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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 $.85 hours.



INTRODUCTION

The capability of a nuclear reactor to sustain operation at rated

power depends upon the amount of U235 over and above that necessary to make

a critical geometry that is loaded in the core at the time operation com

mences. The extra U235 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 justified 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 or better. Since an operating cycle is ten days, the over-all
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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:

p=^eff_li
Keff

K Ml the core multiplication, is the ratio of the number of neutrons at
eff

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:

1. Temperature coefficient

2. Depletion of fuel

3. Fission product poisoning

TEMPERATURE COEFFICIENT

The temperature coefficient for the reactor model being considered

is 1 x 10"V°F. 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.

FUEL DEPLETION

Fuel depletion occurs due to the consumption of U235 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
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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:

Jf =kSf0 (1)
dt

where

p = reactivity

Ef0 = fission rate

k = 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 radioactive 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
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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 methods:

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 Te135 a succession of negative beta decays produces stable

Ba135 as follows:

Tei35 2min. .^35 6.7 hours Xei35 9.2 hp^rs, Csi35 2x10* years Bai35

The Xe135 has the higher cross section to the absorption of thermal

neutrons.

Since the time constant of Te135 is only 2 minutes we may assume

that the I135 is generated directly from fission. This assumption will

lead to a negligible error since the time constant for I135 is 6.7 hours.

Let I represent the concentration of I135 nuclei per cm3. If X±

is the radioactive decay constant, the loss of I135 by this mechanism will

be \XI. In addition I135 will be lost as a result of neutron capture at a

rate of Qj.01 where ox0 is proportional to the neutron flux and the I135

absorption cross section. As mentioned previously, the generation rate

depends only on the number of fissions. If the fission rate is Zf0

fissions per cm3 per second the generation rate is yxT£0 where y± is the

fractional yield of I135 (actually Te135). Therefore, an equation relating

the net rate of increase of I135 nuclei and time is



II =-\±1 - al0I +Y12f0 (2)

The cross section oi for I is 7 X 10~2* cm2 and the value of 0

is never more than 1015 neutrons/cm2/sec, the value of O"i0 will be

approximately 10"8 sec"1. On the other hand, the value of \i is given

as 2.9 X 10"5 sec-1. We may, therefore, neglect o~i0 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:

dl

dt
-M + Yi2f0 (3)

The solution of Equation (3) for step changes in 0 is
*

I(t) =Ylf00 [1 - e"Xlt] +I e"Xlt (9)
A-i O

Let X represent the concentration of Xe135 nuclei per cm3. If A2

is the radioactive decay constant, Xe135 will be lost at a rate X2X nuclei

per cm3 per second. In addition, Xe135 will be lost to neutron capture

at a rate of o20X nuclei per cm3 per second, where c?2 is a constant and

0 is the thermal neutron flux. Xenon-135 will be produced from the radio

active decay of I135 as shown in Equation (4) at a rate of Ail nuclei per

cm3 per second. A few percent of the total steady state Xe135 will be

produced as a fission product at a rate of y2^^ where f2 is "the fractional

yield of Xe135. The net rate of growth of the Xe concentration is given

by:

•*£ =*.!! + Y2^f0 -XjjX -^20X

*

See Appendix I.



Assuming that the flux 0 reaches its final value in a period that

is short with respect to the Xe time constants we may assume 0 to be a

constant 0 and the solution of the above equation is:
o

kiYi _„ "| ~U2+o-20o)tx(t)=xo{i +(yi+Yz) [XzX%20o - y2
YlU2+CT20j e-^lt|

(Yi+Y2)(^2-^i+cr20o) -*
(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

function of time is:

x(t)=x _rx +Y^ttn-*") _x y(^o^m)t
W om L om X2-\1+CT20m oj2-Xi+a20m

+ Vi^n^m e-^t (16)
\2-\1+a20m

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 \2X nuclei

per cm3 per second while the growth is due to the radioactive decay of I

at a rate of Xil nuclei per cm3 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 t required for the Xe to

reach a peak can be found.

