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INTRODUCTION

The determination of the time behavior of the reactor
system i1s an important part of any nuclear reactor design
study. Information on how the reactor responds to step, ramp
and sinusoidal inputs of reactivity is useful to the control
system designer and in the formulation of the hazards report
of the proposed system.

These responses are usually determined by solving the
time dependent neutron diffusion equation which is derived
by assuming that the reactor can be treated as a black box
having an average neutron density, a neutron lifetime, and a
reactivity é%E. A gystem of seven differential equations
must be solved, one equation for the neutron flux and six
equations for the delayed neutron precursors. A reactor
simulator or an analog computer is a convenient device for
solving these differential equations for varicus values of
the reactor parameters which effeet the time behavior of the
system, It is usually assumed that the spatial variation of
the neutron flux in the reactor core does not effect the
- kinetic response of the system. As pointed out by Schultz
(29, p. 29), the cne-point black box treatment yields kinetic
answers, which for most systems, are consistent with experi-
mental accuraey.

For some reactors however, the assumption that the flux
distribution in the core does not effeet the time behavior
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of the reactor is not valid. Reactor cores which consist of
distinet multiplying or fuel bearing regions separated by a
mederating material give rige to the case in whieh'the effect
of the shape of the neutron flux distribution on the time
behavior of the system must be considered. This means that
the position and time variables are inseparable. The degree
of inseparability would depend upon the spaeing distances
between multiplying regions and alsoc upon the type of moderat-
ing material placed between the regions. As pointed out by
Henry and Curlee (16) the degree of nonseparability depends
on the neutron ereoss secticns and diffusion coefficients
throughout the reactor and especially on the thiekness of

the moderating region. Large separation distances correspond
to large degrees of nonseparability of the variables.

Several existing reactor systems have cores similar to
that deseribed in the previous paragraph (2, 23)., The UIR-10
reactor has a core which eonsists of twe separate fuel bear-
ing regions separated by approximately 46 centimeters of
graphite., The migration length of neutrcns in graphite is
approximately 54 centimeters, and consequently it was assumed
that this system would be one in which the spatial and time
variations of neutron flux could not be assumed to be
gseparable.

The purpose of this investigation was to study the
kinetic response of the UTR-10 reactor to various input
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disturbances of reactivity. The reactor kinetie equations
were daiivod assuming that space and time variations of
neutron flux are inseparable. These egquations were then
solved, with the aid of an analog computer, for step, ramp,
and sinusoidal variations of reactivity.

The UTR-10 was chosen for this study for several reasons.
It was planned that the results of this investigation ecculd
be used as an aid in planning future experiments with the
UTR-10 reactor at Iowa State University. Also, values for
constants which appear in the reactor kinetie equations were
available for this system. It was hoped that this work would
also provide 1nr¢r?at1an on the effects of the inseparability
of space and time variation of neutren flux on control rod
calibration. The effects of a reactivity oseillator placed
in the central stringer in the graphite between core tanks
was alsc studied.
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LITERATURE SURVEXY

S8ince the primary objective of this investigation was
to study the kinetie behavior of a reactor for various types
of reactivity disturbances using an analog é@mpﬂttr, the
purpose of the literature search was to¢ review work performed
by other investigators on reactor kineties problem similar
to that considered here. Coincidental with this, there was
also an interest in the use of analog computers for solving
the time dependent reactor equations and uses of computers
as reactor simulators.

General Kineties Equations

The development of the reactor kinetic equations normal-
1y used in time behavior studies is presented in (9, 10, 13,
17, 19, and 24), 1In all of these references the reactor
kinetie equations are derived assuming that space and time
variables are separable. The resultant equations econsist of
onie first order differential equation which deseribes the
variation of neutron density or flux with time, and six first
order equations which deseribe the time variations of the six
delayed neutron precursor concentrations. These equations
may have constant coefficients (for a step input of reaetivity)
or the constants may be funetions of time (ramp or sinusoidal
input).

In most of the examples considered in these references
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it was assumed that the six delayed neutron groups could be
combined intc one group having the welghted properties of the
six groups. Keepin and Wimett (21) present the latest delayed
neutron data for most of the fissionable nuelides.

Nonseparable Space and Time Variations of Neutron Flux

Henry and Curlee (16) presented a method for caleulating
the detailed kinetie response of a reactor during a transient
when the space and time variables are not separable. A re-
actor model consisting of two slab regions containing ecolant
water and uranium bearing fuel plates and separated by a pure
moderator was used to illustrate the method. The variation
of the neutron level with time in each region fellowing a
40°F drop in the inlet temperature to one of the slabs was
considered. It was shown that seaiuxndependcnt time be-
havior was pessible with different variations in relative
neutron level in each slab, '

Baldwin (&) investigated the kineties of the two core
econfiguration of the Argonaut reactor, In this reactor two
suberitical slabs two feet apart are immersed in a large
graphite reflector. The system achlieves eritiecality by the
small interaction exchange of neutrons between the slabs.

The kinetic equations were derived by writing a separate dif-
fusion equation for each region and ineluding a coupling
interaction term for each region, The analysis accounted for
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the faet that the ratio of fluxes in the two slabs can differ
from unity but the stable reactor period is the same for both
slabs, Fell activations have shown that the ratio of flux
levels in the twe slabs varlies from unity te two due to flux
tiiting across the ecore regions,

The relationship between the stable reactor period and
flux level ratios for variocus excess reactivities of each
region was presented. The effeect of flux tilting on reod
calibration vas discussed, and 1t was shown that the eontrel
rod worth as determined using inhour equation ean be in error
for the twoc glab system:. The transfer functions for a two

core reactor system were alsc derived,
Reactor Transfer Funetion

As pointed out in most texts on the stability of dynmamie
systems (8 and 28 for example), a knowledge of the steady
state response of a gystem tc a sinusoidal input ecan be used
to study the charseteristices of the transient response of the
gystem. The phase and amplitude relationships between input
and output variables as a funetion of frequency are deseribed
by the transfer funetion for the system with jw substituted
for the Laplace operator.

Harrer et al. (15) have shown experimentally that the
econcept of a transfer function for a reactor is valid, The
theoretieal and experimental freguency respenses of the CP-2
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reactor has been compared and good agreement was reported.

The expressiocn for the transfer funetiocn for a single
core reactor has been derived by Fransz (11). The transfer
funetion for a reactor relates the output (neutron density
or flux) to input (remetivity). The reactor transfer funetien
can be obtained by oseillating a econtrel rod in a sinusoidal
fagshion or by using a reactivity cseillator, GCriffin snd
Lundholm (14) deseribed the use of reactor cseillators in the
SRE and KXWB reactors. Baldwin gt al. (5) discussed an
oscillator used for measuring the transfer functicn of the
Argonaut reactor.

Akeasu (1) has discussed a method of solving the reae-
tor kinetic equaticns for sinuscidal variations in reactivity
for large power excusions.

Analog Computers

The use of analog computers te study time behaviors of
dynamic systems has found wide use in time dependent reactor
studies (3, 6, 18, 20 and 29). A general discussion of
analog computers is given By Korn and Korn (22). Reactor
simulators are discussed by Schultz (29). Pagels (27)
deseribed a portable eleetroniec reactor simulator and O'Meara
(26) discussed reactor simulators. Braffort (7) discussed
results cobtained from an analog computer study of a reactor.

Franz and Alliston (12) deseribed a reactor simulator



eonsisting of an analeg computer which was used to train re-
actor operators for the PWR reactor, With this system it was
pessible tc simulate the following!

1. Manual reactor startup.

2. Automatic and manual contrel rod adjustment,

3. Xenon transients. :

%, Other operations associated with the power plant.

