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INTRODUCTION

The time response of a nuclear reactor is of'ten assumed
to be deseribed by the spatially independent point reactor
kinetics equations (5, 6)., These equations are strictly
valid only if the spatial distribution of the neutron flux
remains in the fundamental mode during the transient, The
transient shape of the neutron flux may be affected by
spatially localized resctivity disturbances which often
osccur in large and multleregion reactors. Such shape changes
in the spatial distribution can affect measurements of
reactivity., Therefore time and spatial dependence must be
considered in the study of the transient problem (9).

A two slab core 1s one which conmists of two regions of
fuel which separately are suberitical but becesuse of their
proximity are eritieal due to the exchange of neutrons between
them, Hach serves as sn external source of neutrons to the
other and the separate regions are coupled in that neutrons
born in one slab are capable of inducing fission in the other,
Apart from this coupling each region possesses its own local-
ized reactivity, therefore a tilting of flux shape and
neutron density become possible, The degree of this tilsing
inereases as the reactivity difference between the two slabs
increases, The purpose of this thesis is to deseribe the
behavior of the two semi-independent fuel regions after the
introduction of a change in reactivity such as would ocour
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in a rod calibration experiment and to determine the effect
this behavior would have on the nmeasurement of this reactive
ity. Por this purpose, the two slab core system was approx-
imated by two coupled point reactors and the appropriate
reactor kinetic equations for such a syeten were derived and
programmed for solution on the IBN 7074 computer, The
response of the system to positive and negative step changes
in reactivity was obtained. Similar programs were written
for the spatially independent point resctor kineties
equations. The results from these prograns were used to
calibrate the control rods of the UTR-10 reactor at Iows
State University. )
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LITERATURE SURVEY

The calibration of control rods i one of the important
experinente which is performed periodically on a nuclear
reactor, Onoce calibrated, the control rod may serve as a
steandard for measurement of changes in the resctor core's
reactivity, Thus it is poseible to ascertain the reactivity
worth of changes caused by the addition of experimental
materials and equipment to the core or the worth of changes
due to variations in temperature and fuel composition, The
"rod drop" and "positive period measurements™ are the pro-
cedures nost often used, however other methods such as
dietributed poisons, rod oscillation, and others are appli.
cable, The sudden insertion of a control rod into a eritieal
reactor is known as a rod drop experiment; removal of o rod
from a eritical resotor and measurement of the rate of power
inecrease, after transient periods have dled away, constitute
a positive period neasurement. Most anslysis of rod calie
bration data is based on the spatially independent resctor

kinetics equablonSs ,.ery (1) and Henry and Curlee (7)
point out that this spatial independence ls not justified
when the reactor consists of two distinet fuel regions,
Baldwin (2) and Denofsky (4) suggest that a model based upon
a two point resctor is a better deseription of the system.
Baldwin (2) made an snalyticel study of the kinetics
of the Argonaut reactor which has two separate fuel regions
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also oalled slabs. By applying the diffusion equation to
each slab independently, and jJustifying separability of time
and space variables by noting that the reactor showed a
single stable peried, expressions were derived which involved
a slab interaction term. These expressions explained the
phenomenon of flux tilting and demonstrated the need of knows
ing the amplitude of the average flux in each as well as the
period when determining the worth of a control rod by posi-
tive period measurement, He notes that measurements based
upon techniques in which one rod is withdrswn from one slab
as the rod in the other slab is inserted are apt to be in
error due to the resulting increasse in flux tilting, In
disouseing the rod drop method as applied te a two slab core,
a diffusion equation is writtem for each slab, which assumes
the presence of only one group of delayed neutrons. Also it
is assumed that the flux level in each slab, shortly after
the negative step ie made, to be that of a suberitical
resctor with a built-in source equal in magnitude to the
steady-state delayed neutron source level of the eritical
gsystem, It is slso sssunmed that this source does not decay
and that the interchange time of neutrons travel between
slabs can be neglected., The resulting expressions relate
the flux in each slab prior to the drop to the flux at the
new assuned steady-state level as a function of the reactive
ity worth of the rod.

This work, with modifications, was carried further as
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part of a stuly made by Danofsky on the kinetic behavior of
coupled reactor cores. The two region kinetics equations
were based on one group of delayed neutrons and solved for
positive periods on an analog computer, These results were
similar to those discussed by Baldwin. The effect of flux
tilting on control rod worth as measured by positive periods
is disocussed and an approximation of the flux tilting in the
UTH=10 is made by assuming that the excess reactivity of the
reactor is evenly divided between the two fuel reglons.



REACTOR KINETIC BEQUATIONS

In reactors where the fuel is located in one distinet
region, the region can be approximated as a point in order
to remove the spatially dependent variables of the reactor
kinetice equations, Simllar point approximationes can be
applied to multiregion reactor systems to simplify the
golution of the time dependent neutron balance equations,
Even though the resulting equations are spatially indee
pendent, the prediction of the transient behavior is based
upon the presence of several spatially distributed sources,
This stuly considers reactors consisting of one and two
fuel regions, BHach fuel region, also referred to as a
fuel slab, ies approximated as a point,

One Slab Core Yinetic Equations
The standard inhour equation can be derived from the
time dependent neutron balance equations which relate the
thermal neutron density and concentration of delayed

neutron precursors in a bare homogeneous assembly,

m
dn _¥n Y,
ul«-r--%-»-‘ﬂ#éxivici | (1)
S

in these equations

n = n(t) = average neutron density as a
function of tine
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£ = neutron reproduction number for a
finite geometry
Q0 = prompt neutron lifetime

Ay = decay constant of the *1i"th delayed
neutron group

Gy = ﬁ%&“ = density of the "i1"th delayed
neutron group precursor

m = nunber of delayed neutron groups

By = “i"th group fraction of total neutrons
‘ frﬁm fission

= Z{ 8y = total delayed neutron fraction
vy = effectiveness in producing fissions of

the "i"th group of delayed neutrons
compared with prompt neutrons

o
Because HEquations 1 and 2 are linear and first order,
solutions of the form
n(t) = %*wt (1a)
and :
ey (t) = cy 8" (2a)
may be superimposed., In the above equations, ng, and C,
are the values of the thermal neutron concentration and
the concentration of the precursor of the "1*th group of
delayed neutrons, respectively, at time ¢ = 0, Such
super position solutions are possible for only certain
values of the parameter « which has the dimensions of

reciprocal time, By substituting Zquatione ls and 2a into
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Eguations 1 and 2, respectively, and defining reactivity,

Py as
/o'&*i "ﬁ;
K X

the relationship to satisfy the superposition solution for
m groups of delayed neutrons is obtained, This result is
the spatially independent kinetic equation

n

: wll 1 vi8i w ¥

’0”1*w2+1*w2§1%1 -~ (3

conmonly referred to as the inhour eguation. Hguation 3 is
of degree m + 1 and therefore has m + 1 distinet roote of

w for each value of resctivity. PFigure 1 shows » as a
funcetion of eo for six groups of delayed neutrons.

squations 1, 2, 1a, and 2a are used in conjunction
with the initial oonditions,

3%?-2- = 0, n(t) = n(0)
in the derivation of an expression for the neutron density
ratio, n(t)/n(0), where n(t) is the neutron density at a
time ¢t after a step change in reactivity and n(0) is the
steady state neutron density just prior to when the
change is mdﬁ This expression, as given by Baldwin
et gl. (3), is

|+l a
sE 3};; Age ? ()
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where
m
A
A}*{lvﬂ} - -y (5)
Yif4dy

1 -0 ‘
tﬂ( Pl < {wj » ;1)5

Hgustion 4 is used to evaluate the worth of either a
negative or positive step change in reactivity,

Examination of Figure 1 shows that, in the case of a
positive step change in reactivity, there ie one positive
and six negative roote to Iquation 3. A= a result, all
but the first term in the neutron density ratio equation
eventually become neligible, When this has happened, the
flux is sald to be increasing on a stable period, T, which
is the reciprocal of the positive «w root. Hquation 3 then
reduces to

b 3 A sy Z% o
A typical curve showing the relationship between reactivity
and period is showm in Figure 2,

For a negative step change, seven negative roots must
be considered and sll terms in the density ratio equation
contribute to the total value of the ratio as each term
decreases exponentially with time, Figure J shows the
relationship between flux ratio and resctivity for various
values of time after the change is introduced., The control
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rod reactivity worth is determined by measuring the flux
ratio after the rod is dropped into the critical reactor,
The nmeasured density ratio intersects the appropriata tirme
curve, point A, and is then projected onto the abscisea to
obtain point B, the corresponding reastivity of the portion
of the rod dropped, Ideally, for the same rod drop, all
values of n(t)/n(0) should produce the same value of /.