*See Appendix I.



rY ^XiSf(0o-flm) _y"I /fXiSf0(0o-0m)l
l om + \2-Xi+g20m oJ/^iA2-Ai+CT20o J^n (\2+o-20m)|

P \2^i+CT20m { ]
The poisoning, P, of a reactor is defined as:

P =^u = 1' where £p and Eu 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/.\ has a value of

x =(Xi+M£f0o
O X-2+O-20O

then

= a2(U+X2)gf0o
(\2+°"20o)2u

Df
where =r~ = .84 for our model.2

Su

P = .84 ct2 (yi+Y2)0o
(X2+a20o) ^

It has been shown that the reactivity change p as a result of the

poisoning P is given by:

P=ify" (6)
In Equation (6) the value for y is a very small fraction of unity

(approximately l/lOO) in highly enriched reactors such as the model used

in this study. Therefore,

p w 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.
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THE COMPUTER

A computer meeting the requirements needed to generate reliable

shim permissive information must have the following characteristics:

1. Good 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.

2
A signal proportional to Ef0 is generated by an ionization chamber

which supplies a current proportional to the rate at which fission is

taking place in the core and hence by Equations (2) and (l) is propor

tional to the generation of I135 and the depletion of U235. This current

is converted to a voltage which drives a rate generator whose output shaft

rotation u>i is proportional to the input voltage and thus proportional

to 2f0.

A signal that is proportional to fuel depletion is generated by

integrating the shaft rotation coi. This is accomplished by driving a gear

reducer having a ratio of 3,500:1 with the shaft rotating at a velocity of

coi, 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, ef, is

t

ef = K I aijdt
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where K is an arbitrary constant chosen to make e proportional to p the

reactivity change due to fuel depletion. Since:

ail = Ef0

ef = p = K£f0t

which is the solution of Equation (l) with 0 = 0O = 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 U)X 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 proportional 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.

Referring to Figure 2: c«i = input shaft No. 1 rotational velocity = rad/sec

u>2 = input shaft No. 2 rotational velocity = rad/sec

ujo = output shaft rotational velocity = rad/sec

8o = output shaft rotation = rad

6i = input shaft No. 1 rotation = rad

92 = input shaft No. 2 rotation = rad
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The electrical output of the rotation counter drives the rate

generator which generates an output rotational velocity of ou2 radians/sec.

cu2 is proportional to -e0 such that u>2 = K«0 = Ki0o. Assuming that the

driving function u)i 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:

60 = 9i - 62

6i =JWat

02 = [u>2dt

00 =Ju>i&t -Jo>2dt
JO

j^a = iox - u)2 =wx -Ki e0

which transforms to:

S0o(s) -0o(o+) =p- -Kie0(B)
b

Assume 9q(°+) = 0

then:

S0o(s) =5^ -K!0o(s)

e°(s) =sifiKir
9o(t) =^[l-e"Klt] (7)

Define:

«>i s YiSf0o

Ki s \x

then:

90(t) = \ [l-e" x ]which from Equation (9) =I



15

Also:

-co2 = -KiG0 = -Xil

Thus, the differential input shaft No. 2 is rotating at a rate of

-Xil rad/sec. Since -Xil 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:

J^ -«,! ~Kl9o

Since,

u)X = YiSfQo

Ki s \i

d9dt =Yi2f0 - ^ll

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

The driving function for the Xe generator is Xil + y££0 as given

by Equation (4). The Xil 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 y2T.f$ term. The shaft rotating at Sf0 is scaled by

the constant Y2 and combined in a differential adder with Xil to provide

the required input Xj.1 + y2H£<p.

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

cr20 as well as radioactive decay X2. This can be accomplished by applying

a reference voltage proportional to (X2 + O20) • The value of X2 is constant

while the magnitude of a20 depends upon the value of 0. Thus, the current

flowing from RC2 has a component due to Xe and a component due to the

product of Xe and flux, 0. Since the circuitry driven by the Xe generator

must have a current proportional 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 A4 is combined with a voltage proportional to the loss of

reactivity due to fuel depletion and applied to the input of amplifier A5.

This amplifier is operating as a summing amplifier. The output of amplifier

A5, 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 A6. 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,

the 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 A5 are set by observing that the total

loss of reactivity due to fuel depletion and Xe growth may be as high as
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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 lOv, therefore 1 per cent is represented at the output of amplifier

A5 "by "^g = «256 volts. The total Xe induced swing at the output of A5 is

therefore 6.41 volts. The swing due to fuel depletion is 3.59 volts.

Since A5 has a gain of ten the corresponding input voltages at A5 are 0.641

volts for the Xe and 0.359 volts for the fuel depletion. The feedback

resistor for A4 must be selected to supply a voltage of 0.641 volts when

ref
the input current is .qc • Five hundred and ninety-five ohms is the value

of the parallel combination of rotation counter resistances when the value

999 is stored. The reference voltage is the same as that used for the I

generator, viz. 0.0641 volts. A4 feedback resistor must therefore be

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

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

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 Jon = 0*^97 x 10"3 amps. Therefore the

total series resistor must be ^ ^nr, -, 0.3 = 11,150 ohms. The series
0.897 x 10 J '

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.