Many more :eterennas on the use of analog computers in
reactor studies could be ineluded, but it is felt that these
listed above serve to indicate the importance of these devices
in the field of Nuclear Engineering.
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DEVELOPMENT OF THE MODIPFIED REACTOR KINETIC EQUATIONS

The reactor kinetie equations for the UIR-.10 reactor are
 derived in this section. The core of the UTR-10 consists of
two multiplying regions which are cooled and moderated by
water and separated by approximately 46 centimeters of
graphite. 8ince this spaecing is of the order of the migration
length for neutrens in graphite it was assumed yhat there
exists the possibility for semi-independent behavior of each
region. DBy semi~-independent behavior is meant that the
average neutron flux level in one region can be different
than the average neutron flux level in the other region during
equilibrium or transient conditions. The flux distribution
across the overall core can be tilted as illustrated in Figure
1. 8ince the kinetlie response of the overall reactor system
te varicus types of reactivity inputs depends upen how this
flux is tilted, the time variation of the neutron level
depends upon the spatial distridution of the neutroen flux
across the core. Therefore, if kinetie equations which are
derived by assuming that the spatial distribution of the
neutron flux does not effect the time behavior of the system
are used, the results may be erreneous.

For purposes of analysis it was assumed that the two
separate fuel regions of the reactor core cculd be treated
as individual reactor cores with reactivity coupling between
cores., IFach region would be suberitiecal if it existed alone,
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but the coupling effeet of the other region allows the system
of twe slabs to be eritical or supereritieal, Each core
region was treated as a black box having an individual re-
activity and average neutron density. It was assumed that
the spatial distribution of neutron flux within a slad did
not effect the behavior of that region. The reactivity
coupling effeet is due to the interaction exchange of neutrons
between the two regions and it was assumed that the coupling
effect of region 2 on region 1 is proportional te the average
neutron flux in region 2 and the effect of region 1l on 2 is
proportional to the average flux in region 1. This means
that the shape of the neutron flux distribution aecross the
two regions would effeet the time behavier of the reactor.

It was assumed that a time dependent neutron level equa~
tion of the form

6
ge = Sxf - 'ﬁln *gl %101 + f(n) (1)

vhere
n = average neutron density in a fuel regicn,
neutrons/em>
K = K ppel
L = neutron lifetime in a finite medium, see
P = total delayed neutren fraetion
Ay = decay constant for ith group of delayed neutron

precursors, soe™t
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¢4 = coneentration of ith group of delayed neutron pre-
cursors, praaur:nrs/em3

f(n) = coupling effeet, function of other core region
could be applied to each of the fuel regions of the reacter
core. A differential equation of this form, with the execep-
tion of the coupling term, is normally used to deseribe the
kinetie behavior of a single region reactor (9, 19, 29).
The differential equation for the delayed neutron precursor
concentration in each slab was assumed to be

;?”"Bfg“ Azeiﬂ (2)

As mentioned previously the reactivity coupling effeect
on one slab was assumed tc be proportional toc the average
neutron flux in the opposite slab., 8ince some delay time is
required before a change in neutron density in one core is
reflected in the behavior of the oppesite region, the coupling
effect was assumed to be proportional tc the neutron level
at a time (t - 77) previously. The symbol T  represents the
delay time., It will be shown later that for the conditions
econsidered for this investigation this delay time is neglie
gible, but for generality the equations will be derived with
the lag time included. The coupling funection between cores

was assumed to be

o Bolt =)
7 (3)

f(n,) =

where
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ay(t ~-7%) = average neutron density in opposite slabd
& time (t -7T) previously, neutrem/en3
o = goupling ccefficient
0 = neutren lifetime, sec.

The eoupling coefficlient, o/, can be thought of as an equiva-
lent reactivity since it is determined in terms of an equiva-
1ent & K for a region. The method used for determining the
numerical value of ¢ will be discussed in a later section.

The modifled reactor kinetie equation for region one

becones
6
a , n, 1 o/ B

It was assumed that R, A,, f and O¢were the same for each
core. The equation for region two is identieal to Equation &
with the subseripts interchanged. Figure 2 presents a sketech
of the reactor model used in this development,

An expression for n(t - ) wus derived as follows. It
was assumed that the variation in neutron level with time is
as shown in Figure 3 and n(t -73) expanded in a series, the
first two terms being

n(t =3) =n(t) - P T. (5)
In Figure 3, n(t) is the neutron density at time t, n(t ~T)

is the neutron density at time (¢t -73"), and dn/dt 1s the rate
of change of neutron density with time which was assumed to
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used in deriving Equation 5
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be constant over the time interval T . It will be shown later
that T is of the order of 10™ seconds, therefore higher
order terms in Equation 5 should be unimportant.

Substitution of Equation 5 inte Equation b4 yields the
final modified reactor kinetiec equations for the twe regions

—SUPSNE U R ppe- B T e

i=1
and

= (61, R - %fhékiew -t -2 S G

The differential equations for the delayed neutron precursors

for the two regions are

;;LL = "gﬁ * Aiai}, (8)

and
de
-A%Z = £P - )\1312 . (9)
The inseparability of space and time variations of
neutron flux is evident by the inelusion of the terms in
Equations 6 and 7 which depends on the neutron flux shape

aeross the reactor.
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PROGRAMING KINFTIC BQUATIOMS FOR USE
ON THE ANALOG COMPUTER
The details of the sealing of the reactor kinetie equa~-
tions for solution on the analog computer sre presented in
this section. The general methods used in setting up the
problems on the computer and some of the problems encountered
are alsc outlined.

Sealing of Equations

For purposes of this work 1t was sssumed that the delayed
neutrons ecould be combined inte one group having an average
decay constant, )\ , and a total fractional yield,f . Then
¢y becomes ¢, the concentration of all of the precursors.

With this assumption, Equations 6 and 8 become

;?*(th%if* )\ﬁl *%'2-%’;?7 (10)
d# a‘%;l - Ney . } (11)

With this same substition Equations 7 and 9 become identiecal
to Equations 10 and 11 with subseripts reversed. The values
of Q .{3 and )\ used in this study were

 =1.35 x 10 see

8 = 0.00650
and A\ = 0,0800 see™,
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The value of 73 used was that given by Keppin and Wimett (21).
The method of secaling used followed the procedure pre-

sented by Korn and Korn (22), In this method the dependent
variables appearing in the differential equations are rewrite
ten in terms of machine units, one machine unit being 100
volts. The relationships between machine units and the
actual dependent variables are

N= a, n (12)

C=a,e (13)
where eapital letters represent the machine variables and the
small letters represent the actual dependent variables. The
secale factors a, and a, are found by dividing the maximum
number of machine units expected from an amplifier by the
maximum expected values of n or e. 8ince the maximum veltage
output from an amplifier is 100 volts or cne machine unit,
a, and a, are given by

%a$§ (1)
a, == (15)

" Cnaximum
For this work the maximum value of n was found by assuming
that the maximum average neutron flux in a core region would
be 2,20 x munv. Using a thermal neutron veloeity of
220 x 105Wsea, the maximum value of n was

%nm"?’wﬁ" -3 (16)
v 2.2 %1
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= 106 n‘:iignl .

The maximum value of ¢, the delayed neutron precursor
concentration, was determined from Iquation 11 considering
equilibrium eonditions. Substituting numeriecal values for
Q, f and ) into Equation 11 and setting de/dt = 0, the

value of ¢ was

& ® ).se.mmznr..__._

(1.35 x 107 )(0,0800)
= m . (17)

Substitution of the maximum value of n from Equation 16 inte

this expression for ¢ gave

Cnaximm = 6+00 x 10° e g

The secale factors e, and a, were therefore

LT

‘Q‘mllaso

The relationships between the real independent variables and
machine variables were
n=10%% " (18)
and
e=600x10°¢C, (19)
The lag time, ¥, whiech represents the time required for
a change in the neutron flux in cne slab te be reflected in
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the kinetic behavier of the opposite reglon was assumed, as
by Baldwin (%), to be equal to the time required for a thermal
neutron te traverse the separation distance between slabs.
This distance in the UTR-10 is approximately 18 inches.
Therefore, for a thermal neutron veleoeity of 2,20 x le’am/loe,
the value of T is

® 115&9113&§&1 = 2,10 x 10 " see .
2020 X 10

It would probably be more nearly correct to assume that
the lag time, T, corresponds teo the time required for a
neutron wave to travel the separation distance between cores.
Uhrizl has shown that for the frequencies of interest this
time is approximately ten timeg the value ealeulated using
the velocity of thermal neutrons, In either ease this delay
time is significant only for very short reactor perieds.