The fiowsheets of the IR 7074 code writtem to
numerically evaluate the roots, "Aj" coefficlents and the
density ratio are presented in Appendix A,

Two Slab Core Xinetio Mquations

Figure & is a schematic representation of the two slad
core considered in thies study. Bach slab is a suboritiocal
assenbly of fuel elements which is made eritical by neutron
exchange with the opposite slab, The same basic assumpe
tions are made in deriving the kinetic equations for the
two slabs as for the one slab except a source term must be
added to account for the neutron exchange between slabs,
Thus, Hquation 1 becomes '

n

T T -—= + z YirgCy + 8(t) (7
i=]

vhere 3(t') represents the source of neutrons fromx the
opposite slab,
The theraal neutron density in each sladb would generslly
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be a spatially dependent function but because the source
regions are narrow and well reflected, experimental
measurements, Baldwin (2), show that there is very little
difference between the average thermal neutron density
within the slab and the density measured by a detector
placed at the slab's edge, Therefore assuming an average
value of neutron density has little effect on measurements
of rod worth, This assumption is walid only in the fuel
regions and does not apply to the internal graphite
reflector where the thermal density varies over a greater
range.

The intensity of the interaction source term in the
above equation is assumed to be proportional to the neutron
density in the opposite slab at the tinme ¢ « ¥, where ¢t is
the reference time and Y is the time required for a neutron
disturbance to travel from one slab to the other. The
coupling coefficient, a, is assumed to bde the fraction of
the average neutron density of the adjacent slabd which
interact vithxn the slab being deseribed, Thus, Zquation 7,
ag applied to =zlab 1, becomes

]
ﬁ "
%.%ﬂ,%-w¢z YMCHL + 5 na(t = 7).
1=1 (8)
A similar expression can be written for slab 2 if it is

assumed that {, 8,, and & are the same for both slabs,
Gxamination of the above eguation shows that the coupling
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tern is independent of the neutron density in slab 1,
Ixperiments show that there is a difference betweon the
noutron densities in each slab and *flux tilting® is one
result of the seni~independent behavior of the elabs, It is
shown in Appendix B that when the above eguation is oconbined
with the precursor concentration egquation, Hguation 23
Hquations la and 2a3 and a similar set of equations desoriding
the other slab, the result is an equivalent inhour expression
for a two glad core;

: . ol
ﬁ,w-ﬂZﬁs W

-0 (9)

]
P Too- T LN

where s = ¢ «» 1.

The presence of two distinet *I" terns indioates that
seui-independent behavior of both slabs is possidle. Also it
ie seen that each slab would follow the general inhour
equation if there was no intersction between them, The chief
difference between thins equation and the standard imhour
equation, Bquation 3, is that "y and “p ave both functions of
w ingtead of the sinpler one slab ¥ va,  relationship ae
before, inother important difference is that evaluation of
the deterninant leads to a product of a 2(m + 1) expreswion
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in wend 6°2¥%  When the reactor is just oritical, w = 0

and Hgquation 9 reduses to
by = ;;. . (10)
2
Thie oritical relationship between 8Ky and 8K, is shown in
Figure 5. Should 8¥; be changed and 8Kp remain constant, the
overall system becomes super or suberitical. The amount of
change in 8y, A8Ky, 18 equated to £y by the definition

F;*%T”fl*fw {11)

2

Fo ® g 12
o '&55&53’ (12)

where

If Bgquation 9 is solved for €y and combined with the defini-
tions given above, the result is

pi . 52@”2“"(* w!‘&xz - w,Q) *(G?{g - wﬂ%zw wl - ﬁawz )wz"

alg=2W® o w“&ﬁ’g wf) # 8% mwﬂﬂﬁaz - wl - Kg“’Z(lg)

where ]
5 - ;% p (%)

Figure & shows the general shape of ﬂwf’; -w gurves for a
fixed value of 87y, These curves have the same general

characterietics as those of the simpler inhour equation as
shown in Figure 1, In both cases, @ = 0 at 2 = 0 and poles

@
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exist at W= - )\1. In the two slab core,

o et A=lepdl
which again closely parsllels the standard inhour equation,
The nmajor difference ls the presence of additional roots
which originate at poles - xl «hAi, where Ai can only be
deternined by rewriting Hquation 13 in a factored form such
that it 18 apparent which values of w cause the denoninator
to be zero. Ho such form was found due to the degree and
exponential nature of the equation, A three dimensional
representation of Hquation 13 ig shown in Pigure 7 for
greater than - Ay, This set of w surfaces is analogous to
the group of w wvalues obtained from the ordinary inhour
equation snd in addition accounts for reactivity changes

in either or both slabs., The critical curve again is

shown on the yF, plane where one of the w surfaces passes
through w= 0, A general expression for the retio of
neutron densities in each slab is obtained from either
Bguation 128 or Eguation 138 in Appendix B,

1 0 i
%" 2l e (15)
; ; Gl ilq.w

which reduces to

' [ o ,
%nnwn-m-;;_u (16)
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for an infinite peried, Thus it can be soen that the reace
tivity of one of the siabs sete the neutron density ratio
or flux tilting between the two slabs. ‘Yovesent of a
sontrol ol in ome of the slabs affests the reasctivity of
only that slab, thus changing the flux tilting between
glabs,

A positive porio! results when positive resctivity is
added to either core whan the syste: is originally eritical.
in this case, if enly the positive root is considered, the
curve of the resulting stable reactor peried, T, is the
intersection of the pesitive © plame, » = %, and the thres
dizensional curved « surface, The projection of a series
of theso interseotions for ssveral values of } upon the
PyPa plame, Ploure 84, is equivalent to the vesotivity va,
poriod euwrve, Figure 2, of the one slad reactor. These
curves can be applied to the UTH « 10, In using these
surves for rodi calibration, one firet determimes ) amd ~p
for the point of eritical operation, illustrated ms point
As (me of the rode iz then withdrawn and the remulting
period is neasured. The worth of the rod removed is then
evaluated fros distamce AD %o be 2,60 x 10°7, The effect
of flux tilting on vod worth is seon by comparing the worth
wensured by establishing the sanme period by similer
prosedures fro: ¢ to D where mﬂm tilting ig 1.9 tines
sreater and the resulting vresctivity is 2,15 x 107, There.
fore it ie necossary to know the position of both rods if
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acourate yrod celibration is to be achieved using positive
period measurement.,

For negative step imputs of resctivity into one of the
slabs, all of the roots absolute wvalue of £ less than 1 =ust
be considered. In this case, the P = /3 plane intersects
22 + 3 surfaves, all of which corvespond to different
negative values of w, These wvalues of «» are the roots to
Bquation 13 and as such ean be used in s equstion for the
flux ratio.

n _
« W 3‘&
%, z Age a7

I=1

where mm = 2m + 3, @4 is one of the roots, MA, is a
constant dependent upon /; and /S, snd is calculated by the
solution of a mm by mm matrix. Appendix ¢ presents the
assunptions and equations used to set up this matrix. Figure
9 can be used to determine negative rod worths as was
explained in conjunction with Figure 3. It is important teo
note that Figure 9 is valid for omly one value of 8K, for

the "o"gs were determined assuning that the reactivity of the
opposite slab to be constant. By specifying a value of 8K,,
the neutron density ratio and corresponding eritical value

of §i; are also fixed, Significant deviations in 8K2 must be
ascounted for by a recaloulation of "o" and "A"™ terms,



Figure 9. ﬂm ratio in slad 1, ﬁ%‘)/"iﬁ)g versus
negative remotivity, o,
after rod drop into of a ono M sore
(o = 0,000, 8 = 0, 50 ‘V = 1,034,

2 = 040001 m,_rmz. 0 x 10* seconds)
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It should be noted that rod calibration for this type
of a system could also be acconplished by taking readings of
the flux tilting for consecutive eritiecal rod positions.