Output current = ± 20 ma max.

Output impedance g 0.01 ohm

Summing junction offset = 10 microvolts

Temperature drift (as unity gain

inverter with 10K resistors) = l/2 microvolt per °F

Integrator drift (with .01 u,fd and

IK 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 generators. The driving function cu. 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 u>. turns in a direction to increase the number stored in the
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counter, an increase in current to the rate generator and hence an increase

in its output shaft speed <jd0 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 .01 ohm for the Xe. The input impedance to the rate generator is

.01 ohm. 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 maximum 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

00 cannot exceed 150 per cent of the normal 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 0o 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[Y3£f0O]. where Xl =2.9 x 10"5 sec"1
A-i

x rXxS^o-j _^(999) - 2.9 x 10~5 x 999 rev/sec = .029 rev/sec
A.1

=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 must also be 1.74 rev/min.

From Figure 5, 1.74 rev/min corresponds to a current of 1.07 x 10"4 amps.

From Figure 4 the rotation counter resistance is the parallel combination

of 660 ohms, 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:

-e . = 595 x 1.07 x 10~* = .0641 volts,
ref

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 enough 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 X2 and by neutron capture at a rate of

o20X. 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:

~+ X2Xe + a20Xe - 0

The transform of this equation is

SXe(s) - Xe[o+) + X2Xe(s) + a20Xe(s) = 0

Xe(s) [S + X2 + a2 0] = Xe(o+) = 25$ = 999 revolutions of the

storage register.

Ae^s; S+X2+a20

Xe(t) =Xe(o+)^(X^20)t

The value of dX^' at t=0is -Xe(o+) (X2-a20)

l^f^l -Xe(o+)(X2-a20)

Xe(o+) = 999 rev

X2 = 2.1 x 10"5

a2 = 3.5 x 10"18

0 = 1.5 x 3 x 1014 = 4.5 x 1014

(X2+a20) = 159.1 x 10"5 sec-1

|^|t I=9" (159-1) x10~5 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 5

the current corresponding to 9.6 rev/min is 5.8 x 10~4 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 10~4 = .345 volts for a

flux of 4.5 x 1014. From the constants given above the invariant part of
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the reference voltage can be found as follows:

Referring to Figure 1 the output of amplifier A7 will be 4-l/2 millivolts

from the 10 volt reference plus a voltage proportional to the flux 0 which

varies from 0 to 0.341 as the flux varies from 0 to 4.5 x 1014 neutrons/cm2/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 (£f0) rate

generator 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 0 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 IK 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 0 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 t . The
c

calculated values were obtained by substituting values for 0 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

<•, •!?*'*rfs«MiSW!!>*t*fcSI-!.5M
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after the reduction of power was found to be .1 unit/sec from Equation (18)

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, t , 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 peak.

The outputs of A4 and A5 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 Xo =f-^^jy™ . p(t) may then be found for any concentration of
A2+a20o

Xe(t) from the ratio of ^^ .
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

maximum 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 accumulated operating time.

No perceptable change in the performance characteristics of the rate

generators were observed.

The over-all 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.

wmmmwmmmmmmmm
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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 0. The solutions were

used to calculate values for I and Xe as functions of time for various

steady state values of 0. The results of the above calculations were used

to judge the performance of the computer when subjected to similar flux

perturbations.

The following constants will be used where indicated in the cal

culation of numerical values.

00 = 3 x 1014

0m =1.68 x 1014

Yx = .056

Y2 = -003

a2 = 3.5 x 10"18

Xx = 2.9 x 10"5

X2 = 2.1 x 10-5

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

g- =-X^ +VlEf0 (3)

where I and 0 are functions of time.

