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ABSTRACT

A series of extensive mockup experiments in support

of Japanese Experimental Fast Reactor, "JOYO", were perform-

ed at Fast Critical Assembly in JAERI, from February 1970 to

March 1972. The present paper describes"the results of ana-

lysis of these, mockup experiments and its application to

"JOYO" nuclear design.

The basic calculataonal method of the analysis is the

same as that employed in "JOYO" neutronics calculation, viz.,

the 6-group diffusion theory using 25-group NAIG Nuclear

Set No. 5. Corrections to the base calculations were eva-

luated by using one-dimensional S4 transport theory and

integral transport theory. The ABBN group constants were

also used for the sake of comparison.

The highlights of analyses are as follows:

(1) The C/E ratio of criticality factor was determined as

1.006 for NNS-5 and 1.037 for ABBN group contants.



- 125 -

(2) The criticality factor cf "JOYO" clean core with all

control rods withdrawn was predicted by two different

method; direct application of C/E ratio and the method

of material density coefficients. Both methods have

yielded almost identical results.

(3) The C/E ratio for the worth of highly enriched B 4C

rods was determined as 1.05 t 0.08. The method of

calculating the rod heterogeneity effect was verified.

The positive interference effect was found for two rods

separated over a certain distance.

(4) The reaction rate distributions deep in blanket were

underestimated by 10 - 30%.

(5) Gamma-ray dose distribution was predicted satisfactorily,

provided that the source distribution was corrected by

using measured reaction rate ratios and reaction rate

distributions.

(6) The C/E ratios for central Doppler reactivity, sodium

void reactivity, material density coefficients and

material substitution worths were determined.

(7) The thermal neutron flux at detector position in gra-

phite shield was determined from the analysis of special

shield experiment carried out at Fast Source Reactor

"YAYO1".

The most probable values of JOYO neutronics parameters

were determined by applying the bias factor (E/C) to the

calculated values. The uncertainties of the most

probable values were also determined, and they were taken

into consideration in the JOYO design.

i
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1. Introduction

Interest in the experimental fast reactor in Japan,

designated by JOYO, dates back to the middle of sixties.

The purpose of JOYO is to obtain experiences through design,

construction and operation of the fast reactor, and to pro-

vide comprehensive irradiation testing to support the re-

search and development of materials.

Preliminary conceptual design was evolved in JAERI.

After the middle of 1968, PNC has undertaken the construc-

tion and the research and development programs. The nuclear

design and its evaluation based on the analysis of roockup

experiments were performed mainly at NAIG Nuclear Research

Laboratory on behalf of Tokyo Shibaura Electric Company under

the contract with PNC. Extensive series of mockup critical

experiments were performed at FCA, JAERI, during the period

of Feb. 1970 - March 1972. A special shielding experiment

was done at the fast source reactor YAYOI at Tokyo University.
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Experimental verifications of nuclear characteristics

of JOYO were obtained through the analyses of mockup ex-

periments, and these were incorporated into endorsing the

safe guard analysis and into the specification of fuel.

The present paper gives the results of analyses of mockup

experiments and describes how these data were applied to

the JOYO design. Further details of the analysis are given

in Refs. 1 and 2.

2. General Description of the Nuclear Design of JOYO

2.1 Description of the Reactor.

JOYO is a 100-MW(t) experimental fast reactor fueled

with Pu02~UO2(23% enriched U-235) and cooled with sodium.

The Pu/(Pu;K~tJ) ratio is approximately 18% and the core

volume is about 250 liters. The core is surrounded by 3 3 cm

thick blanket of depleted UO, and is reflected by steel.

Although the design aimed at the thermal power up to 100 MW,

50 MW was adopted as the initial power. A vertical descrip-

tion of the reactor is shown in Fig.- 1. The core consists

of a hexagonal array of assemblies arranged as shown in Fig. 2.

