of the isotope Xe-135 after a rapid shutdown is illu-
strated by Figure 5-18. The neutron absorption due to this radioisotope
may govern how long a reactor must be shut down as a result of xenon
build-up. Because the half-lives of I-135 and Xe-135 are so short and
the absorption cross section of xenon is so large, the concentrations of
these isotopes quickly rise to their saturation values. At the moment of
reactor shutdown, production of xenon is ceased, but xenon continues to
be produced as the result of decay of the I-135, which initially has a
greater decay rate than xenon, present in the system. The xenon concen-
tration therefore initially increases, after shutdown, then eventually
disappears by its own decay.

If the poison level must be 0.1 or less to attain criticality, the
reactor dead-time will be 35 and 45 hours fo; operating neutron fluxes of
lO14 and 2.5X1014 n/cm?-sec respectively. However, if the neutron flux
is 2.5><10l3 n/cm?-sec, no waiting period is required since the poison
level never reachs 0.1. It should be noted that there is virtually no
difference in saturated xenon poison for high flux levels during reactor

(8)

operation, —
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Fuel Temperature in °F
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All results are well representative of the system behavior for
various operating conditions. This simulation is relatively unstable at
start-up, but at steady-state, the control system maintains a stable

operation within its designed limit.




CHAPTER SIX
CONCLUSION AND RECOMMENDATIONS

In nuclear engineering education, the simulation of a nuclear re-
actor provides an extremely useful laboratory tool for investigating be-
havior and responses under various conditions. The multiparameter display
panel was designed following a detailed study of the capability of the
existing PWR simulation and the availability of equipment which could be
obtained within an allowable budget. The display panel was required to
meet the criteria of the ability to demonstrate steady-state responses
and to record the transient behavior of the important plant parameters,
and also to be operated by a person who does not have an extensive back-
ground of hybrid computer operatiom.

Instantaneous readout for plant parameters on the display meters,
permanent records of the transient responses on the X-Y plotter, and the
unlimited ability of the hybrid system in process control are demonstrated
by the entire system of the PWR simulation. The PWR system~-which in-
cludes the digital computer program, the analog simulation, and the dis-
play panel-- is now operating successfully, and all components function
as they were designed. The only existing problgm is unexpected triggering
of interrupts in the hybrid system.

Further expansion can be made in the digital computer programs to
provide more detailed study for the PWR simulation. A more sophisticated
control system, which should include the secondary loop, would be very

helpful to increase the stability of the present simulation. For example,
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a constant steam temperature control system, in which the digital com-
puter would actuate the necessary controls from calculating the steam
temperature, would allow for optimizing the heat transfer cycle for a

(9

maximum turbine power output. At the present time, all controllers
are manually adjusted. It would be desirable to incorporate the option
for either manual or automatic mode in the control system.

A linearized model is easily simulated, but in some case it does not
reflect the actual system response. For example, the average coolant
temperature currently is the linear average of the inlet and outlet tem-
peratures, and it is not realistic that an increase in outlet coolant
temperature will result a decrease in inlet coolant temperature.

Another area that needs expansion is in the simulation of abnormal
situations. Ideally, the instructor should have the ability to introduce
non-normal conditions so that the students can take the necessary steps

to achieve the desired reactor condition, and the digital computer could

be used to examine those actions which the students should take.
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TABLE A-1

POTENTIOMETER ASSIGNMENT SHEET

Check Run
Pot P
o arameter Expression Setting Setting
0 0.500 0.500 0.500
1 0.200 0.200 0.200
2 UA/M C 0.500 0.500
c c
3 2W C /10M C 0.250 0.250
CcC C cC C
5 0.500 0.500 0.500
6 W /M 0.500 0.500
c o0
7 2W C /M C 0.250 0.250
c C c C
10 ZOOOKC* 0.020 0.020
11 20T K * 0.020 0.020
cC C
12 0.500 0.500 0.500
15 10K /7 0.800 0.800
m m
17 1/10rm 0.400 0.400
20 0.400 0.400 0.400
21 W /M, 0.500 0.500
c 1
22 W /M, 0.500 0.500
cC 1
25 2W C /MC 0.600 0.600
c C X C
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TABLE A-1. (continued)