Transforming Equation (3) gives:

SI(s) - l(o+) + Xil(s) = YxSf0(s)

I(s)[S+\i] = Yx2f0(s) + I(of)

VxSf0(s) I(c+)
I(s) = -577- +S+Xi S+Xi
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By the convolution theorem the first term may be inversely

transformed:

Jf
YiSf0is)

S+Xi

t

o

=I fcx7 ' 0(s) y1— -T-T

xlT

,Efe"Xl(t-T)0_d0Tc

.t

I(t)
., ^ -Xi(t-T) -Xit -Xit „_
Yi^fe v 0,Ar + !oe = e x Yi^f

-Xit
e x 0„d„ + I e

T t o

-Xit
YiSf

XlT^, -, -re 0TdT + I0 (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 0

changes to its new value 0o as a step and therefore may be considered as

a constant. Under these conditions Equation (8) becomes
t

l(t)=e"Xlt Yl£f0o

which reduces to

_ Yi?f0oKt)

e x dT + I0

1-e
-Xit

+ Ioe
-Xxt

(9)

The final value reached by the I is given by

I = Yl-^00
ss X~i

The equation for Xe buildup is:

dX(t)
-^—+ [X2 + o-20(t)] X(t) = Xil(t) + Y2£f0(t)

The equation can be solved for cases where 0(t) reaches its final value of

00 in a time short with respect to the time constants of the decay of Xe.

Assume 0(t) = 0o = constant,

0(o-) = 0
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Then ^L+ (X2 +a20o) X(t) =XxI(t) +Y2^0O

Let (X2 + cr20o) = A

&tel. + AX(t) =Xxl(t) + Y22f0o

from Equation (9), if I0 =o, l(t) =V&<PQ (i - e"Xlt)

Substituting this value in the above equation gives:

^-+ AX(t) +Yi2f0oe"Xlt =(Yi+Y2)2f0o
Transforming:

SX(s) - X(o+) +AX(s) +^go =(Yi+Y|)Sf0o (11)

X(S)(S+A) s(^Wo.@>

X{B) S(S+A) (S+X)(S+A)

Y(«rt - £f0Qi(Yi+Y2)(S+Yi) - SYi3
XU) S(S+A)(S+Xi)

= ^f0oCYiS + Yi^i + V2S + Yz^i - SYi3
S(S+A) (S+Xi)

- r**A [SY2 + Y1X1 + Y2X1I
" W» L S(S+A)(S+XJ J

s + Yak. + x

=Y2Ef00 U(&*A)Wi) J

let ^+X!=ao

^ =̂ f0° Us+A)(g+Xj]
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At , a0 - Xi -Xit
e

X(t) _ a_Q an - A -At a0 - Xi
X2Ef0o AXi A(A-Xx) e Xi(Xi-A)

= YiXi + XjYp YiXi + XlY2-• Ay2 -At YiXi+ ^YZ" ^2.^1*
Ay2Xi Y2LA(A-Xl)J Y2MX1 ~ A)

_ Yl + Y2 + YlXl+XlY2-Y2(X2-H720o) -•(X2-K720o)t
~ Y2(^-2+CT20o) Y2[^-2+O"20o) (X2-X1+a20O)r

+ Myi e"Xlt
Y2Xi(Xi-X2-a20o)

v/^ =fYl +Y2 + Yi^i+^iY2TY2( ^2-^200). e-(*2"W20oH
^w L(X2+a20o) [(X2-KJ20o)(X2-X1+a20o)]

From Equation (4) the steady state Xe is found to be:

X. (Yi+Y2)£f0Q
(X2+a20o)

y(t\ =Jx , Sf0QLYiXi+XiY?-Y2(Xp^20n) 3 -(X2-KT20o)t
^%) lX0 + (X24O20O)(X2-Xi-KT20o) e

(Xi-X2KJ20o) J

=x +^f0QLYi+Yi3[YiXi+XiY2-Y2(X2+g20o)3 e -(X2-KJ20o)t
o (X2+o20o)LYi+YoJ(X2-Xi+a20o)

Yi£f0n -Xit

Yi+Y2-

-Xit+ YliYi+Y2^f0Q(^2-K720Q) e
(X2-kt20o)[Yi+Y23[Xi-X2-o- ' n200 3

a20o)t= x [± + Y1X1+ X1y2-y2(X2-^20q) e"(Xz+
o L [Y1+Y23 (X2-Xi+a20o)

+ Yi(^2+^20q) e"Xltl
(Yl+Y2)(^l-^2-cr20o) J

»t) =x {1 +y^-y?S.x?.-^?M e-(^2^20o)t
^ W O L (Y1+Y2)(^2-^1+°"20o)

_ Yi(X?+a?0n)
" (Yi+>2XX2-Xi+a20o)
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Y(t) =X -fl + T ^ - Vol p-(x2+o"20oHX(t) XQ \1 + (Yi+Ya) Lx2-X1+a20o Y2J e

VifXyKTadn) -Xit
e(Yi+Y^^-X^KT^o) ^ J (13)

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

from any steady state level as follows:

«£fl- - -x.Kt) +Yla*m

where 0 is the steady state flux after the change in power.

