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ABSTRACT

The kinetic equations which express reactor power and temperature as func
tionsof time have been derived and coefficients appropriate to the Homogeneous
Reactor Experiment have been evaluated These equations are a system of eight
simultaneous differential equations one of which is nonlinear Since the
equations are not readily solvable by any of the usual analytical methods an
electronic analog computer has been developed to solve them for various condi
tions of operation Because the computer is to be used for the training of
operating personnel as well as for experimental purposes it has been neces
sary to design the device without expansion of the time scale The computer
thus follows in the same time periods excursions which are analogous to those
encountered in the operation of the reactor

The essential components of the computer include a stable high gain d c
amplifier and an electronic multiplier For reliable drift free operation
a differential system is used The amplifier has a maximum output of ±10 ma
at ±100 volts a differential drift of less than 1 mv referred to the input
and a gain of over 20 000 In the electronic multiplier one variable can
cover the range from 1 to 100 volts while the other variable has a usable
range of 5 to 75 volts Both variables can change at any rate up to 100 cps
without causing more than a 2% error in the product The multiplier output
is linear to within S7 over the range from 0 06 to 20 volts

Several conditions of operation for the HRE were investigated The primary
concern is whether the nuclear systemis stable for various normal perturbations
and for some unusual ones In every case investigated the reactor proved to
be quite stable

VII



THE HRE SIMULATOR

An Analog Computer for Solving the Kinetic Equations of a Homogeneous Reactor

Chapter 1

INTRODUCTION

A reactor should in addition to
performing the function for which it (1)
is designed provide adequate pro
tection against the radiation hazards
of operation The principal danger
associated with an operating reactor
is that an excessively high neutron
power may develop High power may
cause high pressures and overheating
of reactor parts with consequent
damage to the reactor and possibly
with danger to personnel in the
vicinity

THE REACTOR EQUATIONS

The kinetic equations which describe
the gross variations in reactor power (4)
and temperature as functions of time
have been derived for the general where
power reactor (cf for example
refs 1 2 and 3) In the general
case the effect of temperature upon
the reactor must be considered

Temperature changes in a reactor
affect its reactivity in two principal
ways namely as density effects and
as nuclear effects In any event the =i
effect of temperature upon reactivity
is so complex that no one generali
zation for all reactors is worthwhile

In the case of the Homogeneous
Reactor Experiment (HRE) the tempera
ture coefficient of reactivity results
primarily from the effects of tempera
ture upon density of the fuel so the
kinetic equations are expected to be

(2)

(3)

dP

dt
L f*

-a(er -e ) p I
-+ I rU

dK J3
_\ K + — P

. « Tdt

i = l 2 345

dd

b = P - a{8 - 6 )
dt

dd

dt
a{6 - 6 ) - Pn

r s 0

I P.

reactor power level (mega
watts) as a function of time
time (sec)

excess reactivity coeffi
cient

total delayed neutron frac
tion = 0 00762

temperature coefficient of
reactivity = 0 00081/°C
mean reactor temperature

( C) as a function of time
initial mean reactor temper
ature nominally 232 5°C
mean temperature of the steam
( C) as a function of time

mean neutron lifetime = 10 4
sec

power contribution (mega
watts) from delayed neutrons
of the ith kind as a func

tion of time

decay constant (sec ) for
delayed neutrons of the ith
kind
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y = reduction factor for power The steam turbine is not likely to be
from delayed neutrons of the a source of disturbance since it
ith kind accounting for the follows the characteristic Willan s
fact that some delayed neu law rather closely Finally the steam
trons arise while the fuel is lines have a 4 sec holdup tank which
circulated outside the will act as a cushion between the
reactor and are lost to the nuclear and the external systems
reaction This cushion will allow only relatively

6 = reactor heat capacity= 0 175 slow changes in PQ to be reflected
megawatt sec/°C back into the nuclear system Further

a = heat exchanger conversion equations should not therefore be
factor = 0 025 megawatt/°C required for these investigations

g = heat capacity of the heat Should greater generality and more
exchanger (megawatt sec/°C) precise analysis be desirable the

PQ = power demanded from the boiler variations of PQ with time would have
(megawatts) to be derived and additional equations

These equations treat only average would have to be incorporated in the
quantities with no positional de system of simultaneous differential
pendence They have in some respects equations given in Eqs 1 through 4
been linearized and simplified to
f.,,1,..., „„!„,., „ SOLVING THE EQUATIONS
iacilitate solution

No justification is given here for In the design of new reactor con -
the equations themselves although it figurations or of the control system
is believed that they do describe for a new reactor solutions of the
rather adequately the response of the kinetic equations for different values
HRE system to some perturbations of the parameters and for various
Nevertheless the effects of bubble initial conditions can be of inesti
formation circulation delays and mable value The solutions show
turbulent fluid flow have been totally whether the design is satisfactory
neglected Thus it is important and wnetner the controls are adequate
to emphasize that the HRE can be under various conditions of operation
expected to perform in the manner Unfortunately Eqs 1 through 4 do not
indicated in this report only if the submit readily to mathematical solu-
equations and the coefficient values lution They can be solved to almost
presented above are truly those which anY desired degree of accuracy by
describe the physical situation utilizing methods of numerical analy

t.. i i i sis } It is however a very tediousIt is also pertinent that the system , , 7 "
r t i task to investigate the solutions forof equations terminates at the steam „ 6 . ,

i,*,„«. iu .-.. - u l i a given set ol initial conditions andlines No attempt has been made to - ,
,.„i„j0 ,.i „£.£•„„,-„ r .i ,. ±or the complete range of even oneinclude the eliects oi the generator

t .r _ , , , . parameter
or oi the generator load other than
in the simple term P„ the power Since numerous questionable condi
demanded from the heat exchanger To tl0nS °f opera tion ha ve arisen in
be completely general additional ^onnectlon wlth the HRE it has been
equations must be included for the deemed advlsable t0 deslSn and to con
complete steam system as well as for StrUCt an electronlc analog computer
the generator and for the generator °r reactor simulator to effect the
load It is conceivable that P0 might desired solutions The results
follow time dependent gyrations that achleved Wlth an anal°g computer
would cause the reactor to be unstable though somewhat less accurate can be
or unsafe but such is not expected to acqulred m°re quickly and effortlessly
be the case The generator will tie than the corresponding numerical
into the TVA distribution system so (171 ~ ~
,,, , . WCSng K t c i i t o f
load changes need not be extreme H u g r t ORNL 1205 Up l 1 1952)



solutions Furthermore the simulator

has been designed to operate in real
time that is any solution by the
simulator shows the same excursion of

power in the sane period of tine which
a similar excursion by the reactor
requires Thus the simulator will
have additional usefulness as an aid

in training reactor operators and
technicians

As an example of the usefulness
of the solutions suppose there comes
to mind some contingency which leads
say to an unusual set of initial
conditions Appropriate solutions to
the equations can be obtained quickly
with the aid of the simulator If

the simulator shows that these initial

values cause only small and relatively
slow excursions of power and of temper
ature for all values of the parameters
then this contingency is no longer a
cause for worry On the other hand
if the simulator shows that for say
a certain limited range of excess
reactivity (8) and at a certain level
of power extraction (PQ) these initial
conditions cause alarming excursions
of power then either supplementary
controls or additional operating pre
cautions must be instituted Further

more the ranges of S and of PQ for
which this particular set of initial
conditions significantly affects the
solutions are revealed by the simu
lator If greater accuracy is re
quired numerical methods may be
applied in the neighborhood of these
ranges instead of to the whole scope
of all parameters

HRE PROBLEMS INVESTIGATED

Several types of problems are being
investigated for the HRE The primary
concern is whether the nuclear system
is stable " that is whether it will

stay within reasonable limits of
neutron power for any perturbation
which might arise during operation
The system parameters are
1 the power demand (PQ in Eq 4)

corresponding to the power ex
tracted from the heat exchanger
by the load

2 the excess reactivity coefficient
(S in Eq 1) corresponding to a
change in the position of the con
trol rods

3 the heat capacity of the heat
exchanger (g in Eq 4) corres
ponding to a very large or a very
small boiler