The procedure for such a technique would require that the
reactor be made critical with the rod being ealibrated
completely inserted, The initial flux tilting would be
neasured and used with Hguations 10 and 16 to determine the
initial reactivity or referemce reactivity of the slab
containing the rod, The ecritical rod configuration would
then be changed by withdrawing the rod being ealibrated and
inserting the rod in the opposite slab., Another tilt
measurement would be made and a second reactivity of the
#lab computed, The difference between the second reasctivity
and the reference reamctivity is the integral worth of the
portion of the rod withdrawn, This process would then be
repeated at successive eoritical rod configurations thus
following the eritical ourve of Figure 8i., The integral
worth for each position would also be evaluated. The advene
tage of this technique is that rod worth is determined with
the reactor at a steady state condition, thus reducing
considerably the number of parameters which must be conside
ered, This metho! was not pursued in this thesis due to

the uncertainties im the accuracy of the resctivity coupling
coefflcient, Also these measurements would require
detectors small enouch to fit between the fuel plates which
are 0.40 inches spart. Uold foils would serve this purpose,
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but the experimental prosedures would be very time consuming
singe the remctor would have to be shut down and the foils
removed and counted for each flux tilt measurement,

tne other significant difference between the one and
two slab systems iz that for the coupled cores, the numerical
value of the dollar is also a variable, The dollar is
defined as the amount of reactivity which will cause a
reactor to be prompt eritical, For the proupt oritieal
condition, the time derivative of the thermal neutron density
and precursor terms in ‘quation 8 become zero due to the
relative increase in prompt neutrons, If it is assumed that
the neutron delay time between slabs, ¥, ie also zero, it
can be shown that

-
1= %
Mﬂlym iz the reactivity of sladb 1 required to nake
the system prompt eritical, Using a simaltaneous solution
of the neutron density equations for both slabs, the h&.ﬁtim
ship between K2ps the prompt oritical multiplication in the
gecond glab, Wﬁlﬁw is found to be

1
r = K2, (1 = Yaygh) + 62 « 1
lprompt K2 = Yavgh) * ar...wl{ D | avg?

£ 1prowpt =

- (1 = Yaygh) E‘zp"’ o Yavgh) 1]}
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Note that these equatioms reduce to

£ 1pronpt = Yava

when simplified to the one slab system with no coupling or
sultiplication of a second slab, This variation in the
asount of reactivity constituting one dollar complicates the
ealibration of control rods in dollar reactivity units, It
will be shown here that the anount of resctivity which must
be added to achieve prompt oriticality depenis not only on
the point of operation, as wag the case in worth deteraninaw-
tions in control rod calibrations, but also depends upon the
glab in which the reactivity change is nade,

The proupt oritical curve is shown in Figure 10. From
point A, on the oritical curve, the prompt oritical condition
can be reached by

8) @ddingPy.. o =f)o or Bi1 x 1073 3K units of
reactivity, P, held constant,

be) adding Lo P20 OF 155 x 103 ?g*i. unite of
reactivity, £y held constant,

¢+) changing both Py and £» requiring the addition
7.9 x 10" % wmits of resctivity.

Note that all of these reactivity values would change if
these operations were carried out at point B, This shows
that the dollar reactivity unit can not effectively be
applied to a two slab systen unless the point of operation
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and location of the reactivity change are both consideved.
Therefore, one dollar will be defined as the amount of
reactivity which, when added to only one of the slabe, will
cause the systen to be prowpt eritical, This assumes the
reactivity level of the other slab has been held conmstant.
The dollar unit serves as a means of comparing worths
between the one and two slab systeus.
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DESCRIPTION OF THE UTHe10 CORE AND CONTROL RODS

The UTH«10 i a heterogeneous, light water moderated,
graphite reflected, 10 iw reactor fueled with 3.0 Xg, of
90% enriched uranium-235, The central core region is shown
in Figure 11, The fuel is evenly divided among 12 bundles
of flat aluminum plates containing the fuel in a UALy, Al
matrix. There are 6 fuel bundles in each tank, Water enters
the bottom of the tanks and is pumped up through the fuel
regions and st of the top of the tank, The tanks are
separated by 18 inches of graphite which serves as a flux
trap. The Boral control rods are located against the outer
side of the tanke as shown in Figure 11, Physical features
of each rod are listed in Table 1. The control rois are
driven by shafts extending from the control rod mount within
the core to the drive motors located at the outer edge of
the shield, For the shinm and regulating rods, the drive
shafts also turn potentiometers whioch provide the signal to
the console position indicators.



Tatle 1. Thysleal features of UTR-10 sontrol rods

Mrensions Distance of insertion rive
inches travel tize speesd
inches williseconds inches/minute
Safety rod 1 7:?:%. 16 by 6425
safety rod 2 2 16 369 6425
am&?m : 16 W’h 28,6
shim 7x7xp 16 176 6425
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EXPERI ‘ENTAL PROCEDURES AND RESULTS

In this section the graphs and equations of the previous
sections will be applied to the calibration of control rods,
fven though all weasurements were made on the UTR.1l0's two
slab core, the date wae snalyzed using both one and two slabd
core theory so that comparisons in kinetic behavior between
systems could be made,

Positive Period “easurements - Cme Slab

As previously mentioned, the two most common techniques
used in rod calibration are the rod drop and positive period
neasurenent. In order to calibrate by positive period, the
reasctor is first made critical and held at one power level
long enough for the delayed neutron groups to reach
equilibriun concentrations, The rod is then withdrawn to a
new position and the resulting stable period is measured.
The increnental worth of the portion of the rod withdrawn
is then determined by a computer code based upon the inhour
equation with «Jn% + In the one slab case, Hguation & can
accurately be approximated by

*

because the prompt neutron lifetinme for a therxel reactor is
less than 10™° seconds and T is always grester than 10
seconds.
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in this work, periois were deternined by measuring the
doubling time from the 444 of the UTH.10 console. The
reactor power ie then reduced to the initial level and the
resctor ig again made oritical with the reg and shimesafety
rois in a different position. The rod being cslibrated is
agein partially withdrawn and the above procedure repeated,
This procedure lg repeated until the rod has been completely
withiramm, In order to completely withdraw the UTR.10 safety-
shinm rod, 1t was necessary to tape sheets of cadimun to the
central stringer,

For this study, the incremental rod worth wae determined
using the Keepin and Wimmet data for delayed neutron
paraseters presented in Appendix D from references 10 and 11,
f for this data is 0,0065 as compared to 0.0075 as determined
by Hughes st al. (8). % was taken to be 1.0 x 10°" seconds.
This parameter is free to vary over a factor of ten from this
value when snall values of reactivities are being considersd,
without significant Jifferences in rod worths resulting.

The sxperimental accuracy of measuring resctivity based
on asyaptotic period neasurement is disoussed by Toppel (12).
Por a reactor with a proupt neutron lifetine of 104 seconds,
one obtains asynptotic measurements which are 997 acourate
70 seconds after the reactivity change is meade, This one per
eent error introduces only a differemce of ¥ 7.8 x 10°2 gents
worth or 5.87 x 10°“€5K/K in @ differentisl worth of 9.95
cents, This ie an error of only 0,783 #, which is



insignificant,
The differential rod worth ourve is next constructed

and integrated to give the integral shinm-safety rod worth
ourve shown in Figure 124, Experinental data and caleoulated
results are given in Table 2, Figure 128 is the integral

curve for the reg rod,

Rod Drop Method - One Slad

The rod drop calibration technique feollows this basie
procedure:

1.
Be
3.
b,

Se

b

The reactor is brought to a power level where
gamna compensation current will not affect
power level readings.

