
WHC-SA--I 379

DE92 002915

Calculation of the
- Fast Flux Test

Facility Fuel Pin
Tests with the
WIMS-E and MCNP
Codes
K. N. Schwinkendorf
W. D. Wittekind
H. Toffer

Date Published

October 1991

To Be Presented at
1992 Topical Meeting on
Advances In Reactor Physics
Charleston, South Carolina
March 8-11, 1992 P

Preparedfor the U.S.Departmentof Energy
AssistantSecretaryfor NuclearEnergy

_ W0_rI_h_Js8 P.O. Box1970Hgn_OIl_Company Richland,Washington99352

HanfordOperaonsandEngineeringContractorfor the
U.S.Departmentof EnergyunderContractDE-ACO6-87RL10930

b

Copyright Llcorme Bya=_umcs ct mi= =_=¢le, me gu_i=hw ,_lVo¢ _ actmc_uloc_e mo U.S. _nt_ttf$ ngl'_ to
_n a none=du,_m, roy_ly4tee li¢_=e in _ to any ¢¢_fnght oo_mg tha= I_l=_r.

n , ,_,_,,,,. ,.,,.,,,,, , ,.,_,,,,, ,,,.,.,... ........................
i_i,._TRI_UTION OF THIS DOCUMENT IS UNLIMITED



WHC-SA-1379-FP

CALCULATIONOF THE FAST FLUX TEST FACILITYFUEL PIN TESTS
WITH THE WIMS-E AND MCNP CODES

K. N. Schwinkendorf
V_.D. Wittekind,H. Toffer
WestinghouseHanfordCompany

ABSTRACT

The Fuel Assemb_j Area (FAA) at the Fast Flux Test Facility site on the
Hanford Site at Richland,Washingtoncurrentlyis being prepared to fabricate
mixed oxide fuel (U, Pu) for the FFTF. Calculationaltool_ are requiredto
perform criticalitysafety analyses for various processlocations and to
establish safe limits for fissilematerial handlingat the FAA. These codes
require validation againstexperimentaldata appropriatefor the compo.sitions
that will be handled. Criticala_ray experimentsperformedby BiermanI
provide such data for mixed oxide fuel in the range Pu/(U+Pu)- 22 wt%, and
with Pu-240 contents equal to 12 wt%. Both the Monte Carlo Neutron Photon
(MCNP)and the Winfrith ImprovedMultigroupScheme (WIMS-E)computer codes
were used to calculatethe neutronmultiplicationfactor for explicitmodels
of the _ariouscritical arrays. The W-CACTUSmodule within the WIMS-E code
system was used to calculatek. for the explicit array configuration,as well
as few-groupcross sectionsthat were then used in a three-dimensional
diffusion theory code for the calculationof kelf for the finite array.

INTRODUCTION

The Fuel Assembly Area (FAA) at the Fast Flux Test Facility (FFTF)site
currentiy is being preparedto fabricatemixed oxide fuel for the FFTF.
Various sources of plutoniumare being considered,includingthe product from
N Reactor. Becausethe Pu-240content is not yet determined,the criticality
analysis requires a parametrictreatmentof this variable. Calculational
tools require validationagainstexperimentalcriticaldata. The Bierman
critical array experiments"_ providethese data for mixed oxide fuel with the
ratio Pu/(U+Pu)= 22 wt%. Two computercodes, the WIMS-E modular code system
and the MCNP (version4.2) code, were used to model these experiments.

DESCRIPTIONOF EXPERIMENTS

The Bierman1'2'9'I°experimentsconsist of mixed-oxide(U,Pu)O2 fuel rods,
stainlesssteel clad, arrangedin square arrays,with 15 cm or more of
reflectionon all sides. _everalsets of experimentswere performed,
includingdifferentmaterialsfor both w,oderatorand reflector. Various
latticepitches were used in the arrays, resultingin different numbersof

. fuel rods being requiredto attain criticality. In the first set of
experiments,which were both water moderatedand reflected,six different
arrays were analyzed. Figures I through 6 illustratethese arrays. Two types
of fuel pins were used in experimentO03R, with compositions(adjustedfor
Pu-241 decay) containedin Table I. The more reactiveType 3.1 pins were used
on the periphery, at a larger lattice pitch. All other arrays used only
Type 3.2 pins. The stack densityof Type 3 1 pins was 9.783 g/cm3, and
9.830 g/cm3 for Type 3.2 pins.
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DESCRIPTIONOF ANALYSIS METHODS A_IDPROCESS

