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~and Jitsuya HTROTA

Division of Reactor Engineering, Tokai, JALRI

(Received March 1972)

Reactivity wﬁrths of the th simulating control rods have been
measured and analysed on FCA V-3 Assembly which was constructed as
the engineering mock-up for Experimental Fast Reactor "JOYO".
Assembly V-3 differs from JOYO in the blanket composition and the
simulating control rod is 1/2 of that of JOYO in size. We have made
efforts to check the adequacy of the nuclear design method and to
improve the design accuracy for JOYO by determining the range of
ratios of the theoretical to experimental values (C/E).

The reactivity worth of the th control rod is obtained by the
measurement of the sub-criticality of the system containing the
control rod. In the present work the neutron source multiplication
method was employved. In the calculation we employed the multigroup
diffusion approximation for the core and blanket, and the collision
probability method for the effective cross sections of the th
simulating control rod region.. The cross section sét used in the
calculation is JAERT FAST Version 2.

The lowest 1imit of the sub-criticality of the system is -6 %
3k/k and the C/E ranges from 1.00 to 1.03 in the present work,
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1. Preface

The V core of the FCA assembly has been designed for the mock-
up experiment for the Experimental Fast Reactor "JOYO" and the
physics mock-ups were constructed on V-1 and V-2 assemblies.l)’g)
The V-3 assembly was built as the engineering mock-up, designed to
simulate the outside diameter of the core and other dimensions of
"JOYQ". The V-3 assembly is a system in which six sodium channels
are provided in the core of V-2 assembly so that the core is enlarged
in its outside diameter to become critical. Therefore, it is not
conceivable that V-3 is not different so much from V-2 in their
nuclear characteristics. The discussion on the nuclear simulation
of V-2 assembly and "JOYO" was already reportedz) and therefore the
simulation of V-3 assembly will not be discussed hereinunder.

This paper gives a report on the measurement and calculation of
the reactivity worths of the BjC simulating control rods in the V-3
assembly. Although V-3 is an engineering mock-up of "JOYO", it
differs from "JOY" in the axial and radial blanket composition (the
blanket in V-3 is composed of natural uranium metal while that in
"JOYO" is made of depleted uranium oxide and sodium) and conseqguently
the measured values * obtained on V-3 assembly cannot be used to
estimate the corresponding values for "JOYO". A way to the estima-
tion of the values on "JOYO" will be opened up by making use of the
values obtained by corrective experiments and other experiments,
such as the experiment for checking the degree of change of the
measured values when the blanket composition is simulated, for
instance. Or it would be possible to check the adequacy of the cal-
culation method and group constants employed in the nuclear design-—
ing of "JOYO" by making a comparative study of the ratio of the
theoretical to experimental values (hereafter referred to as ”C/E")
in such systems. Such discussion on C/E is particularly useful at
a place removed from the center of the core.

In the engineering mock-up experiment, it is a matter of degree
depending on the circumstances which of the above significances are

to be given to the experimental system to be set up. Anyway, it is

* The simulating control rod is 1/2 of that of JOYO in weight and

size.
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essential'to make clear what attitude be taken in planning the
preposed experiment. For, when the former approach is used, the
individual experimental values would be valueless unless the techni-
cal and theoretical methods of extrapolating the partial mock-up data
into the full mock-up data are established and a consistent experi-
mental plan is formulated.

The reactivity worths of the simulating control rods were
measured at different positions in the core and with different number
of the rods. Even the smallest was so laerge as exceeding 1 %ok /k
that it is essntial to strictly define the reactivity in thélexperi—
ment and calculation. In the present paper we assumed the reactivity
of the system to be l—l/keff when its effective multiplication
coefficient is k,pp and defined the reactivity differénce as the
reactivity worth of what has caused such differencefﬁ That is to say
that when the effective multiplication coefficient of the system has
changed from Kj ¢¢ to Kogorfs the reactivity worth of what has caused
the difference was obtained as (kleff - k2eff)/(k1eff X erff)'

Moreover, the reactivity change that has been caused in the
system when the sodium channels were replaced with th simulating
control rods is called the simulating control rod worth.

There are several methodsB)’a) for measuring large reactivities
and they can be classified broadly as; the critical method and the
subcritical method. The critical method, which is employed for such
purposes as the measurement of the central. reactivity worth, is a
method to know the reactivity worth of the unknown by reaching the
criticality again by using the rod of known reactivity worth. 1In
the case of the th simulating control rod with a large negative
reactivity worth, this method has the disadvantage that it requires
a rod with a known large positive reactivity worth. Moreover, a
system which has reached the criticality again with these rods have
been inserted can be nuclearly different considerably from the
original system,

The sub-critical method includes the neutron source multiplica-
tion method, the pulsed neutron methkod, the rod drop method, source
jerk method, and the rossi- method. The reactivity worths of the
840 simulating control rods on V-3 assembly were measured by use of
the neutron source multiplication method, the pulsed neutron method,

and partially by the critical me thod due to the restrictions arising

LY
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from the machine and the allowed period of experiments. This paper
gives a'report on the measured values obtained by use of the neutrén
source multiplication method and the calculated values. The results
of experiments in which other methods were used will be reported in

separate papers.

In the neutron source multiplication method, if the neutron source

distribution is mnot the fundamental mode of the system, the higher
harmonics of neutron flux will be excited and consequently it is not
sure that the measured effective multiplication coefficient is the
first eigenvalue of the system., Since we used in our experiments the
neutrons produced by the spontaneous fission of plutonium in the fuel
as the neutron source, the peutron source was uniformly distributed
within the core. The insertion of the BjC simulating control roed
excites the higher harmonics to form an extremely asymmetric neutron
field, In our preliminary measurements, we set up the detectors at
different points to check the dependency on position of the effective
multiplication coefficients and the reactivity worths of the system
to be observed with the result that we found that there was a
tendency for the increased saturation at the positions more removed
from the center of the core.S)

In the said measurements, many detectors were used and the
values obtained by these counters were averaged to obtain the
"measured value", which was very close to the above-mentioned
saturated value. When the B;C simulating rods were so moved as they
were arranged symmetrically about the center of the core, they ought
to have the same reactivity worth but the different counters show
different values. This problem was solved by obtaining the above-
mentioned average value. However, there is no positive evidence
that our measured value is the first eigenvalue of the system and a
study is still under way on the systematic errors other than the
errors of measurements arising from the variations in the detection
efficiency and the counting rate and they are problems which are left
to be solved in the future. _

With regard to the different experimental systems in which the
control rod positions were changed and different numbers of the rods
were used, we obtained the effective multiplication coefficient by
making calculations, using the multi-group diffusion code. It has

been proved that the calculated value of the effective multiplication
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coefficient is the first eigenvalue of the system, excluding the
errors arising from the group constants and diffusion approximationé)
This being so, the measured value can be compared directly when it
is assumed that it is equivalent to the first eigenvalue of the
system. If a sub-critical system of 1 %k is to be known with an
accuracy of 1%, keff must be calculeted accurately down to 10_a. In
actuality, however, the calculated value normally is deviated about
1% from critical when the system is in a critical state.* Therefore,
the comparison of the eigenvalues with one another will probably not
produce very good results. However, to know the variations arising
from the insertion of the B&C simulating control rod is to take the
difference between the two calculated values, thereby cancelling the
systematic errors contained in K_pp of calculated values and there-
fore it must be calculated so reliably as to the place of lO_LL but
it is not necessarily required for the value to be a real value down
to 10_4. On the other hand, it is necessary that a comparison of
values based on the same physical concepts be made between the
experimental and caléulated values. From this standpoint, the
aforesaid definition of reactivity worth was used.

When the calculated value was obtained for the purpose of
accurately determining the variations thereof, we can be optimistic
about the systematic errors but it is necessary to pay attention to
the inclusion of variations arising from the causes other than those
which actually caused the variations, e.g. errors of numerical cal-
culation. It cannot be said definitely that the systematic errors
of the celeculated value has absolutely no effect on the variations.
For example, if the SN calculation method is used, it will not only
make more accurate calculations of the changes in the neutron flux
distribution in the scdium channel and B,C simulating control rod
but also make a different evaluation (from the diffusion calculation
method) of the changes in the leaking of neutrons from the core as
the control rod is inserted. When using the effective cross-section,
taking into consideration the heterogeneity (i.e., being composed of
plate-shaped material) of the system, calculation is made of the

neutron transport different from simple homogeneity calculation and

¥ Tn addition to the disagreement ascribable to the calculation
method such as the diffusion approximation and the group
constants, the disagreement between the experimental system and
the calculation system is included.
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it is expected to have an influence on the interaction effect and the
like. In the present paper, however, no consideration is given .to
such effects but homogeneity calculation was used excluding the ByC
simulating control rods.*

Generally speaking, to different approaches are conceivable in
making a comparative study of the experimental and calculated values.
Firstly, calculations are made on a system which has been made in an
appropriate model and thus obtained values are compared with the
experimental values and the model is evaluated by the differences
between the experimental and calculated values. In this case, the
experimental values must be regarded as being absolute or else the
standard for evaluation will be loét. The second is an attempt to
faithfully reproduce the expérimental system by calculations,
thereby the adequacy of the group constants and the calculation
method is checked or a check is made of the consistency of the
experimental values by the verified group constants and the calcula-
tion method in order to make an evaluation of the experimental
method. In the present paper, the second approach was employed.

As was discussed above, the comparison of the experimental and
caloculated values is inevitably made in the form of reactivity worth.
What is obtained by the neutron source multiplication method is the
effective multiplication coefficient of the system but in the process
of data processing it goes to and from the reactivity and effective
multiplication coefficient of the system.** Such being the case, the
actual measured values are the values obtained through the calculated
kinetic parameters. For this reason, there must be a consistency
between the calculation of the kinetic parameters and the calculation
of the values to be comparéd with the experimental values with regard
to the reactivity worth. This is important in checking the group
constants by experimental analysis. In the present paper, we used

7)

JAERI-FAST version 2 as the cross section set in all calculations.
This paper was compiled because we had established the experi-
mental values by the neutron multiplication me thod and completed the
two-dimensional diffusion calculation in all cases. We placed
emphasis on the checking of the tendency and consistency of the ratio

of the calculated to experimental values, thereby making efforts to

* TRefer to Chapter 4.
*% Refer to Chapter 3.



R — PR~ RS

JAERI-M 5867

pick up the problems with the calculated values.

‘The reactivity worth of a material is preceded by the system on
which it was measured and we will show the nuclear characteristics
of the system principally in relation to the critical experiment of
V-3 assembly and make reference to the dimensional comparison with
"JOYO" in Chapter 2. Chapter 3 will deal with the experiments using
the.neutron miltiplication method and the processing of the data
derived from the experiments and the ByC simulating control rods and
the measurements of their reactivity worths. The calculation flow
and the calculated values of the reactivity worths are shown in
Chapter 4., In Chapter 5 is made a study on C/E, taking into
consideration the various corrections enabling direct comparison of
the measured and calculated values. The conclusion and the problems

to be solved in the future are discussed in Chapter 6.
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2, FCA V-3 Assembly

2,1 An outline of FCA V-3 assembly

The FCA V-2 assembly which was designed as the physics mock-up
core of "JOYO was described in a previous given report.

The V-3 assembly has been designed as the engineering mock-up
core of "JOYO" and it is exactly the same with V-2 assembly in their
blanket and control/safety rod composition,HOte) but it is slightly
larger than V-2 because it is provided with six channels for nJoyYo"
simulating control/safety rods. The simulating control rod channel
is equivalent in size to an FCA matrix tube and the six control rod
channels are located at equal -intervals on a circumference of 23. Lem
in diameter centering around the center of the core. Since the V-3
core has an average critical diameter of 35.4 em while that of "“JOYO"
is 36.6 cm and the "JOoyo" control/safety rods are located on a
circumference about 21.6 cm from the core center, it may be said
that the positions of the control safety rods of the V-3 assembly we
have composed very well simulate those of "JOYO".

In the present measurements a system which has reached criti-
cality with the simulating control rod channels bheing filled with
sodium was regarded as a reference system because we were to measure
the reactivity worth of the B C simulating control rod with sodium
as a basis. We call the reference system the "clean core".

The following guantities would be of some help in obtaining a

general idea of the characteristics of this "clean core

k = 1.8
mfe = 200 keV
The atomic number densities of the cores, blankets, sodium
channels and BQC simulating control rod channels are given in Table

i.

2.2 (Critical approach

At the O step at the starting point of the near critical, the
core drawers at the positions of the six simulating control rod
channels each on the movable and fixed sides of V-2 assembly were

replaced with the drawers filled with sodium. At the 1st step, 25

Note) Refer to Appendix (A1) .
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core drawers were added and ten 1/2 core drawers were added at the
2nd step to reached the criticality, when No.l control rod was fully
inserted and No.2 rod was inserted 337.28 mm and the output power was
0.5 X 10_6A in the linear power monitor #6.

After calibrating the control rods at the 2nd step, we proceeded
to the 3rd step where we made adjustments around the core to improve
the symmetry of the core. This is what is called the "clean core”,
which was used as a reference system hereafter.

The fuel loadings at the various steps are given in Table 2 and

the pattern of V-3 clean core is shown in Fig. 1.

Table 2 Fuel loading steps at critical approach of assembly V-3

Fixed half Movable half
Step . Integrated
Na C/R, Fuel Na C/R, Fuel number of
number S/R | Full | Half S/R | Full | Harr | Tuel drawers
0 6 y 99 12 6 L 98 12 209
1 6 4 111 12 6 4 111 12 234
2 6 4 111 17 6 4 111 17 219
3 6 4 111 16 | 6 4 111 16 238

2.3 Calibration of control rod

The control safety rods of V-3 are so arranged as shown in
Fig. 1. As for the standard reactivity calibration, we used the
reactivity worth of No.9 safety rod on the movable side from when it
is withdrawn 30.00 mm to when it is fully inserted as was usually
used. When a reactivity change of +¢, is given to the critical

state, the doubling time of the clean core is
Ty, = (100.40 1.06) sec
From the above, the period is calculated as follows.