POTENTIOMETER ASSIGNMENT SHEET

L
-

Check Run
Pot Parametexr Expression Setting Setting
27 2Wwe /Mc 0.600 0.600
cC xX¢c
30 0.500 0.500 0.500
31 n_AH/2000M_C 0.100 0.100
m f°f
32 UA/ZMfo 0.100 0.100
33 UA/Mfo 0.200 0.200
35 10X 0.766 0.766
36 0.100 0.100 0.100
37 0.200 0.200 0.200
40 0.400 0.400 0.400
41 zwc/M0 1,000 0.999
42 W /M 0.500 0.500
cC O
45 0.400 0.400 0.400
50 1/t 0.250 0.250
51 0.200 0.200 0.200
52 UA /MC 0.400 0.400
X X X X
57 3/5T 0.150 0.150




TABLE A-l. (continued)

POTENTIOMETER ASSIGNMENT SHEET

Check Run
Pot Parameter Expression Setting Setting
60 3Yon<I>2f/Zaf310
61 20008k/10 0.500 0.500
62 AI/B 0.209 0.209
63 | 4x10" | 0.800 0.800
65 0.500 0.500 0.500
66 BK/108 0.650 0.650
67 1/2000% 0.500 0.500
70 1/t 0.250 0.250
71 0.200 0.200 0.200
72 1/t 0.250 0.250
75 0.350 0.350 0.350
77 K/MC+MC 0.005 0.005

a mm S S
o
80 0.200 0.200 0.200
82 U A_/10M C 0.040 0.040
X X X C

85 1/t 0.250 0.250
87 1/t 0.250 0.250
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TABLE A-1. (continued)

POTENTIOMETER ASSIGNMENT SHEET

Check Run
Pot Parameter Expression Setting Setting
90 10AI/36 0.696 0.696
91 chxQZf/ZafB
92 AX/B 0.151 0.151
93 @cxlloe
95 B/100% 0.065 0.065
96 0.950 0.950 0.950
97 A 0.076 0.076
100 1/t 0.250 0.250
101 0.200 0.200 0.200
102 3/51 0.150 0.150
105 UA/MC+MC 0.012 0.012
X X mm S s
107 UA/MC+MC 0.012 0.012
X X mm s s
110 0.500 0.500 0.500
115 0.001 0.001 0.001
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TABLE A-2

AMPLIFIER ASSIGNMENT SHEET AND STATIC CHECK

Amp Use Output Parameter Calculated || Measured
Value Value
0 / —Tc/100 -5.00 -5.00
1 - +Tc/100 +5.00 +5.00
2 T |-t /100 -6.00 -5.99
ocC
5 r |+ /100 +6,00 +5.99
ave
6 z +e/100 0.00 0.00
7 - ||+dn/dt/n -6.50 -6.49
9 - -£/100 0.00 0.00
10 J |{+.02f[e/100]dt -1.00 -0.99
11 - +.02e/100 -0.02 -0.02
12 -~ ||+2N-2n ~-1.04 -1,04
13 M+ ||+(2N-2n)/n +2.07 +2,07
15 S {|+d20p/adt 10.00 10.00
16 - || -(2N=2n)/n -2.07°7 -2.07
20 S -T. /100 -4.00 -3.99
ic
21 - +Tic/100 +4.00 +3.99
22 b +T1/100 ﬂ +4.00 +4.01




TABLE A-2. (continued)

AMPLIFIER ASSIGNMENT SHEET AND STATIC CHECK

Amp Use Output Parameter Cat:;i:ted Ms:;z:ed
30 J -Tf/200 -5.00 -5.00
31 - +Tf/200 +5.00 +5.00
34 - |[#+dn/dt/10n -0.65 -0.64
35 L ||-dn/dt +3.25 +3.24
36 - ||+dn/dt -3.25 -3.24
38 M: ||-dn/dt/10n +0.65 +0. 64
40 /|-T,/100 -6.00 -6.00
41 £ ||-(2N-2n) +1.04 +0.98
45 S |[-200u 10.00 10.00
46 - —TS/100 -3.50 -3.49
50 S Pade' Network 10.00 10.00
60 I [|+31 10.00 10.00
61 z {[+20008k 0.00" +0.04
62 - |1 -20008k 0.00 -0.04
63 Mx | -20008kn 0.00 -0.02
64 - || +.5(20008kn) +0.01

“ 0.00
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TABLE A-2,

(continued)