The BritishWIMS-E system3 is a collectionof neutronicsmodules that are used
together to perform calculations. Separatemodules exist for one-dimensional
(ID) integraltransportcalculationsin either cylindricalor slab geometry,
with the user's choice of numericalsolution techniques. Also includedare
two-dimensional(2D) transportmodules,for either (x,y) or (r,B) coordinates.
Additionalmodules exist for detailed self-shieldedresonanceintegral
calculationsin tube-in-tubefuel geometries,collapsingcross sections in
space and energy,merging data files, depletioncalculations,etc.

The BiermanI'2arrays were analyzedby first generatingcross sections
appropriatefor a single fuel pin, then using these cross sections in the
2D transportmodule W-CACTUS. This single fuel pin was surroundedby
moderatorto a cylindricizedcell boundary,equal in area to the square-array
lattice area. The WIMS-E modulesW-THES and W-PIP were used to performthese
calculationsfor each fuel type in 69 energy groups. The W-THES module
calculatescylindricalcollisionprobabilitiesaccordingto the Bonalumi
method4. The W-PIP module calculatesthe flux solution,which then is used to
collapse cross sections for each material to an 18-groupset of cross
sections. These 18-groupdata were then employed in the W-CACTUS module.

The W-CACTUS5 solves the multi-grouptransportequationsin (x,y) geometry
using the "methodof characteristics,"a numerical solutionto the
differentialBoltzmannequation. The user specifiesthe maximum allowable
separationbetween the 2D "track"mesh. Both azimuthal-and polar-angular
integrationsare performednumerically,with user-specifiedangularmesh for
the transportapproximation. Explicitrepresentationof imbeddedcylindrical
"inserts"(in this case, fuel pins with cladding)are allowedwithin the
cartesianmesh.

The W-CACTUS flux iterationuses Chebychevpolynomialsource extrapolation.
This acceleratesconvergence,but numerical instabilitymay occur when there
are strong spatialflux gradients. When modeling a repeatingunit with
relativelyweak spatial flux gradients[i.e., a PressurizedWater Reactor
(PWR) assemblywithin a core], the ChebychPvroutines convergevery rapidly,
usuallyafter 5 to 10 outer iterations. However, when there are large
portionsof the problemwithout fissilematerial, such as a large reflector,
Chebychevextrapolationwill become unstable,usually after 10 to 15
iterations. A solution to this problem is to turn off the Chebychev
extrapolationafter a few iterations.

'_ The BiermanI'2critical experimentswere modeled with five Chebychev(
extrapolations. The balanceof the flux iterationwas performedusing

! nonoverrelaxed"power iteratioh." This approachremoves the Chebychev
i numericalinstability. Unfortunately,long running times result because, in

I some hundreds of outer iterationswere required to tocases_ converge keff
within 10 . Additionally,there are user-definedcriteriaon volume element-

' wise flux and boundary angular flux convergence.

The cross-sectionlibrary used by WIMS-E is the 69-group '1986'WIMS-E
library,created by Winfrith6.
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The W-CACTUS is limited by the choiceof boundaryconditions,either
reflectiveor periodic boundaryconditionsat the outer periphery,but not
zero flux or zero incomingneutroncurrent, lt is not possible to model
rigorouslya neutronicallyisolatedsystem. However, if the reflectoris
"thick enough,"the distance betweenarrays is sufficientfor effective
neutronic isolationto model a single array. Experiment029 was modeled using
the 15.0-cm thicknessas shown in Figure 5, but also with 20.4- and 24.0-cm
reflectorthicknesses. Figure 7 shows that ke_ converged to somewhatlower
values with thickerreflectors, lt was decidedthat 15.0 cm was sufficient
for the purpose of generatingcross sectionsfor 3DN, so the rest of the
critical arrayswere modeledwith 15.0-cmreflectors.