T = (144.8511.54) sec

Using B off and 4 ; which are discussed in Chapter 4, the following

standard reactivity worth can be obtained by the inhour equatiomn.

4 |
A ) k/l_{

= T 0. -
L (3.555 0 029) X 10

Only the errors of period measurement are considered for the above
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error. The reactivity worth calibration curves of No.l and No.2
control rods were measured by the substitution method with the

standard reactivity as a scale. The results are shown in Fig. 2.

2.4 Critical mass of V-3 clean core
The clean core of V=3 is lozded as shown in Fig. 1 when it is
in a ecritical state. The amount of fuels loaded in the core at this

time are as follows.

Pu-239, 241 ; 92.57 kg
U-235 : 140.94 kg

In order to make it possible to compare the experimental values
with the calculated values, various quantities which are difficult
to calculate were obtained by experiments and properly corrected.

As for the state before the corrections are made, we considered a
system in which the control/safety rods in the actually loaded state
were replaced with the core drawers.

The amounts of fuels at this time are as follows,.

Pu-2139, 241 ; 95.68 kg
U-235 ; 130.99 kg

The system which has been given the corrections corresponds to
a cylinder core with no gap between contacted surfaces, The follow-
ing items were considered for making corrections.
(l) Excess reactivity
(2) Gap effect
(3) Effect of loading difference of control/safety rods
(4) Effect of the core boundary shape
(5) Heterogeneity effect of fuel loading

For comparison with the two-dimensional XY calculation which
will be discussed later, there is no need for any correction to (4)
effect of the core boundary shape. For the core boundary shape can
be accurately taken into the X-Y calculation. The various correction

methods will be briefly explained below.

1) From the No.2 control rod position of 346.16 mm at the critical
point with an output current of 0.50 X 10“7A of linear output
power monitor #6, the excess reactivity for V-3 clean core is

(8.58 £ 0.01)8,

- S SR it
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With the assemblies on the movable and fixed sides in contact
with one another, there is a gap of (2.6 + 0.3) mm between the
assemblies. So, from the control rod positions for the gaps
between the 1/2 assemblies of 0.46 mm, 1.30 mm, 2,03 mm and
2.55 mm, the gap effect was obtained by extrapolation.

The result was

(7.54 +1.0) e,

Next, we measured the effects of the control and safety rods.,

We made measurements when 16 - 20 on the fixed side was replaced
with a dwummy control rod and also when 15 - 21 on the movable
side was replaced a dummy rod and found that the critical points
in the two cases were 228,70 mm for No.2 control rod and 82.32
mm end 64.48 mm for No.l control rod. Therefore, the amounts

of correction for one rod were 2.92 £, and 2.25 f5 on the mova-

ble and fixed sides, respectively, and the overall correction

was

(20.68 + 0.20)p,

We also measured the edge mass coefficient by attaching
and removing the 1/2 core drawers of 12 - 21 on the movable and

fixed sides. Thus obtained peripheral mass coefficient was as
follows.

2,18 P,_/rod
In order to obtain the effect of the core boundary shape, the

V-3 clean core irregularity becomes

W = j;ctual r-ds- fideal ry-ds = 0.61635
If the experimental value of gp /ow in V-2 assembly, i.e.

-0.1020%6k/k is used,.the core boundary shape effect becomes
-(1.79 £ 0.1} p,

As for the heterogeneity effect, we used the following value

measured on V-2.

(9.5 £1.3) Py

The above corrections are summarized in Table 3 and the

critical mass and critical dimensions are given in Table L.

&

e i S plien 2 g Boep .
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Table 3

Corrections to the loaded mass

ITtem

Reactivity change

Mass to be corrected (kg)

( g, *) Pu-fissile U-2135
Excess reactivity -(8.60+ 0.01) -(1.535+ 0,002)| -(2.1034 0,002)
Effect of spiked +
S/R and C/R +(20.04t 0.20) +{3.52 &+ 0.04) +{(4.904 0.05)
Gap effect -{7.54+ 1.0) -(1.35+ 0.18) | -(1.84 £ 0.25)
Effect of
irregular core -(1.79 + 0.1) -(0.3201+ 0.018)! -(0.4%38+ 0.024)
boundary
Subtotal +{2.1+ 1.1) +{0.37 + 0.19) +(0.51+ 0.26)
Heterogeneity +{(9.5+ 1.3) +{(1.70 + 0.23) | +(2.32 + 0.32)
effect =TT ) - 7 ) -
Total +(11.6 + 1.7) +{2.07 £ 0.30) +{2.84 £ 0.41)
* g o= 0.03555 % k/k
Table 4 Critical parameters
Critical mass (kg) Critical dimensions
Pu-fissile U-235 H(cm) R (cm) v (1)

Heterogeneous |,. e 15701 131.50 £0.27 | 60.96 | 35.42 £0.03( 240.2
cylinder core

Homogeneous

cylinder core 97.75 +0.30 | 133.83 £0.41 | 60.96 | 35.72 +0.05| 244.3
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3. Experimental value of reactivity worth of BAC simulating

control rod by the neutron multiplication method

3.1 Experiments

3.1.1 Outline

_ The neutron scurce multiplication method is commonly used at
critical approach and also used as a supplementary method in a case
where a very high degree of accuracy is reguired. It is generally
believed that the results obtained by this method are not so good in
reliability. It is also said that the reliability of this method

i)

necessary to make measurements up to —8%6k/k and a series of pre-

ranges to somewhere around -2%dék/lk. In our experiments, it was
liminary experiments were conducted to make a study on the relation-
ship between the neutron flux detector positions and the sub-
criticality to be measured.B) This study was made by changing the
position of the BjyC simulating control rod within the core. The
details of these experiments will be discussed in another report.
As a result of the preliminary experiments, we found that as
the detector is removed from the core, the sub-criticality to be
measured showed a tendency to be saturateante) and that the sub-
criticality was reached faster in the direction between R and Z
directions. It was also confirmed, that although indirectly, that
as the B4C simulating control rod is inserted, the reactivity worth
off the FCA contrel rods and the gap effect of half machine change.
The defects of the neutron source multiplication method is
ascribable to the space distribution of neutron sources. In our
experiménts, we used spontanecus neutrons of Pu fuel as the neutron
sources. In the preliminary experiments, external neutron sources
were used additionally to measure the sub-criticality of the system
and in this case we observed a tendency for the sub-criticality to
become several percents smaller. However, the FCA is so constructed
that it is impossible to insert external neutron sources into the
center of the core and the neutron source distribution presumably
becomes more different from the pattern of the first eigenfunction.

Sc, we did not use the external neutron sources in the'present

measurements.

Kote) Refer to Appendix (A2).

w
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We used ten detectors which were set up on the outside of the
core and blanket. Care was taken that there was no movement of
material between the assembly and detectors to avoid the changes in
the detection efficiency during the experiment.

At the present time when the relationship between the detector
positions and the sub-criticality to be observed is not analytically
clarified, in order not to pick up peculiar values, we attached
importance to the aforesaid saturating tendency and averaged the
values measured by the detectors by applying adequate weight to them

and took the mean value as the "measured value”.

3.1.2 Fundamental principle of experiment
The -fundamental formula in the neutron source multiplication

method is as follows.

s (1)

N = i
1 - Keff

where the symbols are usually used ones. It is understood that A

includes the intensity of neutron source, the lifetime of neutrons

in the system, and the neutron detection efficiency of the detectors.

However, the system is actually described by the Boltzmann's equation.

Lg¢= Mg+ S

This is used as the eigenvalue equation
1
L= e Y
The first eigenvalue of this equation is physically understood as
the effective multiplication coefficient of the system.

In considering the relationship between these transport eqgua-
tions and equation (l), if the external neutron source S assumes the
form of the first eigenfunction of the system, K pr of equation (l)
becomes the first eigenvalue of the eigenvalue equation and becomes
the effective multiplication constant itself of the system. If the
external neutron source is not distributed in the form of the first
eigenfunction, it cannot be rearranged as equation (1). Even if the
external neutron source S is distributed in the form of the first
eigenfunction, it is impossible to experimentally know A unless the

effective multiplication coefficient of the system is known. So, A
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will be measured on a closely resembling system, of which the effec-
tive multiplication constant is known. Even in this case, if the
first eigenfunctions of the two systems differ in form, it is impos-
sible, strictly speaking, to apply the measured A to the system, of
which the effective multiplication coefficient is unknown. Such
being the case, it is inevitable for the present experiment to
include systematic errors when the systems on which the neutron dis-
tribution and A are to be measured are deviated from the aforesaid
principle.

In order to make experimental evaluation of the systematic "
errors, there are such conceivable methods as measuring A on several
resembling systems or checking the variance of the subcriticality of
the system to be observed aé different places cor slightly altering
the neutron source distribution. However, it canncot be said that

these methods are sufficient,

3.1.3 Experimental method

The flow of the whole experiments is shown in Fig. 3. As for
the neutron source, we used the spontaneous neutrons of the Pu fuel
in the core, There are methods of experiment. One of them in the
"A Method” in which A is obtained beforehand in a known sub-critical
system and then N in the unknown sub-critical system is measured to
know the K, pr. The other is the " d¢ Method" in which the k_ gp of
the unknown sub-critical system is known from the changes caused in
N by adding the known reactivity 4¢ in the unknown sub-critical
system. The latter method has the advantage that there is no need §
to know A.

In our experiﬁents, we followed the procedure as below. The
known sub-critical system for the mesurement of A was realized by
raising the FCA control and safety rods (hereafter referred to as
"S/R" and "C/R") which had been calibrated in a critical system. As
for the calibration of S/R and C/R, we used the asymptotic period
method in which time required for the output power to be doubled was
obtained and it was converted into reactivity by using the inhour
equation, _

Next, when measuring N in the unknown sub-critical system in
which B)jC simulating control rods are inserted, measurements were

made with S/R and C/R being fully inserted or at different levels of
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insertion for the purpose of making the sub-criticality as shallow

as possible. Therefore, the kgry of the system which was measured

on the basis of equation (l) included the effects of replacement of

sodium with ByC simulating control rods and also of the changes in

the positions of S/R and C/R and tltey required proper corrections.

The process of calculation of the reactivity worths of th sinlating

control rods from the masured values in the "A Method" and " dp

Method" will be discussed below.

(1)

A Method

The measurement of A was made by withdrawing FCA S/R and
C/R as was stated above. Since S/R and C/R were previously
calibrated, the reactivity of the system at this time can be
obtained and accordingly the effective multiplication coeffi-

cient K .pf of the system can be obtained as follows.

1
koeff = 1 - 12 ) (2)

Therefore A can be obtained as follows from equation (l)

by using the counting rate No of the detector in this sub-

critical system

A = No(l - koeff) = No(l -1 L P) (3)

Next, the effective multiplication constant Ky.pe in the
unknown sub-critical system after BjC simulating control rods
were inserted becomes as follows from equation (l) by using the

coﬁnting rate Nm of the detector at the time.
A
1 - Kpeff ~ N (&)

And the reactivityp m of the reactor at this time becomes
Kmerf—1
fm = ki (5)

As was mentioned above, thisp m includes the ByC simulat-
ing control reactivity worthdp g and the additional reactifity
P, arising from the changes in the positions of FCA C/R and S/R
before and after the replacement of sodium with BAC simalating
control rods. By assuming the additivity of the reactivity of

the reactor
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Fig. 3 Experimental flow (S.M method)
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a'OB :Pm_Pa : (6)

Thus, the reactivity worth of BjyC simulating control rod is
known., As for the additional reactivity g, arising from the
changes in the positions of C/R and S/R, we used the value at
the critical time of the system, that is, before the th simu-
lating control rods were inserted. However, when the value of
pa is sufficiently small compared with5PB, it may be considered
that the above superposition does not become a large source of
errors., As we have just discussed, what is obtained by the
neutron source multiplication method is the effective multipli-
cation constant of the system and when calculating the reac-
tivity worths of the Bhé simulating control rods, we converted
them into the reactivity of the system at different stages and

superposed the additivity with regard to reactivity.

4p-Method
From equation (1) the ky py in an unknown sub-critical

system is

: 1 A
1 -k =1 - —s = ——
leff 3 - 1 Ny | (6)

When the known reac¢tivity 4p is added to this system

Pe=ptdp (7)

1 A
- =1 - = 8
1 - kpepp = 1 =3 P (8)

From ecuation (6) and {(8), the reactivity £, of the first
unknown sub-critical system becomes as follows by using 4P and

the counting rates Nl and N2.

N . N

4
N3 —Ni Ne -N F (9)

P:=%{(I-AP )-/(1~AP)2+
Tn our experiments, Nl was counted in the unknown sub-
critical system in which the BjC simulating control rods were
inserted and then N, was counted by moving properly the FCA S/R
and C/R to add 4f and f; was obtained from equation (9). 4P
is obtained from the calibration curve at the critical time.
The calculation of the reactivity worth of BhC simulating

control rod from £, is the same as in the case of the A Method.
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In this method, there is no need for obtaining the value of A
and for this reason the experiment can be completed in a shorter
time and is easier than the A Method with regard to the varia-
tions in the efficiency of the detectors. However, as is clear
from equation (9), the errors of 4P becomes those of #; and
there is a big problem in using the wvalue before the insertion
of BjC simulating rods for 47 . And the experimental error of
the quantity of the difference Nl - N2 also cannot be ignored.
The experimental data were processed in the A Method and
the 4f Method. The 4f Method always produced larger reactivity
worths than the A Method. It was clear that 47 changed due to
the insertion of ByC simulating control rod in other supple-
mentary experiments. Such being the case, we decided to adopt
the value obtained by the A Method as the reactivity worth of

B;C simulating control rod.