The initial core contains 67 core assemblies, 2 shim

rods' and 4 safety rods, surrounded by 1.91 radial blanket

assemblies. The core assembly is an integral type contain-

ing 91 fuel pins with the triangular pitch of 7.6 mm. Each

fuel pin consists of approximately 60 cm long core fuel part

and 40 cm long upper and lower axial blanket parts. All shim

rods and safety rods are of the same design, consisting of

7 pins which contain boron carbide pellets of highly enriched

B-10. The active length of the absorber is approximately

70 cm. .Main nuclear design data are listed in Table I.
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2.2 Method of Nuclear Design

Our basic approach to the nuclear design was as follows.

First, the calculated-to-experimental factor (C/E) was

determined by the analysis of moekup experiments. Most

probable values of JOYO neutronics parameters were then

obtained by applying the bias factor (E/C) to the computed

values. Besides the most probable values, their uncertain-

ties were also estimated. The design was performed so that

these uncertainties may be covered.

Most of the design calculation was based on 6-group two-

dimensional diffusion theory using a 25-group NAIG cross

section set NNS-5, '' •* which is a NAIG version of ABBN group

constants. •• The transport effect and the heterogeneity

effect on criticality and control rod worth were estimated

by using one-dimensional S n code and/or integral transport

theory code. The ABBN group constants were also used for

'the sake of comparison.

2.3 Nuclear Characteristics of JOYO

Main nuclear characteristics of JOYO are listed in

Table II. The final design values in the table represent

the most probable values obtained by the method described

above. The values of uncertainties in the table include

the errors in the mockup experimental values, the uncer-

tainties due to extrapolation from the mockups to the

designed reactor, and the margins for the fabrication

tolerances of structural elements.

I
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3. Analysis of Mockup Experiments

3.1 Description of the Mockup

Mockup critical experiments were performed on FCA

Assembly V-series. Details of experiments are described

in Refs. 4 - 1 4 . Assemblies V-l and V-2 are clean mockups

whose core volumes are 150 and 220 liters, respectively.

The core is surrounded by 30 cm thick high density blanket

of metallic uranium. In these assemblies the measurements

were done for the reaction ratios, material worths, Doppler

reactivity of sample, sodium void worth, and B^C rod worth..

Assembly V-3 is a full mockup built mainly for extensive

measurements of B4C rod worth.. The compositions of core

and blanket of this assembly are the same as those of

Assembly V-2 except that six control rod channels filled

with sodium are installed in core. The core volume is 250

liters.

After the completion of experiments on Assembly V-3,

its versions, Assembly V-3-B series, were constructed by

modifying the radial blanket to measure the reaction rate

distributions, gamma-ray dose distributions and the blanket

effect on criticality. The axial blanket of Assembly V-3

remained unmodified. Fig. 3 shows the cylinder view of

Assembly V-3-B2 which has a thin two-lalyer blanket.

Fig. 4 displays the schematic diagrams of these versions..

Table III lists the material compositions for the core

of JOYO and mockups.

3.2 Criticality Factor

The calculated criticality factors of mockup assemblies

are summarized in Table IV. As seen from this table, the

calculation overestimates the criticality factor of the

mockup with oxide blanket compared with the criticality

factor of that with uranium metal blanket.

L ..

-143-
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Since-there exists sizeable mismatch of compositions in both

core and blanket of JOYO and mockups, it was very important

to take account of this mismatch in order to translate the

data from mockups into the data for the designed reactor.

Two methods were tried to predict the criticality factor of

the initial JOYO reactor with all control rods withdrawn.

One is the bias factor method and the o':her is the method

•of density coefficient developed by T. lijima et al.* 1 1' 1 4^

(1) The bias factor method

We consider a fictitious mockup which has the core of

Assembly V-3 surrounded by DU0--sodium blanket. The "experi-

mental" criticality factor of this mockup was estimated on

the basis of the reactivity effect of blanket replacement

measured in the radial blanket of Assembly V-3-B2. The

ratio of this "experimental" criticality factor to the

calculated value was adopted as the bias factor to be

applied to the design calculation. The C/E obtained was

1.006 when NNS-5 set was used, and 1.037 when ABBN set was

used. Using these bias factors we obtain as the criticality

factor of JOYO K = 1.028-with NNS--5 set and K = 1.027 with

ABBN set, for the PuO2/(Pu02+UO2) ratio of 17.5%. The same

calculation was also done for 18.0% PuO_/(PuO_+U02).

