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ABSTRACT

An electromechanical analog computer for computing
relatively slow changes in reactivity in a high-power-density
thermal reactor is described. Analytic expressions in the
form of differential equations describing fission product
poisoning and fuel depletion are given. The analog com-
puter has been designed to provide solutions to these
differential equations.

Design criteria are given. A functional block diagram
and considerable design details of the computer are also
given.

Results of several tests indicate that the percentage
of error in computed reactivity is no greater than 3.2.
This maximum error occurred in an overall operating time
of 8.85 hours.



INTRODUCTION

The capability of a nuclear reactor to sustain operation at rated
power depends upon the amount of U233 over and above that necessary to make
a critical geometry that is loaded in the core at the time operation com-
mences. The extra U?3% results in excess reactivity which must be counter-
acted by neutron absorbers. The absorbers, commonly called "control rods,"
are installed in such a manner that they can be moved to vary their
effective absorption. Thus, by moving the rods, it is possible to
compensate for the effects of fuel depletion, fission product poisoning
and other effects which change the neutron multiplication of the reactor.
The reactor power is an extremely non-linear function of rod position.
Since moving the control rods results in gross changes in reactivity, the
motion must be made sufficiently slow that the response of the reactor is
no faster than the response time of the reactor safety system.

To regulate the reactor power a servo controlled absorber, called a
regulating rod, having a relatively fast speed is employed. The potentially
hazardous effects of the fast speed of this regulating rod on reactor
safety may be decreased by limiting the stroke of the rod. As a conse-
quence, in compensating for fuel depletion and fission product poisoning,
the regulating rod will ultimately reach the end of its stroke. A
readjustment of the control rod complex is then necessary to restore the
regulating rod to a position of control. In order that the benefits of
limiting the regulating rod are not nullified, the control rods must be

readjusted only when justified by the depletion of fuel and changes in



fission product poison concentration. There are many other effects which
may cause changes in the core reactivity. For example, changing the
position of the fuel elements within the core region or introducing foreign
material into the core may cause the reactivity to decrease. If the
decrease is slow the effects can be compensated by withdrawing the regu-
lating rod. If large slow decreases of reactivity occur it may even become
necessary to move the control rods to maintain the desired operating power.
Since the reactivity is changing in an uncontrolled fashion, it is possible
that it may return to normal in a very short time and thereby introduce
transient power excursions which could destroy the core.

At present the reactor operator must decide when a request for
control rod withdrawal is Jjustified by predictable losses of reactivity.
The operator may, as a result of past experience, make a good estimate of
reactivity changes if the reactor power is raised to a known level and
kept there constantly. However, a slight perturbation in power level in
a reactor having a high core neutron flux causes the reactivity to change
in a complex manner. Under these conditions the reactor operator can only
guess at the resulting change in reactivity. If one constructs a computer
which continuously calculates the loss of reactivity due to fission product
poison and fuel depletion using fission rate as a driving function, a
Permissive signal can be generated which will insure that the control rods
are not readjusted on spurious losses of reactivity from other causes.

The purpose of this study is to design and test an analog computer
capable of calculating the changes in reactivity with an over-all accuracy

of 5 per cent oxr better. Since an operating cycle is ten days, the over-all




accuracy must include the effects of long-term as well as short-term
instabilities and inaccuracies. For this study a reactor having the
following properties will be used as a model.

1. Design operating power - 100 Mw

2. Excess reactivity - 14 per cent

3. Control rod worth - 28 per cent

4. Regulating rod worth 0.5 per cent

5. Temperature coefficient of reactivity 1 x 10'4/°F

6. Core life at full power = 10 days
Reactivity is given the symbol p where:l

Keff -1

Keff

Keff’ the core multiplication, is the ratio of the number of neutrons at

the end of a generation to the number at the beginning of the generation.



FACTORS CAUSING CHANGES IN REACTIVITY

There are three main effects which under normal operation result in
a reduction of excess reactivity. They are:

l. Temperature coefficient

2. Depletion of fuel

3. Fission product poisoning

TEMPERATURE COEFFICIENT

The temperature coefficient for the reactor model being considered
is 1 x 1074/oF, Normally the coolant flow will be at its maximum value
and the return water will be at a constant temperature. Under these
conditions the mean temperature of the core will be constant as long as
the power is held constant. Once having reached equilibrium at the start
of a run there will be no further change in reactivity due to temperature
effects. Since the temperature effect is not time variant it was not in-
cluded in the present study. In a practical application the output of a
temperature ~to-voltage transducer could be introduced directly into the

computer since the loss of reactivity is a linear function of temperature.

F'UEL DEPLETION

Fuel depletion occurs due to the consumption of U232 by the fission
process at the rate of approximately one gram of U235 per megawatt day.
Our interest, however, is in the manner in which the fuel loss changes p
and from the reactor model it can be seen that one gram of fuel loss is

equivalent to 0.9 per cent since we must operate for ten days at 100 Mw




with an available p of 9 per cent (approximate - after xenon reaches
equilibrium). As long as the power is held constant, the depletion
proceeds at a linear rate until the usable fuel is exhausted. The
depletion in terms of loss of reactivity, is expressed mathematically as

follows:
ap _ e 1
at KELQ (1)

where
p = reactivity
>fp = fission rate

kK = constant

FISSION PRODUCT POISONING

When a reactor operates certain nuclei having a large capture cross
section to thermal neutrons are produced. As far as the operation of the
reactor is concerned, the most important nuclei which are born in this
manner are xenon-135 and samarium-149. The rate at which these nuclei are
formed depends only on the rate at which fissions are occurring in the fuel.
However, the rate of removal depends upon their natural radiocactive decay
rate and by neutron capture which converts them into elements of lower
cross section.