4 the initial conditions

The power demand and the excess
reactivity coefficient will be dis
cussed first Because of inertia the

control rods cannot be moved instan

taneously Similarly because of the
holdup tank in the steam lines the
power demand cannot change instan
taneously Nonetheless the most
violent response of the nuclear system
occurs when step changes either of
excess reactivity or of power demand
are introduced For this reason step
changes of both parameters are used
to show the limiting cases of extreme
response to be expected Other more
realistic time dependent changes in
5 or in PQ may be inserted to answer
questions of a more academic interest
but in studying the stability of the
nuclear system in the sense in which

stable" has been defined the step
function holds primary interest

One specific problem considered
here is the power and temperature
response of the reactor to various
step changes in 8 for various values
of PQ and of g The physical analogy
of this problem is that of equilibrium
operation at a certain level of power
demand and with a particular boiler
configuration when an instantaneous
change in control rod position takes
place The changes in 8 cover the
entire range of values which the con
trol rods are expected to have These
changes are repeated for several
boilers and for all reasonable values

of power demand

The second specific problem con
sidered here is the reactor power and
temperature response to various step

changes in PQ for several values of
g and for 8=0 This problem corres
ponds to equilibrium operation at a
certain level of power demand with a



particular boiler configuration and
for a fixed rod position when an
instantaneous change in power demand
takes place These conditions might
be brought about by a sudden break in
the steam linesorby the quick opening
or closing of a steam valve during
operation The changes in P are
repeated for several boilers and for
all reasonable levels of power demand

The heat capacity and the initial
conditions are discussed next The

exact value of the heat capacity of
the heat exchanger is not accurately
known so three cases are studied These

three cases (cf Eqs 3 and 4) are

g = 0 g = 6 and g = 106

The consideration of the heat capacity
parameter for these three cases implies
the possibility that the reactor
response to each condition can be
represented by a family of three
curves instead of a single curve An
abrupt change in the boiler con
figuration during operation would
occur only in the event that the
boiler exploded This possibility
is accommodated by including the
value g = 0 Should such an ex
plosion occur the reactor response
would be simply a quick drop from
the curve for g = 6 or g = 106 to
the curve for g = 0 and P0 ~ 0 2
megawatt No further specific questions
have been raised with regard to changes
in this parameter It is expected that
the actual boiler characteristics
will give a value in the vicinity of
g = 56 Preliminary studies have

shown that such a value will give a
reactor response no more violent than

that given by the value g = 6 and
that indeed the response will be
between the curves for the values
g = 6 and g = 106 Thus these two
values should adequately include the
actual case and also provide the
extremes of response for the stability
study

Finally changes in the initial
conditions (for various values of PQ
and of g 8=0) demonstrate several
interesting perturbations Normally
the initial conditions chosen are those
of steady state operation at a given
level of power extraction Because of
temperature coefficient the equili
brium condition for the reactor power
level is independent of the value of
8 if sufficient time has elapsed
since the insertion of a change of 8
(cf Fig 15 chap 3) The last
specific problem investigated is the
reactor response in the event that the
fuel circulating pumps falter in their
operation That is at a certain
level of power demand with a given
boiler configuration and with fixed
control rod position what happens to
the reactor power and temperature if
the circulating pumps stop momentarily
and then resume operation' The problem
is studied for two of the three
boiler configurations and for all
reasonable levels of power demand

These then are the three problems
considered here The results obtained

from the computer are presented in
chapter 3



Chapter 2

THE SIMULATOR

MODIFYING THE REACTOR EQUATIONS

The equations in chapter 1 are not
presented in the form most suited for
obtaining an electrical analogy By
substituting Eq 2 into Eq 1 however
the more suitable form is obtained

dP

dt
§ " L /3td - yx)

i=i

" a(6r - 6r ) T' 2-i 7l dt
or

(5) _ = —p
dt r

i = l

a0r - L yS (1 - y )
P

T
i= 1

dK at

2j 7i~dT ~ r
1 = 1

Thus the equations to be simulated are
now Eqs 2 through 5

BASIC NETWORKS

The problem now becomes one of
synthesizing an electrical system
which follows the same equations as

those for the reactor so that voltages
at two points in the circuit represent
the solutions for the unknown quantities

P and 6 Several reactor simulators

have been built (cf for example
refs 1 and 2) but previous models
have neglected the nonlinearity that
results from temperature Photographs
of the HRE simulator are shown in

Fig la and 16 but the Hathaway S8 B
oscillograph used to record fast
transients is not shown A block

diagram of the computer simplified
greatly for clarity is shown in Figs
7 and 8 (cf this chapter)

Steam Temperature Analogy Since

P0 is a driving function which may be
controlled at will a start will be

(1)P R B 11 d H A St R Sc I tr
21 760 763 (1952) ( 1 AECD 2764)

(2)W P g 1 AP t bl El ctr c P I K t c
S a I t r AECD 2941 (Ap 3 1950)

made by snythesizing an analogy for

dd.
(4) g-

dt «<*r " *.> ~P0

The network of Fig 2 provides the
desired analogy

First assume a scale factor

relating voltage to power namely
that

(6) -£„ -eP,

Since PQ is an arbitrary parameter of
the kinetic equations a voltage can
be taken from a battery or other
source in such a fashion as to

satisfy Eq 6 The scale factor £ may
have any desired value in the case of
this computer 10 volts represents 1
megawatt of reactor power

Next assume that

(7) Er = ea6r
where E is in volts and a and 8 are

as defined in chapter 1 The source
of this voltage will be described in
the following

Finally it is pointed out that the
d c amplifier (Fig 2) is a high gain
device whose input will not change
from ground potential by any appreciable
amount Since the amplifier has a
gain of somewhat over 20 000 the
voltage at the point marked 0 is less
than 0 005 volt when Es is 100 volts
Thus Ilx and I12 are in error by less
than 1 part in 20 000 if it is assumed
that point 0 remains at ground po
tential Similarly I13 and I14 will
be in error by less than 1 part in
20 000 Any input current required
by the d c amplifier is less than 10 5
times as large as I,, I12 I13 or
I,. so this grid current of the

14 °

amplifier input tube is neglected
Note that the output voltage is 180 deg
out of phase with the input voltage

In the light of these assumptions
and of the directions and polarities
shown the equation for Fig 2 is

I.
11 Il2 + 'l3 + J14







+ Er-

•£„•-

" 0

-AAAAAAAr

-JWVWV\r-
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AMP

-*-MAAAAAAr
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Fig 2 Steam Temperature Analogy

but
d£

'll = C7
dt

1 2

1 10

ePr

1 3 R
10

f?
10

from Eq 6 and

14

from Eq 7 so

d£„

dt

*10C7 dEs
dt

10

fi,
10 "10 "10

Multiplying through by R1Q/e
equation for Fig 2 becomes

E

= at

10

ft

Let

(8) fi10C7 =—-
a

and the equation becomes

g dEs EK
— = ad -•
ea dt r

ea8t

R

~ P,

th<

This takes the form of Eq 4 if

(9) E = ea8
s s

Reactor Temperature Analogy

Similarly the electrical network of
Fig 3 is the required analogy for

dd.
(3)

dt
P - a(t )

Just as in the steam temperature

E *-

-£J>-

Rio

-AAMAr-

R,0

-^/vVW-

U SS FIE

DW 20 7

+ £

Fig 3 Reactor-Temperature Analogy

analogy

h = I, + Is + 110

or with the polarities shown in Fig 3

dE.
-C.

dt R
10

R
10

R
10

Upon substituting Eqs 7 and 9 in the
above equation it is seen that

d8 ead_ Ead
-eaCc

dt R
10 'i o fi10

Multiplying through by -R /e and
letting

(10)

then gives

d8r
6

fi10C6

dt

- a{t
dt £

which immediately takes the form of
Eq 3 if

(11) E = eP

Equation 11 is of course one of the

equalities desired and it will result

when Eq 5 is considered
Delayed Neutron Analogy The

network of Fig 4 gives the electrical
analogy for

dK

(2) -M, +— p
/\

b

a

)

i = 12345

In terms of the direction and polarities
of Fig 4

dE E - E

(12)
1 l dt R



or

dE E - E
c c

dt RiCl

Now let

(13) RC - X

and also let

E = n K
C 11

where ni is a proportionality con
stant Then

dKx

dt
•n\K + A. E

111 i

Upon dividing through by n and sub
stituting Eq 11 in the above equation
it is seen that

dK. k €

dt
-*-.*. +"

which assumes the form of Eq 2 if

(14) n,

-£•-

i

1 /3.

Reactor Power Analogy The final

equation to be simulated is

dP 8
(5) — =— P

dt t

a0rn ~ t /Mi - yl)
p_
T

i = i

9

-2 yl

dK, a,8r

dt

UNCLASSIFIED

DWG 2047 2

AA/W—-)[+

Fig 4 Delayed Neutron Analogy

Fig 5 Reactor Power Analogy

and the network of Fig 5 is the
desired analogy

As in the steam temperature and
reactor temperature analogies the d c
amplifier is a high gain high input
impedance device so with negligible
error its input may be considered to
stay at ground potential and to re
quire no current Therefore the

conductor marked ADD (Fig 5) may be
considered to be ground for the net
work The equation for Fig 5 is

(15)

but

(16)

and

(17)

= h + 'o +

s

£
i=i

dE

E

Ji + K

while from Eqs 12 and 14

dE

(18) Z
i= l

ji =-E c*
i=i

dt

« e\tr dK

• 'I, c- T dt
i = l

Furthermore the multiplier has been
designed to take the input voltages E
and Er and to give an output voltage



-nEE

(19)

Hence

mEEi

R.