Equations 10 and 11 were rewritten in terms of machine
variables. Substitution of the values of 8, L 4 \ andT
regulted in the following equations:

an
Tor = 7.0 x 103(S ), ¥, - hs;;nl + 148,0C,

+ 7.40 x 103X, = 1,55 (20)
dc |
Tt~ = 0,0803N, - 0,0800C, (21)

lUnrig, Bobert E., Ames, Iowa. BEvaluation of suberitical
assembly characteristics from neutron wave characteristies.
Private communieation. 1960.
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These equations are in terms of real time, that is, no time
scaling was used. )

It was found that the term containing the lag time, T,
could be neglected when compared with the cther terms in
Eqnaiian 20, This can be demonstrated by eonsidering the
magnitude of the last term in Equation 20 when the reactor
period is ten seconds and Ny 1s equal to one machine unit,

It was felt that a pericd of ten seeccnds weuld be the smallest
pericd that would be of interest in this work and a value of

m output frem an amplifier.
The reactor pericd as defined by Schultz (29) is

Period = ﬁ- (22)
t

therefore dn/dt for these conditions becomes

Ny of cne machine unit is the maxim

dn/dt = 0,100 see™t ,

8ince of in all cases considered is of the same order of mag-
nitude as & K, it can be seen by ecomparing terms in Equaticns
20 that the term containing T is much smaller than any
other. The last term was therefore dropped from the equa~
tions.

The equaticns whiech were solved on the analog computer

were
N

2

= 7.%0x103 (5K), N, -8, 1K, +48,0C, +7,40x10W/N, (23)
= 7.50%103 (SK),N,-48, 1N, +48, 0C,+7,50x10%/MN,  (24)

|
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c

O

a%l = 0,0803%, - 0,0800C, (25)
at
T5= = 0,0803H, = 0,0800C, « (26)

Step Inputs of Reaetivity

The respense of the system tc step inputs of reactivity
was the first case studied., This work was performed for a
range of values of & K for each region and for several values
of Y. The values of o/ and the range of values of reactivity
for each region used in each run are listed in Table 1.

Table 1. Values of parameters used in step input study

Rm deg- cm&m Range of (& K)l Range of (& E)a
B 0,00500 +0,00240 to -0.00165 -0,0107 to <0,0304
¢ 0.0100 «0,000500 to «0,0140 =0.00695 te -0,0278
D 0.,0150 «0,00425 to ~0,0218 ~0,0106 te -0,0304
E 0.020  «0.,00915 to «0,0240 «0,0156 to -0,0304
F 0.040  «0,0229 to «0,0790  «0,0212 to -0,0610
G 0.060  «0,0320 to =0,0750  -0,0460 to -0,100
H 0,100  «0,0739 to ~0,115 ~0,0870 to «0,130

In all of the cases studied 1t was assumed that the tempera~
ture coefficlient of reactivity of the reactor was zero.
In most of the runs, the individual reactivity term of

each slab was negative. The only exceptions were in rum B
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in which case, due to the small value of coupling, several
of the reaetivity terms were positive.

A total of eight amplifiers were required for selving
Equations 23, 24, 25 and 26, The wiring dlagrams used are
shown in Figure 4., The multipliecation of & K times N was
performed using the ten turn potentiometers which are provided
on the computer. The value of O K by which N was multiplied
should have been preportional te the potentiometer setting.
It was found however that the aetual output from these
potentiometers was not linear with the dial setting due to
eircuit loading; therefore a calibration curve was determined
for each potentiometer and used for converting dial readings
te S K.

The values of components and potentiometer gettings are
listed in Table &6 in Appendix C,

The general procedures used during computer coperation
were as followst

(1) The desired value of of was established by adjusting

potentiometers 124 and 13B.

(2) The values of (& K)y and (& K), were established by

setting the two ten turn potentiometers.

(3) The initial econditions were set on amplifiers 2,

3y 8y and 9. The initial conditions of N, and N,
were established by arbitrarily picking one tenth
of a machine unit or ten volts as the starting
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level. The initial eonditicns of C; and C, were
determined from Equations 2% and 26 for equilibrium
conditions, The initlal conditions of W, and W,
were usually set for ﬂi equal to K,.

(4) The manval starting switch, the A switch, was

‘ copened thereby starting the problem.

(5) The signals from aplifier 2 and 3 were recorded on
& two channel Brush recorder,

(6) The problem was allowed to run until the output

from amplifiers 2 and 3 approached 80 volts.

(7) The A switeh was closed stopping the problem.

The reactivity term for region 2, & K,, was held constant
and & K, was varied over a range ¢f values untll resctor
periods from 15 to 100 seconds were obtained. & K, was then
reset to a different value and the above procedure repeated.

The items of primary interest in this problem were the
asymptotic pericds for each slab and the relationship between
K, and Hé after the initial transients due tc the step inputs
of reactivity had disappeared.

It was found that to obtain constant reactor perieds and
constant relationships between N, and N, 1t was necessary to
make a trial run for each condition studied., Frem this trial
run, the ratic of H, to ﬁz after the transients had died out
was established., The initial conditions on amplifiers 2, 3,
8y and 9 were then reset to correspond to this ratio., FHe-
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setting the initial conditions to these new values was equiv-
alent to changing ranges, and it was found that during the
second trial the asymptotie periods for both slabs were the
same and the ratio of N, te N, remained approximately constant,

8inusoidal Variations of the Coupling Constant

The seecond phase of the study was the determination of
the response of the reactor to a sinusoidal variation of the
coupling between regions. The sinuseidal variation used was
of the form

X = X+ Of ginwt (27)
where

cxo = gteady state coupling term

Oy = amplitude of sinuseidal component of the ecoupling.
The values of ¥,/ and the ratic of N, to N, used for each
run are shown in Table 2.

Table 2. Values of parameters used in the sinusoidal varia-
tion of coupling

ﬁ?xgmucn f0M20 o Sttt may
used
I-L 1,00 0,0135 0.00100 te 0.000300 1,00 eps
M 1,00  0.0155 0.00100 to 0.000300 20,0 eps
0 1.00 00,0175 0,00100 te 0,000300 1.00 eps
P 1.00  0.0200 0,00100 to 0.000300 1.00 eps
q 1,20 ©0.0155 0.00100 to 0,000300 20.0 eps
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The form of of assumed for this work would approximate
that which would be cbtained with a reactivity eseillator
placed in the graphite region between the core tanks., It is
visualized that this oscillator would consist of a rotating
cadmium pattern vhich would have the effeet of varying the
reactivity coupling between slabs in a sinuscidal manner about
some steady state value,

With the introduetion of o¢ as a function of time, Equa-
tions 23 and 24 no longer have constant coefficients. The
twe expressions containing O{R1 maxz involve the multi-
plicaticn of twe terms whieh are both funetions of time.
Therefore, the mechaniecal servo-multipliers were used to obe
tain these products.

The additions to the ecireuits required to de this are
shown in Figure 5. The expression for Cr was broken up inte
two terms; the product o/ N, and Cﬁéﬂz being obtained as in
the step input case, and the a:»ransiannca/tﬂisinvt and
CYtHélinnt being obtained from the servo-multiplier. The
values of components and potentiometer settings are given in
Table 7 in Appendix C.