Sl(s) -l(o+) = -\J(s) + ^l5%i

I(s) [s +Xx] =l(c+) +3^m

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

^>=s^s&
I(t) =l(o+)e-Xlt +^m [l - e"Xlt] (14)

For the Xe

*^-+ (X2+cr20m) X(t) =Xil(t) +Y2Sf0m

^- +BX(t) - Xil(t) =Y22f0m

Ml}+BX(t)-X1[js8e-Xit+ ^g^(l - e"Xlt)3 =Y2£f0m

flS*L +=<*> - Xl[lss -^e"^ =*g*a +Y2^0m



38

^- + BX(t) -C e~Xlt =D (15)

B = X2 + a20 ; C = XXI - Yi£f0m; D = (Yi+Y2)2f0
III to to ill ill

SX(s) -X(o+) +BX(s) -g^- =|

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

X(s)(S +B) =^+ ^ =X(o+)

w \ - D ^ C A X(o+)
X(S} " S(S+B) + (S+Xi)(S+B) + (S+3)

„/a.\ D rn -Bt-, C r -^l* -Bt-i „/ x -BtX(t) =- [1 -e J+ —£- [e x -e J+ X(o+) e

_B rD _C_ _ , , 1 -Bt _C_ -Xxt
B LB + B-Xi M^J e + B-Xi 6

=(Yx+Y?)^0m _[(Yl+Y?)£f-0m XlIss'Yl£f0m _ , .] _Bt
X2+O20 L X2+cr20 -Xi+X2+cr20 Je

Xil -YiSf0 , *x ss T m -Xit
-Xi+X2+a20m

From Equation (15)

X = « = the xenon concentration at t = °°
om B

X2+°"20m

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

state value before the flux is changed,

I(c+) =I =^^
x ' ss Xi

X(t) now becomes
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^ Xom L om +X2-Xn<j20m o_T

Yii:f(0o-0m) e-Xlt (16)
X2-Xi-KT20m

Equation (7) is a general solution for xenon as a function of time for

rapid changes of flux 0 from one steady state level to another.

Differentiating X(t) with respect to time gives:

- \ fYi^(0o-0m)"1 e^i*
Lx2-Xi+a20m J

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.

i rYi^i'(0o-0"mn
Ki |_X2-*i+o-20m"J

(X2-H.20m) |x +V^f(0n-0iu) . xjXn 2 L om X2-Xi+q20Tn °J
Xl |"Yi^09-^"

LX2-Xi-w20m__,
x"p X2-Xi-KJ20.

(17)
m

By solving for the value of '^1* at t=0, we obtain the slope
of the curve at the time the flux is changed:

dX(t) I _,, ,xf„ Yi2f(0o-0m) x1
dtt |t=0 " ^X2^20m) [Xom + X2_xl4<720m XoJ

_x YiSf(0Q-0m) , (ia)
X2-X1+a20m
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The poison P is given from Equation (5) as

p =0-84 a?(Yl+Y2)0n
(X2-KT20O)

= 0-8^(3.5 x 10"18)(0.059)3 x 1014
2.1 x 10-5 + (3.5 x 10-1b)(3 x 10x4)

= 3 x 0.1735 x IP"4 520 x 10~7
107 x 10-3 107 x 10-3

4.86 x 10-2 =4.8 per cent.
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APPENDIX II. Tables

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 measured

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 above.

Table II is a tabulation of the rotation counter revolutions per

minute for various values of input current and applied voltage.
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Table I, Continued

MEASURED CALCULATED

La-osed Time Iodine Xenon Xenon Poison PxlO PxlO plus Fuel

Seconds Register Register Poison P Plus FD Iodine Xenon P Depletion

(O o 06811 00248 0.159

___...,. „ is.cu.uccu.

Data Not 6811 248.0 0.159 Data Not
c

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

00 3820 245.0 •^
w



Input

Voltage

0.001

0.005

0.01

0.05

0.1

0.5

0.6
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Table II. Rate Generator Performance

Input
Current

(Amps)

1

5

1

5

1

5

6

10

10

10

10

10

x 10

x 10

-6

-6

-5

-5

-4

•4

-4

Rotation Counter

Revolutions Per Minute

0.0191

0.096

0.189

0.95

1.90

9.5

11.4
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