Now by putting Eqs 16 17 18
into Eq 15 it is seen that

dE
(20) ~

and 19

dt

3

T--2
i = l

ekr dK,

ySi dt

nEE,

R

In order to obtain the correct term

for Ig consider Fig 6 The magnitude
of Ig is dependent upon the setting of
the potentiometer tap on Q as well as
upon the magnitude of the voltage E and
of the resistances R and Q If D is
defined as the linear position of the
tap on Q (that is D = 0 at center of
Q D = +1 at the +E end and D = -1 at
the -£ end) then

I, =
-£

i? +— (1 - Z)) /? + —(1 + D)
2

or

(21)

1 +

Q

ED

TT7 d - D2)
4fi

When the tap is at either extreme of
the potentiometer Is is maximum for a
given £

current

(22)

Thus for maximum positive
D = 1 and

fi 1 +

Q

UNCLASSIFIED

DWG 20474
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Fig 6 Excess Reactivity Network

10

Now let

(23)

<*«>.
Utilizing Eq 22 then gives

8 £
(24) I, =-

R
fl 1 +•

Before returning to Eq 20 it is
desirable to note that substituting
Eqs 21 and 22 into Eq 23 gives

ED *(1+Q8

R
R Q

1 +— +— (1 - D2)
Q 4fl

Dll+|
R Q

1 +— + — (1 - D2)
Q 4R

(25) 8 =
D

£)'„.,,,
1 +

411 +|
Because of loading effects upon the
potentiometer Eq 25 expresses 8 as a
nonlinear function of D Increasing
the ratio R/Q causes the denominator
of Eq 25 to approach 1 When R/Q i 5
(26) 8 = DS

m

is always within 17 of being correct
while the equality is exact for any
R/Q when D = 0 ±1 Equation 26
permits the desirable feature that
the potentiometer have a linear call
bration

Now by substituting Eq 24 into
Eq 20 it is seen that

8 £ £dE

It
flll+i

fl.

e\tr dK,

fi. dt

nEE,

R



Then substituting Eqs 11 and 7 in the then
above equation and dividing through by rq\
e gives

dP 8 P P

9 dt 8 / R\ Rn
max Rll + — I °

2c.
i= i

k t dKx ame
P8

B dt R r
I ? m

or by putting in the proper coef
flcients

(9) £ = ead
s

if

(8) *1.C7
g

a

Also

(7) £ =
r

ea8
r

if

(10) *!0C6
6

<**,- l>-£
C k r

i i

7, dt

amer
at

Rll + —) 8 1 = 1
/Mi

a6?r " I ^(1 "A)

5

X
1 = 1

*0r - I /Mi -r,>

i= 1

Clearly this equation assumes the
form of Eq 5 if all the terms within
the brackets are equated

(27) Cn
T

•(' +{) 8
m x

ciV

/Mi
aner

aR
m

T

R0

ad. - I 0ta -yl)

If this is done Eq 11 becomes a true
equality

Summary of Coefficient Values To

summarize the results achieved con

sider Fig 7 the simplified block
diagram of the complete computer If
it is assumed that

(6) -eP„

and Eqs 3
Furthermore

if

(14)

and

(13)

and Eq

and 4 are fulfilled

£. ".*»

e\ r

P>

*iCi
1

k

I is satisfied

£ = eP

if Eqs 27 are fulfilled and

(26) 8 = DS„

Finally

R •>

This therefore summarizes the list

of conditions placed upon the circuit
elements so that they will give voltages
which satisfy the reactor kinetic
equations for the desired coefficients

Since there are several more circuit

elements than there are conditions

placed upon the values of these
elements some latitute of choice

11



11 Io
--_ ADD

:Rr-R5.

remains for the designer It may be
noted that in some instances the
choice of one circuit value determines
a series of other values For instance

after choosing Cg the values of the
delayed neutron group circuit elements
are automatically fixed since

(13) - *

and

(27) Ct

12

X
R C

i i

CiV

9 /Mi *i/Mi
After the choice of a value for C„
all the values in the two equations
except the R( and the Ct are known
quantities Hence only one solution
for each of the Rt and the C will
satisfy both conditions Incidentally
the sixth delayed neutron group was
omitted (with negligible error) be
cause it contributes such a small
amplitude of current

The values used in the computer for
the circuit elements and for the
coefficients of the kinetic equations

12 R10

Fig 7 Electrical Analog of Reactor Kinetic Equations

UNCLASSIFIED

DWG 204 7 5

mEEr

are those given in chapter 1 and in the
following
1 Power to voltage scale factor

e = 10 volts/megawatt

2 Integrating condenser
C9 = 0 02 //.ft

3 Excess reactivity
Sm x = 0 01667

R = 50 000 ohms

Q = 10 000 ohms

4 Biasing resistor
s

a8r ' L /Ml -yJ-O 1883-0 009
1 = 1

so RQ = 26 750 ohms [in the
choice of the biasing resistor it
is of no consequence to the solution
of the computer problems whether
the point of zero temperature is
0°K 0°F 0°C or 170°C as long
as &r = (6r - zero point) does not
become negative and thus cause a
change of polarity in £r which
now is equal to eadr The multiplier
cannot accommodate such a change of
polarity In order to reduce the



current load upon the amplifier
the zero of temperature is taken
at 170°C and the true value of

RQ is 100 000 ohms corresponding
to 8r of 62 5°C Preliminary
mathematical considerations (cf

app ) show that for the chosen
value of Sm 62 5 - 18 8 = 8f
i 62 5 + 18 8 Thus 8 = 6r -
170°C is always positive J
Delayed neutron groups ^3>

THE D C AMPLIFIER

Without drift compensation an
analog computer using d c amplifiers
is virtually useless Since similar
stages operating under similar con
ditions tend to drift in similar

fashions the difference between the

output voltages of two such similar
stages tends to have very little
drift For this reason difference

l y* A kv (sec ) RtCt (sec) Ct (^fd) Rt (megohms)

1 1 00 0 00030 14 00 0 0714 0 00432 16 5

2 1 00 0 00087 1 61 0 622 0 1086 5 73

3 0 904 0 00250 0 456 2 190 0 988 2 22

4 0 819 0 00218 0 154 6 49 2 32 2 80

5 0 810 0 00177 0 0315 31 80 9 08 3 50

Steam temperature network

7 70 sec± - 0
a

C,

R
10

0 2 33 23 33 /zfd

3 0 megohms

Reactor temperature network
6

— =7 sec
a

R.

2 33 /xfd

... 3 0 megohms

Multiplier network
m = 0 016/volt

Rm = 25 000 ohms

For the desired solutions a

voltmeter or recording oscillograph
is used to measure

£
P = —

e

Er
8r = + 170 = 4£ + 170 (°C)

= 0 1£ (megawatts)

ea

ea
+ 170 = 4£. + 170 (°C)

(3)J M Ste
F b 15 1950

mnu cat d t d

amplifiers are used in the reactor
simulator The drift encountered in

this design is less than ±1 mv over a
12-hr period of operation

An added advantage of using dif
ference amplifiers is that both positive
and negative signals are available at
every point in the circuit Thus
addition or subtraction is greatly
facilitated with no change in the
basic design Since a difference
system is used the true block diagram
is that shown in Fig 8 Note that
this is the same as the block diagram
given in Fig 7 except that now the
computer solves for both +P and —P
The amplifier outputs both positive
and negative are loaded in a balanced
manner so that no dissimilarity due
to loading is inserted