After 2D transportconvergence,cross sectionswere collapsed into two groups,
for both the fuel and reflectorregions. These two-group,two-regioncross
sectionswere then input to 3DN, a 3D diffusiontheory code used extensively
at the HanfordSite7. This code allowedfor modeling the (x,y) layout with
finite axial dimensions. A top and bottom reflectorof 15.0 cm also was
modeled with 3DN. The ke_f produced by 3DN, using two-groupcross sections
obtained from a 2D transportmodel of the actual array, were compared to the
experimentalkelf (whichwas equal to unity).

The MCNP codeB uses random numbersto simulateparticle transportthrough
three-dimensional(3D) geometries. Statisticalestimatesthen are made on

parametersof interest,which may includeke_ and flux at certain desired
volumes. Nuclear cross sectionsare obtaineo from the ENDF/B version
V nucleardata library and are treated in MCNP as continuousfunctionsof
energy. The advantagesof MCNP includethe ability to treat highly
complicated3D geometries and the lack of spatialand energy group averaging.
Disadvantagesincludelong executiontimes to obtain reasonablestatistical
estimateson kef_, especially for large or complicatedgeometries.

RESULTS

Figures8 through 12 show W-CACTUS keffvalues as a functionof iterationfor
all critical arrays. Table 2 contalnsthe WIMS-E/3DNresults. The k, column
refers to the eigenvalueproduced by the W-THES module, which performedthe
initialpincellcalculation The k_ column refers to the value that W-CACTUS
convergedto, which representsthe 2D transportcalculation(finitein (x,y)
but with no axial leakagecorrection). The kel_ column, producedwith 3DN and
using two-groupcross sectionsproducedby WIMS-E, is the final predictionfor
the kel_ of the critical array.

Accuracy is lost when numericalapproximationstreat the energy dependence of
• cross sectionsby using group-averages. For thermal systems, this approach is

usually a very good approximation. However, in harder neutron spectra,the
prediction of system reactivity is more sensitiveto the treatmentof
resonanceabsorption. Fast reactorcalculationsare performed in many more
than two or four groups. The BiermanI'2critical array experimentsrepresent
a wide range of lattice spacings. As the latticespacing is reduced, the
latticebecomesmore under-moderated,requiringadditionalfuel pins to attain
criticality. As a fissile system becomesmore under-moderated,the neutron
spectrum shifts to higher energies (i.e.,the spectrum becomesharder). As a
result,more neutronenergy groups are required to predict accuratelythe
system reactivity. Experiment006 representsthe largest latticespacing
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analyzed, and the fewest number of pins required for criticality. The
W-CACTUS calculationsperformedfor this array (as well as experiments004
and 001) in 18 energy groups producedtwo-groupcross sections that allowed
3DN to calculatea ke_ that was very close to unity (withinjust a few mk of
critical). For the closer-spacedlattices (experiments029, 005, and O03R)
the accuracy began to erode. Experiments006 and 005 also were evaluatedby
performingW-CACTUS transportcalculationsin two and four energy groups. The
same two-groupcross sectionswere then extractedfrom each of these
calculations,and fed into 3DN. For experiment005, both four-groupand
two-groupW-CACTUS calculationsproduced cross sectionsfor 3DN that resulted
in critical predictionsmuch less accuratethan the 18-groupcalculation.
This comparison is shown in Figure 13. For experiment006, the 18-group
approachwas already accurate;the accuracypenalty in going to either four or
two groups was not as severe. This comparisonis shown in Figure 14.

Table 2a contains the 3DN results for both experiments006 and 005, given
cross sectionsthat were produced by W-CACTUS using 18, 4, and 2 energy groups
for the main transportcalculation. Performingtransportcalculationswith
W-CACTUS requires a large amount of disk space. Large "scratch files" are
created by W-CACTUSwhile executionproceeds. These files contain detailed
geometry tracking informationfor the problem. When there are many spatial
mesh, many energy groups, and a high-ordertransportcalculationis required
(azimuthaland polar angles),these parameterswill multiply to produce
enormous scratch files. The one large scratchfile produced by W-CACTUS for
array O03R was in excess of I GB. lt was not practicalto increasethe number
of W-CACTUS energy groups beyond 18 for the larger arrays.