When the reactor operates at a steady fission rate, and hence a
steady power rate, a balance between the rate of formation and the rate
of loss of these nuclei will exist after a transient period. For this
condition, an equilibrium poison concentration exists in the fuel. When

the reactor power is raised or lowered the poison nuclei go through a



transient and, as shall be shown, the peak Xe concentration obtained after
a complete shutdown in power may rise many times higher than the equilibrium
value.
The reactor generates Xe by the following two m.ethods:l
1. As a direct fission yield with a fraction of .003 atoms per
fission.
2. As a radioactive decay chain starting with tellurium 135 which
has a yield fraction of .056 atoms per fission. Starting with
the Tel3% a succession of negative beta decays produces stable

Bal3® as follows:
Tel3s 2 min, 1135 6.7 hours xel35 9.2 nours ogl35 2x10% years p 135

The Xe'3% has the higher cross section to the absorption of thermal
neutrons.

Since the time constant of Tel3? is only 2 minutes we may assume
that the I'3% is generated directly from fission. This assumption will
lead to a negligible error since the time constant for I*3% is 6.7 hours.

1135 puclei per cm?. If Ay

Let I represent the concentration of
is the radioactive decay constant, the loss of 1135 by this mechanism will
be A\;I. In addition I35 will be lost as a result of neutron capture at a
rate of o,¢pI where 0,9 is proportional to the neutron flux and the 1135
absorption cross section. As mentioned previously, the generation rate
depends only on the number of fissions. If the fission rate is Zfp
fissions per cm? per second the generation rate is v,Zf9 where Y, is the

fractional yield of I'3% (actually Te'3%). Therefore, an equation relating

the net rate of increase of I'3% nuclei and time is



al
at Ml - o19T + v1Zf9 (2)

The cross section oy for I is 7 X 10724 cm? and the value of ¢l
is never more than 105 neutrons/cmz/sec, the value of 09 will be
approximately 10~8 sec™. oOn the other hand, the value of Xll is given
as 2.9 X 1073 sec™!. We may, therefore, neglect 019 since its omission
results in an error of one part in 3000 which is not in the range of
accuracy anticipated for the computer. Equation (2) now becomes:

aL

Frai -MI + Y19 (3)

*
The solution of Equation (3) for step changes in 9 is:
- Y12f¢0 _ ')\1"& ‘Xlt
I(t) T (1 -e ]+ Ie (9)

Let X represent the concentration of Xe'2’ nuclei per em®. If A,
is the radioactive decay constant, Xe'2? will be lost at a rate A,X nuclei
per cm® per second. In addition, Xe'35 will be lost to neutron capture
at a rate of 0,%X nuclel per cm? per second, where ¢, 1s a constant and
# is the thermal neutron flux. Xenon-135 will be produced from the radio-
active decay of I'3° as shown in Equation (4) at a rate of A1l nuclei per
cm® per second. A few percent of the total steady state Xel35 will be
produced as a fission product at a rate of v,Zf® where Y, is the fractional
yield of Xe'3%, The net rate of growth of the Xe concentration is given
by:

%% = MI + YoEfP - AX - 09X

*
See Appendix I.



Assuming that the flux ¢ reaches its final value in a period that
is short with respect to the Xe time constants we may assume ¢ to be a

constant ¢o and the solution of the above equation is:¥

1 ALYl ~(Aato2P5) t
= 1 — . o
X(t) XO{ T (v [Xz‘xl+°2¢o Yz]e

_ V1 (Ao+0 0.) e-Klt}
(va+v2) (Ap=A1+0290)

(13)

If after having generated some finite amount of I and Xe, the flux
is rapidly changed to another value the equation for the value of Xe as a

. . N
function of time is:

X - Y, I8 (8o -0m) ~(Aptoobp) t
X(t) Xom [Xom + Nph110 0m - Xo:le m

L WEE(B By At (16)
)\2-)\l+0'2¢m €

As mentioned previously, when the neutron flux is reduced the Xe concen-
tration as a function of time exhibits a peaking. Consider the case for
which the neutron flux is reduced to zero. Under these conditions the
loss of Xe is due solely to radioactive decay at a rate of A\ X nuclei
per cm® per second while the growth is due to the radioactive decay of I
at a rate of A1l nuclei per cm? per second. Since the half life of Xe
is longer than that of I, the Xe concentration will reach a peak after
shutdown. By differentiating Equation (16) with respect to time and
setting the derivative equal to zero the time tp required for the Xe to

reach a peak can be found. ¥

*See Appendix I.
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=)

MEE(¥o=dm) _ ] M1Zf0 (P0~0m) ]
4 (X2+cz¢m)[xom * XpThaitogm o /’»2"\1+02¢o L

P A ) ->\1+O'2¢m

(17)
The poisoning, P, of a reactor is defined as:

o}
P = %5 = §§53 where Xp and Zu are macroscopic cross sections.