The resctor is made oritical with the rod
whioch 18 being calibrated fully or partially

The rod is dropped into the core, making the
reactor subsriticel thus csusing the flux
level to dscrease,

The decay of the flux level ie recordei., Data
m grm the UTR«-10 Am meter ig given in
abie 3.

The reactor is agaln made sritical with the
gontrol rods at a different position end the
above procedure repeated for increments over
the entire rod.

The integrasl worth of the portion of the rod
dropped into the core is obtained from an
avaluation of Hquation 4 as greaphiecslly
pregsented in FPigure 3,

The total integral worth ourve as messured by this
method is also shown in Figure 124, and is sppreciably

higher than measurements msde by positive periods. This
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Table 2. One slab reactivity worths of shim rod based on positive period

measurenents®
Shiz rod position Stable Worth Integral worth

inches period cents at midpoint

Initial Final seconds of interwval
cents
2.50 4,50 92.8 10.32 9.66
4,05 6.00 5644 14,85 19,28
550 725 ' h5.2 17.25 32.91
7.00 8.50 68.5 12,96 45.64
7.85 9.50 62.3 13.88 53.56
9.00 10.50 68,2 13.00 62,70
10.00 12,00 §3.4 13.83 72.44
11.20 13.00 6641 13.30 80.21
11.80 14,50 62.3 13.88 86.89
13.48 16,00 149.8 7.05 93.20

O

%8 = 0.0065, Yaye = 1.03%, = 0.0001 seconds.
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0 1 2 3 4 &5 e oy
REGULATING ROD POSITION (inches out)

Figure 12B. One slab integral reactivity worth of UTR - 10
regulating rod based on positive period meas-

urements (A= 0,0065, Yove = 1.034, A= 0,0001
seconds ) 8



Table 3. Typical data of rod drop experi
watts assuning a one slab reacto

a:gts from initial power level of 150

Initial shim rod Power level watts at time t seconds after rod drop Intsgral
position worth
inches out time after rod drop centse
secondis
20 60 180 20

2.80 107.0 90.7 k7.2 8.0
§,00 83.1 61.3 21.5b 13.0 16.0
705 3.8 26,2 5,75 50.0
9.05 30.0 16.3 2.1 62.5
11.10 23.1 12.0 1.60 0.587 81.0
13.50 7.45 3.75 0.395 0.172 106.5

%8 = 0.0065, Yayg = 1.034, 1 = 0.0001 seconds,

en



Table 4, One slab resctivity worths of the regulating rod based on positive
yariué measurenents®

Hegulating roé Stable Yorth Integral Worth
position period cents at midpoint
inches gseconds of interval

Initial Final cente

I 2 1Y 2

2.6 gﬂe 1‘561 2060 2'5?

3.0 50 L30 2.;2

3.0 50 335 3. 3.93

30 S50 : 367 321 ' ;

82 B s < B
- {e ’ - o
350 720 346 3.39 ad
6.0 8.0 332 3.52 8.79
6.0 8.0 343 342 »
740 9.0 365 3423 10,48
B 5 i i
9.0 11.0 Roh 2.9 13.59
10,0 12,0 58s 2,48 14,94
11.0 la.ﬁ 557 2,18 16.09
12,0 15,0 1072 1.1 16,88
10,0 16.0 630 1.9 17.37
0.0 16.0 38.7 19.11 19.11

8 = 0.0065, vayg = 1,034, 1 = 0,0001 seconds.

€
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diserepancy will be explained later in the light of two slab
core theory.

Positive Period Yeasurement - Two Slabs

The general proacdnrbu of determining rod worth in a
two slab core are basically the same as outlined for the one
slab case, However, before making a callbration, the
coupling coefficient for the system and the point of operation
on a corresponding F1 - fp dlagran éimixur to Figure 8i must
be determined. To deternine the point of operation, it is
required that either /y and Py or the flux tilting and its
corresponding period be known. The latter approach was
utilized throuzgh foll measurements to determine the maximun
and minimum values of the flux tilting at eriticality. The
upper limit, BC of Pigure 8A, is set by complete withdyrawal
of the regulating rod and the lower limit, A, ocecurs at total
insertion, Bare gold folils were irradlated in both core
tanks simultaneously for the extreme regulating rod positions.
A third set of ocadmium covered foils was irradiated with
the regulating rod inserted and the results used to correct
the other two -étn of foils for epi-therual neutron activa-
tion., The data from this experiment is given in Tables S5A
and 5B, The results of these measurements serve to indicate
that the ratio of thermal neutron flux in the slab containing
the regulating rod to that in the slab containing the shinm
rod varies from 0,95, when the regdating rod is completely



Table 5A.
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Thermal neutron activation of gala foils «
regulating rod completely inserted®

fuel element number

Position

Speeific activity®
g/minute -« gram

count

Cadmium ratio

Average

Average

3.178
3e226
3.902

2768
34690

8ghim rod at 5.3 inoches out, power level 10 watts for

b5 minutes,

Corrected for cedmium retio.

nz _ Average thermal activity im south glab 2602239 0,954
ny Average thermal aectivity in north slab 273,223
Table 5B. Thermal neutron activation of gold foile «
regulating rod completely withdrawn®
Position Specific activity®
fuel element number sounts/minute - gram
Ne ' 250, 545
=l 236,149
N 27,672
Average 239, 355
3*2 299’512
G 206,732
G 303,522
Averags 303,280

2.

"

agshim rod at 2,6 inchesg out, power level 10 watts for

5 minutes,

blorrected for same cadmium ratioe as Table S5A.

ﬁvnrage thermal activity in south slabd

Av«ragc thernal activity in north slad
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inserted, to 1.27, with the regulating rod withdrawn, All
other points of operation lie between these values and can be
approximated by consideration of the regulating rod position
and the expected regulating rod integral worth curve, The
boundaries of the UTR.10 operating region are showm in

Figure 8A, The right and left boundaries were obtained after
determining the worth of the shinm rod,

As mentioned above, an appropriate value of the reactive
ity coupling coefficient, o, must also be determined, This
paraneter has considerable effect on the location of the
eritical eurve on £1FP2 plane, Decreasing the coupling shifts
the critical curve closer to the origin and also increaszes the
periods obtained as a result of positive changes in reactive
ity. For example, consider Figure 8B, based upon alpha equal
to 0.0009., If the reactor were oritical at point A with the
regulating rod completely inserted, and then made supereriti-
cal by complete withdrawal of the regulating red to peint C,
the expected period would be 43 seconds., In the UTR-10, this
procedure causes a period between 34,0 and 38.7 seconds depende
ing upon moderator temperature, Alpha must be determined such
that this measured period corresponds to the period predicted
by point C. For a period of 35.0 seconds, this condition is
satisfied with alpha equal to 0,010, Previous determinations
of alpha range from 0.008, Danofsky (4),to 0.0155.,% The validity
of this procedure was checked by other period measurements,

lgrews, Ray F., Mountain View, California. Heactivity
data, Private communication to Ur. Glenn MYurphy. 195%9.