It was desired to obtain the response of the system to
frequencies of oseillation varying from 0,01 eyeles per second
to about 20 eycles per seecond. The response of the mechanical
multipliers used was limited to about 1 eyecle per second so

it was therefcre necessary to time scale the resetor kinetie
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equations to cbtain the respense of the reactor system te
frequencies above 1 eyele per seeond. The time scaling used
had to be such that the analeog computer sclution was slowed
down in time. The relationship between computer time and
real time was chosen as
T = 20t (28)

vhere

Ts computer time

t = real time,
The relationship between derivatives in real time and computer

time is
il 44T, -

For this case

&g’u 20 (30)

and therefore

ﬂé-ilamﬂ‘}%. (31)

Bubstitution of Equation 31 into Equations 23, 24, 25 and 26
yields

an
3‘% = 3708, (8 K); - 2.b1N, + 2,40C,+ 370N, (32)
an
3”;2’ = 370N,(S K), = 2,41K, + 2,40, + 370°/N, (33)

ac
T5 = 0.0040LK, - 0,00400C (3)
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ac
3'% = 0,00401N, ~ 0,00400C, (35%)

It can be seen from Table 2 that runs I, J, K, L, O, and
P were carried out to one eycle per seeond tmt runs ™ and Q
were taken to twenty eyeles per second, The time sealed
equations were used for the latter two cases only.

The value of the steady state coupling term (O(= 0,0155%)
used in runs M and Q is the value that has been determined
for the UTR-10. This value of CYQ was determined by con-
sidering the decrease in reactivity of cne slad if all of the
fuel is removed from the opposite region and replaced by
graphite, The extra fuel required to make the single slab
eritical can be related to the equivalent reactivity eon-

tributed by the other region from'

-%— = 0,336 (36)
where

AM = inerease in fuel
M = original eritieal mass.
This equivalent reactivity is equal to the coupling coef-
ficient Oy used in this work., Inherent in this is the as-
sumption that reactivity (SX/K) ecan be used interchangeably

1Crws, Ray F. Mountain View, California. Private
communication to Dr, Glenn Murphy. 1959,
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with § K sincecy , the coupling constant, is an equivalent
&K rather than OK/K, This assumption is valid if K pp 18
approximately equal to one. ‘

The values of the time dependent coupling term, OV,
chosen for this study were based on work at Argonne National
Laboratory (5). This seemed to be a reasonable range of
values for the amplitude of oscillation of ecoupling that
mizht be obtained from a reactivity oscillator placed in the

graphite between cores.
Ramp Inputs of Reactivity

The response of the reactor to a ramp input of reactivity
into one of the core regions was the third case considered.

The form of the input used was

Sk = (3K), + Yt (37)

vhere

(8K), = initial reactivity of the region

Y~ = rate of reactivity input, SKMW“}‘
t = time, sec.

This form of reactivity input corresponds over the linear
range of SK versus rod position to the case when a control
rod is withdrawn from the reactor. By adjusting the term
8K, the rod withdrawal can be started with the reactor
eritieal or suberiticalj both cases were congidered here,

The UTR-10 has feour rods: two safety rods, one shim rod
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and one regulating rod. However, the start-up sequence is
interlocked sc that the twe safety rods must be completely
withdrawn from the core before either the shim or regulating
rod can be moved; that is, only the shim and regulating reds
can be moved when the reactor is eritical or near critieal,
For this reason the rod withdrawal rates and total rod worths
considered in this work were those for the regulating red

and the shim rod (2). The data for these rods are listed in
Table 3+ The primary item of interest in this study was the

Table 3. Shim and regulating rod data
Control rod Maximum reactivity input rate Total worth

Regulating 0,000100/sec 0. 00200
Shim 0.000450/see 0.00800

determination of the effect of flux tilting on red effeetive-
ness. The degree of flux tilting at the time rod withdrawal
is started is determined by the value of 6'3@ for the region
from which the rod is being withdrawn and alsc the value of
&K for the cpposite region.

To study this effect it was necessary to solve the re-
actor kinetie equations for the required reactivity values
for each slab for varicus ratics of N; to Ny, This was done
for just eritical conditions. The methods used for sclving
the equations are presented in Appendix A, The initial condi-
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tions on amplifiers 2, 3, 8, and 9 were then set tc correspond
to the ratios of N, to N, obtained.

Introducing the reactivity as a funetion cf time results
in kinetie equaticns which econtain terms which do not have
constant coefficients. It is therefore necessary te use the
servo-multipliers again to obtain the preduct & K, times Ny,
This produet was divided inte two terms; (SK) N, which vas
obtained by using the ten turn potentiometer; and Y'tui which
was obtained frem the servo-multiplier. The term (O K),N,
(S X, was constant) was also obtained by using the ten turn
potentiometer. The additions to the wiring diagram for this
work are shown in Pigure 6. Component values and potenti-
ometer setting are given in Table 8, Appendix C.

An integrating amplifier was used to generate the ramp
input signal which was fed to the servo-multiplier difference
amplifier. The amplification factor on the integrating
amplifier was adjusted to give the desired reactivity input
rate.

For the eases in which the ramp input was started with
the reactor suberitical a source term was inecluded in Fqua-
tions 23 and 2,

The coupling term was held constant at 0.0159% for all
of these studies. The values of (& K)os ) K)py Y and the
ratio of Ny to N, for each run are listed in Table k.
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Table b.

Parameters used in ramp input

Run Enetivit ut Source Heactor H%nga of e of (N,/N,)
designation rate ( fmp term condition ( )1 -0 )M nl 2°0
B (1-6) 0. 000300 0 eritiecal -»o.gyso uo,oo'zam 0.500

-0.0310 ~0,0310 2.00
C (1-6) 0.000100 0.300 sub-ecritical -e.mm -0. 00800 o.soo
machine to
units -0.&313 -0,0318 2.60
D (1-6) 0.000100 0.300 sub~eritical -o.maso —a.maso 0. 500
machine to
units «»0.03 7 -0.03 7 2.00
E (1-5) 0.00045 0.300 sub-eritical -C. =0, 00850 0.500
machine to te
units «0.33 7 =0,0337 2e m
F (1-6) 0.000%5 0.300 sub=eritical -0.,00800 -0.00800 0,500
machine to to te
G (1-6) 0,0004%5 0 eritieal -0.0tco:v'ls -43.0078 0,500
to
”906316 i “0.@310 21%

17
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Ramp Input with Sinuscoidal Variations of Coupling

The response of the reactor to a ramp input of reactivity
with the reactivity oscillator running was investigated.

The same values of SK , SK,, and Y that were used in
the previcus work were used here. The steady state coupling
was held constant at 0.015% and the amplitude of oseillation
was fixed at 0,000500, This was done for several degrees of
flux tilting and oseillator frequencies. The values of the
parameters used for each run are listed in Table 5.

The computer wiring diagrams for this cperation were the
combined cireuits used in the oseillator study, ramp study
and step input case. A separate diagram for this 1s not

shown.

Table 5. Parameter used in ramp plus sinusoidal inmput

Fun , Fregqueney of Other conditions

B (7-2%) 0.0600 tc 0.500 eps Same as listed in Table &
€ (7-2h) 0.0600 to 0,500 eps Bame as listed in Table &
D (6&7) 0.500 eps Same as listed in Table b
E (6-20) 0.0600 to 0,500 eps Same as listed in Table b
F (7-27) 0.,0600 to 1.00 eps Same as listed in Table b
G (7-29) 0.0600 te 1,00 eps Same as listed in Table b
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ANALY3I8 OF DATA AND PRESENTATION OF RESULIS

The data obtained during the investigation were in the
form of recorder traces which showed the variations with time
of the average neutron densities in the two regicns of the
reactor. The methods used in reducing these data are outlined
in this section, and the final reduced data are presented in
forms which are more meaningful than the original recorded

resul ts.
Step Inputs of Reactivity

The voltage signals from aplifiers 2 and 3 which cor-
responded to Ny and N, rcnpuetivaly‘wers recorded. Typieal
results, which are for runs 5D, 25D and 40D, are shown in
Figure 7. In the case of run 5D the ratioc of the step input
of reactivity into region 1 to that into region 2 was such
that the neutron flux was tiited with the high side in slab 1,
This resulted in a ratic of N, to N, of 1,45, Hun 25D {1-
lustrates the behavier with no flux tilting (ul = Hé), and
run 40D illustrates the condition with the flux tilted in an
opposite sense to that of run 5D.