This poisoning is the ratio of the thermal neutrons absorbed in the poison,

in this case Xe, to those absorbed in the fuel. When X(t) has a value of

then

_ 02(Aa+hp) Ifpg
()\2+O'2{;50) Zu

where %E .84 for our model.?

- +84 0 (vi+y2)9o
F (\z+0 2b,) (5)

It has been shownl that the reactivity change p as a result of the
poisoning P is given by:

_ P
Il v (6)

In Equation (6) the value for y is a very small fraction of unity
(approximately 1/100)l in highly enriched reactors such as the model used
in this study. Therefore,

p ~ P

Since the purpose of this work is a feasibility study Sm will not
be included. In a complete analysis, a channel similar to that for the

Xe with the appropriate constants could be added.



10

THE COMPUTER

A computer meeting the requirements needed to generate reliable
shim permissive information must have the following characteristics:

1. Cood inherent accuracy in order that the accuracy of the

output information will not be significantly different from
that of the input signal.

2. The information stored in the memory unit must not be altered

by transient variations of the supply voltages.

3. (Good continuous=-service reliability.

A functional diagram of the computer is shown in Figure 1.

A signal proportional to Lfp is generated by an ionization chamber2
which supplies a current proportional to the rate at which fission is
taking place in the core and hence by Equations (2) and (1) is propor-
tional to the generation of I*3% and the depletion of U233, This current
is converted to a voltage which drives a rate generator whose output shaft
rotation w; is proportional to the input voltage and thus proportional

to Zf¢.

A signal that is proportional to fuel depletion is generated by
integrating the shaft rotation wy. This is accomplished by driving a gear
reducer having a ratio of 3,500:1 with the shaft rotating at a velocity of
w), see Figure 1. The output of the gear reducer is connected to a ten~
turn potentiometer. The potentiometer is supplied with a reference voltage

and is connected in the circuit so that the output voltage, ep, is

t
=K [ w,dt

3

O

Cp
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where K is an arbitrary constant chosen to make e, proportional to p the

f

reactivity change due to fuel depletion. Since:

wy = TfY

i

e p = Kifpt

f
which is the solution of Equation (1) with ¢ = $o = constant.

The shaft rotation may be used as a driving function in the solution
of the I Equation (3) as follows: Let the shaft rotation w; drive one
input shaft of a differential gear whose output shaft is coupled to a
rotation counter as shown in Figure 2. The rotation counter has a storage
capacity of 999, i.e., the input shaft must be rotated 1000 turns to drive
the counter to full capacity. Each digit wheel is equipped with a com-
mutator and brush assembly which, in conjunction with a reference voltage,
generates an electrical output proportionsl to the number registered. The
electrical output of each significant digit is properly weighted and then
summed to provide a gross electrical output proportional to the quantity
stored in the register. The electrical output is used to drive a rate
generator which rotates the second input shaft of the differential gear at
a speed proportional to the quantity stored in the rotation counter.

input shaft No. 1 rotational velocity = rad/sec

Referring to Pigure 2: w;

wy = input shaft No. 2 rotational velocity = rad/sec
wo = output shaft rotational velocity = rad/sec
80 = output shaft rotation = rad

rad

81 = input shaft No. 1 rotation

rad

It

82 = input shaft No. 2 rotation
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The electrical output of the rotation counter drives the rate
generator which generates an output rotational velocity of Wo radians/sec.
ws 1s proportionsl to 2o such that w, = K<g = Ki8g. Assuming that the
driving function wy; reaches its final value in a time which is short with
respect to the system time constants it may be considered a constant in the

following solution:

90 =061 - 92
61 = J‘wldt
92 = J.U.)zdt

8o = J‘wldt - jwzdt

d6g

FT " W1 -w2 =W -K; 8

which transforms to:

S6o(s) - Bo(o+) = gi - K10¢(s)

Assume eo(0+) =0

then:

S80(s) = 5= - Kifo(s)

%0(s) * STgvEa)

8o(t) = }‘i(’-i- [1-e7%1%) (7)
Define:

w1 = y1ZfPo

K1 = Ay
then:

Bo(t) = hle:ﬂ [1—e')‘lt] which from Equation (9)

i
H
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Also:

Wy = K380 = -A1I

Thus, the differential input shaft No. 2 is rotating at a rate of
-A1 1 rad/sec. Since -A1I represents a loss of I, the direction of rotation
of the shaft is opposite that of shaft 1 which represents a growth of I.
When equilibrium is reached as given by Equation (7) the differential input
shafts are rotating at the same speed but in opposite directions. The

output shaft speed is given above as:

QQQ =Wy - Kleo

dat

Since,
w; = YlZfeo
Ki =\

5]
30 - iz - MT

which is seen to be %% from Equation (3).

The driving function for the Xe generator is MI + yo2fg as given
by Equation (4). The MI term is obtained from the output of the I rate
generator. The same input as that used to drive the I generator may be
used to provide the vy Zfp term. The shaft rotating at Zfp is scaled by
the constant Yy, and combined in a differential adder with MI to provide
the required input A1 + y&f¢.

