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There has been a tendency recently toward a high initial 
enrichment grade for light water reactor (LWR) fuels and, in the 
future, even higher grades are anticipated. If we make a 
subcriticality evaluation of a cask design based on the initial 
enrichment of the fuel, the resulting cask wi 11 have an increased 
basket price and a decreased transport efficiency. This is because 
the cask basket wi 11 require the enriched boron or an increase of 
the basket thickness in order to increase the neutron absorbing 
performance. 

In order to prevent this disadvantage, an introduction of burnup 
credit can be very effective. But with regard to boiling water 
reactor (BWR) fuels, it is possible to apply the simple method by 
taking into consideration the negative reactivity of gadolinia 
contained in the fuel pellets.With this method the evaluation work 
will be more simplified and easily put into practice through 
elimination of the work to specify the burnup. 

In this report we have established an applicable method for using 
gadolinia credit for the criticality evaluation of spent fuel 
shipping casks. 

JAPANESE BWR FUEL CHARAcrERI STI CS 

An example of the enrichment split design of the Japanese BWR fuel 
assembly is shown in Figure 1. This fuel assembly, with its large 
central water rod, is the newest type in Japa~ Its bundle maximum 
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burnup reaches up to 50 GWD/T. This high-enrichment and high­
burnup fuel is called STEP-ll fuel in Jap~ 

In BWR the inside of a channel box is a boiling region, and the 
outside of the box is a nonboiling region. Therefore, generally 
the enrichment of the peripheral rods adjacent to the nonboiling 
region is low, and contrarily, the enrichment of the inner rods is 
high in order to flatten the power distribution of a bundle. 

Also, fuel rods containing gadolinia, which is a burnable poison, 
are located in an assembly in order to control the excess 
reactivity at the beginning of the life (BOL). 

As a result, the bundle reactivity performance with burnup is 
shown in Figure 2. In the nuclear design of BWR reload fuels, all 
gadolinia in pellets is essentially burned out at the end of the 
cycle (EOC). Therefore, the peak reactivity of the bundles appears 
near the burnup of 10 GWD/T. The maximum reactivity of the BWR 
fuel bundles used in Japan at the present time never exceeds the 
value of 1. 3 Kinf of the bundle in any axial position when it is 
under the cold state in a reactor core 

APPLICATION OF GADOLINIA CREDIT 

In this paper, "Gadolinia Credit" means taking the negative 
reactivity of gadolinia in fuels into account during the 
criticality analysis. In the analysis, the characteristic that the 
bundle Kinf in the core never exceeds 1.3 is utilized A 
hypothetical "model bundle" whose Kinf is 1. 3 under the cold core 
state is specifically used instead of initial enrichment fuels, 
which neglect gadolinia in the criticality analysis model. 

PREPARATION OF THE MODEL BUNDLE 

Though any model bundle is applicable if it has an adequate safety 
margin, it needs to have the considerations shown belo~ 

I The model bundle needs an inclusive safety margin 
varieties of fuel, enrichment distributions, and 
histories. 

for many 
exposed 

I The model bundl e must be able to evaluate criticality 
conservative!~ considering the spectrum difference between the 
model bundle and actual spent fuels containing various nuclides. 
This means that the model bundle must be able to evaluate 
criticality conservatively, considering differences of geometry 
between a reactor core and a casL 
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One method used to make the model bundle established in this study 
is described belo~ 

Concerning the first consideration above, it is not reasonable to 
make one common model bundle for the use of different fuel types 
such as 7X7 fuel and 8X8 fuel because there are considerable 
differences in nuclear characteristics. Also, because fuels used 
in Japan have rather low enrichment before the STEP-n type fuel, 
it is not a problem to load them into the cask which is designed 
to load STEP- n fuels . 

Therefore, the gadolinia credit has been adopted to the STEP-ll 
fuel in this study. It has been confirmed by the fuel lattice cell 
analysis code system used for the BWR core desig~ that the Kinf 
of all STEP- n fuels in Japan is enough below 1. 3 under the cold 
core state. 

This code system generates cross-sections by GAM and THERMOS type 
calculation. and calculates fuel rod power distribution and Keff 
by the two-dimensional multigroup diffusion calculation equivalent 
to the PDQ code, and it is possible to calculate nuclide 
compositions with burn-up. 

The second consideration means that even i f the reactivities of 
the model bundle and actual spent fuel bundles are the same in the 
case of the cold core state, the reactivities of them would be 
different in other states because of the difference of their 
spectra. 

If the actual spent fuel bundle (which has a harder spectrum, 
because of the existing fission products and actinides, compared 
with the model bundle that is made with fresh enriched fuel rods) 
is inserted into a basket channel surrounded by neutron absorbers, 
the reactivity becomes higher than in the case of using the model 
bundle, even if both reactivities ar e the same in the case of the 
co 1 d co r e s t at e. 