47

which were found to agree with prediocted periods within 57,

From these measurements, the total worth of the regu-
lating rod was determined to be [0.217 as compared to #0,180
by the one slab core approach., Hote also from Tables 4 and
6 that when the regulating rod is oﬁ&paéta&y withdrawn, the
resulting period predicts a two slab worth of 22.49 cents
which differs from the inecremental total by 0.8 cents. One
slab theory predicts a worth of 19.l11 cente or a difference of
1.11 cents. This discrepancy ils explained in the conclusions,
The integral worth curve of the regulating rod 1s shown in
Flgure 13A. Complete withdrawal of the shim rod was not
possible due to the short perlod which would have resulted.
Figure 138 shows the shim rod integral worth curve for the
portion which could be withdrawn without adding poison to the
core, Extrapolation of this curve based upon the positive
period measurements and boundaries of operation of Figure 8a
for the regulating rod at 8.0 inches prediets the worth of
the rod to be §1.26 as compared to (0,96 for the one slad
neasurements,

The introduction of poison to the core to make complete
withdrawal possible must be done in such a way so as not to
vary alpha. It appears that this variation ocould be avoided
by distributing poisons in the fuel bundles. Flacing cadmium
on the central stringer as was done in assuming a one slab
loading essentlially shadows one slab from the other and thus

decreases the interaction between themw which is a decrease



Table 6. Two slab reactivity worths of the regulating rod based on positive
pariod measurements®

fegulating rod Shim rod Stable ¥orth Integral Worth

position position period cents at midpoint
inches inches secondg of interval
initial Finel eents
00 2.0 5.85 749 2,06 0,64
1.0 g.o 5.80 z§5 2.86 1.86
2.0 «0 5.50 1 320 3.37
30 5«0 5.10 2.39
3% 30 3.5 323 3195 b
HOom om0 B B =
S50 70 & «60 346 4,08 8.85
6;9’ B‘G &‘, 59 gzz #.21
6.0 8.0 5,90 _ 3 4,09 10.90
g.s 9.0 4,20 365 3.84 12.96
9:0 110 “"3.? 35 395 16:60
9.0 11,0 2,96 geh 3.6
10.0 12,0 340 485 2.91 18.1%
11.0 13.0 3.10 557 2.5% 19.26
12.0 14,0 3.20 1072 1.36 20,26
12.0 16.0 3.20 630 2.25 20,96

0.0 16,0 5.80 8.7 22.49 22.49

8a = 0,010, § = 0,0065, Yavg = 1.03%, ( = 0,0001 seconds, ¥ = 2,10 x lc'h seconds,

8%
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in alpha,

Rod Drop ¥ethod « Two Slabs

The rod drop calibration technique in the two sladb core
is the same as in the one sladb core once the coupling
coefficient and polnt of operstion have been determined as
explained in the previous paragraphs. The calibration data
obtained from the portion of the sim rod which ocould be withe
drawn without polsoning the core ig given in Table 7 and the
integral worth ourve plotted in Figure 138, The regulation
rod can not be calibrated by this technique because it can
not be dropped,



Table 7. 7Two slab reactivity worths of the shim rod based on positive period

measurements®
legulating rod Shim rod position Stable dorth Integral worth
position inches period cents at midpoint
inches ~ Initisl PFinal seconds of interval
cents
16.0 2.2 . -
T 173.9 10.3 12.9
16.3 2;15 50% 37.52 31'9 2009 g
8.0 3.50 6.50 | 30.3 32.0 33.0

.

%0 = 0.010, ¢ = 0.0065, Yavg = 1034, R = 0,0001 seconds, T = 2,10 x 10~% seconds.

Teble 8., Two slab reactivity worths of the shim rod based on rod drop b
measurenents?
Shi=z rod position fegulating rod Boainm Integral worth
before drop before drop of portion
inches out inches out
cents
2.80 8.0 -10
"‘"15 8.9 "21
5.00 73 -31

8¢ = 0,010, § = 0.0065, Yoy, = 1.03%, ¥ = 2,10 x 10~* seconds, ! = 0.0001 seconds.
b = Regulating rod assumed to be at 8.0 inches = out for computer solution.
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COMPARISONS AND CONCLUSIONS

Althoush control rod calibration has been the primary
concern in this study, it ie of intereat to coupare the
m.m behavior as well as the calibration results for the
one and two slab core systems,

One of the differences between the two systems is the
relative magnitudes of neasured reactivities., It has been
found experimentally that low values of positive and negative
worth measurements generally agree when compared within the
sane system, However, there is no such comparison between
systens, For example, in the one slab system, theoretically
an addition of $0.16 would result in a period of 50 seconds.
Iin the two slab system, this anount would only produce
periods between 60 and 180 seconds depending upon the flux
tilting, coupling coefficient, and value of the dollar,
Therefore such an approach to & worth comparison is not core
rect. The only link between the systems ig the similarity in
behavior under equal initial conditions. Figure 14 shows the
decay of the flux ratio as a function of time after the sare
area of control rod has been dropped into both systens,
initially the flux in the two slab system is tilted such that
the ny/np ratio is only 1.09. WNote that even though the
worths inserted are different, the resulting behavior is gene
erally the same and both successfully predict the actual
behavior for the saze duration after the drop., Similarily,
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for positive period measurements, two slab worths, 1.5 times
greater than those of the one slabdb model, produce equal periods,
Thus, this magnitude difference between systems is Justified,
It was noted earlier that negative insertion measurenents
gave higher values of rod worth than measurements made by
positive periods, This discrepancy in worths, based on the
one slab model, can not solely be attributed to variations in
the reactivity coupling coefficient due to the addition of
poisons, The effect of alpha variations on the predicted
transient behavior has already been noted and deviations from
a smooth integral worth curve are to be expected, However,
it seeuns that for a given model and a given value of coupling,
equal values of positive and negative reactivity insertions
should be measured as equals, Heither approach should be
more sensitive to changes in alphea for both methods are based
on the same equations, 7Two basic differences in the experie
nental procedure account for this discrepancy, both of which
are results of flux tilting which is not considered by the
one slab reactor model, 1) Positive period measurements are
nade over small inorements of reactivity. For the shim rod,
these measurements are always made in such a direction that
np/my decreases. This procedure is shown in Figure 8A by
path XY in which the flux ratio decreased from 1,20 to 1.05.
2) fod drop measurements of the shim may vary over larger
increnents of worth than the positive period increments and
are always made such that fip/ny increases, Thus when a rod
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ie dropped into slab 1, the flux ratio increases as the power
level decreases ani approaches the tilting velue at the new
point of operation as shown in Figure 8. Figure 15 shows the
increase in tilting as a function of time for the rod drop
into the two slab systex shown in Figure 14, where initially
the flux ratio was 1,091, Figure 8A predicts the tilting to
be approximately 1.22 which agrees with that obtained, The
point to be noted is that when a large portion of a rod is
dropped ilnto a two slab core, as the overall flux level
decreases, the flux level in the slab receiving the rod
decreases more rapidly than that in the other slab., One

slab theory can not acecount for tilting, therefore, this
increase in the rate of flux level decay would indicate that
an apparently larger asount of reactivity had been sdded

then was actually the case. It is seen in Flgure 14 that the
flux ratio decay of the one slab model more closely follows
the decay of slab 1 which recelved the rod, Thus, in
applying experimental results from a two slab reactor to the
one slab model, the worth which is derived from flux decay
with ne tilting would actually be based on the behavior of
slab 1. But because of the increase in the tilting the flux
ratio decreases more rapidly. Therefore one slab theory
assigns a greater worth to the rod than it would have had

the rod been dropped into a one slab reactor. And furthere
2ore, as the amount of reactivity dropped into slab 1

increases, the equilibrium value of np/m becomes larger
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thus magnifying its true worth in a one slab aysten,

A similar magnification in measured worthe is observed
for positive reactivity insertions. It was noted earlier
that the integral worth of the regulating rod as determined
by inerenental withdrawals was one cent less than that
mneasured by withdrawing the entire roi at once, This
difference can again be attributed to tine change of the
tilting ratio, When the small portion of the rod were withe
drewn, the neutron demsity ratlo was inoreased only slightly,
However, in the case of couplete removal, the ratio was to
shange from 0.95 to a steady state value of 1,27, This
requires the neutron demsity in the slab containing the
regulating rod to lncrease faster then the demsity in the
opposite slab, This additional increase in neutron density
would be detected as a shorter period than would result had
constant tilting been sssumed., This shorter period would be
attributed to a greater reod worth in either systen, Two
glab theory as applied to the analysis of positive perieds
was based only on one positive root and therefore was not
able to compensate for all of this change.

in general, it can be concluded that when large control
rod worths are being measured in a two slab system, conside
eration must be given not only to reactivity coupling
variations and flux tilting, but also to the growth or decay
of the neutron density ratio.



1.

2,

3

b

59

SUGGESTIONS FOR PURTHER STUDY

Consider the effect of higher harmonic neutron waves
on reactivity worthe and the neutron density ratio
transient.

‘iake measurenents of reactivity worths by measuring
the flux tilting at various rod positions.

Consider spatial effects of rod position and detector
location on resctivity measurements.