(2) The method of density coefficient

This method is to estimate the reactivity effect of

transforming a mockup assembly into the designed reactor

by using the measured reactivities corresponding to the

successive steps of the transformation. Starting from the

Assembly V-2 data, transformations were performed succes-

sively by changing the compositions, enlarging the core

size, installing the control rod channels and replacing

metal blanket by oxide blanket. Reactivity effects were

calculated by using the experimental data when available.
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The final result is K = 1.028 for Pu02/(Pu02+DO2) ratio of

17.5%. This value is in excellent agreement with the

values obtained by the bias factor method described above.

Final design adopted the PuO2/(Pu02+UO2) ratio of 17.7%.

Although there exists the persistent problem of the reacti-

vity scale for the measured reactivities, the uncertainty

of the predicted criticality factor of the designed reactor

will not exceed 1.5% Ak/k including the margins for the

fabrication tolerances, and is probably less than 1% Ak/k.

3.3 Reaction Rate Distributions "

Central reaction ratios were measured in Assemblies

V-l and V-2. The C/E values are listed in Table VII. Fig.

5 shows the radial scans of typical reaction rates in the

oxide blanket version of Assembly V-3. The calculation

revealed that the shape oii distribution in blanket was

affected by the back scattering of neutrons from the empty

steel matrix outside of the blanket. Since the precise

treatment of this effect is felt difficult, the calculated

reaction rate distributions near the outer boundary of

blanket were entirely discarded by the determination of

C/E values.

The gamma-ray dose distributions were measured in

Assembly V-3-B4 with the thermoluminescent dosimeter TLD

700 in radial experimental hole of 20 mm diameter. Fig.

6 shows the normalized distribution. Calculation was

performed by the buildup factor method. The calculated

spatial distributions of gamma-ray sources were corrected

by using the measured neutron reaction rate scans mentioned

above to give the "experimental" source distributions.

Gamma-ray energy spectra data were either taken from the

compilation report or calculated by the statistical theory.

In the present case, the calculated dose distribution was
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not affected much by the detailed feature of gamma-ray

spectrum.

3.4 Reactivity Coefficients

The items of measurements performed are (1) central

material worth, (2) material density coefficients of re-

activity, (3) central sample Doppler reactivity, (4) fuel/

sodium substitution worth, and (5) sodium void worth.

These measurements were performed mainly on Assemblies

V-l.and V-2. The analysis is given here for the item (2)

only. Further results are described in Refs. 1 and 2.

The analysis of Doppler experiments appears in an accom-

panying paper presented to this conference.' ^

Fig. 7 shows the reidial channel traverse of reactivity

of typical materials in Assembly V-2. The reactivities of

Pu plates with different isotopic ratios were also measured.

These traverse data were integrated over whole core and

were converted into the elementwi.se reactivity coefficients

per unit amount of atom. The results are given in Table V

in comparison with the two-dimensional homogeneous diffusion

calculation. In Table V, a large discrepancy is observed
238

between the calculation and experiment for U. This

discrepancy is due to the result of the strong mutual can-

cellation of the negative reactivity near the core center

and the positive reactivity near the periphery of core.

The calculation did not take the plate heterogeneity effect

into account.

The E/C values for fuel and steel in Fig. 7 and Table

V were adopted as the bias factor to be applied to the

design calculation. We shall not give here the analysis

of sodium void worth experiments performed in Assembly V-l,

but the results are essentially the same as those for the

sodium density coefficient.
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That is, the calculation under predicts the worth of

central void by about a factor of 2, and is in a fair . .

agreement with experiment for the void in peripheral part

cf core. A refined calculation showed that the agreement

between calculation and experiment for central channel void

was considerably improved, if the effecc of anisotropic

neutron diffusion was taken into account. But, since the

calculation of this effect for the actual reactor is very

•complicated, the results of this refined calculation was not

adopted in reactor design.

