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Analyses with MCNP Code of the Criticality Experiment of Pellet-Solutien

Coexisting Low-Enriched Uranium Fuel
Tomoya KOBAYASHI* , Takuya ARAKAWA and Hiroshi OKUNO

Department of. Fuel Cvcle Safety Research
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

(Received November 8, 1994)

Using the continuous energy Monte Carlo code MCNP-4A with a combination of the
evaluated nuclear data file JENDL-3.1, aralyses have been made of the criticality
experimental systems that were described as triangular arrays of 4. 3wt¥ *°®°U-enriched
granium dioxide rods partially immersed in uranyl nitrate solution of the same *°°(
enrichment containing soluble gadelinium. The calculated neutron multiplication factors
have had an average of 0.955. The reason to have such a smaller value than unity has
been estimated to be mainly attributed to incorrect compositions of fuel solution and so
on that were reported. Therefore, the specification of the internatioral benchmark
exercises proposed by OECD/NEA have been accepted for the composition of fuel pellet,
fuel solution, stainless steel and gadolinium, as it has been considered they had
supplied more appropriate values than originally reported after examination of the
composition data, to calculate the neutron multiplication factors, which has resulted

in an average of 0.986, fairly approached uritv.

Keywords: Dissolver, Gadolinium, Pellet, Uranium Dioxide, Uranyl Nitrate, Benchmark,

JENDL-3. §, MCNP-4A, Criticality Safety
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#2. 1 EBREZROCREH
-2 | Ev¥d  BEED| GJdEE | BRTOBEEK | Ry vVHE
% 5 (mm) A (g¢/f) | &% Ho(mm) D (mm)
1 0 373
2 22 .86 451 0.124 552 557.5
3 0.148 §13
4 0.184 744
5 0 309
8 27.94 433 0.074 413 658.0
7 0.099 481
8 0.124 565
9 0 333
10 33.02 421 0.025 388 761.6
il 0.049 460
12 0,074 577
Ry 3 = VOB
R -1 195.8+0.4g/ ¢
jus = 1.254£0.004
Ve iy TR = L IR 1.52 £0.02
%£9.2 MCNPOIFEEH
I = X5 R — H{Hf
1Y D ohd: 78 4000
SRR 240
B4 2 E 40
oMb EF oA HEBE (15050
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DESCRIPTION OF EXPERIMENTAL VESSELS

END THICKNESS (TOP AND BOTTOM] (mm) 9.5
EXPERIMENTAL VESSEL WALL THICKNESS {mm) 0.79
EXPERIMENTAL VESSEL HEIGHT (mm)} {outside) 1067
WATER REFLECTOR o.d. (mm) 1016

DELAYED CRITICAL CONFIGURATION

VENT REFLECTOR 1EVEL
0.79
D
219 mm AR mm
£.35-mm——1 _ .~ FUEL PINS
LEXAN WATER
LATTICE | REFLECTOR |- EXPERIMENTAL
TEMPLATE VESSEL
' ' LRG|
NEUT
15.88-mm AssoRpER e
STAINLESS 4—n | SOLUTION
STEEL =
LATTICE 200 mm {min? WATER
TEMPLATE 3 REFLECTOR
{ON VESSEL
BOTTOM) DUMP VALVE
- AND LINE
2.1 EBEROHER
17.27 mm LIl mm 310 mm
1092 mm oyl £27.2 mm I N
e r' {¥— TYPE 304L STAINLESS STEEL
- END CAP
7.94
mm im 14,40 mm | (CLAD) ff Im 649 mm (FUEL WI}OQGQ :]ima mm
% /
THREADED FUEL REGION SPRING VARIABLE LENGTH TOP SPADE,
TYPE 3041 STAINLESS STEEL 39.12-, 39.67-, OR 50.80-mm LENGTH
END CAP GAS PLENUM
REGION
FUEL TUBE CANNED LENGTH® 134,421 in. } 874, 29 mm
FUEL ROD CORE LENGTH® (3257 in. } 821.2 mm
FUEL PELLET LENGTH 0.61in, + 0.00 1549 mm
CLAD o.d. ' 0, 567 in. § 14 40 mm
CLAD THICKNESS (TYPE 304L STAINLESS STEEL)  10.03Zin.) 0.813 mm
FUEL COLUMN DIAMETER 0,498 in. £ 0.0C1) 12649 mm
U0, PELLET DENSITY (% THEQRETICAL) 9.9+ 0.6
U, STACK DENSITY {% THEORETICAL] 9462 0.4
%) ENRICHMENT OF FUEL, wt% 43
URANIUM IN FUEL ROD ®ig

IMEASURED FROM BOTTOM OF END SPADE TO
BAVERAGE DF 20 MEASUREMENTS.