Therefore, the model bundle 
criticality evaluation taking 
effect mentioned above. 

must 
into 

have a safety margin in 
consideration the spectrum 

In order to get a conservative Kinf in a basket channe 1 using 
fresh fuel rods, a model bundle having an enrichment distribution 
has been prepared in this study. 

The two types of model bundles, one consisting of uniform 
enrichment and the other consisting of two enrichment splits, are 
shown in Table 1. These enrichment distributions of the model 
bundles have been adjusted by using the core design code system as 
each Kinf of the model bundles becomes just 1. 3 under the cold 
core state. Because the reactivity of Case 1 in Tab! e 1 does not 
become higher, the bundle aver age enrichment has become higher 
than Case 2. This is because in Case 1 the low enrichment rods are 
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located adjacent to the water gap. How do the reactivities change 
when each model bundle is placed in a cask basket ? It is evident 
that in Case 1 when many 1 ow enrichment rods are 1 ocated at the 
peripheral of the bundle, there is a higher reactivity than in 
Case 2. This is because the neutron absorber' s worth in the basket 
channels becomes less in Case 1. It has been confirmed by the core 
design code system that the reactivity of Case 1 is higher than 
Case 2 with a cask basket channel, as shown in Table 2. 

In addition, it has been confirmed by comparing with Case 3 in 
Table 2 that the reactivity of Case 1 is higher than in the case 
of using the actual nuclide composition of the spent fuel which 
shows maximum reactivity among Japanese STEP-ll fuels. This means 
that the conservative setup of the model bundle compensates for 
the disadvantage caused by the difference of the spectra between 
the model bundle and the actual spent fuel bundle mentioned before. 

Here, general codes such as the WIMS can be used to create the 
model bundle instead of the core design code. The reactivities 
calculated by the core design code and the WIMS code are almost 
the same as shown in Table 1. 

ADVANTAGE OF USING GADOLINIA CREDIT 

The maximum bundle average initial enrichment of the Japanese STEP­
n fue 1 is 3. 67%. The comparison of Kef f, with or without using the 
gadolinia credit, is listed in Table 3. These Keff were calculated 
by the KENO code of the NFT-38B cask, which is now being 
constructed for the transportation of the STEP-ll spent fuels to 
the Rokkasho Reprocessing PI ant. The advantage of gado 1 i ni a credit 
was found to be about 5-6% tJC in the effective neutron 
multiplication factor using the cask geometry with the specific 
fuel used in this stud~ 

It is anticipated that the initial enrichment of BWR fuels will 
become higher as the burnup increases in the future. Therefore, 
the amount of gadol inia contained wi 11 be increased in order to 
control the core excess reactivity. As a result, in the future the 
advantage of gadolinia credit will become greater than when using 
the STEP-ll fuels. However, it wi 11 not always be that the maximum 
Kinf of a new fue 1 type wi 11 be be 1 ow 1. 3. AI so, because the new 
fuel type will be different from the present fuel, geometrically, 
it is necessary to prepare a new model bundle with an adequate 
safety margin for the new fuel typ~ 
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CONCLUSION 

An applicable method for using gadolin i a credit for the 
criticality evaluation of spent fuel shipping casks has been 
established with regard to BWR fuels. The advantage of the 
gadolinia credit is less when compared with the burnup credit for 
a cask design. But the gadolinia credit is still much more easily 
used through elimination of the work to specify the burnup. 

ACKNOWLEDGEMENT 

This study was supported by The Tokyo Electric Power Co. ,Inc. , 
Tohoku Electric Power Co. , Inc., Chubu Electric Power Co. , Inc. , 
Hokuriku Electric Power Co., Inc., Chugoku Electric Power Co., Inc., 
and The Japan Atomic Electric Power Co., which has BWR plants in 
Japan. 

REFERENCE 

Cadwell, W. R., PDQ-7 -A Program for The Neutron Diffusion 
Equations in Two Dimensions, USAEC Report WAPD-TM-678(1967) 

Gudek, J. S. and Joanou, G. D. , GAM-1, A Consistant P- 1 Multigroup 
Code for the Calculation of Fast Neutron Spectra and Multigroup 
Constants, GA-1850, 28 (1961) 

Hall sall, M. J., LWR-WIMS, A Computer Code for Light Water Reactor 
Lattice Calculations, AEEW- R 1498 (1982) 

Hitachi , Ltd., Two Dimensional Lattice Cell Analysis Method, 
Licensing Topical Report HLR-005 (1977) [in Japanese] 

Hitachi, Ltd., Two Dimensional Diffusion Calculation Method, 
Licensing Topical Report HLR- 031 (1985) [in Japanese] 

Honeck, H. C., THERMOS, A Thermal i zat ion Transport Theory Code for 
Reactor Lattice Calculations, BNL-5826 (1961) ; Nucl. Sci. Eng. 8, 
193 (1960) 

Oak Ridge National Laboratory, SCALE : A Modular Code System for 
Performing Standardized Computer Analysis for Licensing Evaluation, 

NUREG/ CR-0200 (originally issued July 1980) 

Oguma, 
Energy. 