3.5 B 4C Rod Worth

Three types of mockup B.C rods were used in the experi-
ment; the plate type rod, the 7-pin cluster rod, and the
thick single-pin type rod. B-10 enrichments used were 90% -
and natural boron. The B-10 quantity contained in a JOYO
control rod is approximately equal to that contained in two
mockup rods of 7-pin cluster (90%). The central rod experi-
ments were done in Assemblies V-l through V-3, and the peri-
pheral rod experiments in Assembly V-3. The blanket effect
on rod worth was measured in Assembly V-3-B1. The calcula-
tion was performed by 6-group diffusion theory, and the re-
sults were corrected for the effect of heterogeneity of B.C
rod, the transport effect, and the effects of minor geometri-
cal complexities such as the presence of the end plug of rod.
Table VI gives the typical rod worth of 7-pin cluster (90%)
in Assembly V-3. The cross check calculation by H. Nishimura

et a."1.. [16] at JAERI was also included in the table for the

sake of comparison.

The conclusions drawn from the control rod study are as

follows,

I
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(1) The C/E values for the worth of 7-pin cluster rod (90%)

are well constant and consistent for the various patterns

of rod configuration. The adopted C/E is 1.05 ± 0.08,

using NNS-5 cross section set.

(2) There is the anti-shadowing effect for a pair of rods

separated over a certain distance.

(3) The shape of rod stroke curve is predicted satisfactorily.

(4) The blanket effect on peripheral rod worth is predicted
well.

(5) The calculation tends to underestimate the worth of the

rod of low enriched B-10, compared with that of the rod

of highly enriched B-10. The reason for this tendency

is not clear.

(6) The heterogeneity effect of B.C rod is important and

must be taken into consideration by the. analysis. In

the present case of 7-pin type rod, the pin-heterogeneity

effect itself was small, but rather, the rod heterogeneity

effect was shown to be represented by two-region cylinder

model to a good approximation. This two-region model

consists of the inner region just enveloping•the 7 B.C

pins, and the outer region representing the region out-

side of 7 B»C pins which contains only sodium and steel.

In the present case, the heterogeneity effect was appro-

ximately 7% of the rod worth. The experimental evidence

also supports this value.

(7) Most of the theoretical corrections to the base homoge-

neous diffusion calculation tend to diminish the rod

worth. In other words, the corrections accumulate.

Important corrections are the transport effect, the rod

heterogeneity effect, the effect of mesh size and the

effect of the variation of axial buckling values of

core fuel part according to when rods are inserted or

withdrawn.
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(8) The C/E ratio for the worth of central 7-pin cluster

rod (90%) was, after all necessary corrections were

applied, consistent with the C/E value for the worth

of small central B^C sample. Therefore, the measurement

of sample worth is'and will continue to be a very help-

ful guide when we start the complicated analysis of

control rod experiments.

3.6 Neutron Flux at Large Distance

The detectors of JOYO are assumed to be placed in the

graphite shield at the distance of abov.t 3 meters from the

center of core. Mockup experiments were performed at the

neutron source reactor YAYOI operated by Tokyo University,

to check the accuracy of the flux calculated at such large

distance. It was found that the C/E ratio for thermal flux

at the detector positions was about 0.7, if the multi-group

diffusion model with the self shielding effect was applied

to the calculation.

4. Summary of Analyses of Experiments and" Concluding

Remarks

Table VII summarizes the C/E values and their uncertain-

ties for principal neutronics parameters. The values of un-

certainties in the table include the error in experimental

values, the scatters of C/E values, and the errors that may

have come in from the inadequacy of geometrical model of

calculation to simulate the experimental system. The latter

errors are concerned, for example, with the errors for the

estimation of heterogeneity effect, and the effect of stream-

ing of neutrons and gamma-rays through experimental hole on

the reaction rate scans. Although the statistical nature of

these uncertainties was not understood clearly, the values

of uncertainties given in table are considered as giving

approximately 3a

1
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In the final design of JOYO, the uncertainty due to the

extrapolation from the mockups to JOYO and the margins for

fabrication tolerances were included.