AMPLIFIER ASSIGNMENT SHEET AND STATIC CHECK

Amp Use Output Parameter Caé:;i:ted Ms:iz:ed
65 J ||-10n -5,00 -4.99
66 - ||+10n +5.00 +4,99
70 S/ Pade' Network 10.00 10.00
71 z +Tix/100 +6.00 +6.03
72 = |[T4,/ 100 -6.00 -6.03
75 f +TS/100 +3.50 +3.50
80 i) -Tx/lOO -5.00 ~4.99
82 - [|Flow Rate ~-1.00 -1.00
85 / Pade' Network 10.00 10.00
90 S {|-10P 10.00 10.00
91 - |{+1l0P 10.00 10.00
93 Mx -(0x¢/108)[10P]

94 - ||+c/10 10.00 10.00
95 [ j|-c/10 10.00 10,00
100 f Pade' Network 10.00 10.00
101 L |-1,,/100 -4.00 -3.99
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TABLE A-2. (continued)

AMPLIFIER ASSIGNMENT SHEET AND STATIC CHECK

Amp Use Output Parameter Caé:;i:ted Mi;iﬁ:ed
102 - |1, /100 +5.00 +4.99
105 z +.0117(Ts/100-Tx/100) -0.02 -0.01
110 || BG [4-10n (RC Network) +5.00 +5.00
112 - ||=10n (RC Network) -5.00 -5.00
115 / Plotter Time Scale 10.00 10.00

SR S ——

—
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TABLE B-1

TRANSTENT RESPONSE SELECTING SWITCHES ASSIGNMENT
(FROM LEFT TO RIGHT)

SWITCH SYMBOL PARAMETER DISPLAYED

PW 1 Ts Steam Temperature

PW 2 u Relative Control Rod Position

PW 3 Tx Heat Exchanger Temperature

PW 4 Tix Coolant Temperature at Inlet of Heat Ex-
changer

PW 5 Sk Reactivity

PW 6 TC Average Coolant Temperature

PW 7 TOC Outlet Coolant Temperature

PW 8 n Normalized Neutron Concentration

PW 9 Tf Fuel Temperature

PW 10 T, Inlet Coolant Temperature




APPENDIX C

SIMULATOR OPERATION INSTRUCTION

Preoperation Procedures

The following procedures should be followed prior to making the re-

actor dynamic study:

10.
11.
12,
13.

14,

15.
16.
17.

18.

Turn on analog computer.

Engage patch panel and make sure that patch panel engage light is on.
Set manual pot-setting control to "KEY".

Set monostable timers O, 1, and 2 to 30, 10, and 25 respectively.

Set digital clock rate to 106.

Set limiter of amplifier 61 to + 10 volts.

All push-buttons should be in low state.

Plug multiconductor to display panel from analog computer.

. Turn on display panel power.

Set reference temperature to 500 °F.

Set normalized power demand to zero.

Set secondary throttle to full open.

Turn on X-Y plotter switches which should be pushed down.

Set X-axis scale to 0.1 volts/inch and Y-axis scale to 10 volts/inch
(the time scale will be 300 sec/llcm).

Place paper on X-Y plotter and select zero reference.

Read digital program in cardreader.

Check error messages of pot settings and amplifiers static check.

Check intceprators as indicated on digital console with -10 volts

717



19.

78
patched into "IC" input of each integrator.
If all checks are satisfactory, the operator enters "1" in the di-
gital console and presses the new-line key. Thus, the simulator is
in ready state with 100%Z of full flow rate and one group delayed
neutrons. If some of the errors are crucial, the operator has to cor-
rect them by manually setting pots and entering "2" in the digital

console, and new error report is provided.

Display Panel Operation

The following steps are required to operate the PWR simulator in its

normal mode. Adjustments can be made to simulate reactor operations un-

der other than normal (e.g., accident) conditions.

1.

Start the reactor is done by pressing the "START" button, and 5 mi-
nutes should be allowed before the reactor reaches steady-state.
Reset the reactor is done by pressing the "RESET" button which will
set the simulator to its initial state. 1If scram is triggered, some-
times the operator needs to allow the system to be stabilized for few

more minutes.

Change flow rate is triggered by pressing "FLOW RATE" button. The

operator enters the flow rate with a format of F4.2 in the digital

console and presses new-line key. For example, if the desired flow
-

rate is 50% of full flow, the operator enters 0.5, and the new flow

rate will be observed on the flow rate meter and the console.

Select delayed neutrons is done by pressing '"DELAYED NEUTRON" button.

Then the operator needs to enter code of "1" or "6" for one- or six-

groups delayed neutrons respectively, and presses new-line key.