3.1.4 Measuring system

We prepared ten measuring systems for counting the neutrons.
O0f these systems, four were FCA mnuclear monitoring systems and the
other six were newly installed. The masuring circuit system is shown
in Fig. 4. All the counters were covered with 20 cm to 30 cm thick
polvethylene or paraffin in an attempt to increase the counting
efficiency.

The positions of the counters are shown in Fig. 5 and their
distances from the core center in Table 5. All the counters were
located outside the core and blanket and measured the leaking
neutrons. Such being the case, care was taken that there arise no
changeé in the leaking conditions other than the replacement of
sodium with BMC simulating control rods. When the FCA control rods
are withdrawn, the blanket is also moved outward and therefore these
control_and safety rods were surrounded with natural uranium metal
from the back end of the lattice tube to protect the counters in the
Z radial direction from being directly influenced by the movements
of the control and safety rods.

The dead time of each counter was measured by a synchroscope
and by varying the reactor power output at the critical time. As
for the background of neutrons, it was practically impossible to

make measurements because it was necessary to take Pu out of the




Reactor Room - | Control Room
1
1
B S22 :‘ v T.50n Scaler
i
- \ - '
c Z8 3 e —{TS.0nA— Scaier
|
3T :
|g- | -
F ‘ A2 { dmp. (TS CAA—{ Scaler ——1
[
|
G 22 99 [Amp. T.5.ChA—{ Scaler
< l
I
L}
E
H
Fig. 4 Counting system block diagram
j ‘ cH®
! 4 :
f 1
i
Y
! Zﬁw-4© . _f@)__.w S
i Core
! Blonket
e Movable half | Fixed half
.1

> -

Fig. 5 Counter'position for source multiplication measurement
(observed from the top of the assembly)

X




e Y

JAERI~M 5867

reactor room. We decided that there was no need of considering the
neutron background, judging from the performance inspection data on
the external neutron sources when loaded and the data measured by
the radiation monitor when the usnium core was used. The noise
coming into the circuit system was separately measured but it was
ignored because it was negligibly small. The evaluation of the dead
time of the counter is reguired in measuring A and the evaluation of
the neutron background is needed in nieasuring N of the distant

counters in a deep sub-critical system.

7,1.5 Averaging of measured values

As was discussed above, ten counters were ued to obtain the .
values of A and N and therefore 10 wvalues of reactivity worth were
obtained at one time. These values were averaged as follows. As
for the weights in the averaging procedure, the measuring accuracy
of the respective counters must be considered first of all. The
measuring accuracy is better for the counters with higher counting
rates. From this it follows that larger weights are applied to the
counters nearer to the core. The increase and decrease of the whole
neutrons in the core is important from the standpoint of knowing the
reactivity of the reactor and the weights with regard to the posi-
tions of the counters are also needed in order to view the inside of
the core as evenly as possible. Here we thought it in the simplest
way so0 that the sgquare of R, the distance from the core center to
the counter, was used as a weight. The variations in the average
value due to the ¢ifference in weighting method are not large and
example is shown in Appendix (AB). The averaging procedure was done
at the stage where the reactivity of the system was obtained. By v

this, it is also possible to obtain the average value of the reac-

tivity worths.

3.2 ByjC simulating control rod

3.2,1 Simulating control rod

The "JOYO" BpLC simulating control rod is composed of Calandria
and fuel pins (of rods) and has an overall size of 300mm X 50mm X
50mm so that it may be contained in the FCA drawer. The Calandria
are of two types: one contains 7 pins and the other 1 rod and they

are called the "7-pin cluster type" and "l-rod type". The pin or
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rod contains sodium, natural th and enriched th (9O%B10).

The 7-pin cluster type was used mainly in our experiments and
this paper gives only the experimental and calculated values with
regard to this type.

The Calandria of the 7-pin cluster type is illustrated in
Fig. 6(a) and the dimensions of the Calandria and pin are given in
Table 6.

The Calandria is constructed with SUS27 plates and contains
sodium. The pin is made of SUS27 and is tubular in shape.

The BjC contained in the pin (SUS tube) are in the form of
11.0mm X12mm pellets formed by sintering. A SUS tube filled with
the pellets makes a th pin. The chemical composition and the iso-
tope ratio of the enriched th are shown in Table 7, The data were
provided by PARTIOT, the manufacturer of the th pellets and from
which we calculated the atomic number density we used in our cal-
culations.*

When this simulating control rod is handled in nuclear calcula-
tions, two models, homogeneous and heterogeneous, are used. The
homogeneous model is a model in which the Calandria and pins,
including FCA lattice tubes and drawers, and their contents are
assumed to be present in a mixed state in a space of 55.2mm X 55.2mm
X 304 ,.8mm. In the heterogeneous model, the shape of the Calandria
was approximated to a circle with such diameter as to have an
equivalent area as illustrated in Fig. 6(b). 1In order that the B,C
singularity may be calculated faithfully, the diameter of the actual
BaC pellet was used for the diameter of the ByC region. The sodium
region was made into a model, assuming that the.SUS of the FCA
lattice tubes, drawers, Calandria and pins, and the sodium in the
Calandria are homogeneously mixed. The isotopic densities in the

homogeneous and heterogenecus models are given in Table 1.

3.2.2 Comparison with "JOYO" control rod

The aforesaid simulating control rod is about 1/2 of the "JOYO"
control rod in the Blo weight, that is, 655 g per one rod against
1,162 g. The pin for the simulating control rod are thinner (ll.O

against 15.2 ) and the pin pitch is narrower (16.1 mm against

* The Partiot's measuring accuracy is about ten times better than
the domestic omne.



Table 5 Counter positions represented by X, Y and Z
coordinates and their distances from core

center
Counter | X-coordinate |[Y-coordinate |Z-cocordinate Distance from
cm cm cm 1 core center
cm
B ) 0 =194, 4 194.4
c O 0 423.3 423.3
F 687.8 -44 .2 20.0 689.5
G 467.8 -137.6 375.0 615.1
E 0.0 -71.8 0.0 71.8
H 169.8 =144.6 90.0 240.5
CH1 B2.8 71.8 86.0 139.3
CHz 82.8 3 71.8 -86.0 139.3
CH5 -82.8 -93.8 86.0 150.2
CH6 -82.8 -93.8 -86.0 150.2

The origine of the coordinates lies at the core center.

Table 6 Mock-up control rod specification

Pin Rod Calandria
BTL ETS L7 57 L1
B4C [67.2310.18 133.5840.05 |46k4.2541. 36
Weight gr!SUS |54.25+0.13 30.5940.05 [36%.051£0.07 |845.8+0.8 |473. [834.5+0.5
Na 361.012.6|183+1 |361
Length mm} 308.2 158.2 308.1 309.94  f§59.95| 309.85
B,C length mm| 300.45 150.38 300.90
Quter dia. mm 12.50 12.50 33.06
Inner dia. mm 1144 11.49 30. 34
B,C dia. mm 11.03 11.073 29.0
Pin pitch mm ' 16.11 16.11




2.1143 cm
12.8 cm

—
1}

o)
Pin radius 0.5515 cm
Pin pitch 1.611 cm

(b)

Fig. 6 Cluster type BjC rod arrangement for
effective cross section calculation by
* Collision probability cocde PLJF & CLUP

Table 7 Chemical analysis of B)C pellet (Partiot)

Boron 779 %
C 21.2 %
Fe 0.13 %
Si 0.20 %
Al ‘ 0.05 %
B203 Less than 0.1 4
Ti, Cu, Mn, Na Less than 100 ppm
cCl1L + F Less than 100 ppm
Co Less than 50 ppm

Boron istopic analysis; B10= 90.16t0.02%
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19.7 mm) and consequently the outside dimensions are smaller than
the "JOYO" contrel rod. The average density of Blo is higher in the
simulating control rod (0.353 gr/cc against 0.337 gr/cc). The iso-

topic densities of the "JOYO" control rods are given in Table 1.

3.3 Experimental results

3.3.1 Experimental values

The sodium channel drawer is composed of the sodium pins and
Calandria up to the core height (6 x 5.08 cm) and its blanket is
made of natural uranium metal like other blankets. The th simulat-
ing control rod is composed of'BAC pins and Calandria up to the core
height and its blanket is also made of natural uranium metal. The
reactivity changes arising from the replacement of these two on the
fixed and movable sides were used as the reactivity worths of the
B),C simulating control rod drawer is restricted to the th 7-pin
cluster type. The reactivity worths in the cases of the one-rod
type, plate type and natural BjC¥ are not discussed in this paper
but clearly stated when they are referred to in some exceptional
cases.

As was described in 3.2, the th pin is wrapped up with SUS and
when it is loaded in the drawer a SUS pressure plate is used on its
front surface. This being so, when the th simulating control rod
drawer is loaded in the core, there occurs a gap at the front surface
of the th similating control rods on the fixed and movable sides.

The gap width is as follows.

Rod plug 0.36 cm (SUS)
Pressure plate 0.08 cm (SUS)
Drawer front face plate 0.08 cm (SUS)
Gap between contact surface 0.05 cm (Air)
Total 0.57cem x 2 = 1.14 em

The experimentally obtained reactivity worths of th simulating
control rods, together with the names and positions, are given in
Table 8. These experimentally obtained values of reactivity worth
are not given the corrections with regard to the above-mentioned
center gap. In 4B and 5B experiments, a one-rod type th simulating

control rod was used at the position of 20 - 22 and 16 - 22,

* Refer to 3.2.
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respectively but the obtained values were converted into the values
in the case in which 7-pin type th rods were used. The conversion

coefficient which was used for this purpose was
sp(one-rod type) = 0.9088p (7-pin type)

This value was calculated.from the measured reactivity wcrth of
each of the two types of BjC rods in the core center of FCA V-2
assembly. Further details will be discussed in a separate paper.
Each experimenf will be explained according to Table 8.

The core pattern in each experiment is shown in Fig. 7.%

(l) 1 B experiment (Bl, B2, 1BC)

The reactivity worth of a th simulating control rod was
measured at different points in the core. In the case of 1BC,
we measured the reactivity changes arising from the replacement
of the 18 - 18 sodium channel is the center with th gimulating
control rod. At this time, A was the value when 18 - 18 was
the sodium channel., In order to measure this A, criticality
was reached by replacing the peripheral sodium chennels of
F14 - 18 and M22 - 18 with the fuel drawers (SEU) containing

20% enriched metal uranium.

{(2) 4B and 5B experiments
In the cases of Bl and B2, the system is so low in sub-
criticality that the deviation of the values of sub-criticality
according te the counter positions is less than 1% but when
there are so many rods as in 4B and 5B, the deviating of the
measured values of sub-criticality appears noticeable. This

phenomenon is mainly responsible for the experimental errors.

(3) Tr experiments (Tr-1, Tr-2, Tr-3)

This is a series of experiments on the radial traverse of
the reactivity changes when two th simulating control rods
positioned symmetrically from the core center have replaced the
sodium channels. In all the experiments, we used the wvalue of
the V-3 clean system for A. There was ho trouble in Tr-1 but
it was not appropriate in other experiments. This will be

discussed in Chapter 5.

* Refer to 4.1.8, for @, H and F at the names. In Pa-series, the
numbers of sodium channels are different between experiments and
calculation.
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(4) In experiments (In-1, In-2, In-3, Tr-1)

This series of experiments were conducted to investigate
the interaction when two th simulating control rods were
inserted in the core. The asymmetry is emphasized depending
on the core pattern and it is reflected in the experimental
errors., Tr-1 is naturally also the data relating to the

interaction.

(5) Pa experiments (Pa-1, Pa-2)

In these experiments a pair of adjacent th simulating
control rods inserted in the core was regarded as a single rod
and its reactivity worth and interaction were measured. A was
measured with the sodium channels of 16-22 and 20-14 were
replaced by 14-19 and 22-17 fuel drawers and thus obtained
value of A was used in these experiments. When compared with
B2 experiment, Pa-1 resembles it in its core pattern but the
error increased with the increase of singularity. The two
simulating rods were placed close to each other simulating the

arrangement of control rods in "JOYQO".

3.3.2 Experimental accuracy

As for the random error sources for the experimental values,
such factors as the variations in the neutron counting rate, un-
certainty of the FCA control rod positions, and the degree of con-
tact. However, the last factor was ignored because it is suffi-
ciently small as compared with the finally obtained reactivity
worth of Buc control rod. As for the variations arising from the
counting of neutrons, the counting was made repeatedly to obtain the
standard deviation. In calculating the reactivity of the system
with regard to the counters, the above two factors were adopted in
accordance with the law of error propagation to determine the errors
in the reactivity measured by the counter. In the averaging opera-
tion, we obtained the standard deviation of ten measured values and
the above-mentioned erros were employed as the weights used in the
averaging operation. Thus obtained standard deviatioen is an average
value of the errors in the reactivity measured by the counters,

A of V-3 clean system was measured several times during the
experiment. The variations in reactivity of the system which were

measured by using the value of A obtained in such different

e voer et AT e okl S
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measurements were within the aforesaid standard deviation in some
cases but generally they exceeded the standard deviation, although
rarely exceeded two times the standard deviation. Since there were
no re-measurement data for N, the reactivity was finally determined
by the average value of reactivities with different A and its error
was maede 2 times of the variations around the average value of the
reactivity measured by using the different values of A. As for the
errors of the patterns for which no re-measurements of A were made,
they were obtained by doubling the standard deviation of the average
value for the ten counters.