The ratio of K, to N, and stable reactor period were
teken from the computer traces. The reactor period was ob-
tained from the following equation.

N = Kot o/T (38)



Figure 7. Typieal mguter results for step inputs
of reactivity inereasing time to the left
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where
N = neutron density at time, t
Ha = neutron density at time, te

T = reactor period.

This relationship applies tec the part of the eurve where the
reactor is on a stable pericd, and it was therefore necessary
to pick N and N, at points along the curve vhere this condi-
tion (purely exponential rise in power) existed., Sinee N and
”o were used as a ratio it was not necessary te convert
machine variables to the actual variables. The ratio of N,
to Ra in the two slabs was obtained from the portioni of the
curve where the stable reactor period existed. Again, since
a ratio was used, machine variables were used rather than

the aetual variables.

It was necessary to make several eross-plots of the
original data te obtain the data required for plotting the
final desired curves. The first curve ccnsisted of a plot
of reactor period versus S K; with S K, held constant as a
parameter. A typieal set of eurves is shown in Figure 8,

The data obtained from tﬁ;sc curves were used to plot the
eonstant period contcur lines of Figures 11, 12, 13 and 1k,
Additional eross-plotting was required to obtain the necessary
infermation for plotting the constant neutron density lines
shown on these figures. The ratio of N, to N, was plotted
versus reactor period with & K, held constant. A typical
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Figure 8. Reactor period versus reactivity for region one
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set of eurves is shown in Figure 9. The ratio of Hi to xé
was plotted versus § K, for constant reactor periods of 15
and 100 seeonds. This 1s shown in Figure 10, These data
were obtained from Figure 9. Using this latter set of curves
it was then possible to plek off points of integral values
of Ny/N, for points along the constant peried lines. In sum-
mary, three different plots of the computer data were re-
quired to obtain the data needed to plot the curves of
Figures 11, 12, 13 and 1k,

In Pigures 11, 12, 13 and 1k reactor period is shown as
a funetion of § K, and SK,. Fach set of curves is for a
constant value of the coupling constant. The curves shown
are typleal of those obtained from the cases studied. These
curves show the effeet of individual slab reactivity on the
stable reactor period and alse upon flux tilting.

Sinusoidal Variations of the Coupling Constant

Typical computer results, which were obtained from runs
45m and 38Q, are shown in Figure 15. Run 495m illustrates
the behavior of the twe regions with ne flux tilting
and run 38Q illustrates the behavior with the flux tilted
so that the steady state value of Ny/N, was 1,20, The
strip chart marked S o/ presents a riear& of the signal
from the follow-up potentiometer of the servo-multiplier,
This signal was proportiomal to the sinuscidal component of
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Figure 15. Typical ccmputer results for sinuscidal
variations of coupling
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the coupling which was put intoc the computer.

The phase shift between the input Or and output Sn, and
Sn, and the amplitude of the neutron density eurve in each
slab are shown on the strip chart. The data from these
charts were used to make the Bode plots shown in Figures 16,
17, 18 and 19,

A Bode plot shows the relationship between the logarithm
of the ratio of the amplitude of the output teo the amplitude
of the input (ealled the gain), Ny/or or Ny/or in this ease,
and the frequency of the driving funetion. In the ease of a
linear system the frequeney of the output is the same as the
input with a phase shift between aatﬁnt and input., This
phase shift as a function of frequeney is also shown on a
Bode plet. The gain is usually plotted in units of deeibels,
a deelbel being defined as

db ‘»20 logy o gﬁ%ﬁ%ﬁ . (39)

In the case of a Bode plot of a reactor transfer fune-
tion, the decibel gain 1s usually ncrmalized to the amplitude
ratio for 1 eps. This was done in this case; the gain was
found frem the expression

db = 20 108y Farortrnt ‘ (40)
(amp. input J £ = 1 eps
This means that the amplitude curve passes through zerc gain

at 1 eps. The gain is shown in Figures 16 and 17.
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The phase shift is shown in Figures 18 and 19. The
phase shift is the angle that the output leads or lags the
input. In the ecases considered here the output lags the input
over the range of frequencies considered, The phase shift,

8, was determined from

o =422 (3600) (u1)

where

A = number of chart divisions measured from scme common

reference to the maximum of neutron density curve

B = number of chart divisions measured from the same

cemmon reference tc the maximum of the coupling
curve

C = number of chart divisions for 360 degrees.

The Bode plots of the reactor transfer funetions using
igquations 77 and 78 which are derived in Appendix B are alse
shown on Figures 16, 17, 18 and 19, Equations 77 and 78 were
expanded and numerieal values were substituted for the symbels.
The equation for no flux tilting becomes

& (8) dm(s) mg
Eﬁm xﬁmo/

With “16/”29 equal te 1.2 the transfer funection for each
region is different and the following equations result

Swﬁ(s) - nyo s

(42)




(k)

6(;‘,(5) il

For purposes of calculations the Laplace operater 8 was re-

placed by Jw. The symbol (W represents the frequeney of
oseillation of the coupling. Values of O were assumed and
the resulting gain and phase shift were calculated.

For all cases the gain was normalized to the gain at

1 eps.
Ramp Inputs of Reactivity

Typical curves obtained for shim rod withdrawals are
shown in Figure 20, Run 1-G illustrates the behavior of the
two regions during shim rod withdrawal with no flux tilting
present at the beginning of rod movement. FRun 4-G shows the
behavior with flux tilting present; the initial value of
Nllﬁg being 2,00, The high side is in the region from which
the rod is being withdrawn. Run 6-CG illustrates the behavior
with the flux tilted the other way; the low side in the region
from which the rod is being withdrawn. The eurve marked & K
is the recorded signal from the follow-up potentiometer of
the servo-multiplier which was proportional to the reactivity
input to the computer.

The data were taken from the strip charts and replotted
in the form shown in Figures 21, 22 and 23. The relative

neutron level in each region N/N, was plotted versus & K
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Figure 21. Behavior of reactor for ramp input of reaetivity
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introduced into the reactor. Figure 21 shows the behavior of
the two regions during regulating rod withdrawal with various
degrees of flux tilting present at the beginning of rod move-
ment. Pigure 22 shows the behavior during shim rod withdrawal.
All of the curves shown in Pigures 21 and 22 present the be-
havior when the reactor is just eritical at the time red
movement is started. (The maximum power level attained during
rod withdrawal is greatest for this condition.) Figure 23
illustrates the behavior when rod movement i1s started when
the reactor is suberitiecal with a source present.

The ratio of N/N, was obtained from the recorder traces
where N, is the initial neutron density at the time rod withe
drawal was started and N is the instantanecus neutron density.

Ramp Input with Sinuseidal Variations of Coupling

Typiecal results obtained from the computer are shown in
Figure 24, The curves of this figure show the reactor be-
havior during shim rod withdrawal with the oseillator operat-
ing. These data were not replotted as it was felt that the
effeets of the oseillation of coupling on reactor behavier
ecould be observed from these original recorded data.



Figure 2k. Typical computer results for ramp input with
sinusoidal variation of ecupling
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DISCUSSION OF RESULIS

, The response of the UTR-10 reaector to various types of
reactivity disturbances has been studied. The purposes of
this section are to interpret the results that have been obe
tained with the purpose in view of answering the following
gquestions.