. Xenon poison study is triggered by pressing the '"XENON" button. The
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operator enters codes of "1", "2" or "3", which represnet neutron

flux levels of 2.5 x 10°%, 10 or 2.5 x 1013

n/cm®-sec respective-
ly, and presses the new-line key. No other parameter is directed
to the plotter; that is, no transient responses selecting switches

are pushed in. Reactor shutdown is simulated by pressing the

switch directly under the "XENON" button.

6. Manual scram can be triggered by pressing the red scram button.

7. Manual control system failure is done by pressing the control
switch, and a light will indicate this condition.

8. Step change in reactivity is inserted by first selecting either
positive or negative 0.0025 step through the toggle switch, and
then pressing the red button.

9. Prompt neutron lifetime is selected as are indicated on the panel.

10. "Data logging" can be obtained by setting and resetting push-button
No. 5, and then high-speed printer provides a tabulated report for
key plant parameters.

11. Reset x-y plotter time scale may be done by placing a positive volt-
age (through a pot) to amplifier 115 input manually until the plot-
ter arm returns to its original position.

Shutdown

1. Unplug the multiconductor, which will r@lease the digital program
from the Sigma 5 computer.

2. Turn off the panel power.

3. Disconnect the power core to the display panel.

4, Disengage the analog patch panel.

5. Turn off the analog computer.
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Trouble Shooting

There are few malfunctionings of the hybrid system which may

occur at preliminary set-up of the simulator with exception of the un-

expected triggering interrupts. In order to operate the simulator,

all errors have to be cleared,

1.

The unexpected triggering interrupt services are caused by any
small voltage flunctuation in the power supply circuit which feeds
the computer system. It is a direct result from the improper
grounding of the interrupt system hardwares. The operator has to
respond to the requests which are indicated on the digital console.
A console message of "WATCHDOG TIMER RAN OUT" is caused by tripping
a -6 volt circuit breaker in the interface cabinet. The operator
needs to set the analog computer to "PC" mode and the digital timer
to "C". Then the operator should reboot the digital monitor, and
should return the circuit breaker to its original position. Some-
times it requires several tries.

Amplifier 85 sometimes is overloaded after "START" button is pressed.
The operator needs to reset the simulator; otherwise the simulator
will scram. Pressing those wires connected to this amplifier firm-
ly into their position should eliminate this problem.

Large error in servo potsetting is caused by tripping a -14 volt
circuit breaker under the analog consolet Flipping it up to the

original position will eliminate this error.
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APPENDIX D-1. MAIN PROGRAM

( Start ) @
|

Read Static Checks

Programs

[

Error
Reports

Panel
Power ON

no

Correct
Errors
Reset Analog yes
Components 17‘
Flow Rate
Y Calculation
Read Pot
Coeff.
I End no
Set Pots of Study ?
y
Read
Calculated

Amp. Outputs




APPENDIX D-2. SUBROUTINE START

27261, START

Set
Analog
Components

Start
Analog
Computer

Return
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APPENDIX D-3. SUBROUTINE RESET

‘ 2Z62, RESET ’

Y

Reset
Analog
Components

4

Set
Flow Rate
to 100%

Y

[
Return
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APPENDIX D-4. SUBROUTINE SUB1

‘ 27263, SUB1 >

Flow Rate

y

Enter
Flow Rate

O<FFR<1.25

Update
Flow Rate

f

‘ Return ’

Flow Rate
Excesses
Limits
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APPENDIX D-5. SUBROUTINE SUB2

2264, SUB2

‘

Select
Delayed
Neutrons

no

Invalid
Code

Set One Group
Relays 4, 34 Delayed
Positive Neutrons
Set Six Groups
i Relays 4, 34 Delayed
Negative Neutrons

85

y
‘ Return )




APPENDIX D-6. SUBROUTINE XENON

(2265, XENON >

Select
Neutron
Flux Level

no
Invalid
Code
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Set Pots
Flux
Set pots =1.0%E14
Flux
Set Pots ‘ =2.5%E13

Start Analog,

Set Pogic
Controls

no

Xenon
Poison
Study ?




APPENDIX D-7. SUBROUTINE SSVP

SSvpP

Read Amp.
Outputs and
Store

Unit

Conversion

Reports
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Edmond Chen was born in Peking, China, 13 January, 1946. His
secondary education was obtained in Peking 25th School from which he
graduated in 1963. In September, 1968 he entered Louisiana State Uni-
versity at Baton Rouge, where he received a Bachelor of Science in
Electrical Engineering in May, 1972.

In September, 1972 he enrolled in the Graduate School of Louisiana
State University. At present, he is a candidate for a degree of Master

of Science in the Department of Nuclear Engineering.
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