MCNP was used to comparewith WIMS-E models of the BiermanI'2criticality.
tests. MCNP was used with reflectingplanes above and below the BiermanI'2
lattice to simulatethe WIMS-E k, calculationwith 15.0 cm of radial water
reflectoraround the lattice. MCNP was also used with a latticethree feet
high and 15.0 cm of axial water reflectoras well as the 15.0 cm of radial
reflector around the lattice.

These water m(,deratedcritical experimentsalso were computed by MCNP using a
more physical representationof the actual geometry,which includedexplicit
representatio_of upper support structures.

For experiment_06, Figure 15 illustratesthe k_f_produced by MCNP as a
function of neutroh generation. The upper and lower curves representthe
confidence bounds for kef_±2o. Summarizingthe comparisonbetweenWIMS-E/3DN
and MCNP, Table 5 combines the results computedwith the two codes.

=

• Similar water-moderatedcritical experiments,but with concrete reflectors9,
- were analyzed by MCNP using the more physicalrepresentationgeometry.

Results are shown in Table 6.

Similar critical experimentswere performedI°using a liquid organicmoderator
insteadof water. These arrays also were computedby MCNP using a physical
representationof the actualgeometry. Resultsare shown in Table 7.
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CONCLUSIONS

This work illustratesthe applicationof state-of-the-artneutronicscodes to
evaluationof benchmarkcritical experiments. Both stochasticand
deterministicapproacheswere used. Both WIMS-E/3DNand MCNP predictedk°_f=1
to acceptableaccuracy. Executiontimes for WIMS-E and MCNP were comparable
for the calculationsperformed. However, shorteningexecutiontimes for MCNP
would require simulatingfewer neutrons,with the penaltybeing in the
statisticaluncertaintyin the answer. WIMS-E requiredlong running times
becauseof the nonoverrelaxednature of the flux iterations. As currently
implemented,Chebychevpolynomialsource extrapolationbecomes numerical'ly
unstableon some types of problems. Future modificationsto W-CACTUS could
addressthese stabilityproblemsreducing computingtime.

The W-CACTUS,as currentlycoded, does not have the user-optionof specifying
boundaryconditions consistentwith an isolatedarray. The choices are either
reflectiveor periodic. If a single isolatedsystem is to be modeled, there
must be sufficientreflectorthickness for the array to be effectively
isolatedf_'omthe rest of the arrays in the "infinitelattice,"which
reflectiveboundary conditionsimply. In practice,it was found that beyond
15.0 cm, the kelf produced by W-CACTUS did not decrease significantly. All
critical arrays were modeled using a 15.0-cmreflectorthickness,which,
because of symmetry,provides a total distance betweenarrays in the W-CACTUS
model equal to 30.0 cm.

Another source of error that would tend to adjust the WIMS-E/3DNeigenvalue
arises because the axial reflector(15.0 cm of water, top and bottom)was
modeled as a "pure material." The metal structure(springsinside the
cladding,above each fuel pin column,etc.), penetratingthe top reflector,
was not modeled. The inclusionof these refinementswould have resulted in
increasedneutron streamingthroughthe top reflector,as well as increased
neutronabsorption in these regions.
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Table I. IsotopicCompositions(wt%) for BiermanCritical Experiments.

Type 3.1 Pins Type 3.2 Pins Type 3.2 Pins
Isotope ExperimentO03R Experiment029 All other Exps
Pu_ 0.0130 0.0111 0.0111
Pu239 21.0641 17.1251 17.1251
Pu24° 2.8606 2.3150 2.3150
Pu241 O.3124 O.2493 O.2596
Pu242 O.0526 O.0381 O.0381
Am241 0.0841 0.0980 0.0877
U23s 0.4547 0.4853 0.4853
U238 63.5857 67.8638 67.8638
016 11.5728 11.8143 11.8143

Table 2. The WIMS-E/3DNCalculationsof Array Reactivity.

Exp. # # of Pins LP (cm_ k_ (THES) _ZD (CACTUS) k_ff(3DN)
006 162 1.9050 I_472111 1.002421 _.000681
004 205 1.5342 1.530770 1.016204 0.992811
001 279 1.2588 1.531370 1.024201 0.996414
029 580 0.9677 1.465992 1.043800 1.008973
005 605 0.9525 1.461692 1.043902 1.009545
O03R/Type3.2 972 0.7671 1.389339 ......
O03R/Type3.1 65 1.5342 1.545231 1.046685 1.014506

• Note: There were two pin types in experimentO03R, totaling 1,037.