The unit tested most extensively
for drift did not contain a very
carefully matched input tube (6SN7)
Since the input tube in this amplifier
is the only important component in
determining the differential drift it
was aged and then carefully matched
for use in the completed computer
Either the 6SN7 or the 12AU7 both

low mu tubes which have proved to have
lowdifferential drift characteristics

13
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is a good input tube In order to keep oscillator which sets the basic
the drift low by reducing the grid sampling rate of 10 kc Since the
current and the noise voltages the product term in Eq 5 has a maximum
input tube (6SN7) is operated at reduced rate of change of only about 20 cps
heater voltage (5 8 volts) at reduced this high sampling rate introduces
plate voltage (23 volts % /-t) and at negligible error The pulse shaper is
low space current (60 ixa) The dif a one shot multivibrator which
ferential gain of the amplifier is when triggered by the pulse repetition
over 20 000 The common mode gain is generator produces a rectangular
less than 1 in order to provide longi pulse of about 82 /xsec duration
tudinal stability The usable output Since one tube of this multivibrator
range is ±0 1 volt to ±100 volts with is fully on for 82 out of 100 /xsec and
10 ma maximum load current Since the since this duty cycle cannot be in
amplifier has unity feedback in its creased appreciable while still
present application the deviation maintaining reliable performance the
from linearity is less than 1 part in pulse shaper begins to place an upper
20 000 The schematic diagram for limit upon £ Next is the linear
this amplifier is shown in Fig 9 integrator which is switched on and

off by the 82 fJ-sec pulses from the
pulse shaper The linear integrator

In order to solve the equations in is a sweep circuit and its output
real time a fast and accurate multi voltage rises at the constant rate of
plier had to be developed The method 1 volt//xsec and establishes the
of multiplication is based essentially proportionality between the voltage Er
upon pulse techniques Fundamentally and time The integration rate does
the method consists of not reach this constant value until
1 producing a rectangular pulse after the sweep circuit has been on

whose time duration is proportional for x or 2 ^sec In order that the
to one variable in this case £r sweep be quite linear this stage is

2 using this pulse to switch an biased in such a way that the output
integrator which integrates with voltage starts at about -3 volts and
respect to time at a rate pro sweeps positive When the voltage
portional to the other variable £ comparator is considered it will be

3 reading the peak voltage attained seen that this biasing arrangement
Since the integrator integrates at a permits discarding the first few
rate proportional to £ and for a time mlcroseconds of integration the
proportional to£r the final peak period wherein the nonlinearity occurs
voltage is proportional to the product
of £ and £ Thus far a saw tooth wave has been

r generated which goes from -3 volts to
The method is straightforward 4-78 volts m about 82 fisec This saw

enough but the reduction of it to tooth wave is generated at a stable
practice in the form of an accurate rate of 10 000 cps and lt has a very
multiplier is somewhat less straight constant slope in the range from 0 to
forward Figure 10 is a block diagram 78 volts The saw tooth wave 1S fed
showing the essential parts of the into the voitage comparator When the
electronic system sweep voltage reachesground potential

In Fig 10 the blocks along the a steep pulse called the start pip
heavy arrows from the pulse repetition is generated by a blocking oscillator
generator through the proportional The sweep voltage which is integrating
gate generator constitute a pulse at a very linear rate continues to
width modulation system which produces rise When this voltage is equal to
pulses of duration proportional to £ £r another steep pulse of 3 /xsec
The pulse repetition generator is duration called the stop pip is
simply a frequency stabilized blocking generated These two pulses are

THE [MULTIPLIER
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PULSE

REPETITION

GENERATOR
(lOOOOpps)

PULSE

SHAPER

(82 /xsec PULSE
DURATION)

LINEAR

INTEGRATOR

(1 volt//Asec)

PRODUCT

OUTPUT

CATHODE

FOLLOWER

STORAGE

CIRCUIT

(97 ytisec)

DELAY

NETWORK

(1 /xsec)

RECOVERY

CIRCUIT

PULSE

STRETCHER

(4 ^.sec)

+ Er

+ E •

VOLTAGE

COMPARATOR

r~3
STOP

PIP

START

PIP

PROPORTIONAL

GATE

GENERATOR

I
PRODUCT

INTEGRATOR

1_

Fig 10 Block Diagram of Multiplier

clamped through diodes to the pro
portional gate generator which is
fundamentally just a condenser which
sets the grid voltage of a cathode
follower The start pip causes the
voltage across the condenser to rise
quickly to a large positive value
The front edge of the stop pip causes
the condenser to discharge quickly to
a slightly negative voltage Thus the
output cathode follower of the pro
portional gate generator produces a
positive pulse whose time duration is
proportional to £r in the ratio of 1
yu.sec/volt The duration of the start
pip and the rise time of the stop pip
set a lower limit of about 5 volts

upon £r while the pulse shaper the
integration rate of the linear inte
grator and the resolution of the
voltage comparator combine to establish
an upper limit on Er of about 75 volts
for accurate operation

The second step of the multipli
cation process is much simpler The
pulse from the proportional gate
generator is clamped through diodes to

the grid of the product integrator and
allows it to integrate only for the
period of time between the start pip
and the beginning of the stop pip
The second variable £ is applied as
the voltage which sets the rate of
integration Thus the product inte
grator integrates at a rate proportional
to £ for a time proportional to £r
The precision of the product integrator
is determined by its loop gain In
this computer the product integrator
is accurate to within 1% but this
accuracy can be made as great as
necessary by simply increasing the
gain

The final step of the multipli
cation process is accomplished through
the use of a gated-clamp circuit
called a pulse stretcher and a
condenser and electronic switch combi

nation called the storage circuit
The output voltage of the product
integrator is connected through
clamping diodes to a condenser The
diode polarity is such that the con
denser voltage follows the output

17



voltage of the product integrator as
this latter voltage goes up to its
final peak value but when the product
integrator output voltage drops back
down to its rest value the diode
clamp circuit isolates the condenser
and causes the condenser voltage to
stay at the final peak value reached
by the product integrator In this
way the peak output voltage attained
by the product integrator is held
momentarily by the pulse stretcher
Next the 3 (J-sec pulse initiated by
the stop pip blocking oscillator plays
a twofold part First this pulse is
applied to an electronic switch The
switch then allows a small condenser

(which together with the electronic
switch makes up the storage circuit)
to be charged up to the value of
voltage held by the pulse stretcher
condenser at the end of 3 /xsec the
storage circuit condenser is again
isolated from the pulse stretcher by
the electronic switch The second

part played by this 3 /isec pulse
consists of causing the pulse stretcher
to recover The pulse goes through a
1 /Ltsec delay line and the back edge
of the pulse causes a flip flop in the
recovery circuit to change its state
of operation to produce a negative
signal This signal in turn is
clamped to the pulse-stretcher con
denser and causes it to become un
charged Meanwhile the storage
circuit isolated by the electronic
switch from the changes in voltage
taking place behind it causes the
output cathode follower to maintain a
steady voltage proportional to the
peak voltage attained by the product
integrator during its last preceding
integration Finally the next pulse
from the pulse repetition generator
restores the flip flop in the recovery
circuit to its normal state so that

the pulse stretcher is again ready to
follow the product integrator and at
the same time the chain of events

leading to a new product is initiated
Figure 11 shows the electronic circuitry
with the functional blocks corres

ponding to those in Fig 10 super
imposed on the schematic diagram In
the above explanation and in Fig 10

18

the multiplier has been described as
if it produced pulses of only one
polarity throughout From Fig 11 it
is apparent that a differential system
is again used and that both positive
and negative signals are produced in
each circuit following the pulse
shaper

Much attention has been given to
details in order to improve the per
formance of the multiplier As in the
case of the amplifiers a differential
system is used throughout to avoid
drift The voltage comparator provides
pulses whose separation is nicely drift
free since similar comparison circuits
are used to initiate both the start

pip and the stop pip In every case
where thermionic diodes can be used
an effort has been made to utilize
them because of their high back
resistance In some instances the

thermionic current with zero applied
plate voltage can be neither tolerated
nor conveniently balanced out with a
compensating diode In such cases
crystal diodes carefully selected and
conservatively operated are used

The performance of the circuit is
gratifyingly reliable fast and
sufficiently accurate for this appli
cation The variable £ can cover a

range from 1 to 100 volts while £
has a usable range of 5 to 75 volts
Both variables can change at any rate
up to 100 cps without adding more than
2% to the inaccuracy of the product
Tests show that the product value has
an inaccuracy of no more than 57 over
an output range of 0 06 to 20 volts
The largest contributors to this
inaccuracy are the nonlinearity of the
product integrator and the nonlinearity
of the output cathode follower Both
elements can readily be improved by
substituting feedback amplifiers with
suitably high gain With £ or £ or
both £ and £r reduced to zero the
output voltage does not exceed ±2 mv
Tins noise figure might be improved if
it were necessary but since the

desired range of product voltage is
many times this value the computer
accuracy suffers to only a negligible
extent from the presence of this noise
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Chapter 3

COMPUTER RESULTS

CALIBRATION

Before the information from the

computer could be accurately cor
related the instrument had to be

calibrated Two calibrations were

made to check the correspondence of
the physical circuitry with the
theoretical values

The experimental calibration of the
excess reactivity coefficient is shown
in Fig 12 The calibration was made
in the following manner When steady
state operation is reached for a
measured value of initial power level
Pj a small negative change in excess
reactivity is introduced Then the

maximum change in power pm x
measured and the change in S
calculated from

is

1 s

(28)

where

A

i=i

p.