The causes of systematic errors were referred to in 3.1.2.
When the average value for many counters located in different posi-
tions is taken to obtain the standard deviation, some of the system-
atic errors will probably be taken in. However, no attempt is made
in this paper to consider whet is clearly called the systematic

errors as experimental errors.

3.3.3 Interaction effect
We calculated the interaction factor, using the data of In-
experiment and Tr-1 experiment. The results are given in Table 9.
The interaction factor is defined as follows.
. dpli.g)
Uoodplil+opt)

where 6¢ (i) and dp{j) are the reactivity worth of a BQC simulating
rod at positions i and J, respectively, and dp (j,j) is the
reactivity worth when the two simulating control rods are inserted in

i and Jj positions at the same time,

Table 9 Interaction factor f. . by source multiplication method

ij
Exp. No. pésitioné engles distance fij
1 J (cm)
In - 3 |16-22 | 20-22 50° 22.08 0.072 +0.016
Tn - 2 (14-18 | 16-22 65° 24,69 0.9¢3 +0.011
In - 1 |14-18 | 20-22 115° 39.81 1.022 £0.011
Tr - 1 14-18 | 22-18| 180° Wi, 16 1.034 £0.011
Pa — 2 |14-18 | 22-17| 180° 4. 16 1.060 +0.013
14-19 | 22-18
angle: observed at core center
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Roughly speaking, the denominator and numerator offset each
other for A in the calculation fij and therefore the error can be
considered to be less than twice the standard deviation of the
average value of 10 counters with a certain A. Such being the case,
it becomes a relative error of about 2_l of the reactivity worth of
a th simulatinglcontrol rod as shown in Table 8. No attempt is made
to adopt systematic errors in any definite form in this case, too.

Looking at Table 9, it is seen that the interaction between the

two th simulating control rods show the reversal of the interaction

in direction at 900 around the core center and reaches the peak at *
1800, that is, when they are on a diagonal line. The Pa-experimental
data show that the intensity of interaction depends on that of .

singularity and changes in proportion to the latter.

3.3.4 Discussion on the experiments

The interaction between the two th simulating control rods was
discussed in the preceding paragrzph. We found that the additivity
depended on the relative positions of them.* In the case of 5B
experiments, for example, it is 1.013. From this, it is known that
when distributed so symmetrically the additivity of reactivity at
least with regard to the absorber was maintained as far as a consid-
erable sub-critical system. However, this will not directly enhance
the reliability of the absclute values of the experimental values.
There are problems about the application of A.** A question stilil
remain as to why such consistent experimental values were obtained,.

Pa-1 also can be regarded as an extreme case of In-experiment
but the measured value for a single rod in the position of 14-19 (or
22—17) is not known. However, assuming it to have the same reacti- .
vity worth with 14-18, the interaction factor becomes 0.791 from the
data of B2, suggesting how strong is the self-shielding of the th
simulating control rods in this core.

We conducted the following supplementary experiments in relation
to the uncertainty of the experimentally obtained values. In view
of the fact that the safety control rod has a reactivity worth higher

than that of ordinary fuel drawers and this is suspected to have some

* In the case of 4B experiments the interaction factor defined in
the same way as above becomes 1.009 and the additivity is main-
tained within the experimental error.

*¥%¥ Refer to 3.1.2.

e e e s = e ot e b HTE
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effect on the reactivity worth of th simulating control rods around
the core, we obtained the reactivity worth by the critical method by
replacing the central 1-pin in the sodium channel of 16-22 with th
pin. When it was inserted on the fixed and on the movable side, the
obtained values agreed with each other within the range of experi-
mental errors. This fact does not immediately means that there is

no influence of the FCA control rods. However, it is already known
that there is no interaction with the fuel drawers around the control
rods in V-2 assembly and therefore we concluded that there was no
local effect on the worth of th control rod leocated in the vicinity
of the FCA control rods. Next, we removed the three pins at the
middle stage of the seven pins of the sodium channel and measured
their reactivity worths because it was impossible to make a gquantita-
tive investigation of the chemical composition of the Calandria when
it was manufactured. This reactivity worth was 0.19° ¢ in the
position of F16-22 and this quantity is negligible as compared with
the reactivity worth of the ch simulating contrel rod.

In the preface, we said that we made measurements by the critical
method and the pulsed neutron method at the same time. Although the
experimental values obtained in these measurements are not definite
at the present stage, the experimental values obtained by the neutron
source multiplication method are approximately equal to those
obtained by the critical method and several percents to 10 percents

larger than those obtained by the pulsed neutron method.
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4. Calculated values of reactivity worths

of th simulating control rods

4.1 Process of calculations

4.1.1 Outline

As for the analytical calculations for the BAQ simulating rod
experiments on V-3 assembly, it is inevitable to employ mainly the
two-dimensional calculation due to the mnature of the problem. There
are still so much performance restrictions to the computer for making
two-dimensional calculstions that it is impossible to use the suf-
ficient numbers of energy groups and snace meshes in solving the
two-dimensional eguations. This being so, it is necessary to
determine a suitable group collapsing and space mesh interval and
also to know in advance the resultant deviations from the standard
calculations,

We made the survey calculations of the above-stated effects all

by one-dimensional calculation method and applied thus obtained
results to the two-dimensional calculations. The one-dimensional
diffusion code EXPAKDA-&S) was used for the survey calculations,
The flow of the survey calculations and the worth calculations are
schematically presented in Fig. 8. As for the group constants, we
used the.25—group JAERT-FAST Version 117) which has been collapsed
from 70 groups. We used the calculated values obtained by the 25-
group set as a standard for checking the group collapsing effect.

The configuration of the system and the atomic number densities
are given in Table 1.

Unlike ordinary fuel drawers, the safety and control rods of
V-3 assenbly are not loaded with Pu. They are loaded with U alone
and are spiked as a whele. However, tlese effects were not consid-
ered in constructing a model of the calculation system.

The results of the various steps in the flow of calculation in
Fig. 8 will be discussed in Appendix (Al). Here we will explain the

flow of calculation and the overall results.

4.1.2 Collapsing of group constants
_ The system we used for checking the group collapsing effect was
35.4% em in radius and is fitted with 28.5 em thick natural uranium

blanket in the radiszl direction. The six sodium channels around the
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core are mixed homogeneously with the core material and arranged in
a circular ring. We made calculations, using various collapsed
group NG in the case in which a simulating control rod is inserted
in the center of the system (BCl) and also in the case in which the
system is clean with no such rod is inserted (CLl) to observe the
deviation of the reactivity worth of th simulating control rod
defined by’5PNG==(KgéL-KgglL/KgékKﬁgl from the standard value of the
25-group set. As a result we found that 5PNG had a very good paral-
lelism in CL1 and BCl and aPNG itself showed little change if the
group number was changed. The deviation of 5PNG from 6p 25 was only
about 0.53% even at NG = 4, that is, the largest of the NGs we had
calculated. (Refer to Appendix (Ah)) From this, it may be con-
cluded that both the keff of the clean system and the keff of a
system having a local absorbing region show an almost parallel
behavior for the group collapsing. The neutron flux distribution
can be considered to represent the differential quantity of the

whole system while ke represents the integral quantity of the

whole system. The deigndence of this quantity on the collapsed

group number NG must be considered in determining the collapsed

group number. For this reason, we calculated the th reactivity dis-
tribution for each NG to observe the deviation from the distribution
for NG = 25. (Refer to Appendix (Ak))

Thus we finally determined NG = 8. As for the deviation of
collapsed groups, the groups up to the 1l4th were grouped in two and
the 15th and the following groups were made in one group. As a
result the 8-group calculation is presumed to estimate the reacti-

vity worth of th simulating control rod about 0.13% larger than the

25-group calculation.

4.1.3 Buffer region

Since the neutron spectrum is considered to change in the
region near the highly absorbing BjC simulating control rod and in
the region near the boundary of the core blanket, these regions were
speciallyﬁmade the buffer regions and their spectra were used to
make the collapsed cross section for each region. (Refer to Appendix
(A5.1)) The 8-group cross sections calculated in each region are
given in Table 10-1 through Table 10-4, The_table is divided into

blocks for the respective regions. The figures in the row represent
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group No., D, ¥ a,

the region No., andv 2f from left and those in

the second and third rows representZ':ﬂ (i<:j). The fourth row is

the same with the top row and the following rows are also the same

as the second and third rows. The regidn No. matches the region No.

in Fig., 11.
4.1.4 Fission spectrum

As for the fission spectrum XY i, we used the average value
obtained with the number of the neutrons produced by the actual

{Appendix A5.2) The values of

fission on Pu and U as the weights.

¥i of the eight groups which were used are given in Table 11.

Table 11 ¥ i values for 8-group calculation

1

2

3

I

5

6

0.1090

0. 4490

0.3437

0.0862

00,0113

0.0008

L,1.5 th 7-pin cluster

The BMC simuilating control rod has seven th pins of 0.55 cm
in radius arranged in a cluster in sodium as illustrated in Fig.
6-(a).
by use of the calculation code PIJF, CLUP(9) of the collison prob-
we used a model as illustrated
The cal-

The macroscopic cross section of this section was obtained

ability method. For the calculation,
in Fig. 6-{b) and the 8 groups as determined in ho1.2.
culated neutron flux distribution is shown in Fig. 9, in which the
smooth curve represents the neutron flux distribution when th and
Na are mixed homogeneously and the ordinary diffusion approximation
method was used while the stepped graph shows the neutron flux dis-
tribution obtained by the collision probability method. There are
double lines in the second th region as viewed from the rod center.
The upper line represents the distribution between the th pins
(distribution on OA in Fig. 9) and the lower line represents the
distribution passing through the th pin (distribution on OB in

Fig. 9)._ The effective cross section of the th region was obtained
by thus obtained natron flux and the results are given in Table 12,
in which are also given the group constants collapsed by the spectrum
obtained by the diffusion approximation method with th and Na being
homogeneously mixed., Comparing these results} paying attention to

Y a, it is found that the values obtained by collison probability
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method are about 5% to 11% smaller than those which were obtained by
the diffusion approximation method in the 3rd and 4th groups near
the neutron flux peak., This tendency is further pronounced as the
group number increases., This fact shows that the effective cross
section obtained by the collision probability method gives the th
simulating control rod reactivity worth about 7.O%n0te) lower than
that which is obtained by the homogenecus diffusion approximation
calculatiocn.

We had only three 7-pin type B4C simulating control rods and
consequently we had use the one-rod type rods when it was necessary
to make an experimental system in which four or more th simulating
control rods were to be inserted. However, in our calculations, we
regarded all the rods as thé 7-pin type and did not calculate the
effective cross sections of the one-~rod type rods but used the
effective cross sections calculated in this paragraph. The conver-
sion of the reactivity worths of the 7-pin type and one-rod type B&C

simulating control rods was made experimentally. (Refer to 3.3.1)

Note) This comparison of reactivity worths of B,C simulating
contreol rods was made when the 7-pin type rods were inserted

in the core center. The results were as given below,
Homo Hetero
keff keff
NC1 0.985171 0.985171
BC3 0.958719 0.960580
0.0280 4k/k 0.0260 4k/k
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Table 12 Comparison between collapsed data from diffusion calcu-

lation and those from cocllision probability calculation

Diffusion(l) Collision Probability(2)
G D SIGMA A D STGMA A
1 3.5103 9.5535 {(-3) 3.5798 9.3723 (-3)
2 2.9219 6.5683 (-3) 2.9725 6.3836 (-13)
3 2.0170 9.0770 (-3) 1.9892 8.6354 (=3)
L 1.4052 2.9058 (-2) 1.4014 2.5741 (-2)
5 1.1468 6.0960 (-2) 1.1815 5.4709 (-2) |
6 0.7550 1.2500 (-1) 0.7654 9.9041 (-2)
7 0.3640 2.8423 (-1) 0.3729 1.5676 (-1)
8 0.3567 5.6974 (-1) 0.5726 2.2882 (-1)

(1) EXPANDA-4 JAERI-FAST Version-2
(2) PIJF, CLUP JAERI-FAST Version-2

4.1.6 The effects of space meshes

A total of 84 space meshes are to be used in the standard cal-
culation of the one-dimensional survey, that is, 8 meshes for the
th region, 46 meshes for the core region and 20 meshes for the
blanket region. However, we reduce the number of the meshes to about
50 due to the restrictions of the two-dimensional calculation.
(Appendix A5.3) If the number of the meshes is reduced in an appro-
priate method, the effect is so small that the reactivity worth of
Bac simulating contrel is estimated only 0.03% lower than the
standard calculated value. As a result, it is presumed that the
reactivity worth of BAC simulating control is estimated about Oul%
higher than the standard value due to the effects of the group
collapsing aﬁd the number of the space meshes. This will be dis-

cussed in detail in Chapter 5.

4.1.7 Transverse buckling calculation

It is necessary for the two-dimensional calculation to be made
by the X~Y coordinates so¢ that the B4C simulating control rod posi-
tions in the core may be faithfully reproduced. Therefore, the two-
dimensional R-Z calculation must be made beforehand to determine the
transverse buckling in the Z direction of each region. This cal-

culation was made by use of the diffusion calculation code CITATION%O)

5
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The calculation systems are illustrated in Figs. 10, 11 and 12.