The principle of operation of the Xe generator is similar to that

for the I generator described above but contains an additional removal

term due to neutron capture. The additional term is generated by varying
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the reference voltage to the Xe rate generator in such a manner that the
output of the rate generator will represent the loss from neutron capture
0% as well as radioactive decay A,. This can be accomplished by applying
a reference voltage proportional to (Ay + 0x$). The value of A, is constant
while the magnitude of 0,¢ depends upon the value of ¢. Thus, the current
flowing from RC2 has a component due to Xe and a component due to the
product of Xe and flux, ¢. Since the circuitry driven by the Xe generator
must have a current proporticnal to Xe the output of RC2 cannot be used.
To generate a signal proportional to Xe a second rotation counter, RC3,
is driven synchronously with RC2. A reference voltage is applied to RC3
and a current proportional to the Xe stored flows into the input of
amplifier A, which is operating as a current to voltage converter. The
output of A, is combined with a voltage proportional to the loss of
reactivity due to fuel depletion and applied to the input of amplifier As,
This amplifier is operating as a summing amplifier. The output of amplifier
As, the total loss of reactivity, is compared to the gain of reactivity due
to rod motion as indicated by rod position. The sum of these variables is
generated in the output of amplifier Ag. The difference between the loss
of reactivity by poison and fuel depletion and the gain due to rod with-
drawal should be zero if no spurious changes in reactivity occur. Thus,
Tthe control system is granted permission to withdraw the control rods at
the request of the servo system only if the difference indicated by ampli-
fier Ag remains small.

The dynamic ranges of A4 and As are set by observing that the total

loss of reactivity due to fuel depletion and Xe growth may be as high as




17

39 per cent. Fourteen per cent of this is due to fuel depletion while the

Xe peak may reach 25 per cent. The practical maximum allowable amplifier
output is 10v, therefore 1 per cent is represented at the output of amplifier
As by %% = .256 volts. The total Xe induced swing at the output of As is
therefore 6.41 volts. The swing due to fuel depletion is 3.59 volts.

Since As has a gain of ten the corresponding input voltages at As are 0.641
volts for the Xe and 0.359 volts for the fuel depletion. The feedback

resistor for A, must be selected to supply a voltage of 0.641 volts when

eref
595 °

of the parallel combination of rotation counter resistances when the value

the input current is Five hundred and ninety-five olms is the value
999 is stored. The reference voltage is the same as that used for the I
generator, viz. 0,0641 volts. A, feedback resistor must therefore be

0.641 x 595
0.0641

Figure 1, the fuel depletion potentiometer is seen to rotate eight turns

= 0.595 x 10,000 = 5,950 ohms. From the gear ratios shown in

for a fuel cycle of ten days. The variation in resistance over eight

turns is 400 ohms. With a 10 volt reference voltage the current through

the potentiometer should be Qi%gg = 0.897 x 1073 amps. Therefore the

. . 10 _ .
total series resistor must be 0,897 x 103 11,150 ohms. The series

dropping resistor must be 11,150 - 500 = 10,650 ohms.

The three identical rate generators used in the computer are as
shown in the functional diagram, Figure 3. As mentioned previously they
convert a voltage or current, which is a function of time, into a shaft
rotation having an angular velocity proportional to the input voltage or

current. The proportionality must be sufficiently accurate that the
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over-all accuracy of the computer will be less than 5 per cent.

Each rate generator consists of a d-c motor directly coupled to a
tachometer and to a planetary gear reducer having a ratio of 485:1. The
d-c motor is driven by an amplifier and emitter follower having the follow-
ing characteristics:

Open loop d-c gain = 3 x 107

Output voltage = £ 13 volts max.

+ 20 ma max.

Output current
Output impedance < C.0l chm
Summing junction offset = 10 microvolts
Temperature drift (as unity gain
inverter with 10K resistors) = 1/2 microvolt per °F
Integrator drift (with .01 pfd and
1K input resistor) = .0025 microvolts/second
The emitter follower has a current gain of 500 which will provide
sufficient gain to drive the motor to 10 amps with a .02 amp input from
the amplifiers.
The electromechanical rotation counter which is basically a multi-
turn shaft encoder is shown in Figure 4 in the arrangement used for the
I and Xe gemerators. The driving function win is applied to one input of
the differential gear. The output of this gear drives a 10:1 geneva gear.
The output of the geneva drives the least significant digit of the counter.
Each succeeding digit is driven from the preceding one by a 10:1 geneva
gear which decreases the ambiguity problem normally associated with shaft

encoders. If wi% turns in a direction to increase the number stored in the

S
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counter, an increase in current to the rate generator and hence an increase
in its output shaft speed wp will occur. The value of the resistances of
the three digits in parallel is inversely proportional to the number stored.
The internal impedance of the reference voltage generator is 2 ohm for the
I and .0l ohm for the Xe. The input impedance to the rate generator is
.01 oim. Since the lowest resistance developed by the rotation counter is
the parallel combination of 660 ohms, 6600, and 66,000 ohms or 595 ohms,
the error introduced by circuit loading is less than two parts in 595/2
or less than 1 per cent.