1., How do the twe core regions of the reaetor respond
to step inputs of reactivity?

2. VWhat 1s the effeet of changing the coupling inter-
action between core regions?

3. Is the response of the reactor to a sinuscidal varia-
tion in coupling significantly different than the
commonly accepted freguency response of a single
region reactor?

4, How does flux tilting affeet control rod worth?

5. What 1s the combined effeet of coupling oseillation
and ramp input of reactivity?

S8tep Inputs of Reactivity

Typical results obtained from the computer are shown in
Figure 7. In run 5D the high side of the tilted flux was in
region one, in run 25D the flux was not tilted and run 4OD
the high side was in region two. Both regicns of the reactor
exhibit the same stable reactor period and after establishment
of this stable peried the ratio of y/N, or ®,/¢, remains
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constant. The ratic of N,/N, or 1/442 can be different
than unity, that is under certain conditions flux tilting is
possible. This means the power level in one region would be
different than in the other. Praetieally, flux tilting eould
develop as a result of variations of control rod positions
on each side of the reactor. The UTR.10 has one safety rod
and the shim rod adjacent to one slab and the cther safety
rod and the regulating rod next te the other slab, During
normal operatiocn the reactor is operated with both safety
rods completely withdrawn so therefore the shim and regulate
ing rods are the only rode which can affeet individual slab
reactivity., For example, suppcse the reactor is operating
with the regulating red fully withdrawn and the shim rod
partially inserted. This would have the effeet of ecausing
the combined multiplication factor for the two regions to be
aifferent, resulting in flux tilting., Figure 11 illustrates
that extreme flux tilting conditions are possible if the
difference between the twec slab reactivities is great enough.
The effeet of changing the value of the ecoupling inter-
mparing Figures 11,
12, 13 and 1k, These are typlcal of those obtained for the
range of values of the coupling term that were considered.

action between regions can be seen by ¢

Deereasing the value of the coupling constant means physieally
that the two regions are more lcosely coupled. Deereasing
the degree of geupling between regions causes the flux tilt.
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ing behavior te be more sengitive to a given reactivity change
than the more closely coupled case, for example compare Fige
ures 11 and 1k, This behavior seems reasonable because the
larger the value of the coupling the more eclosely the two
regions should behave as a single region, and the more locsely
coupled the more independent their behavior. The effect of
variations of eoupling on reactor behavior is summarized in
Figure 25. Data were taken from Figures 11, 12, 13 and 1k

to obtain these curves.

The coupling interaction between regions could be varied
in several waysj; by increasing or decreasing the separation
distance between regions, by introduecing an absorber into the
region between the core tanks or by changing the moderating
material between the regions. OSince the spaeing distance
between the core tanks in the UTR-10 is fixed the first \
method of changing coupling is not possible. A stringer is
located in the graphite between the core tanks, so 1t is
possible te introduce an absorber into the region. The ef-
feet of the abserber on ccupling would have.tc be determined
experimentally, but it would be a funetion of the neutron
absorption ecross section and quantity of the material intro-
duced. 8ince a decrease in coupling between regions results
in an overall decrease in the reactivity of the system no
safety problem should result. The effect of coupling on re-
activity can be seen from Figure 29. The more locsely
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coupled system requires the larger individual slab reactivity
(smaller negative number) for a given reactor period, There-
fore, decreasing coupling déercaaes the overall reactivity
of the system as peinted out above. Replacing the graphite
with some other moderating material would require struetural
changes and probably a separate hazards analysis so this
change would certainly not be significant during routine re-
acter operation.

In summary, it has been shown that the two core system
exhibits a single stable period, but flux tilting is possibdble.
Changing the value of the coupling interaction affeets the
flux tilting tendency of the system and the effective re-
activity of the overall system.

Sinusoidal Variations of the Coupling Constant

Figures 16, 17, 18 and 19 are Bode plots of the open
loop frequency response of the reactor teo sinuseidal varia-
tions of coupling. The curve of Figure 16 is for the condi-
tion of no flux tilting during oscillator operation and
Figure 17 presents the response with flux tilting present,

Kl equal to 1.2 !é. The general shape of the gain curves

is similar to that normally obtained for the open loop

response of a single region reasctor driven by a sinuscidal

variation in reactivity, for example see Schultz (29, p. 45).
Operation of the oseillator with flux tilting present
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results in slightly different frequency respenses in the tweo
slabs. The gain of each region is identical over the frequenecy
range from approximately 0.04 eps to 1.00 eps. Below 0,04 eps
and above 1.00 eps the gain of each region is slightly dif-
ferent., This difference in gain is less than one deeibel

over the range of frequencies considered.

The phase shift curves of Figures 18 and 19 with the
flux tilted and with no flux tilting present are similar.

The phase shift is slightly different in the two regions when
the flux 1s tilted. The difference is not more than three
degrees over the frequency range from 0.01 to 8.00 eps. Above
this range a larger difference results, however the theoretieal
equations indicate that the phase shift for both regions ape-
proaches -90 degrees at high frequencies and also at low
frequencies. These curves are similar to that obtained feor

a single region reactor. The output (neutron density) lags

the input (eoupling) and in all cases the lag angle is less
than 90 degrees.

It was found that results obtained when other values of
the steady state coupling and other amplitudes of oscillation
vere used were not significantly different than the results
shown.

The open loop frequency response, with or without flux
tilting, of the twe slab reactor has been shown to be similar
tc that normally obtained for a single region reactor. The
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rhase shift and gain are essentially the same as that ob-
tained for the usual ecase, No unusual behavior whieh would
present a safety problem seems likely.

Good agreement between computer results and the theoretieal
transfer functions, Fquations 42, 43 and b4k, were obtained.

Ramp Inputs of Reactivity

The effeect of flux tilting on control rod effeetiveness
can be observed by considering Figures 20, 21, 22 and 23,
Figure 20 presents results which are typleal of those ob-
tained from the computer. Figure 21 i1llustrates the behavior
during regulaticn rod withdrawal. The rod was remcved from
the region in whieh the neutron density is designated as 31;
The ecurves shown illustrate the behavior under three condi-
tions; flux initially tilted with the high side in the region
frem which the rod 1s being withdrawn, ne flux tilting
initially present at beginning of rod movement, and the flux
initially tilted with the low side in the region from which
the rod is being withdrawn, PFigure 22 pregents similar condi-
tions for shim rod withdrawal, In both cases rod movement
was started with the reactor just critical., Figure 23 1l-
lustrates the behavior during shim red withdrawal with the
reactor suberitieal with a source present at the time of rod
movement was started. The condition resulting in the most
rapid inecrease in power level is with the flux initially
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tilted with the high side in the region from which the rod
is being withdrawn,

It is evident frem these results that flux tilting ean
affect the apparent worth of the rod. For example, in Figure
22, 1t can be seen that if shim red withdrawal is started
when the neutron flux is tilted with the high side in the
region from which the red i1s being withdrawn, an inerease of
power of approximately ten is obtained, whereas if the flux
is tilted the other way an inerease of about twe is cbtained.
In most cases the power level of the regilon opposite the one
from which the rod is being removed lags. This 1s to be
expected since the rod being moved affects the reactivity of
the adjacent region, and it is only through the coupling
interacticn that the reactivity of the opposite region is
inereased.