Fig. 10 shows a clean core system (}n which the sodium and core
material mixed regions are arranged in a ring in the peripheral
area), Fig. 11 shows a core system containing a sodium channel in

the center, and Fig. 12 shows a core system containing a th simulat-
ing control rod replacing the sodium channel. These systems were
calculated by the R-Z coordinates and Bi of each energy group and
region was obtained, assuming that the number of neutron leaking
outward in the Z direction from the extended plane of the end surface
of the core is equal to DiBi §V. (Refer to Appendix 6) Here it must
be noted that Bi of sodium channel and th simulating control region
can be .obtained only in the core center. In the actual two-dimen-
sional X-Y calculation, Bi that is obtained in the core center is
used at the real position and it does not seem to bring about any
large error within the range in which the equilibrium spectrum is
realized. Table 13 gives the transverse bucklings dependent on the
regions and energy groups. There are some limits encountered in
using thus obtained transverse bucklings in the two-dimensional
calculation. That is to say that the number of neutrons leaking out
of the core in the Z direction (when Z-direction blanket is provided)
is estimated in the form of DBigﬁ but no consideration is given to
the contribution of the Z-direction blanket to the reactivity and
other effects. On the other hand, however, when the same system is
compared with the results of calculation by the two-dimensional RZ

coordinates, other effects seem to be negligible. (Refer to h.2.2)

4.1.8 Two-dimensional XY calculation
Preparations have now been made for the two-dimensional XY
calculation, which was made by use of the CITATION code as the R-Z
calculation. The whole X-Y calculation system is illustrated in
Fig. 13. The regions enclosed by dotted lines are the buffer
regions for the inner regions enclosed with the solid lines.
Calculations were made for the following cases., The characters
Q, H and F at the end of the symbols means that the calculations
were made with such conditions as 1/4 symmetry, 1/2 symmetry and
nonsymmetry, respectively.
(l) cQ: Clean syvstem with six sodium channels in the periphery.

(2) NcQ: System with a sodium channel in the center of the CQ
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system {in the position of 18-18).

(3) BCQ: System with B,C simulating control rod in place of
sodium channel in the NCQ system.

(&) 2BQ: System with B)C simulating control rods in the positions
of 14-18 and 22-18.

(5) 4BG: System with th simulating control rods in the positions
of 16-14, 16-22, 20-14 and 20-22.

(6) 6BQ: System with th simulating control rods in the positions

of 14-18, 16-14, 16-22, 20-14, 20-22 and 22-18.

(7) TC2Q: The core system for the radial traverse in which the
sodium channels in the positions of 14-18 and 22-18 are
moved to 15-18 and 21-18, respectively.

(8) TR2G: System with BAC simulating control rods inserted in the
sodium channels which were moved in the TC2Q system.

(9) TC3Q: System with the sodium channels moved further inward
(16-18 and 20-18) than in the TC2Q system.

(10) TR3Q: System with th simulating control rods inserted in the

positions of the sodium channels moved in the TC3Q

system.

(11) CH: Clean system, calculated with 1/2 symmetry.

(12) 1BH: System with B,C simulating control rod inserted in the
position of 14-18.

(lj) 5BH: System with th simulating contfol rods inserted in the
positions of 14-18, 16-22, 20-22, 20-14 and 16-1h4.

(lh) CF: Clean system, calculated without using symmetry.

(Reference of F series)

(15) BR2F: System with B;C simulating control rod inserted in the
position of 14-18.

(16) B1F: System with th simulating control rod inserted in the

_ position of 16-22.

(l?) 1N1F: System with th simulating control rods inserted in the
positions of 14-18 and 20-22.

(18) 1N2F: System with BAC simulating control rods inserted in the
positions of 14-18 and 16-22.

(19) 1N3F: System with th simulating control rods inserted in the
positions of 16-22 and 20=22.

(20) 2BF: System with th simulating control rods inserted in the
positions of 14-18 and 22-18.
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g1 02 03 04 05 06 07 08 09 10 11 1213 14 15 16 17 16 19 20 2122 23 242526 27 28 295[]_5152555455(17)
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1. Core-1 6. Na-buffer

2. Core-2 7. Dummy

3. Blanket-1 8. ByC+Na

4. Blanket-2 9, ByC+Na-buffer
5, Na

Fig. 13 FCA assembly V=3 (Illustrated for calculation)
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(21) pCF: Clean system with sodium channels added in the positions
of 14-19 and 22-17 in the CF system, the standard system
with a pair of BQC simulating control rods.
(22) PAIF: System with B,C simulating control rods inserted in the
positions of 14-18 and 14-19.
(23) PA2F: ©System with th simulating control rods inserted in the
positions of 14-18, 14-19, 22-18 and 22-17.
The systems corresponding to the above symbols are illustrated
in Fig. 7-1 and Fig. 7-2.
It is necessary to make the following corrections to the calcu- -
lated values and further details will be discussed in 4.2 and 4.4.
(1) Calculation corrections_by the transport theory .
(2) Critical experiment corrections |
(3) Corrections required by the construction of the th simulating

rod

4,2 Criticality

k.2.1 Outline

The main object of the analysis of this experiment is to obtain
the eigenvalue of the sub-critical system with a single or two or
more th simulating control rods inserted in the core and obtain the
reactivity worth of the B4C simulating control rod as a deviation
from the eigenvalue of the standard system (clean critical system).
It is important for the eigenvalue of the standard system itself to
faithfully reproduce to experimental value so that the reactivity
worth calculation may have a high degree of reliability. This being
s0, in this paragraph we will discuss how faithfully the experimental
value is reproduced for the eigenvalue of the standard system which *
was obtained by the two-dimensional calculation method. Since the
comparison is made of the eigenvalues, experimental corrections were
applied to the calculated value in order to maintain the experimental

value at the critical time as 1,000,000.

4.2.,2 Comparison with the experimental results

The two dimensional eigenvalue calculations were made by use of
R-7Z coordinates or X-Y coordinates. Different corrections must be
applied to the calculated values obtained by the two different co-

ordinates. Such corrections are given in Table 14. The corrected

e e e el o AR A
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eigenvalues given in the bottom row in the table are the guantities
to be directly compared with the experimental value 1,000,000 and
they are well in agreement with one another with differences
amounting only to 0,3% at most, In this case, however, the S\T
The correction

All other

correction is not made to the calculated values.
items in Table 14 are those which were discussed in 2.4,
cases than PCF by the X-Y calculation give eigenvalues slightly
smaller than the values obtained by the RZ calculaticn method. This
is presumably due to the way the Z-direction blanket was treated in
the X-Y calculation. As for the values obtained by the X-Y calcula-
tion, the Q series given relatively low eigenvalues and the H and F
series give higher values in that order. This is presumably due to
the influence of the space mésh size (the mesh interval sizes are

smaller in the order of Q, H and F) used in the calculations.

4,3 Kinetic parameters calculation
The calculation of kinetic parameters is important in determin-
ing the experimental standard reactivity worth g, and have an effect

on the whole experimental values. As for the group constants, we

used JAERT-FAST version II7) which was used for the calculation of

the aforesaid eigenvalues and the collapsed S8-group cross section in

. . . m .
the two-dimensional calculation. As for;?i, Sandmeier’ '’/ was used

as the source data for U-238, Pu-239, Pu-240 and Pu-241 and KeepinB)

for U-235. The delayed fission neutron spectrum xg4is shown in
Table 15.
Table 15 Delayed fission neutron spectrum xa
groupisompe Pu-239 | Pu-240 | Pu-241 | U-235 | U-238
1 0. 0. 0. 0. a.
2 0. 0. 0. Q. 0.
3 0.4309 0.4350 0.4417 0.4292 0. 4404
b 0.5691 | 0.5650 | 0.5583 | 0.5708 | 0.5596]|
5 0. 0. 0. 0. 0.
6 0. o. 0. 0. 0
7 0. o. 0. 0. O;
8 0. 0. 0. 0. 0.

ey e ke
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When requires special attention with regard to the calculation
of Beff is the degree of contribution made by U-2138 fiséion neutrons.
This means that the fission rate of U-238 must be calculated faithful
to the experimental system. For this purpose, the FCA control and
safety rods were considered faithfully. (These rods contains no Pu
but a large amount of 20% enriched uranium). It is also necessary
with regard to the blanket to obtain a correct value of the fission
rate. This reguired at least two-dimensional calculation. The
two—dimensional calculation was made on the R-Z system by use of the
CITATION code and the sodium channels were diluted homogeneous in a
ring shape.

The calculated delayed -fission neutron fraction,ﬂéff was 0.,548%

and the lifetime of the prompt neutrons lp was 1.862 %« 1077 s. TFor

the sake of comparison,nOte) we considered a model calculation
system and made the 25-goup one-dimensional calculation on the
system by use of the ARGO code.l2) A shape factor of 0.93 was used
in the conversion to a spherical system and the critical adjustment
was made by the radius of the central region. Thus obtained results
showed no noticeable differences on the clean system as seen from
Appendix (A?).

The standard reactivigy worth Py which was obtained by the in

i + X 1‘fig,r for T = 144.87s was
1,m i

hour equation p=

p = 0.0355. % 6k/k + 0.00029% & k/k

0 5

A? and;iszi we used are given in Table 16 and Table 17. The values

ofﬁfszi were obtained by the two-dimensional calculation.

Table 16 Values of AT

(sec™ 1)
group

isotop 1 2 3 4 > 6
Pu-239 0.0128 |-0.0301 0.1238 0.3254 1.122 2,697
Pu-240 0.0129 0.0313 0.1349 0.3332 1.356 4.030
Pu-241 0.0128 | 0.0299 | 0.1238 | 0.3519 | 1.612 | 4.621
U -235 00,0127 0.0317 0.115 0.311 1.40 3.87
U -2138 0.0132 0.0321 0.139 0.358 1.41 4,02

Note) The group collapsing effect is taken into consideration.
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i

by 2-dimensional

calculation

(%)

.obtained in the calculations of Q-, H-~ and F-.

isotopa | 1 2 3 b 5 6
Pu-239 [0.002532|0.021942]0.015552 (0.023991 {0.006269|0.003255
Pu-240 [0.000061|0.000659|0,000449 |0.000874 (0.000330|0.000066
Pu-241 !0,000028 |0.000656|0.000495 |0.001114 [0.000521|0.000045
U —235 |0.011019 |0.061742|0.054504 |0,118010 {0.037090 |0.007540
U -238 |0.002332|0.024587|0.0290068 |0.069636 [0.040385(0.013466
4.4 Calculation of reactivity worths .

h.,4.1 Definition of reactivity worth

The reactivity worth of B, C simulating control rod is defined
by the following equation with a core containing Na channels in the
prescribed positions.

ref
B ref B
1- Ko _ 1 -Ker _ Kerr ~ Kesr

dp =

f B ref B
Pig?f Kot Kerr * Kepg
: ref B . . . .
where keff and keff are the effective multiplication factors

for the standard system and the system containing th simulating

control rods, respectively.

L.4,2 Calculated values of reactivity worth
The effective multiplication factor for each core pattern and
reactivity worths obtained from them are given in Table 18. The

2 x 10_5 from

eigenvalues may be reliable up to somewhere around
the condition of convergence at the time of numerical values calcu-
lation. Therefore, calculation accuracy of reactivity worth becomes
+3x 10-3. Considerably different values of reactivity worth were
This is presumably

due to the mesh interval effect. This will be studied further in

5.3.2.

4.,4h.3 Calculated values of interaction factor
The calculated value of fij defined in 3.3.3 are given in

Table 19. Judging from the reliability of the calculated eigenvalues,

s 1 R A Sl SRR
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the interaction factors can be considered to bhe reliable up to

T4 x 10_3. There is only example for observing the mesh interval
effect. Looking at the interaction factors for 14-18 and 22-18, it
is found that they are very well in agreement in the combination of
Q- and H- and in the combination of F- and ¥- while there are very
large disparities in such combinations as Q- and F- or H- and F-.
From this observation, a reliability for the calculated values of

other interaction factors, that is, in the combination of F- and F-

may be obtained. This will be discussed in futher detail in 5.3.2.

Table 19 Calculated interaction factors fij

Positions Distance Systems used fij

i J (cm) for calc of fij
16-22 20-22 22,08 IN3F, B1F 0.975
14-18 16-22 2,69 TN2F, B1F, B2F 0.988
14-18 20-22 36.81 IN1F, B1F, B2F 1.030
14-18 22-18 i, 16 1BE, 2BQ 1.040%
14-18 22-18 4,16 R2F, 2BF 1.047*%
14-17 22-18 44,16 PA1F, PA2F 1.078
14-18 22-19

*) Same fj;'s were calculated on tvo diffent systems,
difference of which is negligibly small.
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Table 18 Calculated kef‘f‘ and reactivity worth
No. System Keff dp % d k/k Remarks
CRZ 0.9956354 Clean R-Z Calc.
NCRZ 0.9882827 0.747 Na at center R-Z Calc.
BC3RZ | 0.96168773 2.798 B,C at center R-Z Calc.
(1) cqQ 0.9926268 Ref. of (2),(3),(4),(5),(6)
(z) NCQ 0.9851818 0.761
(3) BCQ 0.2605820 2.59¢
(%) 2BQ 0.9658524 2.793 =TR1Q
(5) 4BQ 0.9487175 4.663
(6) 6BQ 0.9222431 - 7.688
(7) TR2Q 0.5900035 Ref. of (8
(8) Tcz2q 0.9543033 - | 3.779
(9) TC3Q 0.6875125 Ref. of (10}
(10) TE3Q 0.9453028 h.522
(11) cH 0.9929819 Ref. of {12, (13)
(12) 1BH 0.98001321 1.331
(13; 5BH 0.9369129 6.027
(14) cF 0.9936019 | Ref. of (15}~ (20)
(15) B2F 0.58090287 1.300
{(16) B1F 0.9830375 1.082
(17) INIF 0.969¢588 2.453
(18) IN2F 0.9705870 2.354
{(19) TIN3F 0.9732115 2.109
(20) 2BF 0.9674302 2.723 =TR1F
{21} PCF 0.9853880 Ref. of (22), (23)
(22) palF 0.9647041 2.176
(23 PARF 0.9418438 h.,692
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5, A study of the ratio of calculated to experimental values (C/E)

5.1

value
menta

probl

Outline
The comparison of the ratios of calculated to experimental

note) Since the experi-

s (C/E) is made for various purposes.
1 values obtained by the neutron multiplication method have

ems about their reliability especially due to the possible

inclusion of systematic errors, the purpose of the comparison is laid

in the consistency of the C/E. When the C/E are consistently de-

viated from 1.0 for all items or when they have =2 certain definite
tendency, some of the causes for such tendencies will be found out,
When the C/E values are distributed around 1.0, the experimental and
caleculated values cannot be considered to be accurate solely for

this reason. In this case, to find out why the values have come

into

with

agreement will be a complicated operation, requiring comparisons
the results of other experiments and calculations.