The required meximum speed of rotation of the inputs to the dif-
ferential gears for the I, Xe, and power generators may be established
as follows:

For the I system we may assume that the maximum allowable level of
¢o cammot exceed 150 per cent of the normel full power value, and at 150
per cent power the maximum storage resistor capacity of 999 revolutions
will be reached in steady state. The maximum rate of generation of I will
occur if the flux ¢o is stepped to the maximum value of 150 per cent in
zero time. Under these conditions I will be generated as shown by

Equation (9). The value of the derivative of Equation (9) at t = 0 is

Xl[x;%fgnﬂ. Where Ay = 2.9 x 1075 sec™t

xl["_l%?ﬂ] = A1(999) = 2.9 x 1075 x 999 rev/sec = .029 rev/sec

= 1.74 rev/min
The value of 1.74 rev/min is the speed to which the input to the I generator

differential gear rises when the power is stepped to 150 per cent. In
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steady state the output of the I rate generator mist also be 1.74 rev/min.
From Figure 5, 1.74 rev/min corresponds to a current of 1.07 x 1074 anmps .
From Figure 4 the rotation counter resistance is the parallel combination
of 660 oms, 6.6K ohms, and 66K ohms resistors which is 595 ohms. From
the resistance and current, the value of the I reference voltage can be
found:

Cep = 595 x 1.07 x 107 = .0641 volts.

For the Xe system the shaft speed needed to follow the 150 per cent
step in flux is no greater than that required for the I since 94 per cent
of the Xe generator driving voltage comes from the decay of I. However,

a more severe requirement exists for the Xe rate generator motor. Consider
the case in which the flux has decayed to zero and the Xe has risen to its
peak value. Although the peak Xe may rise to 50 to 70 per cent it is
reasonable to limit the computer's ability to follow the peak to 25 per cent.
Even though the reactor cannot be started under the most favorable conditions
with more than 14 per cent Xe, the computer is designed to follow the rise
to a higher value in the event the operator chooses to determine if the

peak is low encugh to permit a restart after a reasonable time delay.

This condition might arise with a new core which has been shut down before
steady state Xe has been reached. Again consider the case when the pile
power has been lowered and the Xe has a maximum value of 25 per cent. If
the power is raised rapidly to 150 per cent the Xe will be removed by
radioactive decay at a rate of A, and by neutron capture at a rate of

O2¢X. Under these conditions the I will have essentially decayed. Thus,

neglecting the Xe growth term will result in negligible error. Under these
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conditions the rate of change of Xe may be written as:

dXe
at * AoXe + opXe = 0

The transform of this equation is

0

SXe(s) - Xelo+) + AXe(s) + opXe(s)

Xe(s) [ + A + 0, ¢) = Xe(o+) = 25% = 999 revolutions of the

storage register.

_ Xe(c+)
Xe(s) = S+A o400
Xe(t) = Xe(o_i_).e”( >\2+O-2¢)'t'

The value of QKE%EL at t =0 is - Xe(o+) (Ay-0,¢)

|QX§%§L| Xe(04) (A2-029)

Xe(o+) 999 rev
Ay = 2.1 x 1077
o, = 3.5 x 10718

$ =1.5x 3 x 10* = 4.5 x 1014

(Aptogp) = 159.1 x 107 sec™?
IQZE%LL| = 999 (159.1) x 10~? rev/sec = 1.59 rev/sec = 96.0 rev/min

Since 96.0 rev/min exceeds the maximum range of the rate generator,
a 1:10 gear was placed at the input to the rotation counter to reduce the
maximum required speed of the rate generator to 9.6 rev/min. From Figure &
the current corresponding to 9.6 rev/min is 5.8 x 10~% amps. With 999
turns the resistance of the rotation counter is 595 ohms. Therefore the
Xe reference voltage is found to be 595 x 5.8 x 10™% = ,345 volts for a

flux of 4.5 x 10*%. From the constants given above the invariant part of



25

the reference voltage can be found as follows:

Aa . 2.1 x 1073 _
0.345 x - 0.345 x 150 x 10-% 0.0045

Referring to Figure 1 the output of amplifier A will be 4-1/2 millivolts
from the 10 volt reference plus a voltage proportional to the flux ¢ which
varies from O to 0.341 as the flux varies from O to 4.5 x 104 neutrons/cm?/sec.
In the interest of keeping the fuel depletion integrator gear ratio
as low as practical and still maintain a reasonable full power speed for
the power rate generator, the output of the reactor power (Zfy) rate
generstor was chosen to be that required by the I system; namely 1.74 rpm.
The maximum response of the power rate generator need only be fast enough
to follow the maximum rates of change of reactor power. For the reactor
model to be examined the maximum anticipated rate of change of power is
5 megawatts per second. Since 1.74 rev/min represents 150 MW the rate
generator must be capable of responding from O to full speed in 30 seconds.

Obviously, speed of response is a trivial consideration.
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EXPERIMENTAL RESULTS

The rate generator was tested for linearity by applying an input
voltage to a 1K resistor connected to the summing junction of the rate
generator amplifier. With voltages varying between 1 millivolt and 1 volt
the rotation counter input rpm was measured. The results are tabulated in
Table II Appendix II. The amplifier summing junction current, obtained by
dividing the input voltage by the input resistance, is also shown in
Table II. From these data the curve shown in Figure 5 was produced. This
curve indicates that the linearity of the rate generator is excellent over
a range of three decades. .

The computer was assembled and placed in operation with a simulated
reactor power level of 100 MW. After the computer was started, the values
registered in the I and Xe registers as a function of time are shown in
Appendix II, Table I. Also shown in Table I is the calculated values for
I and Xe. These values were obtained by substituting values for ¢ and t
in Equation (9) for the I and Equation (13) for the Xe. The measured values
are plotted in Figure 6.