Pm

A
i=i

Pi + P,

= change in excess reactivity
coefficient S

= 0 00665

= initial power level
= maximum change in power

level a negative quantity

UNC ASSIFIED

DWG 20480

1 6

1 2

0 8

0 4

0 4

-0 8

-1 2

1 6

CALIBRAT ON WAS M ADE AT 0 2 megawatt INTERVALS FOR

POWER LEVELS FROM 0 4 TO 2 0 megawatts THE SPREAD

IN THE EXPERIMENTAL DATA IS REPRESENTED

4 5 6

DIAL SETTING

10

Fig 12 Calibration of Excess Reactivity Excess reactivity coefficient
as a function of potentiometer dial setting
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(Eq 28 is derived in the appendix )
Figure 13 shows a typical curve given
by the instrument for one such point
in this calibration

UNCLASSIFIED
OWG 20481

/0 INSTANT OF NEGATIVE A INSERTION TIME

Fig 13 P = / ( t)
Negative Step in S

for a Smal1

The method of calibration outlined
above is readily applied to the whole
range of the 8 potentiometers Q (cf
Fig 7 or 8) since only the change in
S is calculated The potentiometer
dial may be set for some chosen dial
reading of greater than 5 (the nominal
point of S = 0) and the power level
is then allowed to reach a steady
state value with the potentiometer
taps connected to the ADD circuits
As will be seen in one of the problems
investigated later the power level
does reach an equilibrium value P
under these conditions and indeed Pj
is equal to PQ the power demand at
the boiler plus any power losses in
the nuclear system At any rate
after an equilibrium power level is
reached a negative step in A may be
introduced by opening the switch and
thus disconnecting the potentiometer
taps from the ADD circuits and inter
rupting a positive value of the

current Js In this fashion a call
bration is obtained for the region of
positive 8 (that is for dial settings
from 5 to 10) For calibration in the
region of negative S (namely dial
settings of 0 to 5) the power level
is allowed to reach equilibrium while
the switch is open and the potenti
ometer taps are not connected to the

ADD circuits The potentiometer dial
is set at some selected reading of less

22

than 5 Then the switch is closed to
connect the potentiometer taps to the
ADD circuits and to allow a negative
value of Jg to flow Since the con
dition of operation with the switch
open corresponds to § = 0 (cf Eq 23)
both the above described methods of

introducing negative values of A are
referred in a straightforward manner
to the zero of S Therefore for any
particular measurement |8| = -A and
the sign of 8 is determined by whether
the potentiometers were disconnected
from or connected to the ADD circuits

to affect the negative change in A

Further consideration of Eq 28 and
of Fig 12 is now necessary The
derivation of Eq 28 is based upon the
assumption that the delayed neutron
concentrations and the reactor temper
ature do not change appreciably in the
time required for the power level to
go from Pj to (pm x + Px) This
assumption is very accurate for

negative values of A Since the
entire computer is involved in the
calibration shown in Fig 12 the
deviation of the calibration curve

from the theoretical value of 8 = 1 667
at a dial setting of 10 and S = -1 667
at 0 is due to the accumulated errors

of the entire instrument The re

sistancevalues of the excess reactivity
potentiometers Q (cf Eqs 26 and 27
or Fig 8) are not exactly the nominal
values the measured ohmic resistance

is approximately 37 below the 10 000
ohm value chosen a fact which changes
the theoretical value of S to

±1 627 but which does not violate the

inequality upon which the validity of
Eq 26 rests Slight imperfections in
the potentiometers account for the
facts that 8=0 does not lie exactly
at a dial reading of D and that the
positive 8 is somewhat smaller in
r max

magnitude than the negative value
The remaining discrepancy between the
observed value |Smax| = 1 50 ± 0 017
and the corrected theoretical value of

1 627 is largely due to the fact that
the multiplier output is not quite
linear with changes in P There is a
slight decrease in the effecti/e value



of a as P increases This decrease in

a. then manifests itself as an apparent
decrease in the value of 8 as |S| is
increased The effects of this non-

linearity are also discussed briefly
in the appendix In any event this
calibration takes into account many of
the inaccuracies of the instrument

and in laige part corrects for these
imperfections Note that the cali
bration shown in Fig 12 is quite
linear a fact which is partly due to
the use of potentiometers having only
0 1% deviation from linearity and
which confirms the conclusions in

corporated in Eq 26
The second calibration is that of

the temperature coefficient of re
activity The experimental curve is
shown in Fig 14 The reactor temper
ature is measured when it has reached

an equilibrium value with 8=0 then
a known change in S is inserted and
the temperature is again measured after
its steady state value is attained
Then

change in excess reactivity 8
a

change in reactor temperature A#

as is also derived in the appendix
Thus the temperature coefficient of
reactivity is the tangent of the angle
designated as 4> in Fig 14 The
slight nonlinearity of the multiplier
is hardly apparent here since it is
largely accommodated in the calibration
of the excess reactivity coefficient

According to the calculations of
instrument accuracy any results
should be easily within 107 of the
true solutions to the stated equations
The computer itself gives solutions
which are within 37 of being accurate
most of the error being attributable
to multiplier inaccuracy The ac
cumulated errors of the recording
oscillograph and its associated
amplifier are estimated to be about 37
of the reading Finally the errors
involved in reading the recorder
charts in calibrating the recorder
etc average about 2% of the reading
Thus the following results should be
within 10% of the true solution to the

kinetic equations Eqs 2 through 5
for the coefficient values stated

previously

SOLUTIONS FOR SEVERAL HRE PROBLEMS

Dynamic Response to a Positive Step

Change in Excess Reactivity Coef

ficient The first problem investigated
is the dynamic response of the reactor
power of the reactor temperature and
of the boiler temperature to a step
change in excess reactivity coefficient
for several values of boiler heat

capacity and for all feasible values
of power demand at the boiler A set
of typical curves is shown in Fig 15
This specific set of curves shows for
a constant load of P. =04 megawatt
the reactor and steam temperature
changes and the reactor power as
functions of time following a +0 887
step change in 8 inserted at time
t = 0 A logarithmic time scale is
employed so that both fast and slow
changes can be observed

The power curve of Fig 15 will be
considered first Here several

interesting features become evident -
note that the height of the power peak
is not influenced by the boiler heat
capacity Indeed the power transient
is almost identical for all three

cases However the tail of the power
curve is slightly different for the
different heat capacity values that
is the power falls off somewhat more
slowly for larger values of boiler
heat capacity It should also be
pointed out that the final power level
is identical to the initial power
level This indicates that the reactor

power is indeed stable against pertur
bations which arise from control rod

movement and illustrates nicely that
the delayed neutrons and the tempera
ture coefficient of reactivity control

the stability of the reactor power
The effects of the boiler become

apparent only after a time which is
long compared with the time required
to reach a power peak (~30 to 100 msec)
Thus it would be of little value to

include a more complicated system of
equations to describe the reactor load
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The temperatures of the steam and
of the reactor will be considered next
From Eq 4

(29) a(8r - 8s)
d8

+ g
dt

Upon combining Eqs 29 and 3
seen that

(30)

d8

dt ~ " ° ° dt

Therefore if the boiler heat capacity
g is zero Eq 29 shows that the dif
ference between the reactor tempera
ture and the boiler temperature is
proportional to P„ which is held
constant throughout this set of
solutions Thus for a step change in
excess reactivity and for g = 0 the
two temperatures differing by a
constant amount will rise in identical

dd

P -P0 - g

it is

fashions For this condition the

deviations of the two temperatures
from their initial values are shown

as Case 1 of Fig 15 Since no change
is made in the load PQ the difference
between the two temperatures must have
the same value at all times The

reactor temperature must change by an
amount

8
Ac9 = —

r
a

so the initial and final values of

reactor temperature are not the same
but the difference between steam
temperature and reactor temperature
remains constant Note that for this

value of g the reactor temperature
overshoots its final value slightly
The effect of &r in Eq 5 then causes
the reactor power to undershoot its
final value of 0 4 megawatt by a very
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small amount The small overshoot of

the temperature indicates that the
nuclear system has a slight tendency
to be oscillatory but this is rapidly
damped out When the boiler heat
capacity is equal to the reactor heat
capacity the steam temperature change
lags behind the reactor temperature
change in accordance with Eq 29 How
ever when the steam temperature starts
to increase since (P - P ) at this

instant is very nearly the same as for
Case 1 Eq 30 shows that the reactor
temperature begins to have a slower
rate of change than in the previous
case and in turn causes the P curve

to fall off more slowly than in the
previous case This sequence of events
is shown in Case 2 of Fig 15 Note
that there is still a slight overshoot
in &8 but that this overshoot is not

so large in amplitude as it was previ
ously which indicates that the system
is more nearly critically damped
Similarly for a boiler heat capacity
ten times as great as the reactor heat
capacity the change in boiler temper
ature is simply delayed by an even
greater length of time than in Case 2
and the change in reactor temperature
takes longer to get up to its final
values (cf Case 3 of Fig 15) In
this case there is neither an under

swing of power nor an overshoot of
temperature and thus there is indi
cation that the system is overdamped