The comparison of the C/E values is made as follows. First, the

C/E values are compared by using the previously obtained experimental

and c¢

direc

alculated values. Actually, these values are not.to be compared

tly. In any experiments and calculations, however, the raw data

are valuable things because they are the starting point to which we

must always return when we are encountered with some inconsistencies.

The correction of raw data is always based on a phyoothetical prin-

ciple and it is the additivity of the reactivity and reactive worth

in this paper. We call the C/E values the "primary comparison" (c/E

raw data) and made a study of these data to find out systematic

pheno

corre

mena. On the other hand, the C/E values which have been

cted by consistent corrective values are called the "secondary

comparison (C/E corrected) in this paper. The experimental and

calculated values were so corrected that - they become the values

which can be compared with one another.

5.2

Primary comparison (C/E raw material)

5.2.1 Comparison of th simulating control rod reactivity worths

The uncorrected C/E values of the so far obtained experimental

values (Table 8) and calculated values (Table 18) are given in

Note)

Refer to Chapter 1.




JAERI-M 5867

Table 20, As for the calculated values, the C/E values become
smaller in the order of Q, H, F. 1In the calculation on the same
system, the calculated values obtained in Tr-1 experiment, for
instance, are different between 2BQ and 2BF. The values are smaller
in F calculation. Therefore, there are problems -on the calculation
side with regard to this tendency. The cause of this is the problem
of the space mesh, Tn Q-, H~ and F-calculations, the mesh point
numbers for 1 lattice of 5.52 cm x 5.52 em are &4 x 4y 4 x 2, and

2 x 2, respectively. When the eigenvalues of CQ and CF are actually
compared, the F-calculation gives larger values. This is due to the
fact that the F-calculation evaluated the leakage of neutrons from
the core lower from the comparison of the neutron flux distribution
and the fission neutron nuﬁber distribution., In the calculations on
these systens, the mesh interval has an effect on the evaluation of
neutrons from the core and on such heterogeneous regions in the core
as the sodium channels and th simulating control rods and work on
the eigenvalues in the positive direction and in the positive and
negative direction, respectively. However, from the comparison of
the eigenvalues of 2BQ and 2BF, it is seen that the values show
larger changes in the system with two th simulating control rods
than in the clean system (Cq, CF). The mesh interval effect is so
conplicated that it will be further studied in 5.3.2.

Table 20 C/E-raw data

Experimental No.|cale. sys.|E % 4 k/k|{C % 6 k/k C/E * symmetry
1BC BCQ 2.5210,04 2.60 1.03+0.02 Q
Bl B1F 1.12+0.01 1.08 0.97t0.01 F
1B~ B2 1BH 1.32%0.01 1.33 1.01t0.01 H
B2F 1.30 0.99%0,01 F
4B, 58 4B hBQ 4.5010,07 4,66 1.041+0,02 Q

, 5B

5B 5BH 5.8610.10 6.073 1.03%0.02 H
Tr-1 1BQ 2.72t0.04 | 2.79 1.03%0.01 Q
Tre 2BF 2.72 1.00%0.01 F
Tr—2 TR2Q 3.5810.04 | 3.78 1.06%0.01 Q
Tr-13 TR3Q 4.1740.06 4,52 1.091t0.02 Q
In- In-1 INIF 2.4910.03 2.45 0.99%f0.01 J F
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Experimental No.|calc. sys. E % k/k|{C % k/k{ C/E * |summary
Trn- In-2 INZF 2,41+0.03 2.35 0.98+0.01 F
In-3 IN3F 2.11t0.06 2.11 1.00+0.03 F
Pa Pa-1 PA1F 2.08t0.04) 2.18 1.04+0.02 F
Pa-2 PAZ2F b, 42rX0.07 L.69 1.0610.03 F

¥ Errors in C and p are not included.

Here, if the ratio of 2BQ and 2BF is used as a normalization factor
and the reactivity worth values obtained by F-calculation is multi-
plied by this factor, the C/E values generally become larger, thus
improving the deviation of C/E values from 1.0.

Next, looking at the C/E values classified by the experimental
items, it is found that particular large deviations are observed in
Tr-experiment and Pa-experiment. In Tr-experiment, we used A for
V-3 clean system as was previously mentioned. This means that there
was movements of fuel to and from the system on which N measurements
were made and also the movement of the neutron sources. These
movements were responsible for such large deviations in this experi-
ment. This is verified by the fact that when A for the V-3 clean
system is used in the experiment with 1BC containing the th simulat-
ing control rod in the center the C/E values become roughly 1.10.
Also considering the fact that the eigenvalues of TC2 and TC3 are
sufficiently close to 1,000, it was found that there were some
failures in Tr-2 and Tr-3 experiments and the values obtained by
these experiments were not reliable.

The fact that the C/E values obtained in Pa-experiment were
larger than those obtained in other experiments showed that there
were problems with the calculated values. And the fact that such
tendency appeared despite the eigenvalue of PCF is sufficiently
close to 1,000 means that there were problems with the application
of the effective cross section of the th region. We used the ef-
fective cross section in the case where only one B40 simulating

note)

control rod was inserted. 4B and 5B experiments also produced

C/E values roughly consistent with the results of 1B-~experiment in

spite of the differences in the reactivity of the systems.

Note) Refer to 4.1.5.
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5.2.2 ‘Comparison of interaction factors
The uncorrected experimental and calculated values of the

interaction factors and their C/E are given in Table 21.

Table 21 C/E of interaction factor fij and fij -1
exp. | position %) |distance *% )
, . - angle E C (¢/E) (¢/E)
no. 1 J (cm) Tij -1

In-3 |16-22|20-22 500 22,08 0.972+0,016| 0.975 1.003+0.016 | 0.89

Tn-2 |14-18]16-22| 65°| 24.69 [0.99310,011| 0.988|0.99510.011 | 1.71
Tn-1 |14-18]20-22 | 115° 1 39.81 |1.022+0.011| 1.030{1.00840.011 | 1.36
Tr-1 |14-18|22-18 | 180° | 44.16 |1.03410.011} 1.047(1.013£0.011 | 1.38
Pa-2 |14-1822-17 180° | 4h.16 1.0601t0,013/1.078(1.0174+0.013 | 1.30
14-19|22-18

*) Angle: observed at core center.

*#%) Errors in C are not included.

These values generally appear to be well in agreement with one
another. This is because the ratios were taken. In order to observe
the interaction effect only, it is necessary to see the C/E of
fij—l. The fact that fij is generally close to 1,000 suggests that
even if large systematic errors are included in the experimental
values, they are probably included as factors. If the C/E of
f . to be discussed only with the interaction effect as a problem,

further calculaticen efforts seem to be necessary.

5.3 (Correction of raw data

5.3.1 Correction of experimental values

As for the cause of the differences between the actual experi-
mental system and the calculation model system, there is the problem
of the central gap as discussed in 3.3.1. We corrected the experi-
mental values so that they could be compared with the calculated’
values.

When th simulating control rod drawer is loaded in the core,
the th region is located in the following position. Considering
the axial half of the core (half machine), the th region begins

from 5.7 mm away from the center surface (contacted surface).
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Since . the BMC regon is 300.43 mm while the core height is 304.8 mm,
the B&C region is out of the core 1.35 mm and ends in the blanket.

Since the real weight of BAC is retained in the calculation
model, there is no need of any correction for the aforesaid fact
where the importance and the neutron flux is flat, if the self-
shielding effect is not taken into comnsideration. In order to match
the real conditions with the calculation model, we considered
corrections in the following three steps.

l) the whole th simulating control rod is moved 1.35 mm toward
the center,

2) the density of th is reduced by 4.35/304.8, and

3) the center gap is filled_with 4.35/304.8 th'

The effect of l) increases the reactivity worth of a simulating
control rod by 0.24 % due to the stroke characteristic curvenOte)
and the BMC sample reactivity worth traverse. The effect of 2),
the reduction of density, reduces the reactivity worth by 4,35/
304.8 = 1.42 %. As for the effect of 3}, addition of B,C in the
center., The aforesaid sample reactivity worth traverse data were
used. That is to say that since BMC had a reactivity worth of
-0.00149 % sk/k/g in the position of 14-18 and the amount of ByC to
be added in the center was 13.30 g, this effect is to increase the
reactivity worth of th simulating control rod by 1.53 %.

Considering the above increases and decreases in 'the reactivity
worth of BhC simulating control rod, it is necessary to increase

the experimental wvalue by
0.24 - 1.42 + 1.53 = +0.35 %

This correction factor is éo small that the errcr in this factor is
virtually negligible if the experimental errors in the experimental
values are also considered.

The above value was calculated with the BQC simulatirg rod
inserted in the position of 14-18 and it is also inconceivable that
there are any large changes in another positions where the reactivi-
ty worth of BMC control rod was measured. For this reason, this

value was used as the correction factor for all experimental values.

Note} Refer to Appendix (AS)f
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5.3.2 Correction of calculated values

In the preceeding paragraph, the effect of the mesh point
number on the reactivity worth calculation became a big problem,
Here, we made estimation of the changes in the reactivity worth
values between the H- F-calculations and the Q-calculation and this
correction was applied to the calculated wvalues so that they are
equivalent to the values obtained by the Q-calculation. And this
calculated value was used as the correct value of reactivity worth.
In actuality, however, there were not enough data on the mesh
interval and effective multiplication factor and many assumptions
were used and moreover the amount of correction exceeded 4 % where
it was largest, thus providing the sources of calculation errors.

The increase in the mesh interval results in a change in the
calculated value of neutron flux distribution and consequently in
the effective multiplication factor. So, the increase in the mesh
interval is studied by caomparing with the change in the reactivity
of the system on which the calculation was made. This can be said
to be appropriate from the standpoint of the variational principle,
too. In the @-, H- and F-calculations, double calculations were
made in €CQ, CH and CF of the system (CL) without th simuiating
control rod and in 1BH and B2F of the system (1B) with one th
simulating control rod, and in 2BQ and 2BF of the system (2B) with
two th simulating control rods. They are shown in Table 22.

The changes of @ - F in 2B system and those of H — F in 1B
system were compared. Considering this, we assumed that the
changes of @ - H - F in 1B and 2B systems were compared with those
in CL system. Thus estimated changes of Q - H in 1B system and

those of Q - H and H =+ F in 2B system are given in brackets in Table

22.

Table 22 Reactivity change due to mesh interval

10‘!‘t 3 k/k
System H - Q F—> H F —Q
CL 3.603 6.284 9,887
1B (5.347) 9.326 (14.673)
2B (6.154) (10.732) 16.886

Q : 4 X 4 meshes/lattice
H : 4 X 2 meshes/lattice
F : 2 % 2 meshes/lattice
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From this table, it is seen that the changes of Q@ - H are about
a half of those of H —» F, showing a remarkable converging tendency.
.In the direction of CL — 1B — 2B, the tendency f'or the changes to
increase slows down greatly. This phencmenon probably indicates
that the negative element grows in the offsetting of positive and
negative elements mentioned in the preceding paragraph as the number
of th simulating control rods increases or probably it should be
considered the differences between 1B and 2B are reflected in the
neutron flux distribution and its symmetry, judging from the fact
the mesh interval influences the neutron flux distribution.

It is extremely difficult to estimate the amounts of correc-—
tions to be made to the calcqlated values which require correction
according to the neutron flux distribution condition. 5So, we
assumed that the amounts of corrections depend on the number of BAC
simulating control rods contained the system regardless of the
neutron flux distribution condition (the positions of th simulating
control rods). It is impossible to estimate the amount of correc-
tion in the case of 5HB and PA2F. However, as was discussed before,
if the negative element grows as the number of th simulating
control rods increase, the amount of required correction becomes
smaller than in the case of 2B and it is also conceivable that the
symbol is reversed. In this case, however, the reactivity worth
itself is so large that the amount of correction presumably assumes
a small percentage. So, as for 5BH and PAZF, we decided to use the
correction value of H-—» @ and F - Q in the 2B system. '

On the basis of the above superposition, the amounts of differ-
ences between CL system and 1B or 2B system were regarded as the
amounts of corrections and thus ceorrected calculated values are
given in Table 23. Looking at these corrected calculated values,
it is seen that LB/4 x Bl = 0.996 and 5B/(4 x BL + B2) = 1.03,,
showing large deviations from their uncorrected values of 1.077 and
1.071 (or 1.065). The interaction factors calculated by use of the
corrected calculated values are given in Table 24 . These fij values
are generally smaller than the uncorrected ones. From the fact the
F-calculated values were used consistently for the calculation of
the uncorrected interactions, it is expected for the uncorrected
interaction factors that the mesh interval effect is offset to some

extent, and in this respect this is not necessarily meaningless.
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_Table 23 Mesh number correction to calculated rod worth

no. system uncor;e;tiikworth, co;rzc;;;n corrgcgei/;orth
o 7o
1BH 1.330 70 0.017 Lk 1.348 14
5BH 6.026 74 0.025 53 6.052 27
INIF 2.453 23 0.069 98 2.523 21
IN2F 2.353 61 0.069 98 2.423 59
IN3F 2,108 66 0.069 98 2.178 64
TRIF 2.722 70 0.069 98 2.792 68
B1F 1.081 59 0.047 86 1.129 45
B2F 1.300 28 0.0h7 86 1.348 14
PAIF 2.175 86 0.069 98 2.245 84
PA2F 4,691 85 0.069 98 L.761 83

However, the fact that the ratios between the calculated values
change so much by such estimated corrections is indicative of the
limit to the reliability of the calculated values and further
efforts are required for the calculation of the interaction factors.
Such being the case, importance is to be attached to the relation-—
ship between the reactivity worth in each case and the corresponding
experimental value. In this case, the ratio between the calculated
values is not taken and accordingly their arises no accumulation of

calculation errors.