Develop kinetic equations which describe the multie
region system which arc less dependent upon exact
neasurement of the coupling coefficient.
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APPENDIX A

Computer Solutions and Flow Sheets
This section presents the computer solutions used in this
study for negative insertions reactivity into the one and two
alab systeuns,

Hegative Insertions into a One Slab Reactor

dgin progrem
The flow diagran desoribing the maln program is given in

Figure 16, The input arrays and parameters are defined as
follows:
T « an array of times after insertion of negative
reactivity
B « Delayed neutron group abundance ratios
UC « Decay constants of delayed neutron groupe
G = Fission effectiveness of delayed neutron groups
APNL - an array of prompt neutron lifetimes
/‘mm ~ Alphameric information used in plotting routines.
11l = Number of delayed neutron groups to be considered
JJ « lumber of prompt neutron lifetimes to be considered
T8 - Total delayed neutron fraction
J¥ « Number of times to be considered
RHOMA = Maximum absolute value of negative reactivity
RHOMI « Minimum absolute value of negative reactivity
"DELTA - Inerement of reactivity _ |
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GAVG « Average of the fission effectiveness of all
delayed neutron groups

This disgram does not show the generation of the RHO and
effective array H(I) or plotting program, Basically this
program performs the following functions:

(1) Collects input data and stores it for later use.

(2) Determines number of values of reactivity for
which 1t will compute output parameters.,

(3) Computes useful arrays, BHO and effectiveness
array.

{(4) Calls sudbroutines FIRST, HUNT, and HHOSZ to
determine roots of inhour equation.

(5) Calls ANSER to determine coefficients for flux
ratio summation.

(6) Caloculates the flux ratio, g/ ,for the times
imputed, T array, over the range of negative
reactivities of interest,

(7) VWrites output in labeled and orderly form,

The program was written in a versatile form and can
be used to compute flux ratios over any range of negative
reactivities., Several different values of prompt neutron
lifetimes can also be used, It can be applied to any fuel
for whioh the input parameters are avallable,

This subroutine is used as a tool to caloulate single
values of HHO when given a value of W, PHL, TB, 1II, end
values for the arrays of DC and H, The end result is the
paraneter H00S8 which is returned to the ecalling program.
This program is called by the main program, FIRST, and HUNT,



e i '
Read in from data cards

Arrays: T,B,DC,G,APNL,BCD
Values: II,JJ,TB,J%X,RHOMA,
RHOMI ,DELTA,GAVG

v
TCOUNT = . BHOMA - RHOMI
DELTA
1

ICOUNT + 1]

v

Compute effectiveness
array

H(I) = B(I)G(I)TB

{

TB = GAVG x TB

4 + =
DC(II + 1) ST

M=MM =

f@enerate RHO array

{

WA = W(M + 1, N)

Y

[w(r, M) = uB|

[call RHOS|
: DC(N)
i’ = e
B = WB '+ —ere 4
A 4 {RHOA = ROOS
[Call RHOS] : :
¢
“—[BHOB = ROOS] [CaIl HONT]

i

=M - 1|

lca%l RHOS
—_—
Y

[RH0B = ROOS]

Have ‘I Roous
been determined?

Write out all W(M,N)|—-

>
e

[M = TcounT + 1]

Figure 16. Flowsheet of main progran
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Have JK values
of times, T,
been used?

M = M+ 1>

i

Write out 211 8/9 ., - 5 !J =J + 1[ [N ; 0]

L ' =N, N
O 3 Y y
| STOR| Call ANSER to
ldetermine A(M,N)

\ I

EEPP = Expf [W(M,N)T(J)

Y

[FLUX(1) = BEPP x A(M,N) ¥ FLUAE |——

Have II + 1

Yes
roots been used?

FPigure 16. (continued)

99
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Read from calling progran

Arrays: DC, H
Values: W, PNL, TB, II

l

I = PSUM = TSUM = 0

Wox H(I)
W + DC(T)

PSUNM

TSUM = TSUM + PSUN

No

[Return ROOS|

Figure 17. Flowsheet of subroutine RHOS




atine FIRST

The purpose of this program is to determine the coore
dinates of two points of the reactivity versus plot which
will later initiate the iteration process, W¥hen the main
program calls this subroutine, it designates which pole is to
be considered. At this pole, AC, two points are determined,
one which is slightly above and enother m&.ﬁh is slightly
below the maxinmum value of negative resctivity, RHOMA., These
coordinates are (KA.M&A).(%,M%}, Decause these points are
selected by moving an incoremental distance away from the pole,
it is possible that this random value could correspond to RHOMA,
in such a case, this value, W(¥,N), would be returned to the
main program as well as the coordinates of two lower points
which satisfy the "above® and "below" stated above,

This program is the iteration process which begins with
two puxnti‘ A and B, whose coordinates are (RHOA,WA),
{AHOB,WB) and through a process of extrapolation and scheoks
determines a value of ¥ which 1s within 10™° of being an exact
value for a particular value of the RHO array. The t&lm
figure and flow chart show the process used, The main program
transfere the coordinates of the two points as well as the
other values and arrays shown in the flow chart to the sube
program. An extrapolation is first made betweemn A,B, and
BHO(M) to determine WC, The value of rho, RHOC, which
corresponds to WC is then determined by the subroutine



©9

Read from calling program

Arreyes  DC, BHO. & H
Values: M, PNL, TB, II, N, AC
penie S Return W(M,N), W4, WB
Mia = - Ad RHOA, RHOB 4
i : AC A
AC IWB = UB + ==
WA = WA + 5550 > - 5000]
- I M = M - 1]
{Call RHOS] ¢

v

AC

R__g

>=IWA =

WA - 2000

R

[call RHOS

:

RHOA =

ROOS

£ 't

Figure 18.

-

W(M,N) = WB

A

RHOB = ROOS)
K
i

> Call RHOS

1

Ty
WB=WA+m-6
A

Flowsheet of subroutine FIRST
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RHOA

RHOD
RHOL

RHO(M

RHCB

|
|
!
l
|
!
]

|
|
x
|
TR I i
/ W3 WC WD wA
W (M, N)

Figure 19. Curve used by iteration process in subroutine
HUNT
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Read from calling program

Arrays: RHO, DC, W, H
Values: WA,WB,RHOA,RHOB,

M,N,PNL,TB,II,R00S

\
& BEHOA - RHOB .
A
|
%
; s RHOC - RHO(M
i greater than g
- 3 = ,J( 'T’N) - V."C
RHO(M) - RHOA?Z 0
3
RHOD = 2RHO(Y) —- RHOC] alfe i Sl
| Y
‘ - |Return W(M,N)
WD = (RHOD - RHOB) (WA - WB) 4 yB x
RHOA - RHOB WD = WA|
! s i
[Call RHOS| (RFOE = RHOA|
{ |
% RHOE = ROOS -1 l
WA WD <k——;:; RHO(M) - RHOE ;:—ﬂr"WB = WD|

RHOA RHOE

W(M,N) = WD

RHO(M) - RHOE

-0.00001

1 s

= - 7]
y

!

RHO(M) - RHOE
-+ 0.0000

-0

Return W(M,N),M,RHOA,

+ O

RHOB, WA, WB

A

= M - i]
4

V

W(M,N) o= (RHO(M) - RHOC)(WD - WC) + WC

RHOE - RHOC

Figure 20.

Flowsheet of subroutine HUNT
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Read in from Main Program

Arrayssy W, DE, H
Values: RHO, M, PNL,

PART = PART + H(I)
W(M,N) + DC(I)

TNUM = (PNL + PART)(1 - RHO)

H(I)DC(I)

BPART = BPART +
W(M,N) + DC(I)?