A slight deviation from the mam
line of investigation was made in
order to observe a few qualitative
facts about the damping of the nuclear
system With the delayed neutron
networks disconnected a modified set
of equations was solved that was
equivalent to Eqs 1 through 4 but that
had /8t = Kt = 0 in Eqs 1 and 2 Then
when a positive or negative step of 8
was inserted with g = 0 the solutions
to this modified set of equations
showed an undamped oscillation of
power about the value PQ The height
of the power excursion above P was
several times as great as that observed
for the same step value of 8 when the
delayed neutrons were included in the
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equations For very small values of 8
the oscillation was nearly sinusoidal
but as 8 was increased the half cycle
which was less than PQ began to
flatten out and the period of oscil
lation became long compared with the
duration of a high power excursion
This effect has been discussed at

length in previous reports (cf for
example refs 12 3 and 4) for the
modified set of equations This test
qualitatively confirmed the conclusions
reached in the previous reports

When values for g other than g = 0
are employed the oscillation is rather
sharply damped The power excursions
disappear entirely after two to five
positive peaks depending on the values
of Pfl 8 and g The largest value
for g gives the most damping although
the system is still underdamped When
the delayed neutrons are added an
extremely strong damping effect is
observed and in combination with the

damping effect of the external system
(that is the value of g) the nuclear
system can become overdamped as is
demonstrated by Case 3 of Fig 15 In
the case of the HRE only a small
portion of the delayed neutrons is
lost from the nuclear reaction when

the fuel is circulated through the
external piping and this lost portion
is accommodated in Eq 1 by including
the attenuation factor y Since the
delayed neutron concentrations will
not be attenuated to any greater extent
than this under the conditions of

actual operation no further simulator
observations were made with the delayed
neutrons removed In the event that

higher velocities of fuel circulation
and larger ratios of fuel time in

external system to time in reactor are
contemplated a greater percentage of
the delayed neutrons will be lost the

HRE Q P g Rep Feb 28 1950 ORNL 630
p 22 26

( 2)
H g n R ctor Exp rm t F ibil ty

R po t ORNL 730 p 73 76 (J ly 6 1950)

<3)£fflf Q P g Rep N 30 19 50 ORNL 925
p 78 98

(4)T A Wei ton et I HRE Qu Prog Rep
A g 15 1951 ORNL 1121 p 99 107



power peaks will be higher and the
power excursions may continue for
several peaks In short the damping
action of the delayed neutrons will
be greatly reduced and under these
conditions the power excursions should
be thoroughly investigated in a
quantitative manner The simulator
can be readily adapted to perform such
an investigation

Numerous curves such as the one

shown in Fig 15 were obtained for
various values of 8 and at various

levels of P0 They do not differ
qualitatively Quantitatively the
height of the power pulses is in
dependent of the value of g but
depends upon the values of P0 and of 8
The time required to reach this peak
is approximately inversely proportional
to the square root of P and is in
dependent of 8 and of g Of the mfor
mation which can be obtained from

these curves that of greatest immediate
interest is the amplitude of the power
surge as a function of the step value
of 8 for various values of P. These

data are discussed next

Ratio of Peak Power to Initial

Power as a Function of Excess Reactivi ty

The dynamic response of reactor power
to step increases in 8 has been cor
related in Fig 16 to show the ratio
of peak power Pm x to initial power as
a function of 8 for various values of

initial power level PQ Note that as
the initial power level is increased
the maximum step values of 8 must be
reduced so that the amplifier outputs
do not become saturated For instance

at PQ = 2 0 megawatts the Pmax/P0 ratio
at 8 = 0 66% is 5 2 This means that
the amplifiers are giving a 104 volt
signal at maximum power This value
of voltage is just about the maximum
reliable output obtainable with this
particular amplifier design It is
therefore impractical to introduce any
larger values of 8 at this level of
initial power

It is interesting to compare the
results of Fig 16 with those computed
by methods of numerical analysis The
two methods of solution give results

which are within 37 of each other

This is easily within the margin of
error which can be expected in reading
the graphical output curves of the
computer Several of the simplifying
assumptions made by the Mathematics
Panel to more readily achieve their
solutions were checked with the

simulator For example the mvesti
gation of power peaks with the delayed
neutron concentrations held constant

and with the boiler heat capacity equal
to zero makes the equations investi
gated with the simulator equivalent to
those solved by methods of numerical
analysis The results given by the
computer under these conditions are
within 2% of the results obtained from

the computer without these simplifying
assumptions the results thus confirm
that the assumptions are quite well
chosen Furthermore the results

achieved with the computer under these
assumptions are within llA7 of those
achieved by the Mathematics Panel a
fact which tends to confirm the accurate

operation of the instrument
Dynamic Response to Sudden Decrease

in Power Demand The next problem
investigated is the dynamic response
of the reactor to a sudden decrease in

power demand P Figure 17 shows
typical curves for the reactor power
reactor temperature change and steam
temperature change as functions of
time following a sudden reduction of
power demand from 1 12 to 0 44 megawatts
at time t = 0 From Eq 29 with g = 0,
it is readily seen that the steam
temperature jumps by the amount
-AP0/a (here = +27 2°C) when the power
demand is changed by an amount APQ
Since the reactor heat capacity 6 is
not zero the reactor temperature
cannot change instantaneously but does
have a finite rate of change as soon
as the step APQ is inserted as may
be seen from Eq 30 with g = 0 Then
as the reactor temperature gradually
changes in accordance with Eq 30
the steam temperature changes simi
larly and the power is forced to a
lower value (in accordance with Eq 5)
This sequence of events is shown as
Case 1 of Fig 17 Note that during
the power transient the reactor
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temperature is raised slightly above
its initial value This causes the

reactor power to be reduced to its new
value but then the power must under
shoot its final value and maintain the

undershoot just long enough to restore
the reactor temperature to its initial
value This case is of little practical
interest since in practice the heat
exchanger will have some positive
nonzero value of heat capacity The
example does serve to illustrate the
limiting case which would exist if a
very small boiler were coupled to the
reactor and it does provide conditions
under which the interaction of events

may easily be correlated to the
physical sequence

Case 2 of Fig 17 is a more realistic
situation which illustrates the

sequence of events when the boiler
heat capacity and the reactor heat
capacity are identical The main
difference between the curves for the

two cases is simply that the excursions

in power and in temperature are delayed
in time as a result of the increased

boiler heat capacity The overswing
of temperature and the undershoot of
power are not so extreme in Case 2
The larger the boiler heat capacity
the greater the delay before the
excursions of power and temperature
take place and the smaller the over
shoot of temperature and the under
swing in power Only a single over
shoot is observed experimentally and
thus there is an indication that the

system is highly stable as was pointed
out previously

The case for boiler heat capacity
ten times as large as reactor heat
capacity shows the same general
characteristics as Case 2 Under

these conditions the excursions of

steam temperature and of reactor power
are delayed so much however that the
plot will not fit the time scale of
Fig 17 so the case is not shown
The excursion of reactor temperature

29



is almost undetectable in this instance
as is the undershoot of power

Numerous curves were taken for
different values of PQ and of AP
Qualitatively they are identical to
the typical curves shown in Fig 17
Quantitatively the magnitudes of the
total changes are predictable and are

AP = AP„
AP„

t£. A£ = 0

For the case of g = 0 the reactor
temperature change reaches a peak
height of approximately

-AP,
\A8 1 6

is about 2 8 sec the steam tempera
ture change jumps to its final value
and then follows an excursion identical
to that for A8r The time scale of
events remains unchanged for different
values of P0 and AP0 Similar relation
ships exist for Case 2 Hence a simple
change of the vertical scales of Fig
17 gives dynamic curves for other
values of PQ and APQ that are within
27 of those obtained experimentally

Ratio of Peak Power to Initial

Power as a Function of Steam Tempera
ture Drop The last problem investi
gated is the response of the reactor
power when the fuel circulating pumps
falter in their operation When the
circulating pumps are stopped the
reactor power drops rather quickly to
a level which corresponds to the
radiation losses of the core Although
the reactor radiation loss is not
simply a constant but vanes with the
reactor temperature this detail has

been neglected and the radiation loss
of the nuclear system has been approxi
mated for this analysis as being a
constant 0 18 megawatt (In previous
investigations the radiation losses
of the reactor core have been neglected
they can be regarded as being a con
stituent part of PQ under most circum
stances )

To simulate the stopping of the
pumps the temperature equations are
modified to become

30

d8
r

dt
(3a) 6

and

d8.