Table 24 Interaction factqr fij with corrected calculation values

position distance | uncorrected | corrected
exp. nho. angle

- ‘ . (cm) f. . .,

1 J 1J 1]
In-3 16-22 | 20-22 50° 22.08 0.975 0.965
In-2 14-18 | 16-22 65° 24.69 0.988 0.950
Tn-1 14-18 | 20-22 | 115° 39.81 1.030 0.990
Tr-1 14-18 | 22-18 | 180° 4,16 1.047 1.036
Pa-2 14-18 | 22-17 | 180° 44,16 1.078 1.060

14-19 | 22-18
¥ Angle: observed at core center.
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As discussed above, we performed the operation to covert all
the values of reactivity worths equivalent to the values obtazined by
the Q-calculation. However, il is not known for sure how much more
correction would be required if the mesh point number is increased
infinitely. But, judging from the tendency of the amounts of
corrections of H Q as seen in Table 22, and the diffusion factor
of the system and the mesh interval (1.38 em) in the Q-calculation,
the amount of correction presumably does not exceed 1 % at least in

the case of 1B and 2B.

5.4 Secondary comparison (C/E Corrected)

The corrected experimen@al and calculated values, which were
discussed in the preceding paragraph, and their C/E are given in Table
25, The C/E values have a good consistency and shows no systematic
tendency. The additivity of the reactivity worth in experimental
and calculated values has been established by the previous made
study.

The fact that the C/E values exceed 1.00 suggests a limit to
the diffusion approximation calculation. With regard to an example
by Sa calculation,la) it is said that this effect tends to make the
calculated values 4 % lower., If this is true, then it follows that
C/E values are smaller than 1.00 and the experiments see large
reactivity worths. In the V-3 clean system, the calculated value of
eigenvalue was obtained with a good accuracy but the calculated
value is not necessarily reliable when such a new substance as th
is used, and it cannot be generally said that the experimental values
are systematically too large.

There are problems with the accuracy of the chemical quantita-
tive determination of th' As for the sintered pellets of BQC which
were used in our experiments, there are the data of measured values

obtained in JapannOte) apart from the data prepared by PARTIOT.

i 10
According to these data, the amount of B would deerease by -1.37 %

and the C/E would also show a similar movement. As for the measure-
ments made in Japan, the chemical analysis and isotopic analysis
were performed at different organization.

In the calculation of the kinetic parameters, if the source

m .
data forp i are changed and Keepin's data are used, £, becomes about

Note) Refer to Appendix (A9)
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2 % smaller and consequently the experimental values become smaller

and the C/E values become so much larger.

Table 25 Rod worth C/E-corrected

experimental No.| rod position | E %dk/k |C %ék/k C/E *
1BC 18-18 2.5210.04 2,60 1.0310.02
1B- Bl 16-22 1.1210.01 1.13 [1.02t0.01
B2 14-18 1.3210.01 1.35 1.01%0.01
4B 16-14 16-22 | 4.5110.07 4.66 |[1.03f0.02
20-14 20-22
4B, 5B~ 5B 16-14 16-22 | 5.8710.10 6.05 1.03%0.02
20-14 20-22
14-18
Tr-1 14-18 22-18 | 2.7310.04 2.79 |1.02+0.01
Tr- Tr-2 15-18 21-18 | 3.59+0.04 3.78 |1.05+0.01
. Tr-3 16-18 20-18 | 4.18%0.06 h.52 |1.08%0.02
| In-1 14-18 20-22 | 2.4910.03 2.52 11.01f0.01
In- In-2 14-18 16-22 | 2.42t0.03 2.42 |1.00t0.01
In-3 16-22 20-22 | 2.11%0.06 2.18 |1.03t0.03
Pa-1 14-18 14-19 | 2.09t0.04 2.25 |1.07t0.02
Pa- Pa-2 14-18 14-19 | 4.43+0.08 4,76 |1.08t0,03
22-17 22-18

* Errors in C and p, are not included.

10 note)

The cross section of B has not been determined with

particularly good accuracy. And the C/E values of the sample

reactivity worth in the center are not well in agreement. When

Note) In the case of cone-dimensional 25-group calculation, when
the central drawer is replaced with a sodium channel, if the calcu-
lations are made by J.F-II and ABBN, the reactivity change becomes
0.752 % k/k and 0.719 % k/k, respectively. If it is replaced
with one-rod type BjC, the calculated values become 2,523 % k/k
and 2.261 % k/k, respectively. (This is the calculation on a
model and does not mean the reactivity worth of the actual one-rod
type). It is needless to say that this difference is caused by the
difference in all cross sections of B-10 but the differences in C/E
by the cross section set exceed the range of experimental errors.
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with ByC, Bg also changes. This Bi was obtained
neutrons leaking the boundary between the core
radial direction. However, the diffusion cal-

not suited for grasping such phenomena in the

boundary. We assumed anisotropic scattering in the collision

probability method

for obtaining the effective cross section of 7-

pin cluster but the actual angular distribution of neutron flux is

presumed to have a

very strong anisotropy.
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6. Conclusion and problems to be solved in the future

Conclusion

The criticality of V-3 assembly svstem containing no th
simulating control rod showed well agreed values for keff
obtained by the homogeneous two-dimensional diffusion calcula-
tion, using the JAERI-FAST version IT 8-group collapsed cross
sections, coming roughly within -0.3 % sk/k.

The C/E values of the reactivity worth of BHC simulating
control rods generally had a consistency without any correla-
tion with the reactivity of the system.

Tr-2 and Tr-3 showd values largely deviated from others. It
was found that this was because the experimental values were
not reliable.

As for the interaction effect of two th simulating control
rods, the experimental and calculated wvalues showed an identi-
cal tendency.

The additivity of the reactivity worths when many th simulat-
ing control rods wetre symmetrically distributed in the core
was established within the range of the errors in the experi-
ments and calculations up to the -6 % § k/k sub~-critical
system,.

As for the analysis of the results of Pa-experiment, it is
necessary to prepare the effective cross section of BAC
simulating control for the analysis. .
When the counters are located considerably removed from the

core in the case of the neutron multiplication method, the

effective multiplication factor of the system to be observed

is largely dependent on the neutron source distribution

condition at the time of A measurement than on the counter

positions,.

When the mesh interval is gradually widened in the case of

the diffusion calculation method, the calculated reactivity

worths grow smaller if one or two BAC simulating control rods

are inserted in the system.

—66—

e b it TR R
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6.2 Problems to be solved in the future

The presence of BAC simulating control rods in the core bring
about great difficulties in experiments and calculations. However,
even in the case of a system containing BMC simulating control rod,
the experimental wvalues (effective multiplication factor or
reactivity of the system) are determined when the system in a
critical state. Such being the case; it is possible to check the
reliability of the calculated first eigemnvalue of the system con-
taining th simulating control rod by comparing the results of cal-
culation on this system with the results of calculation made on a
clean system. This is related to the checking of the reliability of
the calculated value of reactivity worth and to the checking of the
neutron source multiplication method. As for V-3 assembly, when one
or two th simulating control rods are inserted, we havé the experi-
mental values obtained by filling other scdium channels with fuel,
It is necessary to make calculations on these systems,

To compare with the results of other experimental methods such
as the pulsed neutron method and the critical method is more direct
and useful in the analysis of the values measured by the respective
methods.

Tn the case of the neutron source multiplication method, the
knowledge to know the position dependency of the effective multi-
plication factor the system to be measured has a great effeect on
the experimental plan and accuracy. A study in this field is an
important subject of study in the future.

We thicks it a necessary process of checking to obtain the
reactivity worths by other group constants and calculation codes.
The calculation of the interaction factor must be carefully done by

making the most effective calculation system for the purpose.
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6.2 7Problems to be solved in the future

The presence of BAC simulating control rods in the core bring
about great difficulties in experiments and calculations. However,
even in the case of a system containing th simulating control rod,
the experimental values (effective multiplication factor or
reactivity of the system) are determined when the system in a
critical state. Such being the case; it is possible to check the
reliability of the calculated first eigenvalue of the system con-
taining BAC simulating control rod by comparing the results of cal-
culation on this system with the results of calculation nade on a
clean system. This is related to the checking of the reliability of
the calculated wvalue of reactivity worth and to the checking of the
neutron scurce multiplication method. As for V-3 assembly, when one
or two th simulating control rods are inserted, we havé the experi-
mental values obtained by filling other sodium channels with fuel.
It is necessary to make calculations on these systems.

To compare with the results of other experimental methods such
as the pulsed neutron method and the critical method is more direct
and useful in the analysis of the values measured by the respective
methods.

In the case of the meutron source multiplication method, the
knowledge to know the position dependency of the effective multi-
plication factor the system to be measured has a great effect on
the experimental plan and accuracy. A study in this field is an
important subject of study in the future.

We thicks it a necessary process of checking to obtain the
reactivity worths by other group constants and calculation codes.
The calculation of the interaction factor must be carefully done by

making the most effective calculation system for the purpose.
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APPENDICES

Appendix (Al): Core drawer drawings

The fuel and control rod drawer loading of V-3 assembly is
exactly the same as V-2, The core and rod drawer loadings are illus-
trated in Fig. Al-1 and Fig. Al-2, respectively. Pu is 90.0 - 91.2
w/o 239 235U_

Pu and Eu is 20 w/o enriched

Appendix (A2): Position dependence of subcriticality

The dependence of the subcriticality to be observed on the
counter positions is graphically shown in Fig. A2, The distances
from the core center to the_ counters are on the horizontal axis and
the deviations of the subceriticality from the average value are on .
the vertical axis, The values are scattered roughly within the
" measuring accuracy when the subcriticality is most shallbw, 3.33p0
(0.12 % k/k). As the subcriticality grows deeper, the scattering
of the values become larger and they have a systematic tendency.
However, they showed a tendency to converage even where the sub-—
criticality is deepest, 155 p, (5.5 %8 k/k) and even the most widely
scattered values are within the accuracy range of +10 %. 4B and 5B
in the figure indicate the core patterns, not the reactivity worth

thereof,

Appendix (AB): Comparison of averaging operations

Table 3 shows the average values and their standard deviation
differences in various core patterns and suberiticalities. The
values under A-method were obtained with regard to a certain A, not
the average value of A in various cases. The values given besides
14-18, 4B, 5B and so forth in the table do not represent their
reactivity worths. 14-18, 4B, 5B and so forth can be considered as
meaning the core patterns.

From this table, it is seen that the ép ~-method alwasy gives
larger values than the A-method and the errors grow larger sharply
when the subcriticality become deep. In the A-method, the average
values of three kinds do not show large changes but when R2 weighed
the standard deviations become considerably small, suggesting a
saturating tendency where removed from the core. 14-18 and Pa-1

are nearly the same in the core pattern but their singularity
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Table A3 Subcriticality and weighting method
(e, )
th rod A-method ap—method_—
position equi- s 2 0—2.R? e—2 . R%
14-18 36.91+0.26 | 36.89t0.29 | 36.8410.13 | 39.0710.18
4B 129.4240.96 | 124.7210.93 |123.6610.62 134.03%2.17
5B 162.1+2.2 |163.4+2.2 161.8 £1.1 186.2 £ 4.2
In-3 59.62+0.98 | 60.51+0.53 | 60.50%0.45 62.0210.60
Tr-1 76.59+1.05 78.681+0.80 | 75.9610.35 | 83.1610.86
Pa-1 59.0940.76 | 58.68+0.84 | 59.11%0.35 | 63.3420.73
equi-; equi-weighting, ¢ ;3 precison weighting,
a"2'R2; precision and R2 wighting where R means the distance

between a counter and core center.

intensities are

case,

between the three kinds of

deviations are extremely large a

ric differenc

two times larger.

Appendix (A4):
We made calculations on the V=3 clean core (CLl

(BCl) containing a th simulating control rod (one—rod ty

center by EXPAND-4,

IT.

the space mesh regions and their B

The calculations systems wel'e omne

different slightly less than two times.

Collapsing effect survey

are given in Table A4-1.