After the I and Xe had reached their equilibrium values the power
was quickly reduced to approximately one-half the original value. The
actual measured value of the new level was 56 per cent of the original
100 megawatts. Table I of Appendix II shows the measured and calculated
values of I and Xe after the change in power level at time tc. The
calculated values were obtained by substituting values for ¢ and t in
Equation (14) for the I and Equation (16) for the Xe. The measured values

are plotted in Figure 7. The initial slope of the Xe curve immediately
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after the reduction of power was found to be .l unit/sec from Equation (1£)
or 6 units/min. Experimental data in Table I in Appendix II show that the
measured Xe increase was 6 units during the first sixty seconds following
the power reduction. The time required for the peak of the Xe curve to
occur, tp, is found by Equation (17) to be 5750 seconds after the power
reduction. This point is shown on the curve in Figure 7 and is seen to
agree very closely with the measured peaXk.

The outputs of A, and As were measured and tabulated as "P" and
"P X 10 Plus Fuel Depletion” respectively in Table I in Appendix II.
The calculated values of P were obtained by substituting Xo in Equation (5)
where Xg = (y14Y2)d0 . P(t) may then be found for any concentration of

)\2+O'Z¢0
Xe(t) from the ratio of }1‘3‘—).

Xo
A stability test was conducted to determine the over-all drift.
The computer was placed in operation and the I and Xe concentrations were
allowed to reach their equilibrium values at 100 per cent power. The
values of I and Xe were observed for seven days. Drifts of 1.0 per cent
maximim were observed in the Xe and lesser amounts in the I. 0.5 per cent

of the drift was found to be caused by variations in the reference voltage

to the Xe rotation counter.
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CONCLUSIONS

The computer described in the previous sections meets the design
objectives. The maximum difference between the Xe concentration computed
by the computer and the calculated value was 3.2 per cent and occurred when
the lapsed time was 31,980 seconds. The data are shown in Table I in
Appendix II. Although this error is somewhat larger than expected, it is
within acceptable limits. The stored values showed only slight pertur-
bations even though the power supply was interrupted for several minutes.
The long term reliability and repeatability was found to be good insofar
as it could be checked in the relatively short accumilated operating time.
No perceptable change in the performance characteristics of the rate
generators were observed.

The over-gll accuracy could be improved by using better reference
supply voltages which were found to vary as much as 1 per cent during
runs. Although the d-c motors performed well during all the tests conducted,
brush wear might be a problem in long term operation. If this trouble should

develop, a=-c motors could probably be substituted for the d-c units.
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APPENDIX I. Calculations

The general equations for I and Xe given by Equations (3) and (4)
were solved below for step changes of neutron flux ¢. The solutions were
used to calculate values for I and Xe as functions of time for various
steady state values of ¢. The results of the above calculations were used
to judge the performance of the computer when subjected to similar flux
perturbations.

The following constantsl will be used where indicated in the cal-
culgtion of numerical values.

o = 3 x 1014

¢y = 1.68 x 104
Y, = .056

Y, = .003

o, = 3.5 x 10718
AL = 2.9 x 1077
Ay = 2.1 x 1077

The equation for the build-up of I, Equation (3) is:

al
at - A I+ y,Ifp (3)

where 1 and ¢ are functions of time.
Transforming Equation (3) gives:

SI(s) - I(o+) + MiI(s) = v,ZfP(s)
I(s)[s+r1] = v,If@(s) + I(o+)

Y,Zf8(s)  T(o+)
S+h1 | S+A1

I(s) =
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By the convolution theorem the first term may be inversely

transformed:

-1ly12f _i(vyizt & _
=) (. é . e | y,zee M 4
(o]

S+Xl S+Kl TT
' A(t-T) At At -t AT At
I(t) = i viZfe 1 (t- .4, + Tge 1Y = ™M ylZfJ et 9.4, + Ioe“ 1
O
A v A
= gTMt Ylifi e ”qudT + Ig (8)

Since the flux is generally changed from one level to another in a time
short with respect to the time constants of the I one may assume that ¢
changes to its new value ¢g as a step and therefore may be considered as

a constant. Under these conditions Equation (8) becomes

t
I(t):e')‘lt ylifqﬁoj eMTar 4 Io
o)
which reduces to
- YaZfgo At At
I(t) = 1- + I 9
(t) -—XI_—[: € o€ (9)
The final value reached by the I is given by
1 = YiZfgo
ss AL

The equation for Xe buildup is:

ax(t)
ot 2+ 0d(1)] X(t) = MI(t) + Y2IE(t)

The equation can be solved for cases where ¢(t) reaches its final value of
o in a time short with respect to the time constants of the decay of Xe.

Assume ¢(t) = ¢o = constant,

$(o-) =0
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Then gﬁc‘ + (Ay + oao) X(t) = MI(t) + v2Ifgo
Let (A2 + 0200)

%;ttt)- + AX(t) = AI(t) + yoZfgo

from Equation (9), if Ig = o, I(t) = y_l%_’i;ﬂg_ (1 - e-ht)

Substituting this value in the above equation gives:

%tt-)- + AX(%) = Ay [b—%%ﬂ (1L - e_ht)] + ¥2Zf90

A1t
d_g_t&L,L AX(t) + viZfpoe 17 = (yi+Y2)Zfoo

Transforming:

sx(s) - X(o+) + AX(s) + Yéfi% - (Y1+y2)2f¢0

X(s) (5+A) = _Y_l_’fs_}f_i Srgy - YAZEBO

S+X1
(Yat+Y2) Zfpo _ _ YlZf
X(s) = “5rsiAy S+A) (S+A

_ Zool(Yya+ya) (S+Y1) - SYa]
X(s) = =2 lS(§+A)(Si)\1) .