As discussed by Baldwin (%) flux tilting can affeet
control rod ealibration; the use of the normal inhour equa-
tion for a two core system can result in erronecus red worth
data. This is illustrated by the discussion wvhich follows.
The usual procedure used in rod calibration consist of main-
taining the reactor at a constant power level and then withe
drawing a rod a given amount. The resulting reactor perioed
is then determined and related tc the reactivity worth of
the portion of the rod meved by using the inhour equation,
Figure 26 presents a plot of reactor period versus reactivity.
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This curve was obtained from the inheur aqua€$¢n using UTR-10
data:

) £ A
= PX,, TTRY .
where

ﬁ%& = reactivity, K _o,-1/K o,
£ = neutron lifetime, sec
T = reactor period, see™}

Katf = effeetive multiplication factor
%3 = delayed neutron fraction

A = decay constant for delayed neutron precursors, gec™)

Suppose for purposes of illustration that a rod is removed

from the reactor resulting in a 50 second period. Using the

inhour eurve of Figure 26 the apparent reactivity worth of

the length of rod moved is 0.00130. This value ecan be compared

with the worth predieted by considering the two eore system.

The assumption is made that S K and reactivity are equal for

the following diseussion. Suppose that rod movement was

gstarted with no flux tilting present; it ean then be seen

from Figure 27 that the predicted rod worth for a 50 seecond

period 1s 0,00240 (peint A). If rod movement is started with

flux tilting present, say N,/N, equal to 0.600, the predieted
rod worth is 0.00380 (point B). With the flux tilted the
other way with N;/N, equal to 1.40 the prediected worth is

0.00180 (point C), These eases serve to indicate that period

alone is not sufficient to establish rod worth in the two
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core systems Due te flux tilting the aetual rod worth ean
be quite different than that predicted by the inhour equation.
Even with no flux tilting initially present the rod worth as
predicted by the inhour equation is in error. If the ratio
of neutron fluxes in the two regions is known, one can use
a curve similar to that of Figure 27 to determine red worths.
Figure 27 can be thought of as an equivalent inhour eurve
rer.the two region system and FEquation 52 in Appendix A as
an equivalent inhour equation. |

In summary, flux tilting has a strong effeet on red
wvorth. The effeet of a control rod is much greater if re-
moved from the high flux region than if removed from the low
flux region. Rod calibration data ecan be in error if the
normal inhour equation is used te relate reacter period and
reactivity, In other words, the effeet cf flux tilting must
be taken into acecount when considering red werth.

Ramp Input with Sinuscidal Variations of Coupling

Typical results of this phase of the study are shown in
Figure 24, The effect of oseillator operation during rod
movement may be observed by comparing the results shown in
these figures with run 4G of Figure 20, Only data ob-
tained during shim rod movements are shown since these
data were the most significant of all of the conditions
studied.
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For purpeses'af illustration consider run 4G of Figure
20 which is for ramp input only, and compare this with runs
16G, 22G, 266G and 29G of Figure 2k, It i1s apparent that no
significant power oseillations result until a frequeney of
0.50 eps i reached. It is also noted that the amplitude
of osecillaticn inereases with inereasing power level. This
would be expected since the gﬁin cf a reactor transfer fune-
tion is proporticnal to the steady state neutron level.

The effect of flux tilting on power level reached during
rod withdrawal 1s ecomparable to the behavior without the
oseillator running. The worth of a rod located in the
high flux region is greater than the rod located in the low
flux side. Flux tilting results in different amplitudes of
osclllation in the two regions.

In summary, it has been shown that oscillater operation
during control rod movement results in power oseillation of
inereasing amplitude with inereasing power level. Flux tilte
ing results in an inerease of the amplitude of the power
surges. It ig felt that these results indicate that it would
be good operating procedure to use the oscillator only when

the reactor is operating at a constant power level.

Degree of Flux Tilting in the UTR-10

The effects of flux tilting on control rod worth and on

reactor behavior have been discussed, The conelusions reached
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are valid if no limitations are placed on how eontrol rods
are positioned or on the excess reactivity placed in the core,
The purpose of this section is to discuss how the aectual red
worths and reactivity in the core limit the amount of flux
tilting that can be developed., An attempt is made to answer
the question, how significant is flux tilting in the UTR.107?

Figure 28 presents rod ecalibration curves obtained at
the time of initial reactor startup for the shim and regulat-
ing rods of the UTR-10, As pointed out previously, the safe-
ty rods are completely withdrawn from the core during opera-
tion so therefore their affect on flux tilting will not be
considered. The rod ecalibration curves shown were determined
by the usual method of relating reaetor period to excess re-
activity through the inhour equation. It is assumed for this
discussion that the effects of flux tilting on these rod
curves is a second order effect sc therefore these rod worths
are assumed to be correet for any value of flux tilting.

The excess reactivity of the reactor was established
as 0,49 per cent at the time of initial startup. Referring
to Figure 29 it can be seen that for just eritical eonditions
and for a flux ratio of unity,

(8K,) = (§K), = - 0,0155 .

Each region is suberitical by this amount, It is assumed
that & X and reactivity ean be used interchangeably in this
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discussion., If it is assumed that the excess reactivity,
0.49 per cent, is divided equally between the two regions,

the excess reactivity of each region is

(8K); = (8K), = - 0.0155 + 0.00245
oo 010131 »

The two extreme operating conditions possible are; the regula-
tion rod completely inserted in the core or the regulation
rod completely withdrawn., It is assumed that the regulating
rod is adjacent tc region cne and the shim rod is adjacent to
region two. Consider first the case with the regulating rod
completely inserted. The total regulating rod worth from
Figure 28 is 0.0016% so therefore region one would have an

excess reactivity of

(8K); = - 0,0131 - 0,00164
= - 0,0147.
This value is located on Figure 29 on the (& K), axis. The
required reactivity of region two is, reading from the curve,
-0.0164., Therefore the shim rod must be inserted until the
werth of the red put in is

) K)y = = 0,016% ~ (-0,0131)
B - 9000330 .

Referring te Figure 28 it can be seen that about 58 per cent
cf this rod weuld be in the eore. The total negative ree
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activity added te the core is

0.00330 + 0,0016%
= 0‘0%90 .

just the amount reguired to handle the excess reactivity of
the eore. These twe reactivity values (-0,0164 and ~0,0147)
locate point 1 on Figure 29,

Consider the second case with the regulating rod com-

pletely withdrawn., The excess reactivity or region one 1is

(8§K), = - 0,0131.
and this value is loeated on the (S K), axis of Figure 29,
The required reactivity for region two for eritieal conditions
is «0,0180 which means the shim red weuld be inserted to add

«0,0183 - (-0,0131)
= - 0¢0052u

This means the shim rod would be about 76 per cent in the
core. These two values of reactivity loeate point 2 on Fige
ure 29, Peints 1 and 2 represent the extreme flux tilting
conditions possible. The possible operating conditions are
shown in the blceked in area on Figure 29.

As can be geen in Figure 29 the limited range of contrel
rod worths fixes the amount of flux tilting that can be
develcped. The methods used in predieting this operating
area are only approximate, but it is felt that this procedure
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can be used tc arrive at a reascnable range of cperating
conditions of the reactor.

Referring tc Figure 29 it can be seen that the maximum
degree of flux tilting possible is less than 20 per cent., The
high side of the flux profile cecurs in the region adjacent
tc the regulating rod in all eritical cases. It is therefore
not possidble te pull the shim rod with the flux initially
tilted with the high side in region two. It will be recalled
that this procedure resulted in the worst condition, For
this reason it is possidle to rule out any unusual dbehavior
during shim rod movement and sinece the worth of the regulating
rod is quite low (less than 0.2 per cent) no significant flux
tilting effeets should be observed.
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CORCLUSIONS

Within the seope of this investigation the following

coneclusions seem Jjustifiable:

1. Flux tilting aeross the reactor is possible, how-
ever both core regions exhibit the same stable re-
actor period.

2+ A decrease cf the coupling interaction between regions
deereases the oversll reactivity of the system.

3. The response of the reactor tc a sinusoidal varia-
tion of coupling, with or without flux tilting, is
not significantly different than the response of a
single regicn reactor te a sinuscidal variation of
reactivity.

L, Flux tilting can affeet the worth of a control rod.
The apparent worth e¢an be much greater if the rod
is removed from the high flux region rather than the
low flux region.