BOTTOM OF TOP SPADE.

2.2 BAEEROFMN
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OTHESNEJACSI—Fy A7 a2 HVATEERGHEL TH 5. FH12¢
DETRI BT 5 hiE FHEEOEEIIR0.955TH » e SRR XBIREHINT
WEJACSa—Fy 27 a%FOTRDFPEFIEROFIE 5N HATH
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HOHBEEMEVERSH D, TN JACSKXZHEHEREMAETSH S, T,
HEY = AQBENSENE EhHETRERSE,

3.2 OECD/NEAEE~YF<v—7EED#T

R E GBS « B N8 (OECD/NEA) 0ofF#i%EHE4 (CRP)
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MBELNE, $/HEISEAELE, VRV 2o A0BEEREEEALTLIT LD,
RSO EEOYLYE0.986E 7D E5I0.3%AKHML T3, D&
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BEOE S & b/NE L, EERERRISEATLAR0.002L o e S0ITT -
Rt EEREE LD TRE.ICTAT, COKT, CASEIRETHEREREZ ERLE
NY BT w0 EBECERBERCE S TRkDEbO, CASE2RO0ECD/NEA
TRV BEISEE 2 EB L - D O CASESI R 7~ U MOk & U THHE C OTABEL
SOMEAEALE D, CASERE LKA F U =0 A0k & U THHEREC DTABLE 3
DEZFHLEBDOTH %o
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3.1 ERLA— MIESEEFICER LR EEEE (atom/barn/cm)
¥ & v S iR SUS
77 =)l Pird
mE | JRrE Loy b IKIBTE 304L
e381J | 238.0508} 2.2335E-02 4.7377E-04
236 1J | 236.0456 | 5.1947E-06 1.0390E-07
238 1] | 235.0439| 1.0211E-03 2.1601E-05
23477 | 234.0409| 5.2391E-06 -| 1.1084E-07
O 15.9987 | 4.6852E-02 3.4580E-02 3.3360E-02
N 14.0062 1.9065E-03
H 1.0079 5.6674E-02 5.6720E-02
C 12.0111 1.1928E-04
Si 28.0855 1.7003E-03
Mn H4.9380 1.7385E-03
S 32.0633 4.4682E-05
N i 58.7052 8.9482E-03
Cr 51.9959 1.7450E-02
Fe 55.8689 5.7180E-02
BERmE | EF HE hE
14 .31wt% 11.254g/cm® | :7.93g/cm? 10.998g/cn?
U0 E R 75 VIRE
W A :10.5g/cm® :195.8g/ ¢
N WNERE Wi BEH R
:1.2648cm :1.52N
KER
:0.834g/cm?
G d O EFEEFE (aton/barn/cn)
BE | KFE (g 0) | BTEREE| BE(y8) | FTRREE
0.000 0.0000E+00 0.099 3.7913E-07
Gd | 157.2510 0.025 9.5733E-08 0.124 4 .7T487E-07
0.043 1.8765E-07 0.148 5.6678E-07
0.074 2.8339E-07 0.184 7.0464E-07
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#£3.9 NRly b ARRERERY S R EROBSEICHEOMNP-4AZ
DT L frh e TR B RO EEREY LIS O - F VAT LIZE S

HEEEER? L DB

2 | BEEE | vy F | cdBEE | BARKA | P FREROHEM
&5 A¥ (cm) (gGd/1) (em) MCNP-4A JACS
1 0.0 37.3 0.950 0.947
2 451 2.286 0.124 55.2 0,950 0.944