Table 2a. The 3DN ResultsUsinq DifferentW-CACTUS Cross Sections.

Number of qroups Experiment006 Experiment005
18 group W-CACTUS 1.000681 i.009545
4 group W-CACTUS 1.006258 1.037952
2 group W-CACTUS 1.031816 1.053336

6
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Table 3. The MCNP Calculationsof Array Reactivity.

Experiment Lattice Number Infinite Finite
Number Spacinq (cm) of Pins Length Length
O03R 0.7671 1037 1.022760± 0.0017 1.000711± 0.0015
005 0.9525 605 1.022739 ± 0.0017 1.004087 ± 0.0016
029 0.9677 580 1.023269 ± 0.0017 1.000378 ± 0.0016
001 1.2588 279 1.023606± 0.0018 0.997788± 0.0016
004 1.5342 205 1.022559± 0.0016 1.004184± 0.0016
006 1.9050 162 1.024144± 0.0015 1.006262± 0.0015

Table 4. The MCNP Calculationsof Array Reactivity.

Experiment Lattice LatticeWidth Number Physical
Number Spacing (cm) (pins) of Pins Representation
O03R 0.7671 36 1037 0.994129± 0.0016
005 0.9525 28 605 1.003073 ± 0.0017
029 0.9677 "28 580 1.002819± 0.0017
001 1.2588 18 279 1.004571± 0.0018
004 1.5342 18 205 1.004090± 0.0016
006 1.9050 14 162 1.007570 ± 0.0016

Table 5. Comparison of WIMS-E/3DNvs. MCNPfor Critical Arrays.

Experiment W-CACTUS 3DN MCNP, Infinite MCNP, Finite
Number (2D transport) (3D diffusion) Lenqth _ Length
O03R 1.046685• 1.014506 1.022760± 0.0017 1.000711± 0.0015
005 1.043902 1.009545 1.022739± 0.0017 1.004087± 0.0016
029 1.043800 1.008973 1.023269± 0.0017 1.000378± 0.0016
001 1.024201 0.996414 1.023606± 0.0018 0.997788± 0.0016
004 1.016204 0.992811 1.022559± 0.0016 1.004184± 0.0016
006 1.002421 1.000681 1.024144± 0.0015 1.006262± 0.0015

Table 6. The MCNP Calculationsof ConcreteReflectedCritical Experiments.

Experiment Lattice LatticeWidth Number Physical
Number Spacinq (cm) (pins) of Pins Representation

010 0.953 28 554 1.001748± 0.0017
007 1.263 18 260 1.012778± 0.0018
012 1.541 18 191 1.010110± 0.0017
011 1.906 14 152 1.002032± 0.0017

Table 7. The MCNP Calculationsof Liquid OrganicModeratedCritical
. Experiments.

Experiment Lattice LatticeWidth Number Physical
• Number (cm) (pins) of Pins Representation

065 0.761 36 1037 1.001857 ± 0.0017
063 0.968 28 579 1.003641± 0.0017
062 1.242 18 279 1.006359± 0.0017
061 1.537 18 205 1.006766± 0.0019
060 1.935 14 162 1.005103± 0.0015

III
_N
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Figure 1. The WlMS-E Model for Critical Experiment 006.
Lattice Spacing ,, 1.905 eta.
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Figure 2. The WIMS-E Model for Critical Experiment 001.
Lattice Sprucing ,, 1.2588 cre.
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Figure 3. The WlMS-E Model for Critical Experiment 004.
Llttk_e Spsdng - 1.5342 ©in.
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Figure 5. The WIMS-E Model for Critical Experiment 029.
I.sttice 6pieing - 0.9677 ota.
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Figure7. The W-CACTUS k-eft vs. Iteration.
Critical Experlmont 029.
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Figure 12. The WIMS-E Convergence Behsvlor.
Crltlc=lExperiment003R.

Figure 13. The W-CACTUS k-.off vs. lterItlon. Fi_-.;te14. The W-CACTUS k-eft vs. Iteration.
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