These C/E values and their uncertainties were used to

determine the most probable values and their uncertainties

of JOYO neutronics parameters. It is concluded at the

present stage that the requirements of nuclear design accu-

racy are reasonably fulfilled taking the various uncertain-

ties into account. This conclusion will be tested by the

critical experiment and the nuclear tests on JOYO.
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Table I. Main Nuclear Design Data of JOYO

Core volume

Core volume ratio

Fuel/sodium/structure

Radial blanket volume ratio

Pue1/sodium/s tructure

Axial blanket volume ratio

Fuel/sodium/structure

Fuel pellet density

Core (Pu02-UO2)

252.liters

36/40/21

48/33/18

36/40/21

93.5% T.D.

Blanket (U02)

Isotope ratios

239pu/240pu/241pu

Blanket: 2 35^23 Bo

U enrichment of core

fuel

Pu content of

core fuel

Fuel inventory in core

PuO2

oo2

Neutron flux (Reactor Power 50 MW)

Average

Maximum

94% T.D.

76.6/19.0/3.7 w/o

0.2/99.8 w/o

23 w/o

17.7 w/o

153 kg

712 kg

1.3 x 10 1 5 n/cm2sec

2.1 x 10 1 5 n/cm2sec



Table II. Final Design Values and their Uncertainties for

Main Nuclear Characteristics of JOYO Table III. Core Compositions of JOYO and Hockup Assemblies

1.

2.

3.

4.

Items

Effective multiplication factor:

(system temp. 20"C, sodium Temp.

370*C, all control rdds withdrawn)

Control rod worth per rod, %Ak/k:

(standard value for initial core)

Core Doppler coefficient,

-T dk/dT: . ...

Sodium void reactivity, %&k/kt

Core center channel void

Whole core void .

Final._
Design
Value

1.031

Uncertainty
of Design
Value

±1.5%

1.98(safety) ±20%

1.90(shim) ±20%

1.9xl<y~3

-0.09

-3.4

+25%

+2S%

+40%, -20%

JOYO FCA V-l FCA V-2

Volume Fraction, %

Fuel*

Coolant (sodium)

Structure (SUS)

Diluent (alumina)

36

40

21

.0

.0

.0
_

24.6

26.3

17.9

26.5

5. Core material density coeffi-

cients, Ak/k/AN/H:

Fuel 0.50 +20%

Coolant 0.031 +30%

Structural material 0.018 -30%

6.

7.

Power distribution •

Core region

Blanket region

Neutron source intensity:

(Sb-Be source 7F1. Detector

requires 30 nv.) . .

-

-

2400 Ci

±4%
±12%

Atomic Densities, 1022/cm3

_ Pu-239

Pu-240

Pu-241

U-235 ,:

U-236 .

0

Na

Al

Cr

Fe

Ni

Mo

21.3

35.1

17.9

21.2

0.1130

0.0279

0.00541

0.1605

0.5294

1.658

0.9098

-

0.3274

1.193

0.2389

0.0261

0.1045

0.0094

0.00112

0.1960

0.7781

1.648

0.6043

1.107

0.3054

1.097

0.1428

0.1046

0.0093

0.00107

0.1470

0.5836

1.310

0.8134

0.8830

0.3273

1.195

0.1535

a) Fuel is PuO2-lK>2 for JOYO, and Pu-Al alloy plus U for

mockup cores. •.



Table IV. Calculated Criticality Factors for Mockup

Assemblies.*

Table V. Whole Core Density Coefficients of

Reactivity in Assembly V-2.

Comparison of Calculation with

Experiment.

Assembly

Name

V-1

V-2

V-3

V-3-B1

V-3-B2

a) To be

NNS-5 Set

XY Calc.

0.998

1.001

0.995

1.005

1.002

RZ Calc.

0.999

0.998

0.999

1.008

1.005

compared with - experimental

ABBN Set

XV Calc. RZ Calc.

1.032

1.032

1.029 1:033

1.041 1.044

1.042

values of unity.

Material

Pu-239

Pu-240

Pu-241

U-235

0-238

Ha

Al

SUS

Measured

Worth*

231.7 ± 2

53.9 + S

290.4 ± 15

146.8 + 1.8

-1.21 + 0.15

2.57 ± 0.08

3.84 + 0.10

1.80 ± 0.07

1.15 +0.05

Calc/Exp

NNS-5 set

1.05

1.30 ,

1.09

1.13

2.53

1.13

0.74

1.10

1.36

ABBN set

1.03

0.76

1.02

1.06

2.45

1.06

0.71

1.05

1.26

a) in unit of Ak/k/1024atoms/cm3.
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Table VI. Reactivity Worths of the 7-pin Type 90% enriched

B^C Elements in PCA Assembly V-3. Comparison of

Calculation with Experiment.8

: Positions

Core center

#1

#1

#1

#2

+ #2

+ #4

#(2+3+5+6)

#1

#1
#2

a)

pair

pair plus
pair

All worths

Measurec
Worth,
% Ak/k

2.