A(N) = THuA £
PNL(L - RHO) + BPART

[Return A(N)|

Figure 21. Flowsheet of subroutine ANSER



72-732

REOS, A cheok im made to see if RHO(N) is closer o REOA
or RHOC, dhould it be closer to RHOC, RHOD is set o be at
a dlstance of RHG(E) - REOC above ANO(H) sueh that AHO(M)
lies midway botwoem HHOC and BACD, HHOZ is then caloulated
by extrapolating between A, C, and RUO(X) to find ¥D and
then calling BHOS, Should MHO(H) be closer to RHOA, point
A is vemamed point D. A check is then made to see if RHOR
1s within 105 of ®HO(%), If it 18, & final value of
H{M,H) 1s doternined by extrapolating between pointe ¢ and
e If thie tolerance is not net, and if ANO(N) is greater
thon AHOE, the interval is desreased by rensming point D
as point B, or if 2#0(¥) is less than RUCE, again the
interval is desreased and point Ml is renamed point A,
should RHO(H) ewamctly equal REHOB, W(i,N) is set equal to
HD and operation tronsfered to the and of the subprogran,
In the case where the R0 valus tolerance linit is not
satisfied, the control is transfered to the inttial extra.
polation caleulation with the deoreased interval and the
process repeated until tolerance has heon obtained,

This subroutine, like subroutine =HGS, serves simply
as a neans of onlowlating a single walue, which in this
case is an “Ag" tersm an givem in Squation & and defined by
quation 5.



73b
Hegative Insertions intc a Two “lab Heactor

The twe glab computer solution for negative insertions
of reaptivity ie o modified version of the preceeding
progran and follows the sane flow chart structure. New
paraneters and srreays have been introduced and are defined
as follows.

Arvays:

ABA - “31 coefficients
BAB = Ay, coefficients
FLH2 -« Flux ratios in slab 2

AA - Coefficient matrix used in determining
An
BE « Coefficlent matrix used in determining
A”_
SUM, XXP, DEN, are all work arrays defined by
the program,
Values:

HBE « the number of roots expected in
Equation 13

ALPHA - resctivity coupling coefficlient
D2 « reactivity of the second slab
TAU « the neutron delay time between slabs
TEST « a test value set upon completion of
subroutines FIRST and 3ECOND; used to
disti sh between poles located at
""11 ‘ *11 +A 1
HP « the number of the pole being used in
root evaluation

Subroutine SECOND is a modification of subroutine



730

FIRST and 1s used to calculate the initial iteration points
at even numbered poleg; subroutine FIRST calculates these
points at odd numbc?ud poles, Subroutine HATIN is used to
solve the matrix of coefficlients for the appropriate An
terms, This eliminates the need for subroutine ANSES,
MATIN returns *31 in array BB,



CALL
FLAG
FLAG

41
307
308
3071
3081

700

431

sseesFLAG. 10147 JAWORSKI

JOB,I0147,MAP

FORT 4MAIN

DIMENSION APNL{(9) 9G(7)H(T7)4FLUX (210,7),P(7),BCD(T),AFLX(210)
DIMENSION B(7),DC(7),RHO(210)sW(210,7) Al 7)2T120)4FLR(20)
READ INPUT TAPE 141,11,JJy(APNL(I),1I=1,JJ)

FORMAT(212,49E12.2)

FORMAT (Ell.4)
READ INPUT TAPE 1,2,(B(I),I=1,11)
READ INPUT TAPE 1,2,(DC(I),I=1,11)
READ INPUT TAPE 1924+(G (I),I=1,11)
FORMAT(3F10.5)
READ INPUT TAPE 1,3,RHOMA ,RHOMI ,DELTA

DETERMINE NUMBER OF VALUES OF RHO
COUNT =(RHOMA -RHOMI )/DELTA
ICOUN =-COUNT
II=11
WA=WA "
WB=WB e
RHOA=RHOA
RHOB=RHUB
ROOS=R0O0OS
PNL=PNL
READ INPUT TAPE 1,41,7TB,GAVG
FORMAT (2F10.6)
READ INPUT TAPE 1,308,JK
FORMAT (1I5)
READ INPUT TAPE 1,3081,(T(J),J=1,JK)
FORMAT(F5.1)
READ INPUT TAPE 1,700,(BCD(I),I=1,7)
FORMAT (7A5)

CHANGE ABUNDANCE RATIOS TO DELAYED NEUTRON FISSION FRACTION
DG %31 1 = 1411}
B(I) = B(I)=T8B
H(I) = B{I)=G(1I)
TB = TB=GAVG

Figure 22. Program for calculating one slab rod drop worths



DO 316 JM = 1,J4J
411 PNL = APNL(JM)
DC(II+1l) = 1.00/PNL
199 N=0
M=ICOUN + 1
MM=ICOUN + 1
c LOAD RHO ARRAY
RHO( M) =RHOMA
M=M-1
DO 4 KM=1, ICOUN
RHO(M)=RHO(M+1)+DELTA

M=M-1
4 CONT INUE
200 M=ICOUN +1
N=N+1

2001 IF(N-(II+1))201,202,2021
201 0=DC(N)

CALL FIRST (DC(1), RHO(1)yW(1ls1)sMyPNL,TByWA,WB,II,RHOA,RHOB,

INyO,H(1))

CALL HUNT(WA,WB,RHOA,RHOByRHO(1) sMyN, DC(1)+PNL,TB,II,RO0S,

1W(ly,1)yH(1))

148 IF(M) 149,200,149

149 IF(RHO(M)-RHOB)150,1491,151

1491 W(My,N)=WB
M=M-1
GO TO 151

150 WA=W({M+1,4N) ,
CALL RHOS (WA, DC(1)4PNL,TB,II,RO0S,H(1))
RHOA = ROOUS
CALL HUNT{(W A s WByRHOA sRHOB,RHO(1) yMyNy
1,TByII,RO0S,yW(1,1),H(1))
GO TO 148

151 WB=WB+DC(N)/1000.0
CALL RHOS(WB, DC(1),PNL,TB,II,RO0SyH(1))
RHOB=R0OO0S
GO TO 148

Figure 22. (continued)

DC(1),PNL

gi



202 RPNL = 1.0/PNL

CALL FIRST (DC(1}), RHO(1) yW(1y41)4yM,PNL,TB,WA,WB,II,RHOA,RHOB,
INsRPNLyH(1))

CALL HUNT(WA,WByRHOAyRHOBsRHO{1) ¢sMyN, DC(1),PNL,TB,II,R0O0S,
IW({ls1),H(1))

GO TO 148

2021 CONTINUE
WRITE OUTPUT TAPE 2,500,PNL

500 FORMAT(1H1,72H DETERMINATION OF THE TIME BEHAVIOR OF NUCLEAR DENSI
1TY AND OF REACTIVITY,// 27H PROMPT NEUTRON LIFETIME...yE10.3)
WRITE OUTPUT TAPE 2,5000,GAVG

5000 FORMAT(1HO,33HAVERAGE FISSION EFFECTIVENESS... +F10.5)
WRITE OUTPUT TAPE 2,502

502 FORMAT(1HO, 27H DELAYED NEUTRON PARAMETERS ,//79H GROUP,I FRAC
1TION,BI(I) DECAY CONSTANT (/SEC) FISSION EFFECTIVENESS )
WRITE OUTPUT TAPE 24503, (I1s8(I)sDCUI)sG(I)sI=1,11)

503 FORMAT(1HO 93Xy I298XyE1lle4y11XyElle4y14XyELlLl4)
WRITE OUTPUT TAPE 2,504

504 FORMAT(1H1,4113HREACTIVITY Wl W2 W3
1 W4 W5 Wé W7 )
203 FORMAT(1HOyF8.4,7E15.4)
ITI=11+1

DO 205 M=1,MM
WRITE OUTPUT TAPE 2,203y RHO(M)y (W(MyN)¢N=1,I11)
205 CONT INUE
C END OF W PROGRAM
WRITE OUTPUT TAPE 2,3082
3082 FORMAT(1H1,55X,12H FLUX RATIO ,/7/7+50X,22HTIME AFTER ROD DROP )
WRITE OUTPUT TAPE 2,3083,(T(J)yJ=1,JK)
3083 FORMAT(1HO,11HREACTIVITY , T7F15.4)
DO 3111 M=1,MM
DO 3111 J=1,JK
FLUXR = 0
DO 311 N=1,11II
IF(J-1)3101,3101,3104
3101 RHOR = RHO(M)=T8

Figure 22, (continued)