3 0.148 1.2 0.950 0.952
4 0.184 74 .4 0.950 0.958
5 0.0 30.9 0.951 0.947
g 443 2.794 0.074 41.3 0.950 0.939
7 0.099 8.1 0.958 0,954
8 0.124 58.5 0.956 0.948
9 0.0 33.3 0.962 0.958
10 421 3.302 0.025 38.8 0.961 0.955
11 0.049 46.0 0.962 0.959
12 0.074 57.7 0.983 0.959
SERE 0.955 0.951

{EHEREE 0.0056 0.0083

xI i FEERORITEMOEEREZ0.0008EE
x2 i FRELORZRFEEOEERZER.032 50,0040
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ERWEBICREOL 5N/ ¢ OHEERED S B & LIEEOHED

ALy b BERAREREY 5 R R IEREMIN -AZ R W T
fEAT L 7P TR RO B R GERHNIRA ER L 1RG5 &

e | BEE | vy F | GARE | BRKA pid ]
g A (cm) | (gGd/ ¢} (cm) m 1.52N/ ¢
1 010 37.3 0.381 0.350
P4 451 2.286 0.124 55.2 $.975 0.950
3 0.148 §1.2 0.975 0.950
4 0.184 74 .4 0.974 0.950
5 0.0 30.9 0.979 0.951
6 443 2.794 0.074 41.3 0.972 0.950
7 0.093 48.1 0.973 0,956
8 0.124 56.5 0.3974 0.956
3 0.0 33.3 0.984 H.962
10 421 3.302 0.025 38.8 0.981 0.961
11 0.049 46.0 0.380 0.962
12 0.074 57.7 0.978 0.963
SEHE 0.977 f.955
ZHERE 0.0038 0.0056

x] ik PR RO KR EOFEERZEIX0.0008%
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£3 4 RUy b BRBEEBEY 5 REEREBREMON-AAZAWT
i Lo th i TSRO EEEREY (A7 0V AWMOHRE#EC D
TABLE 5 1c Lo & & K3 LT LBEEOHED

e | BEEI Yy F! GHEE | BRKA Z5 v RO MK
®e A (em) | (gGd/ ) (cm) TABLE 5 #3.1
1 0.0 37.3 0.988 0.981

2 451 2.288 0.124 55.2 0.982 0.975

3 0.148 61.2 0.983 0.975

4 0.184 T4 .4 0.981 0.974

5 0.0 30.9 0.985 0.978

B 443 2.794 0.074 i1.3 0.980 0.972

7 0.099 8.1 0.978 0.973

8 0.124 56.5 0.980 0.974

9 0.0 33.3 0.988 0.984
10 421 3.302 0.025 38.8 0.987 0.981
11 0.049 46.0 0.985 0.980
12 0.074 57.17 0.983 06.978
SEME 0.983 0.977

PEREEE 0.0031 0.0038

x] HEFRELEORIEMOEEREZ0.0008REK
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E£3.5 Nl ke BEREEREY S VBREEREBREMNP-AZRWT
R - ohE TSRO TR (F R ) 0 LAOEREZEARCO
TABLE 312 L7284 &3 Lic LizEEan i)
2 | BEEE| o | R | BAKA| AR U =0 s oEBER
B AE (cm) | (gGd/ &) (cm) TABLE 3 3.1
1 0.0 37.3 0.986 0.988
2 451 2,286 0.124 55.2 0.986 0.982
3 0,148 61.2 0.986 0.983
4 0.184 74 .4 0.985 0.981
5 0.0 30.9 0.985 0.985
B 443 2.794 0.074 41.3 0.982 0.980
7 0.099 48.1 0.985 0.978
8 0.124 56.5 0.984 0.980
9 0.0 33.3 0.988 0.988
10 421 3.302| 0.025 38.8 0.989 0.987
11 0.049 46.0 0.987 0.985
12 0.074 57.7 0.989 0.983
SEFE 0.986 0.983
BHERE 0.0020 0.0031

x] TSRO FEEOEERZEL0. 0008
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#£3. 6 EBERERETICHORAT L ARSUSILOIE-FHEMEZD

Pt & BT D s IR IR R O SRR RS

MFEHEE (aton/barn/en] | pHEFRIT | ERpLEFHS
Wy M #F R,
xR | BRRe | BEE~<vF | (2,200n/sf@)
¥y 28Ry < — 2R3
(F3.1) (TABLE 5) [barn] [barn]

C 1.1928X10-4 ¢ ----- 3.4057X10-3 { 1,5059X103
Si 1.7003X10-3{  ----- 1.B117X10-1 | 8.2238X10-2
Mn 1.7385X10-%3 ) ----- 1.3608X10*! | 1.5373X10*!