In this

e is observed in the tendencies of average values
averaging operations but the standard

nd the relative errors are roughly

) and the core

using the 25-group set of JAERT-FAST Version

-dimensional cylinders and

In

order to determine the kind of group collapsing, we referred to

t

assembly (similar’to V-3 in structure).

survey the 10 kinds of groups as shown in Fig.

e

a COTC(E )P (B; ), 9. %(E;)#(E;) and aglO(Ei)¢(Ei)

As a result,

Al-1.

of FCA V-2

The calculated

values of the effective multiplication factor are given in Table

Al-2,

In the extreme right column are give

the center of one-rod type BMC simulating ¢

Note)

These values were obtained by

they are not to be compared directly

ontrol rods.

n the reactivity worths in

note)

calculations on a model and

with experimental values.

pe) in the

we decided to
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The velues of reactivity worth are little dependent on the collaps-

ing group number and the way of collapsing and it is presumed that

cL1 BC1
ko pp and Koep

not much difference arises whichever collapsed group you may use.

have a very good parallelism. Such being the case,

Table Al-2 Calculated eigenvalues of CL1 and BCl for various group

collapsing using the one dimensional cylindrical model.

(L1 _ BC1 *)
NG  CL1 BC1 eff eff
eff eff L1 BC1
eff eff
| 25 1.00098322 . 0.96918640 0.0327755
;12 ; 1.00074348 0.96888251 0.0328598
10| 1.00052760 0.96866089 0.0328803
3 1.00055822 0.96867480 0.0328961
8! 1.00168271 0.96980095 0.0328193
7 1.00177570 0.969871368 0.0328346
6 1.00271415 | 0.97073273 0.0328564
6! 1.00170259 0.96980065 0.0328394
6" 1.00234828 0.97036863 0.0328789
5 1.00555777 0.97353767 0.0327080
L 1.00260686 0.97087086 0.0326031

¥) This value represents the reactivity worth of the
one rod type th at the center of the core.

Since this survey is not so sensitive to the differences of such
overall quantities as the effective multiplication factors when

they are compared, we watched the differences with regard to the
gquantities relating to the neutron flux distribution pattern. For
this purpose, we plotted the quantities which can be expressed by
the following equation as the function of the distance from the core

center.

R () = Y ZB"‘.*C(r:o)ex(1~)/225 34 (r0) 8. (x)
i-1 2t ot j=1 @t +
(Calculated from the values obtained by BCl calculation)
From this graph it is seen that NG - 12, 10 and 8 resemble one
another in behavior and relatively close to NG = 25 while NG = 7

and 6 are far apart. Since the smallest group number among those
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NG 25
Table A4-3 ﬁ.lSi(r)/Z lSi(r) from CL1 calculation
1= 1=
T NG
distance 25 12 10 8! 6"
from core cente
3.11 em 1.,000000 | 1.000334 |1.000762 | 1.000606 | 1.000424
6.23 1.000000 | 1,000392 [1.000869 | 1,000706 | 1.000644
23,87 1.000000 | 0.9€9728 |0.9%9553 | 1.000123 | 0.99¢6131
35.37 1.000000 | 1.000562 [1.000351 | 0.961013 | 0.593869
Table A4-4 Zone integrated Source from CL1 calculation
Zone No. 25 10 81 6!
1 0.0 0.0 0.0 0.0
2 0.0 0.0 0,0 0.0
3 1.000000 1.000576 1.000579 1.000253
L 1.000000 1.000270 1.000480 1.000276
5 1.000000 0.9GC634 1.000230 1.000106
6 1.000000 0.999510 0.9599740 0.9¢9842
7 1.000000 1.001026 0.998582 0.999808
8 1..000000 1.001346 0.996962 0.9¢7423
Table Al~5 Group collapsing effect on control rod
interaction factor f
B&C rod distance 11.00cm, core length : 33.92 cm
NG 25 10 8! 6" Bi
Ref 1.00333218 | 1.00319850 1.003686135 1.00375346 2.05x10-3
1B,,C | 0.95204513 | 0.90166637 0.991845873 0.99190608 -1.06x10-%
2B, C | 0.98282579 | 0.98232478 0.98235846 0.98227435 -1.06%x10-2
Py 0.01133977 | 0.011725645 | 0.011894017 | 0.011899390
P, 0.0207%543 | 0.02118156 | 0.02163116 | 0.02178494
0.916925 0.9136307 0.9091329 0.915381
B,C rod distance 24,54 cm, core length : 43.65 cm
NG 25 10 8" 6" B2
Ref 0.99259936 | 0.99250487 | 0.96304689 0.99315386 2,05%X10-3
1B4C 0.98566339 | 0.98550133 | 0.98594479 0.98598874 | -9.30x10-3
2B, C 0.97148590 | 0.97120894 | 0.97164230 0.97158343 | -9.30x10-3
1 0.007089 0.007160 0.007253 0.007316
Po 0.021894 0.022092 0.022183 0.022354
f 1.5442 1.5427 1.5292 1.5277
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which show a similar behavior should be adopted, NG = 8 is consid-
ered to be most appropriate.

Tn order to see the effects of the group collapsing on the dis-
tribution system, we checked the changes of the source standardized
by several radial points, that is,_E}SHrL/ijHr) as shown in
Table Al4-3. Table Ab-4 shows the ;?andarézzed source integrated by
the region, that is, éN’?%’ S; 4V, /éi %' Si 4v; As far as these
values are compared, almost no effect of the group collapsing is
observed,

Next, we made the following checking calculation because it
was conceivable that the group collapsing influences the propagation
of the neutrons in the system and it has a particularly large effect
on the calculation of the iﬁferaction factor of th simulating
control rod. We set the th simulating control rod region at the
actual thickness (5.52 cm) and the traverse buckling of the region
at an appropriate negative value to make a hypothetical system of
subcriticality. Using this system, we made calculations by the 25,
10, 8 and 6 groups in two different cases, that is, when one BAC
simulating control is inserted in the system and when two rods are
inserted and compared the calculated values in the form of the
interaction factor (fl2 = ap (1, 2)/{3p (1) + sp(2) }). (Refer to
Table Al4-5) As seen from Table Al-5, if the value of f by 25-
group calculation is taken as a standard, the values obtained by
any collapsed group calculation are within 1 % and therefore there
is no need of taking into consideration the effect of group collaps-
ing on the interaction factor.

As a result of the above overall survey calculations, we

decided to adopt 8 groups for the two-dimensional calculations in

the present analytical study.

Appendix (AB): Other surveys

A5.1 Buffer region

We checked the effect of the presence of buffer region on keff
by one-dimensional calculation (EXPANDA-H). The survey was made by
using 25 groups and 8 groups in the four cases ag shown in Fig.
25.1-1. Buffer - 1 is located near th to adop the effect of the
spectrum hardening. Buffer - 2 adopts the changes in the spectrum

near the boundary between the core and blanket. The keff values in
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the respective case are given in Table A5.1-1.

Table A5.1-1 Results of buffer survey calculation

_ keff

Buffer - 1 Buffer - 2 235G 3G
+ + 0.969 186 LO 0.969 800 95
+ - 0.268 988 05 0.969 672 46
- + 0.969 240 05 0.969 837 05
- - 0.970 117 56 0.970 802 27

If a certain keff value of Buffer-1 and -2 is considered as a

standard, from this table it is seen that the changes in keff when
Buffer-2 is removed (+0.013 % for 8 groups and +0.02 % for 25 groups)

are considerable large as compared with those when Buffer-1 is

removed (-0.003 % for 8 groups and -0.005 % for 25 groups).

A5.2 Effects of fission spectrum X
The calculated values (eigenvalues and reactivity worths)
obtained by the one-dimensional basic system with & groups, using

X5 (Pu 39) and ¥ . (U235) (refer to Table A5.2-1) are shown in Table

A5.2—2. The calculated values obtained by using Xy of Pu 39

235

those which were obtained by using yx i of U showed differences of

about 1 % in the form of th reactivity worth. So, in the two-

dimensional 8-group calculation, We used the average value ofx

weighted by the neutron number ( u - Zf 49 h9) of Pu and U
actually produced by nuclear fission. (The bottom row in Table
A5.2-1) '

x,zszs;vf 25¢ _H_,AQE DE 49?5

Lisw = T & s
SB35 08,
=1
Table A5.2-1 ¥, for Pu239, for U235 and averaged X
i 1 2 3 oo 5 6 7 8

1
239) 0.1137 |0.4436 |0.3441 | 0.0879 | 0.0102 [ 0.0005 | 0.0 (0.0

. (Pu
Xi 235
xi(U ) 0.1047 |[0.4539 |0.3433 | 0.0848 | 0,0123 ;0.0010 | 0.0
tiav ¥ 0.1090 |0.4490 |0.3437 | 0.0862 | 0.01:3 |0.0008 | 0.0 [0.0
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\ . 2 2
Table A5.2-2 k__.'s usingy i(Pu 39) and,xi(U 35)
keff(CLl) keff(BCl) P %ok/k
. (pu®97) 1.001 682 71 0.969 800 95 3.2819
. .
r; (U 33) 1.000 983 22 0.969 395 49 3.2553

A5.3 Space mesh effect

In order to determine the positions of th simulating control
rods in the system, it is necessary to make X-Y two-dimensional
calculation. Although the CITATION code is variable dimensions, if
8 groups are used the mesh number is restricted to about 40 x 40 ~
50 x 50.

Here we took the B8-group 84-mesh one-dimensional calculation

as a standard to study the effect of the number of meshes on keff
by varying the number of meshes in various regions. For this survey,
we used a V-3 assembly containing l-rod type th simulating control
rod in its center. The particulars relating to the region and mesh
number are given in Table A5.3-1. The following things mayv be said
qualitatively from this table.
a) If the mesh number in the regions other than Bac in the center
of the system and sodium is about 1/2 mesh (76 meshes —» 42
meshes), the k

eff
standard calculation.

value slightly increases compared with the

b) If the mesh number in the th region is 1/2 mesh (4 meshes

- 2 meshes), k decreases (about 0.018 %). This is pre-

eff
sumably because as a result of the increased mesh size in the
th region the neutron flux is unable to lower and consequently

the BMC reactivity worth is estimated higher.

c) 1f the mesh number of the sodium region adjacent tc the th
region is 1/2 (4 meshes — 2 meshes), keff increases (about
0.087 %).

d) As far as this survey is concerned, the calculability of the

effect of the mesh number of ke is very good.

£
. . 2
Appendix (A6): Calculation of BZ

The system which was used for the calculation is illustrated

in Fig. 10 and Fig. 11. The amount of neutronslo) leaking outward

from extended plane of the end surface of the core perpendicular to
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the Z axis is given by the following eqguation.

R 2
LUF?E EET—;E: (¢(r,Zi)-9¢(r.Zo) ],
D, D, |

where 8 is surface area, N is the number of divisions (in CITATION
B mesh is divided inte sections with equal volumes), Di’ dZi; Dg
and 4 Z, are the diffusion coefficients and mesh intervals on the
inside and outside of the plane, respectively, and ¢(r, Zi) and
¢(r, Zo) are the values of the neutron flux at the points Zi and ZO
on the inside and outside of the plane at the point r on the dia-
meter.

If L(r) is integrated By r for an arbitrary region, the number
of neutrons leaking outward from the region is obtained. Since this

gquantity ought to be equal to j‘Di Bg ¢ dV = Dy B%SE' v,

52 _ J L(r)
z Dy V

Bi can be obtained from above equation.

Appendix {(A7): Comparison of kinetic parameters between 8-group
two-dimensional calculation and 25-goup cne-
dimensional calculation

The results of survey calculations of the kinetic parameters
by 8-group two-dimensional calculation and 25-group one-dimensional
calculation are shown in Table A7. (I, 2B and 4B indicate that the
number of th simulating control rods inserted in the system is O,

2 and 4, respectively. These are the values obtained by calcula-

tions on a model, not the values of an actual V-3 assembly.

In the case of small-group calculations, there are problems
with the evaluation of the thresheld fission of U-238 and the delayed
neutron spectrum ¥d. One-dimensional calculation is unable to
faithfully adopt the shape of the system. In the case where the
system is so complicated in shape as V-3 assembly, one-dimension
calculation model has problems with the evaluation of the changes
in the volume ratio of the core and blanket and the flow of neutrons
into the blanket. This will have an effect on the fission yield of
U-238 and consequently on the evaluation of‘ﬂeff.
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Table A7 Comparison of kinetic parameter between 1- and

2=dimensional calculzation

i *) . **)
Assembly 2-dim 8G 1-dim 25G

o [ori
CL B orr 0.535 8 % 0.535 4 %
£:p 1.866 x 10~7 8 1.862 x 1077 s
of
2B B oopr 0.532 3 % 0.530 6 %
2 1.710 x 1077 8 1.716 x 1077 s
o o
4B A off 0.527 0 % 0.523 6 %
e 1.515 x 1077 s 1.578 x 1077 8

*) 2-dimensional 8-group diffusion calculation by
CITATION code.

*%)  l-dimensional 25-group diffusion calculation by
ARGO code.

Appendix (A8): Stroke

The 600 mm sodiﬁm chammel in the axial direction in the core
was replaced from its end by th simulating control rod 150 mm at
a time and the reactivity worth was obtained. Thus obtained stroke
curve is shown in Fig. A8, The differences in réactivity worth
between, 1/4 and 4/4, 2/4 and 3/4 were not very large. These

values were obtained by the critical method.

Appendix (A9): Chemical analysis of th (Denka)-and isotopic ratio
(PNC)
The chemical analysis (Denka) of the enriched th pellets
used in our experiments and isotopic ratio (PNC Tokai Office)
measured in Japan are shown in Table A9, These values were used as

reference data and not actually used in our experiments.
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14-18 B,C(7pin) Rod Stroke Curve
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Fig. A8 Rod Position

Table A9 Chemical analysis of th pellet (Denka)

Boron 76.70 %
C 21.80 %
Fe 1000 ppm
Si >1000 ppm

Al,Ca 100 ppm
Ni 10 ~100 ppm

Ti,Na <10 ppm
Mn _ 1~10 ppm

Boron isotopic analysis by PNC; BlO - 90,3110.20 %

600