(P _ 0 18) - a8r

Ua) g__ = _(po + a0s)

Thus when the pumps stop the reactor
power and temperature undergo dynamic
excursions which are somewhat similar

to the curves for P and Ac?r shown as
Case 1 of Fig 17 The presence of
the term ~a6r makes Eq 3a somewhat
different from Eq 30 so Fig 17 does
not portray the dynamic curves exactly
Nonetheless the reactor power drops
quickly from (PQ + 0 18) to 0 18
megawatt and the reactor temperature
returns to its original value (as
determined by the reactivity of the
reactor) Meantime the heat ex
changer is cut off from the reactor
core Since a constant load demand

PQ is still connected to the heat
exchanger the steam temperature falls
exponentially in accordance with Eq
4a Obviously the rapidity of this
drop in boiler temperature depends
upon the values of PQ and of g The
larger the boiler heat capacity g
the more slowly will the steam temper
ature drop for a given load P
Conversely the larger the steam load
the more rapidly will the steam temper
ature drop for a given heat capacity
g These then are the dynamics of
stopping the circulating pumps

When the boiler temperature has
dropped by a predetermined amount
Ac9s the circulating pumps are restored
to normal operation by again changing
Eqs 3a and 4a to Eqs 3 and 4 In
jecting the cold and hence quite dense
fuel into the reactor has an effect
similar to that due to a change in
excess reactivity Power peaks that
are dynamically somewhat similar to
those of Fig 15 result The peaks
are not exactly like those of Fig 15
however because the fuel does not
continue to be cold after the cycling
of fuel resumes so this condition is
not like inserting a step change of 8
To resume pumping after the fuel in



the external loop has cooled a pre
determined amount is thus like in

serting a small 8 step which decreases
to zero with time If the case of

g = 0 were considered here starting
the pumps would be like inserting an
impusle of 8 since the fuel would
warm up instantaneously This case
presents difficulties in accurately
controlling the steam temperature drop
while the pumps are stopped so since
the case is not one which will be

encountered in practice it is not
considered further When the external

system has a nonzero value of heat
capacity the injection of cold fuel
is like a small 8 step which decays
exponentially the rate of decay
depending on the values of P0 and of g
Physically this simply indicates that
the temperature of the fuel continues
to be pulled down below its normal
value until it heats up the boiler
piping and all the materials which
contribute to the boiler heat capacity
Thus in this instance the height of
the power peaks depends slightly upon
the value of boiler heat capacity

The ratio of peak power to initial
power is plotted in Fig 18 as a
function of steam temperature change
Note that the curves follow the same

trend with changes in P0 as do the
curves of Fig 16 Note also that the
power peak is not influenced so greatly
by the boiler heat capacity g as by
the steam temperature drop At9s and
by the level of power extraction PQ
This effect is particularly apparent
at larger values of P where the
excursions are identical in height for
the two values of boiler heat capacity
At smaller values of PQ the value of
boiler heat capacity has a greater
effect However as P. is reduced

beyond 0 4 megawatt the presence of
the radiation losses begins to mask
the effects of the cold fuel and the

ratio again becomes smaller

SUMMARY OF EXPERIMENTAL RESULTS

The steady state solutions for Eqs
2 through 5 show that the static

reactor power level is fixed by the
losses of the nuclear system plus the
power extracted from the system These
solutions show that the temperature of
the reactor is fixed by the reactivity
level The dynamic solutions show
that the power and the temperature of
the reactor undergo only rather slow
and not very violent excursions in the
event that the power demand is suddenly
reduced or the fuel circulating pumps
falter in their operation When the
control rods are suddenly removed the
reactor power undergoes a single
violent surge and then settles down
rather quickly to its static value (as
shown in Figs 15 and 16)

Actual operation of the reactor
since the above data were taken con

firms that the computer is qualitatively
correct Several of the coefficient

values which at the time the computer
was built represented the best esti
mates of the prospective values have
since proved to be slightly in error
The computer has been modified to
accommodate these new coefficient

values and further data are being
taken by the people associated with
the HRE project

The fact that the HRE is now in

operation is not sufficient reason to
deem the usefulness of the reactor
simulator at an end The computer
can be modified to give answers
within the accuracy required for
engineering design to any problem
which requires solutions to equations
of the following general type

dx »
— = alX + a2xy + 2, «tS
dk

dy_
dk

and

dz
i

dk

t=o

a4x + a5y f(k)

= blZl + cxx + dvy

12 3
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where k = a constant times time and
the as 6s cs ds and e s can be

positive or negative constants or

certain functions of k Together with
a whole class of engineering problems

in this category any reactors of the
homogeneous type which may be proposed
for future construction should certainly
present just such a problem as the
computer is designed to solve
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Appendix

SOME MATHEMATICAL CONSIDERATIONS

DERIVATION OF THE EXCESS REACTIVITY

CALIBRATION EQUATION

Initially the reactor power is at
a constant value so P = 0 = K where

the dot superscript indicates dif
ferentiation with respect to time
Furthermore

P = P, 8 = 8r Ki = Kt and 8 = S0
at that time Upon putting these
values into Eqs 1 and 2 which state
that

(Al) P s - L 0>

- «K -e 0)
p s

- + Z ykK
«=i

K = -k K + — P
' r

When a small negative step-change
A is introduced in the excess re
activity 8 then p can be defined
as the subsequent change in reactor
power Thus when

8 = 80 + A

P * Pt + P
where both p and A are negative
quantities If the reactor temperature
and the delayed neutron concentrations
may be assumed to remain constant
throughout the period of time required
for the excursion p to take place the
following equation results

34

P = p = S0 + A- I 0
i = i

-aid - 8 )
Pr + P

—• 'iii,
= i

Now by using Eq A3 it is seen that

/ s \ P.

p = K + A - I /s

(s° +a-?/')t
- ».- I ^

i=i

or

(A5) P=^p, +(s0 +a- £ Al
Now multiplying Eq A4 by yx summing
over i and equating the result with
Eq A3 gives

t = i

so

<A6> §o - I /?, " - I 7A
i = i L=l

Substituting Eq A6 into Eq A5 gives

A
p--Px + A- I y0\JL



vhich has the solution

AP,
_A +

s

z yB

(A7) — exp \—

Z y b - a
= i

Finally the maximum value of p occurs
when the exponential term approaches
zero so that

or

(A8) A =

AP

-a + Z rA
= i

Z 7A
1= 1

Pi

which is the form used in Eq
long as

Z rA » a
i=i

the above equation will hold even for
A > 0 However if A is kept less
than zero the assumptions that the
reactor temperature and the delayed
neutron concentrations do not change
in the time required for P to go from
Pj to (Pj + pm ) are assured of being
correct

The time required to reach p is
controlled by the time constant

-A + z v0 4
i=i

28

Consider the case when A = —17 = -0 01
then

10 4
(0 01 + 0 00665)

= 166 5 sec

Thus in 0 024 sec (= 4/166 5) p will
be within 27 of having reached p

Because of the large heat capacity of
the reactor and the comparatively long
time constants associated with the

delayed neutron concentrations no
appreciable change in either can have
taken place in this length of time
Thus Eq A8 is a good approximation
when negative values of A are used
especially if |A| ^ 17

The initial conditions for Eqs 3
and 4 should also be pointed out at
this time These equations are

(A9)

and

(A10)

b8 = P - a{6 - )

gt :{8. ) - Pn

In the initial steady state condi
tion

0 so P, a 8 .)
from Eq A10 and

6 = 0 so P = a{8 - 8 ) = P.
r \ o 0/

from Eq A9 Thus Pj = PQ as men
tioned previously (cf chap 2)

POWER AND TEMPERATURE EXCURSIONS

FOR A RAMP INPUT OF 8

Since the excursion of power as a
function of step insertions in excess
reactivity has been presented in
chapter 3 it is also interesting to
see the effect on reactor power of
introducing 8 as a ramp function of
time The following is a mathematical
analysis of this case

Equations 5 4 and 3 state

(All) P.l
T

s - Z 0,(1 -y.)