- ZfPolYaS + Yali + Y28 + yohi - Svyal
S(S+4) (S+A1)

n

. SYo, + YiAi + YoAi
Ry S(S+A) (S+A1)

+ Yady + Ay
Y2XfPo [S(S+A)(S+>\1) ]

let Xiii + A1 = a
2

1]

_ S+ag
X(s) = y2Xfbo (S+A) (S+h1)

(11)
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X(t) _ag  ag - A -At ag -A -\t
Norfdo AN AEA-M’ € X (hi-a) €
- xl)\l + )\.l:fz + l)‘-l + )‘-l - A -At + )\1+ )‘-l - )\l e-)\.lt
Avyohy Y2[A<A'£D] Yari (M1 - Ag
, ¥1 Y2 ;z1>\1+>\1x2-¥?()\2+02¢g) -(A2+0290)t
v2{A2+0200 v2[A2+0200) (A2=A1+0200

+ A1ya oMt
Yah1 (X1 =A3=0,00)

- 1 + l)‘l+?\l - ()\ 4+ ¢ ) -()\.2+Oz¢o)t
X(t) 2K2+02¢o) * [ZA2+02¢052k2‘x1+02¢05] ©

Y1 -1t , 12
L e ey N R (12)

From Equation (4) the steady state Xe is found to be:
X _ {yi+y2)Srgg
o A240 200
{x , If [y +A1Yo=Yo(AstTop o) o~(A240280)t
° %h2+02¢o)%K2-K1+02¢0§

Y12fpg e-Xlt }
(A1-Ap-0,00)

uf [ 1+ :][ l)\l+)‘- - ()\ +0 2@ :] -(>\2+0'2¢0)'t
Xo * ZK2+02¢03EY1*¥2](K2-§1+02¢05 ©

L YabYa+Yp 588 (Ap+40500) oMt
(A2+0200) [Y1+Y2 [ A1~A2-02d0 ]

x(t)

H

il

X [l + Yidit+ Miva=va(Ap+0200) e-(X2+ o2p0)t
o [vi+v2] (Az2-Ai+0200)

y1{A+0,00) e-llt]
(vi+Y2) (A1-Ap-0200)

X {l + 11— ()\ -\140 5 ) e"()\2+02¢0)t
o 2Y1+Y2§(k2‘xl+02¢0)

_.(QXLLA2*°2¢0)
Y1+y2XA2-A1+0 0 )

11

X(t)
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_ 1 lel -(K +C ¢0)t
X(t) = XO {l + (Y1+Y2) L}‘Z-)\l+°‘2¢0 - YZ] e 2 2
_ v (A o+ 00) -At
(Y1+v2) (Aa=R149200) © } (12)

The I and Xe equations may be solved for a rapid change in neutron flux

from any steady state level as follows:

4o - ,1(t) + vameg

where ¢m is the steady state flux after the change in power.

SI(s) - I(o+) = -AI(s) + Xlgiﬁm
I(s) [s + xl] = I(o+) + !lgiﬂm

where I(o+) is the iodine concentration at the time the flux is changed

_ If{ot) Y1EE8.
I(S) - S+Kl * S(S+Xl

R R o
For the Xe
dgitl + (K2+02¢m) X(t) = AI(t) + Y22f¢m

() | py(t) - AI(t)

T+ m(6) Maltgee ™0 Ry - oY) < ymeg

aXx(t - - 2 ~A1t _ ot
—-(—)-dt + BX(t) - Ml h):@m]e —Xl—ﬁm)\z + YoEfg
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déttl-+ BX(t) - c e ™Mb -p (15)

B=Aia+029;C= MI_ - Y12 ; D = (va+v2) E6e

c__D

- S+Ay T8

SX(s) = X(o+) + BX(s)

X(o+) = the Xe at the time the reactor flux is changed.
c

X(s)(s + B) = g oy - X(o+)
- D c X(o+)
X(8) = 5(rm) * (svhn) (5+) * (5+D)
X(t) = % (1 - e.Bt] + E%x: [e_xlt - e-Bt] + X(o+) e Bt
DR & o] o L

)\11 -‘lef¢
- (vaxyo) Bfem [ {yva+yo) 2fdn + S8 m o X(o+)}e—Bt

A 2+C0 2¢m A 2+C0 2¢m -A 1+ A o+0 2¢m

Xllss~Y12f¢m

~A 1+)\ 2o+C 2¢m

-\t

From Equation (15)

o 1S

= the xenon concentration at t =«

il

X

om

+ phi
Aato29

From Equation (1l) it can be seen that if the I has reached its steady

state value before the flux is changed,

I(O+) = I :M

SS )\l

X(t) now becomes
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X(t) = X__ - [Xom + Y1Zf(¢o-¢m) _ XO]e‘(X2+02¢m)t

ha=hi+029

1Z8(Po-9y)

Y -\t (16)
XoAiwo2d,

Equation (7) is a general solution for xenon as a function of time for
rapid changes of flux ¢ from one steady state level to another.