S 4.4682X10%5| ----- ¢  -==-== | ===
Ni |8.9482X10-% | 6.50935X10"3 4.6525 2.2542
Cr 1.7450X10-2 | 1,65344X10-2 3.16489 1.6740
Fe 5.7180X10-2 | 6.32875X10°2 2.6069 1.4187

#3.7 RRAFVUZY AOERATTRETL
( TBERES NN RT v 71 "Mz b
FAfrtbcig BFHIR  FEhEEs]
152(d 151.3138 0.20
t54Gd 153.9209 2.1
155Gd 154 .,9226 14 .8
156Gd 155,3221 20.6
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INTRODUCTION

The critiqgl experiments involved measucements with lattices composed of
4.3 w/o 77 yU-eariched UO, pellets contained in stainless steel tubes.
The lattice assemblies with centtre—to-centre fuel rod separaticns of

a) 22.86 and b) 27.9%4 cm were immersed in uranyl nitrate solucion of
che same U—enrichments In which had been mixed gadolinium in the form

GA(NO.).. The aim of the experiments was to determine the effect of
gadolinlum as a soluble neutran absorber on the criticality of such a

system.

2. EXPERIMENTAL ASSEMBLY
The experimental system consists of an inner vessel made of Type 306L
stafnless sceel with a 0.79 mm thick wall., The dlameter of this vassel
varied according to the lattice assembly.
The U0, pellets of 4.3 w/o 235U enrichment are contained in 14.4 mm OD
stainless steel tubes with a wall thickness of 0.813 mu (see Figure 1 for
rod details). These rods are loaded into lattice templates that are
mounted in the stainless steel experimental vessel and supported by the
tank bottom.
The experimental vessel is raflected with water on the sides and bottonm
with the height of the water maintained at the top of the experimeatal
vessel. '
A schematic drawiang of the experimental asseably is shoun in Figure 2 and
details of the fuel loading patterns for.22.9 mm and 27.9 mm triangular
pltch experiments are shown in Figure 3.

TABLE 1
Details of Critical Assemblies

OECD | Experiment | Number of Rod Triangulat | Gadolinivm [Critical

Exp. { Ref. No. fdel rods | Diamecer | lattice concentration| Solution

No. (mn) piceh (g/1) height (mm)

13 1 451 12.649 22.86 0.184 746
14 2 433 12.649 27.94 0.124 365
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TABLE 2

Uranyl Nitrate Composition Including Isotepic Composition of
Uranium in Red and Sclucion

0.4 g/1 ) (a)
04 gfce )

Uranium concentraticn = 19

5.8 +
Specific Gravity = [.254 + 0.0

2385w 95.65 + 0.018 w/o
236, . g.022 + 0.002 w/o
2355 w 4.306 + 0.013 w/o
2345 . 9.022 £ 0.002 wlo

(a) Data provided originally by Lloyd et al, included a value for free
acid. It was subsequently decided after careful comparisons of the
supplied data and various sources of chemfcal data including ARH600
vol, 111 C2.1 to ignore the supplied value for free acid and base
the calculations on the uranyl nitrate number densities as showvn in
Table 3, for the purposes of this OECD exercise.

This decision was agreed with Mr, G. E.Whitesidespl Onk Ridge Hatlonal
Laboratory.

TABLE 3

Number Densities (x 102& atoms/cmj) for HUranyl Hitrate Solution

238, 4.7385E~4

238y 1.09914E-7
235 2.16048E~5
234, 1.10855E-7
Oxygen 3.50514E-2
Nictrogen 9.91351E-4
Hydrogen 6.21719E-2

0.184 gfl Cadolinium 155 1.042E-7 ) Experiment 1 (OECD No. 13)
157 l.}06E~7

0.124 g/1 Gadolinfus 155  7.029E~8 ) Experimenc 2 (OECD No. 14)
157 7.456E-8 )