" «(6r ~ - Z r*.
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(A9)

and

be P - a(t

(aio) g8 -aid - e ) - P„
° s r s 0

If 8 = S0 + Ct where C is a constant
rate of change of excess reactivity
and if enough time has elapsed since
the start of this ramp function (that
is at t = 0) for the reactor power to
reach a steady state condition then
in the steady state P = K =0 so
from Eq All

s0 + ct - z 0,(i - ?,>

"aK -'J
but from Eq A6

so - Z /M1 - y > • °
i=i

C« - a(*r - *pJ
There fore

(A12)

gd = a

c
+ — t

r r,
o a

Substitution of Eq A12 in Eq A10
gives

+ — t - e
a

- P„

which has the solution

P. Cg C
— +— t
aa a

(Ai3) e
0

0

a

Pn Cg ( /g)t

Then provided that enough time has
elapsed

Pi.
(A14) 8

r o

Cg x C
— + — t
aa a

in the steady state
Before continuing this analysis

the question of just how much elapsed
time is enough should be resolved
In Eq A13 the time constant g/a has
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the values 0 7 and 70 sec corres

ponding respectively to g = 0 b and
106 Since e"4 = 0 0183 the termwill
be less than 27 removed from its final

value after the passage of four time
constants Thus 0 28 or 280 sec

must elapse depending on the value
chosen for g before 6 has recovered
from the transient resulting from
starting the ramp function of 8
However it was assumed originally
that enough time had passed for Eq
All to reach a steady state condi
tion and this implied that Eq A2
was at equilibrium The slowest
delayed neutron group considered here
has a time constant (l/\5) of 31 8
sec so about 127 2 sec must intervene

between the time when the ramp starts
and the time when Eq All approaches
equilibrium Both equilibriums must
exist for this analysis to apply
therefore the amount of time which

must elapse is the larger of the two
values or 127 sec for g = 0 6 and
280 sec for g = 106 Since C must be
a constant this required lapse of
time together with the available range
of variation in 8 sets a practical
limit on the maximum value of C

Since it is known that initially
P ~ PQ it can be assumed that the
steady-state value of P with the ramp
input of 8 is

(A15) P = P0 -i- p

Also differentiating Eq A12 gives

C
(A16) 8 = —

r a

Now substituting Eqs A12 A14 A15
and A16 into Eq A9 gives

6 - = P. + p - a
C

e +— t
r o a

Po Cg
• e + — + —

ro a aa

Cg
P ~

Thus

(A17)

a

P =~ (6 + g)
a

C
— t
a



Hence it can be stated in general
that for a ramp input of 8 p the
steady stage offset in reactor power
from the initial value P0 is

rate of change of 8 times
the sum of boiler and

reactor heat capacities

temperature coefficient
of reactivity

Some simple tests with the computer
confirm this analysis although these
tests show that the values given
above for elapsed time tend to be con
serva tive

SOME MATHEMATICAL DIFFERENCES BETWEEN

THE FOREGOING ANALYSES AND THE

ACTUAL COMPUTER OPERATION

It is advisable to point out at
this time that as actually performed
with the computer the initial reactor
temperature (call it 6 ) is not equal
to (9 Furthermore

s /- Z 0,(1 -r.)

initially as may have been gathered
from Fq A6 but instead 8 = 0
initially Nevertheless it can be
readily seen from Eq 5

p = s - Z 0,d -y )

-*(*r-sP0)J-- Ey.*
that the stable initial condition
demands that

tt(er, - «r0) =" E 0 <1 ^ >
which may then be defined as 8. Thus
8=0 initially and a slight lowering
of the reactor temperature produces
80 the reactivity required to maintain
criticality It is easily seen that
this modification in no sense changes
the foregoing analyses

Since the discussion of reactor
temperature as a modifying factor to

the excess reactivity coefficient has
arisen several other facets of this

phenomenon will be considered

DERIVATION OF THE CALIBRATION EQUATION

FOR THE TEMPERATURE COEFFICIENT

OF REACTIVITY

In the calibration of a the temper
ature coefficient of reactivity use
was made of the bracketed term in

Eq 5 or Eq All In the steady
state condition P = 0 = K and this
bracketed term must be identically
equal to zero Thus if dr is the
initial temperature at steady state
with 8=0 then

5

(Ai8) - Z 0,d - y )
i=i

-C,-8-,) 0

Now if a change in the excess
reactivity coefficient (= 8) is mtro
duced the final temperature at steady
state become 8 and

2

(A19) Z 0 d - y.)

-a(

If A6> = 8 -8r 2 , ,

subtracted from Eq A19

- 8 \= 02 ro)
and Eq A18 is

8 = ad .)
= a A6

Since 8 is readily calibrated by other
means the relation

(A20)
Ad

canbeused to experimentally determine
the precise value of a.

EVALUATION OF THE MAXIMUM

TEMPERATURE EXCURSION

With the calibrated values of 8
m x

and a known it is possible to predict
the maximum excursion of temperature
which the computer must be prepared to
undergo (cf chap 2) From Eq A20
and Figs 12 and 14 the calibration
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curves

\Adr

it is seen that

a

1 527

0 00081
= 18 8°C

Since the zero point of temperature
so far as the computer is concerned
is set at 170°C then d normally
operates in the neighborhood of 62 5
and never becomes smaller than 43 7
nor larger than 81 3 These tempera
ture limits correspond respectively
to Er = 10 9 volts and 20 3 volts and
thus assure that this voltage input to
the multiplier always remains positive
and well within the most accurate range
of the multiplier (cf chap 2)

DISCUSSION OF INACCURACIES

IN THE COMPUTER

In practice the computer contains
certain inaccuracies those connected

with the multiplier are of the greatest
consequence There are however other
inaccuracies present For instance
to assume that the input potential
of one of the d c amplifiers does not
differ from ground potential is
slightly erroneous Inaccuracies of
this type may be reduced to as little
as 0 017 by simply increasing the gam
of the amplifier and by carefully
measuring and matching the resistance
and capacitance values in the analog
circuits (cf for example refs 1
and 2) In this computer the ac
cumulated inaccuracies of this nature

are calculated to be no greater than
17 of the reading On the other hand
as was learned from tests and exhaustlve
measurements the inaccuracy of the
multiplier is slightly less than 27

The major inaccuracy of the multi
plier appears as a slight decrease
in a when the multiplier s output
voltage is caused to increase Thus
the approximation that a is a constant
is reasonably accurate for this com
puter but it is only a first order
approximation To a second order of

D McD n Id R Sci I t 21 154 57
(1)

(1950)

(2)G AKr d T M Krn £1 ctro ic An log
C «p te McG w H 11 New Y rk 1952
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approximation Eq 5 or Eq All
should read

(A2i) p = s - Z 0 (i - y )

- aid P) d + a
"0~r,

P

T

- Z y k
i = i

where

(A22) aid P) = a0[l + eidr P)]

Ad IS

3a

W

ao +

- e

Ba

dd
Ad

0

3a

3P
AP

an increment

of 6f in the vicinity of d and APis
(P - Pi) an increment of P in the
vicinity of Pj Note that the output
of the multiplier is now -aid P) d P/r
while the constant portion of the
temperature term produced in the com
puter by a precision resistor network
and not subject to the nonlinearity
in a due to the multiplier isai P/r

0 ro
As is pointed out in the preceding

section the range of operation for
8 is selected such that

Furthermore Ad is restricted to a
relatively small range so that

(A23) aidr P) £ aiP)

In o

that in tqs
same value

po we r say

3o_
3P

AP

rder for the aQ in Fq A21 and
Eas A22 and A23 to have the

a reference level of

f i = 06 megawatt is



selected then aid 0 6) = a. and
r o

the a0 of Eq A21 is given this value
Then Eq A23 may be modified to read

3a r
(A24) aid P) % a0 +— [P - 0 6]

where 3a/3P is now averaged over the
range from P to 0 6 megawatt Thus
it is apparent that the expression
used in calibrating 8 (that is Eqs
28 or A8) depends to a slight degree
on the level of power demand PQ at
which the calibration is made Further

more the equilibrium condition for
Eq 5 or All depends slightly upon
the power level which indicates that
80 is a function of P in the same
fashion that a is Anyway by analysis
which is a little more detailed and

involved than can be included in this

report it can be shown that Fig 14
is simply a good determination of the
value aQ Also a calibration curve
of 8 for each power level studied was
used to give the true value of 8 in
serted Figure 14 is the calibration
at 0 6 megawatt while the values from
0 2 to 2 0 megawatts are included

within the spread of data shown there
Since the reactor power returns to
its initial value the equilibrium
determinations are correct as shown

in the dynamic curves for a positive
step in 8 since a decreases slightly
at higher power levels the power
peaks tend to be a little higher than
they would be without this nonlinearity
Comparison of the results of Fig 16
with the results obtained by the
Mathematics Panel using the Bureau
of Standards digital computer (SEAC)
shows that Fig 16 is less than 1 57
higher than the Mathematics Panel s
results Therefore it may be stated
that this nonlinearity is so slight
as to be of little consequence The
nonlinearity can readily be corrected
by insertion of a properly designed
feedback amplifier instead of the
catnode follower But the temperature
coefficient of reactivity of the
reactor itself was expected to behave
in much this same fashion (as indeed

it has) so the corrective measures
were advisedly not taken in the design
of this multiplier
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