94



CALL ANSER(RHOR, Wil,1),DC{1),A(1 JoMePNLyITaNyH(L))
3104 X = W(MyN)I®T(J)
IF{100.+X)311 ,3102,3102
3102 FLUXR=FLUXR + A( N)#EXPF(W{M,N)=T(J))
3119 FLR(J) = FLUXR
311 CONT INUE
IF{JK-J)13111,3100,3111
3100 WRITE OUTPUT TAPE 2, 3112,RHO(M),(FLR{JT),JdT=1,JK)
3112 FORMAT(1HO,Fll.4y7E15.4)
b8 3111 KJ 1,JK
FLUX (M,KJ) FLR(KJ)
3111 CONTINUE
316 CONT INUE
318 CONT INUE
END
STOP
FLAG FORT RHOS
SUBROUTINE RHOStW, DC +PNL,TB,II,RO00S,H)
DIMENSION H(7)s DC(T)
JI = 11
PNL=PNL
T1B=T8B
ROOS=R0O0S
TSUM=0
DD 6 1 =1, JI
PSUM = W=H(I) /{W+DC(I))
TSUM= TSUM + PSUM
6 CONT INUE
ROOS=(W#PNL/{1.0+W#PNL)+TSUM/(1.0+PNL*W))/TB
7 RETURN
END
FLAG FORT EIRST
SUBROUTINE FIRST (DC » RHO P W tMsPNLTBy WA, WByI1,RHO
1A, RHOByNyAC,yH)
DIMENSION DC(T7) sRHO(210),W{21047)4H(T)
WA=-AC

[}

Figure 22. (continued)
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98
99

991

2911
100

101
102

1021
103

1030
1031

FLAG

104

WA=WA+AC/1000.0
CALL RHOS (WA,
RHOA =RO0O0S

IF (RHOA-RHO(M)) 98,991,100
W{MyN)=WA

M=M-1

IF (M) 9911,1030,9911

GO TO 98
WA=WA-AC/5000.0
CALL RHOS(WA,
RHOA = ROOS

IF (RHDA-RHUO(M)) 101,991,100
WB=WA+AC /1000.0
CALL RHOS(WB,
RHOB=RO0S
IF(RHO(M)-RHOB) 1031,1021,103

W({(M,N)=WB

M=M-1

WB= WB+AC /5000.0

GO TO 102

CONT INUE

RETURN

AC=AC

PNL=PNL

TB=T8

11=11

ROOS=R0O0S

N=N

END

FORT HUNT

SUBROUTINE HUNT(WA,WB,RHOA,RHOB,RHO s MyN,
1LROOS yWyH)

DIMENSION RHD(210), DCUT) 4 W(210,7)4HI(T)
WC=( WA-WB)#(RHO(M)-RHOB )/ (RHOA-RHOB) +WB

CALL RHOS({WC, DC(1),PNL,TB,I11,R0O0S,H(1))
RHOC=R0O0S

DC(1),PNL,TB,II,RO0SsHI(1))

DC(1)4PNL,TB,II,RO0S,H(1))

DC(1)4PNL,TB,II,RO0SyH(1))

Figure 22. (continued)
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’

PNLyTB,1I1,
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IF(RHOC-RHO(M ))1042,1041,1042
1041 W(M,N)=WC
GO TO 110
1042 1F(2.0#RHO(M)-RHOC-RHDOA)106,106,105
105 RHOD=2.0®%RHUO(M)-RHOC
GO TO 107
106 WD=WA
RHOE=RHOA
GO TO 1071
107 WD=(RHOD-RHOB) # (WA-WB) 7 {RHOA-RHUB)+WB
CALL RHOS(WD, DC(1),PNL,TB,II,R00S,H(1))
RHOE=R0O0S
1071 IF(RHO(M )-RHOE) 108,1072,1090
1072 W{MyN)=WD
GO TO 110
108 WB=WD
RHOB=RHOE
IF{(RHO(M)-RHOE +0.00001) 104,1091,1091
1091 W(MyN) = WD
GO TO 110
1090 WA=WD
RHOA=RHOE
IF{RHO({M) - RHOE -0.00001)1092,1092,104
1092 W(MyN)={RHO(M)—-RHOC)#(WD-WC)/ (RHOE-RHOC) +WC
110 M=M-1
| o | RETURN
RHO(M) = RHO(M)
RHOA = RHOA
RHOB = RHOB

WA = WA
WB = WB
WC=WC
PNL=PNL
TB=T8
I1I=11
N=N

Figure 22. (continued)
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FLAG

300

301

RODOS=R0O0S
END
FORT ANSER

SUBROUTINE ANSER(RHO, W »DC 1A yMyPNLyII4yN,yH)

DIMENSION W{21047),DC(7),A( TIaHLT)
PART = O

BPART = O

DO 300 I=1,11

PART = PART + HI(I) /UWIMyN)+DC(I))
TNUM=(PNL+PART )=(1.0-RHO )

DO 301 I=1,1I

BPART = BPART + HI(I) #DC(I)/((W(MyN) + DC(I))n=2)
A( N)=TNUM/(PNL#(1.0 - RHO )+ BPART)
RETURN

I11=11

M=M

N=N

PNL=PNL

END

FLAG STAR

6 1

1.00E-04 4.00E-04 3.50E-04 4.00E~-04

0.038E 00
0.213E 00
0.188E 00
0.407E 00
0.128E 00
0.026E 00
0.0127E 00
0.0317E 00
0.115E 00
0.311E 00
1.400E 00
3.870E 00
1.096E 00
1.028E 00
1.050E 00

]

Figure 22. (continued)
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1.033E 00

1.000E 0O

1.000E 00

-1.300 -0.0100 0.0100
0.650E-02 1.034E 00

T

30.0
60.0
120.0
180.0
240.0
300.0
360.0
NEG REACTIVITY (DOLLARS) FLUX RATIO

» s+« TOFOS

Figure 22. (continued)



CALL
FLAG
FLAG

41

B o119
1 & & ure

- e .FLAG.

10147 JAWORSKI

JOB,I0147,MAP

FORT ,MAIN
DIMENSION
DIMENSION
DIMENSION
DIMENSION

ABA( 75,15),8BAB(75415),FLR2(50,7)
B(7),DC(7),RHO(105),W(105,15)y T(20),FLR{20)
APNL(9) +G{T),H(T)4P(7),BCD(T7)

AA{15,15) BB 15,1),SUM(15):XXP(20),DEN(20)

SET NUMBER OF ROOTS EXPECTED

NRE = 15

READ (1,1)I1,JJ,{APNL(I),I=1,JJ)
FORMAT(212,9E12.2)

FORMAT (Ell.4)

READ (1,2),(B(I)sI=1,11)

READ (142),(DC(I),I=1,11)
READ(1,2)4(G (I),1I=1,11)
FORMAT(3F10.5)

READ(1,3)RHOMA ,RHOMI LDELTA

DETERMINE NUMBER OF VALUES TO BE IN RHO ARRAY
COUNT =(RHOMA -RHOMI )/DELTA
ICOUN =-COUNT
ALPHA = ALPHA

DK2 = DK2
DOL = DOL
I1=11
PNL=PNL
RHOA=RHOA
RHOB=RHUB
ROOS=R0O0S
TAU = TAU
YEST = TESNTY
WA=WA
WB=WB

READ INPUT TAPE 1+41,TB,GAVG,DK2,ALPHA,TAU
FORMAT(5E10.6)

23. Program for calculating two slab rod drop worths
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307 READ (1,308) JK

308 FORMAT (1I5)

3071 READ(1,3081),(T(J)yJ=1,yJK)

3081 FORMAT(F5.1)
READ(1,700),(BCD(T),I=1,T7)

700 FORMAT (7A5)

€ CONVERT ABUNDANCE RATIOS TO DELAYED NEUTRON FISSION FRACTION
DO 431 I = 1,11
B{I) = B(I)=TB

431 H(I) = B(I)=G(I)
TB = TB*GAVG

C COMPUTE DOLLAR VALUE FOR TWO SLAB SYSTEM AT INITIAL CRITI<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>