M. et al., Review of BWR Fuel Performance 
1992. 31, No. 1. Feb., 25-39(1992) 

in Japan, Nucl. 

Wells, A. H., Burnup Credit in Nuclear Criticality Safety Analysis 
: Application to Spent Fuel Storage/ Transport Casks, ISCS (1987) 

1419 



~
------------=--t 

I~ 
I 00000000 v I 0~0000~0 ' Cbwel Box 
I 

I 0000~000 II 

1

1 f3\ f1\ 0 ~ f1\ (3\ 1 Q) Maximum Enrichment 
\.J \J ~ v \.J I Fuel Rod 

1 f3\ f1\ ~ 0 f1\ (3\ I (Max.(.~~ on Step- I) I ~ ~ ~ ~ ~ • f Reload Fuel 

• 000~0000 I® Wi1im Enrichmt 

I 0~0000®0 i F(u~\n~;.dl~on Step-1) 

1

1 00000000 1 Reload Fuel 
-..::::======================:::...11 @ Gad o I i n i a F u e I Rod 

~------------------------J 
Figure l. An example of the enrichment split design 

of the Japanese BWR fuel assembly. 

1.4 Negative Reactivity 
by Gadolinia 

1.3 

._ 
c: 

·- 1.2 ~ 

1. 1 

0 1 0 2 0 3 0 40 
Burnup (GWD/T) 

Figure 2. Bundle reactivity performaace with burnup, 
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Table 1. Examples of Model Bundle 

Kinf under 
Enrichment Distribution Cold Core 

S I a 1 e 

Case 1 2 2 2 2 2 2 2 2 1 : 4. 90% 
2 I 2 2 2 2 2 2 (t.lu iaua Pellet Enrithaent of 
2 2 I I I I 2 2 STEP- II Reload Fue l) 
2 2 I 

WR 
1 2 2 2 : 2. 10% 1. 3 0 1 ~ 2 rr I 2 2 (lloniaua Pellet Enrothaent of (1.300 ~J 11115) 

2 2 1 1 1 I 2 2 STEP- II Reload Fue I) 
2 2 2 2 2 2 I 2 
2 2 2 2 2 2 2 2 Avg:2 .75% 

Case 2 I I 1 I I I I I 
I I I I I I I I 
I I I I I 1 I I 
I I 1 

WR 1 1 1 
1 2. 54% 1 . 3 0 1 'I I rr I I I 

I 1 I I I I I I 
I I 1 I 1 I I I 
I I I I I I I I 

Table 2. Comparison of Kinf in Cask Basket Cell 

Kiof i D 

En richmen t Dist ribu t io n Cask Basket 
Cell 

Case I / Basket channel (Bo ron -S t a in I e s s-St e e I) 

2 2 2 2 2 2 2 2 
2 I 2 2 2 2 2 2 1 4. 90% 
2 2 I I I I 2 2 
2 2 1 

iR 
1 2 2 2 2. I 0% 0.83294 

2 2 T I 2 2 
2 2 I I I I 2 2 Avg 2. 7 5% 
2 2 2 2 2 2 I 2 
2 2 2 2 2 2 2 2 

Case 2 
1 I I I I I 1 I 

1 I 1 1 I 1 1 1 
1 I I 1 I I 1 I 
1 I 1 

WR 
1 I I 

1 2. 54% 0.82791 1 1 1 1 1 1 
1 I 1 I 1 1 1 1 
I I I I I I I I 
I I I 1 I I I I 

Case 3 

FUEL BUNDLE 
WITH 

For STEP- II Fu e I 

ACTUAL at Max im um Rea cti vity 0. 82674 
NUCLIDE 
COMPOSITION Time Period 
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Table 3. Advanta ge of Gadolinia Cred i t 

Kef!± a • Advantage 

Convent ion a I Met hod 0.89892 ± 0.00566 

(Using Bundle Av erage 0 

I n it i a I Enri chment ) (Kef 1+3 a = 0. 91590) 

App li cation of Gado l in i a Cred i t 0.84273 ± 0 . 00564 

5-6%.6K 

(Usi ng Model Bundle) (Kef 1+3 a =0. 85966) 

* The cal culat i onal model is shown below. 

Full Re flec ti on -------------------------------, 

Bor on -Sta inles 
-Steel 
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