5« Hod worth as predicted using the inhour equation ecan
be in error beecause of the non-separability of the
time and space variables., Peried alcne is not suf-
ficient for predieting rod werth.

6« A flux ratio of unity with the resctor eritieal is
never attained during normal operation. The ratio
of ¢1/ ¢2 or 51/”2 varies from approximately 1.05
to 1,18 for eritical ecnditions, Beeause of this
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linitﬁd range, flux tilting effects should nct be
significant, If operation with the safety rods
partially inserted (not possible in the UTR-10) is
attempted, flux tilting could become more significant
than it is under the present operating procedure.

The reactivity oseillator should be cperated only
vhen the reactor i1s stabilized at a eonstant power
level, Operation during power level changes results
in power surges of increasing amplitude with inereas-
ing power level.
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SUGGISTID TOPICS FOR FUTURE WORK

8everal items that would be of interest for future in-
vestigation have resulted from this werk. The most obvious
are:

1. Repeat some of this work, partieularly the frequenecy
regponse portion, using more than one group of delayed
neutrons.

2. Attempt to determine the degree of flux tilting
experimentally.

3. Experimentally verify the frequeney responses curves
reported here.
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APPERDIX A
Sclution of the Time Dependent Reactor Equations

The method used for solving Equaticns 23, 24, 25 and 26
for the relationships between & K, and 8!2 and the stable
reactor pericd are discussed here., For purposes of sclution
it was assumed that the relaticnship between the dependent
variables (N,y Ny, C, and C,) and time were of the form

Ny = N get/T » (46)
N, = Nyge™/T (47)
8, = Co%" (48)
€, = Cppet’/T (49)

where

N).’ oY) cl and 62 = neutron and precursor eoncentrations

at time ¢t
B0y Npps €y and C, = neutron and preeursor eoncentra-
tions at time t

V= reactor period

t = time.
The reactor exhibits a single stable period therefore the
periods in Equations 46, 47, 48 and 49 are equal. Substitu-
tion of Equations 46, 47, 48 and 49 into Equations 23, 2,
25 and 26 ylelds the following relaticnships between Nl and
Eé.
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[7:40 x 103(8K), - A - ¥8.1 + W] N (50

+ 7,40 x 1o3an2 =0

[7:40 x 1036 %), = 2 - 481 + gy

» 7."0! 1030{!1 = 0

If N, and N, are not to have trivial solutions, the determinant
formed by the coefficients of Hi and Kz must equal zero. This
results in
AD « BC = 0 (52)

where

A =780 x 103(8K), - L .18 +w

B = 7,40 x 105 Y e A

€ = 7,40 x 10°

D = 7,40 x 103(8K), - & - 18,1 +W.
| 10800 + &

For the just eritical eondition Fguations 50 and 51 ean be
solved for O K, and & K, for varicus ratics of N, to N,

(SKI s-d% (53)
<5£§ = »CN’:g . (5%)

Equations 53 and 5% were used to obtain the reactivity values
for sach region for the ramp input study and for plotting the
eritieal econtour lines of Figures 27 and 29. ZEquation 52
was used to plot the eonstant period contour lines of these
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figures and Iquations 50 and 51 were used to establish the
constant neutron density lines.
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APPENDIX B

Development of the Reactor Transfer Functions
for the Two Core System

The reactor transfer functions for the two eore resctor
system are derived for a sinusoidal variation of the ecoupling.
The equations to be solved are

e T - - (5
e éﬁ Ac, (56)

a?**'f‘na- R rey+ Fm (57)
g'céa*!glﬁ-)\czq (58)

The symbols in these equations have been defined previously
in the text of the thesis. With the intreduction of ¢y as

a function of time Equations 55 and 57 no longer have constant
coefficients, a necessary condition for develeoping a transfer
function., If small excursions of nyy Ny, and Cy are assumed
these equations can be approximated by a set with constant
coefficients, It was therefore assumed that

n =ng+Sny (59)

ny = Nyy + &1y | (60)
oY= O+ Sor (61)
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Cy =€+ SC (62)
Cy = Chg + SC,y & (63)

The gymbels with the zere subseripts represent the steady
gstate values and the delta terms represent the small execur-
sions. Substitution of Iquations 56 and 58 into Equations
55 and 57 results in

g{iw‘éﬁs o R | (&)
I i (6
By making the replacement that

fp.70.480 .. 48n (66)

and substituting Pquations 59, 60 and 61 into Equations 6b
and 65 ylelds

asnln SKMwS S GSC'
at Q "%"3‘ “ar“

4,5_'9:?[%2 (67)
a8 S ad§c
“"a ‘a“.a& _ﬁfﬁ A

2200 . (68)
,Q

where terms containing products of delta terms were dropped.

L

*‘5
¥

*b?
f

When the oseilla tor is in the mean positicn the reactor is
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just eritical and therefore
SE
—%ﬂﬂ*w—%&nﬁ (69)
: (&
§—%&+.jnlg!ﬂ0. (70)

Taking the Laplace transforms of Equations 56, 58, 67 and
68 substituting

asc, PBS§
dtl“ ,in“ Mcl (71)

5L REL SN (72)

results in

Sny(3)[s - %5- "‘I‘?ﬁ'ﬂ] s ;S"*a - 393%3) (73)
Ao ny s -8R + o) = P .

Division of Equation 73 by dcv(ﬂinla and Fquation 74 by
dcv(S)nﬁo results in

8": V(Z)‘ E+% 4':5"?§~+/\)] s ;Sa = oﬁ" FL,Q (75)
,Sn%.é(mﬁ B . %ggé.,& fffi *ﬁ%W] B, e

where E was substituted for Rlefﬁzo and Efxlﬂg_qnd éixzﬁ%_
were replaced by ~C>;/R and -OfR respectively,

Equaticns 75 and 76 contain the two transfer funetions
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Sn,(8) S n,(8)
E;;gksrrgy\and E;E%%S?T§T"h1°h can be obtained by means of

determinants, as

S n,(8)
np8asls) © E‘" *?q'(ﬁ'* %E., ] - E (77)

S n,(8) - ZE'Q E
n.a%mm = o/ * (78)

Equations 77 and 78 are the transfer funeticns for the twe
core reactor system, With ne flux tilting (R = 1) the two
equations are identical, with flux tilting the two equations

are different.
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APPENDIX C

Component Values and Potentiometer Settings

Table 6, Step inputs of reactivity

Component Value Potentiometer Setting
a 1.000 Megohms 2 A 0,485
b 0.100 Megohms 12 A variable
e 1,000 Megeohms 10 A 0. L84
d 0.100 Megohms 2B 0.373
e 0.999 Megohms L 1.00
4 0,999 Megohms - -

g 0,100 Megohms 6 A 1.00
h 0,100 Megohms o "

i 10,06 Megohms 8 A 0,810
3 10,05 Megohms &8 0.808
e 1.000 Megohms 34 0,485
1 0.100 ¥egohms 13 B variable
n 1.000 Megohms 118 0.k82
n 04100 Megohms 3B 0.373
c 1.000 Megohms 5B 1.00
P 1.000 Megohms - -

q 0.253 Megohms 7 B 1.000
r 0,253 Megohms “ .

s 10.07 Megohms 94 0,804
t 10,04 Megohms 9B 0.801
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Table 6., (Continued)
Component Value Potentiometer Setting
u 0.01007 Mierofarads - -
v 1.0036 Microfarads - -
W 0.01005 Mierofarads - -
X 0.9969 Mierefarads - -
Table 7. 8inusoidal variations of coupling
Component Value Potentiometer Setting
2 0.500 Megohms 11 B 0.502
b 0.500 Megohms 1A 0,502
Table 8. Ramp inputs of reactivity
Component Value Potentiometer Setting
a 0,500 Megohms 15 A 0.502
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