1.
1.

2.

2,

4.

2,

4.

.312

,283

,107

,301 •

.632

.158

.040

,335

i

NNS-5

1.07

1.06

1.03

1.03

1.05

1.06

1.03

1.06

are relative to

Cross Section Set used
and Calc/Exp Ratio

J.J-IIC

0.98

0.98

0.94

0.98

0.99

1.00

0.97

0.96

ABBN
(NAIG)

0.91

0.90

0.85

0.87

0.89

0.88

0.88

0.86

ABBN
(JAERI)

0.88

0.89

0.85

0.89

0.90

0.91

0.89

0.88

sodium drawer. The experi-

mental error is +3%.

b) The numbered position corresponds to the position indicated

in Fig. 4. The pair implies the two adjacent drawers.

c) Calculated by H. Nishimura et al. at JAERI. J.F-. is

JAERI-FAST group cross section set, Version II.
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Table VII. Summary of Calc/Exp Ratios and their

Uncertainties for Principal Neutronics

Parameters (Numbers in parentheses are

C/E values with ABBN set.)

Items

Criticality factor

B4C(90% enr.) rod worth

Reactivity coefficients

Doppler, 300K - HOOK

6.00K - HOOK

Fuel

Stainless steel

Sodium (central zone)

Sodium (whole core)

Central reaction rate ratio

F49/F25

F28/p25

C28/F25

Reaction rate' distribution

F49, F25, C 2 8

F28

Gamma-ray dose distribution

Power in fuel storage zone

F25

F49

Kinetics parameter, B/£

1.

1.

1.

1.

1.

1.

0.

0.

0.

1.
0.

1.
0.

1.

0.

1.

0.

0.

1.

Calc/Exp

006

05 +

07 ±

0

H i
35 ±

55 +

74 t

92 ±

00 ±

90 ±

00 ±

76 +

00 ±

78 ±

00 ±

,94 ±

,79 ±

.00 +

0.08

0.2

0.1

0.2

0.1
0.3
0.1

0.04

0.04

0,06

0.03

0.05

0.03

0.07

0.1

0.06

0.06

0.1

Ratios

(1.
(0.

(0.

(1.
in
(0.

(0.

(0.

037)

87 + 0.07)

66 ± 0.05)

06)

•26)

45 ± 0.1)

71)

,96)

(1.06)

(0.

in
in
at

in

in
at

,89)

core

blanket,
30 cm

core

blanket,
30 cm

Note 1: The C/E for gamma-ray d^se distribution is based on
the source distribution c-»r -eeted by using the
measured neutron reaction rate scans.

Note 2s The uncertainties in the above table include the
experimental errors, the scatters of C/E ratios,
and other uncertainties that may occur, for example,
by the estimation of streaming effect through experi-
mental hole on the reaction distribution. The stati-
stical nature of these uncertainties is ambiguous,
but these values are considered as giving 3a •
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Fig. 3. Cylinder View of FCA Assembly V - 3 - B 2 .

(All dimensions ore in cm.)

FCA V-3
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Fig.4. Schematic Kagroms for FCA Assembly V - 3

and Us Versions
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Fig. 5. Radial Fission Distributions in FCA Assembly V-3-B4.
Comparisdn of Calculation with Experiment
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Fig 6 Radial Gamma-ray Dose Distribution by TLD-700
Detector in FCA Assembly V - 3 - B 4
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18-18 18-19 18-20 18-21 F8-22 18-23 18-24

Matrix Position

Fig. 7 Radial Distributions of Material Density Coefficients

in FCA Assembly V - 2 . Comparison of Calculation with

Experiment.

• o : Measured Calculated.
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