Notes

1) The density of the solutioa was taken to be 1.234 glcc. The
dissolution of gadolinium nitrate wWas assumed to produce no
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significant chanpge in liquor density, thus the gadelinium numbevr
densities were derived from the gadolinium metal concenCration
assuming:

a) atomfc wt Gd = [57.2

b) afo of Gd 155 = 14.8%
c) afo of Gd 157 = 5.7

TABLE &

U(4.3)02 Rods — Number Densities (% 1024 acoms/cm%l

U0, density = 10.38 gfec (1)

2
238” 2.21423E-02
236, 5. 136 11E-06
233y 1.00956E-03
234 5. 18010E-06
Oxygen 4.63244E-02

(1) Density value derived based oa:-
Weight of U = 951g
Rod core length = 82.72 cm

Rod radius = 0.63245 om
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TABLE 5

Balance of structural materials

HMaterial Density w/o Numbefabensicies
g/cc (x 107" atoms/em”)
CLAD Type 304L )
stainless steel )
EXPERIMENTAL VESSEL ) 7.93 Fe 74.0 6.32875E-2
Type J04L steel )] Cr 18.0 1.65344E-2
)
15.88 om thick TEM- ) Ni 8.0 6.50935E-3
PLATE (on vessel )
bottom) )
Type 304L steel )
6.35 we thick LATTICE 1.2 gfec H  7.863 5.63994E-2
TEMPLATE — LEXAN sheet o 17.977 8. 1206E-3
c 74,157 4.46238BE-2
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o ﬂ‘- ET.l nn NNam L1 ma
e L ' I ryPg 309L STAINLESS STERL
— END CAP
Le nmiq\ F(amn !-cum /iilz &9 mey “"“'_l,i fistee
\ . .
THREADED hutl mECICM sramc/ VARTAILEL 1EICTH TOP $P400,
Trre JosL STAINLESS STEEL 1311, 3957, OR L0.50-mm LENGTH
END car €15 PLTsUM
RECIOM
FUEL TUBE CANNED LENGTE™ (34.421 in.) 674.29 om
FUEL ROD CORE LENGTE? (32.57 in.} 827.2 oa
FUEL PELLET LENCTH (0.61 in. %= 0.01) 15.49 o=
CL4D od Eo.sé‘r in.) 14.40 ma
CLAD THICKNESS (TTPE 304L STAINLESS STEEL) 0.032 in.) 0.813 mu
FUEL COLUMN DIAMETER : (0.498 in. = 0.001) 12.649 mu
U0, PELLET DENSITT (5% THEORETICAL) 94.9 £ 0.5
U0, STACK DENSITT (% THEORETICAL) 94.6 £ 0.4
23§U ENRICHIENT OF FUEL wi¥ 4.31
UEANIUM IN FUEL ROD 951g
2 MEASURED FROM BOTTOM OF END SPADE TO BOTTOM OF TOP SPADE.
P AVERAGE OF 20 MEASUREMENTS.
- 235
Fig. 1: Description of 4.3 wt % U-enriched uranium
oxide fuel reds
DESCRIPTION OF EXPERIMFNTAL VESSELS
END THICENESS (TOF AND BOTTOM) (cm) 9.5
EXPERIMENTAL VESSEL WALL THICKNESS (om) 0.79
EXPERIMENTAL VESSEL HEIGHT (m} (outside} 1067
WATER REFLECTOR od (=m) 1016
QCLAYTD CRITICAL CONSICURATICN
VENT RIFALCYOR LXVEL
] 0 __on
"_‘J"'_“L MR "
s38mmead— | |} rure rws
LEXAN WAILR
LATTICE | tUUcioR - EXPERIMENTAL
TEMPLATE VESSEL
B e
1618 mm :‘.L{:.‘l.n:: ® Hc
STAIMLESS --——________.__L SOCI ine
STEEL '——‘
LATTICE :
TEMPLATE 200 ma (mi'n) 'I{.E:?ﬁcma
{oN VESSEL
10TTOMI BUAW VALYE
AND ENC
IHSIDE YESSIL TRIANCITEAN
DiAMETLR, It
] e I ES of
imm Mun!__ FHEL Ar 3%
%57.9 22.9 451
658.0 27.9 433

Fig. 2: Schematic diagram of the experimental assembly
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PLAX VIEW FOR 22. 9-mm P{TCH EXPERIMENTS
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Experimental Plan Views

Fig. 3.