Differentiating X(t) with respect to time gives:

Ld,it) = (’»2+02¢m)[xo nE(¢odn) Xo]e“(?\2+02¢m)t

m + )\2-)\1+O'2¢m

- A [YlZf(¢o'¢m)] oMt

X2-K1+020m
Setting the derivative equal to zero we may solve for the time tp at

which the xenon reaches a peak value after a decrease in flux.

Y1ZE(po-Bm)
(X2+02¢m) [X + Ap=A1+028m X] ()‘2')‘1+°2¢m)tp
[YlZf(¢o'¢m)]

(et [+ 552 - )

AL Y12F(P o~pm) :I

_ Ao=A1+020n
by = Xa-R140 28 (17)

in

By solving for the value of _d_xé}:_)_ at t = 0, we obtain the slope

of the curve at the time the flux is changed:

(t) _ z£( )
%— t=0 (A+026m) [Xom + %X—l%ﬁﬁ— ) XO]

. Y1E£(po-pm) | (18)

]
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poison P is given from Equation (5) as

- 0.84 ¢ ( 1+F )
()\2+°2¢o)

_0.84(3.5 x 107*8)(0.059)3 x 104
2.1 x 10-? + (3.5 x 10-%)(3 x 10-4)

_3x0.1735 x 10~% _ 520 x 1077

i)

107 x 10-° ~ 107 x 10-°

4.86 x 10=2 = 4.8 per cent.
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APPENDIX II. Takles

Table I is a tabulation of the measured and calculated values of
Xe, I, P and P plus fuel depletion as a function of time. The measur=d
values were read directly from the computer. The calculated values were
obtained by solving the Xe, I, P and fuel depletion equations given in
Appendix I with the same values of time, flux and system constants as
those used in obtaining the computed values given sbove.

Table II is a tabulation of the rotation counter revolutions per

minute for various values of input current and applied voltage.



Table I.. Measured and Calculated Values of Xe, I, P, and P Plus Fuel Depletion.

MEASURED CALCULATED
TLapsed Time Todine  ZXenon Xenon Px10 plus Fuel Px10 plus Fuel
Seconds Register Register Poison P Depletion Todine Xenon P Depletion
0 00006 00001 000 0 000 000 0
3600 00662 00021 0.013 0.143 676 21.2 0.013 0.145
7380 01279 00038 0.024 0.270 1320 38.8 0.025 0.271
11220 01848 00054 0.035 0.401 1900 55.0 0.035 0.397
14940 02343 00069  0.044 0.500 2500 70.0 0.045 0.513
18720 02800 00083 0.053 0.607 2860 84.0 0.054 0.619
22140 03171 00097 0.062 0.714 3240 96.0 0.061 0.703
26220 03573 00107 0.069 0.806 3642 107.0 0.069 0.801
28560 03783 00113 0.072 0.840 3850 115.0 0.074 0.860
31980 040867 00128 0.082 0.955 4120 124.0 0.080 0.935
36300 04388 00139 0.089 1.043 4380 135.0 0.087 1.023
40140 04645 00144  0.093 1.100 4700 144.0 0.092 1.090
43740 04853 00151 0.097 1.150 4920 152.0 0.098 1.164
46500 05013 00155 0.099 1.186 5060 157.0 0.101 1.206
50760 05227 00166 0.107 1.285 5260 165.0 0.106 1.274
54180 05378 00170 0.109 1.320 5420 168.0 0.108 1.308
58080 05533 00176 0.113 1.376 5600 177.0 0.115 1.394
61620 05661 00180 0.116 1.424 5700 182.0 0.117 1.430
65820 05794 00186 0.119 1.470 5820 188.0 0.121 1.491
68580 05874 00190 0.122 1.505 5900 191.0 0.123 1.518
72000 05965 00192 0.123 1.534 6000 195.0 0.125 1.554
75660 06054 00196 0.126 1.578 6060 198.0 0.128 1.598
79920 06146 00203 0.130 1.630 6170 204.0 0.134 1.670
83100 06208 00210 0.135 1.700 6220 207.0 0.133 1.680
144000 06770 00244  0.157 2.175 6720 238.0 0.153 2.135
231000 06800 00248 0.159 2.556 6800 248.0 0.15% 2.560

Continued
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Table I, Continued

MEASURED CALCULATED
Lansed Time Todine  Xenon Xenon  Poison Px10 Px10 plus Fuel
Seconds Register Register Poison P Plus FD Todine Xenon P Depleticn
Reduced Flux
(t) O 06811 00248 0.159 Data Not 6811 248.0 0.159 Data Not
60 00254 Synchronized Synchronized
1800 06655 00362 0.232 Here 6660 360.0 0.230 Here
3600 06512 00388 0.249 6512 386.0 0.248
5400 06380 00398 0.256 397.0 0.254
7200 06257 00398 0.256 6242 398.0 0.254
10800 06035 00385 0.247 6020 380.0 0.247
18000 05600 00350 0.224 340.0 0.224
77400 04150 00270 0.173 4138 265.0 0.170
@ 3820 245.0

94
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Table ITI. Rate Generator Performance

Input Input Rotation Counter
Voltage Current Revolutions Per Minute
(Amps)
0.001 1 x 107 0.0191
0.005 5 x 10“5 0.096
0.01 1x 10“5 0.189
0.05 5 x 10_4 0.95
0.1 1x 10_4 1.90
0.5 5 x 10_‘4 9.5
0.6 6 x10 11.4
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