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RECENT DEVELOPMENTS IN THE TWODANT SYSTEM
OF CODES FOR CRITICALITY SAFETY

by

D. Kent Parsons
Raymond E. Alcouffe
Duane R. Marr
Forrest W, Brinkley
Los Alamos National Laboratory
Los Alamos, NM 87545

I. INTRODUCTION

The applieation of deterministic, diserete ordinates codes to criticality safety problems
can be a very nseful complement to analyses performed nsing Monte Carlo methods, This
i8 especially so if there is a need for dose or lux maps of the system or if configuration
perturbations are to be studied. In these latter two situations, it is difficult to obtain
reliable Monte Carlo results due to statistical effects. Deterministie calenlations are nlso
useful ay an independent chieck and verifiention of Monte Carlo results.

The TWODANT systewmn of diserete ordinates codes! hins recently been enhanced {or
critienlity safety analysis. In nddition te ONEDANT, TWODANT, and TWOHEX, the
TWODANT system now includes TWODANT/GQ and THREEDANT. These two new
code moditles exprand the applicability of the TWODANT system. These new eapnbilities
will be demonstrnted on a representative suple of nuclear eriticality safoty problems.

First, TWODANT/GQ mnd THREEDANT will be deseribed. Snlient features of each
rade module will he disenssed. Calenlational resulls obtained by ench will be presented
and compared with ench other nnd with Monte Carlo results. Finally, some gnidelines for

the elfeetive use of the TWODANT systenn on eritienlity applieations will he given.

II. TWODANT/GQ

TWODANT/GQ s o generalized  quadrilaternl mesh version of  TWODAN'T,
TWODANT/GQ umy be nsed ineither X Y or R 7 geametry, thangh R Z will be emplayed
exrhively Jere, This Bexible mesh eapability allows, for exaumple, TWODANT/GQ to



model n sphere nearly exactly in R-Z geometry. This capability will be demonstrated
the enleulational resilts.

Even thongh a non-arthogonnl spatial mesh is used in TWODANT/GQ, the well knowu
and very ceffeetive Diffusion Synthictic Aceeleration (DSA)* is used on both the iuner
and outer iterations.  The coding in TWODANT/GQ is adso veetorized except for the
ouc-time ordering of rvells for the transport sweeps.  The spatial differencing used by
TWODANT/GQ can best be deseribed as *diamond-difference-like™ and is well helnved
in the absence of too many distorted wesh cells. Henee, TWODANT/GQ performs nenrly
ax well as TWODANT on most problems.

About the only difficulty encountered with TWODANT/GQ is the geaeration of the
spatial mesli, Because of the large amomnts of information, the geometry input can hecome

teclions. To case this ditticulty, a geaphical user interface, ORION, is being developed

11l. THREEDANT

THREEDANT is a nntural extension of TWODANT to X°Y Z and R-6-Z peometries.
Ouly X-Y-Z THREEDANT w3} be used here. Like TWODANT, THREEDANT uses
dinmond.- differencing, DSA, and dingoual sweep (in each plane) veetorization. TIIREE.
DANT s input file and interface file fornmats are all highly compatible with the rest of the
TWODANT system. This menns, for examiple, that & TWODANT input deck nmy be
very ciwily converted into a TIIREEDANT inpnt deck.

THREEDANT is currently the only 31 detenininistic code which is praetienl for eriti
cality safety enleulntions. TORTY 1 3D detenministic shiclding code, i not eflicient for
criticality heeanse it Incks outer iteration DSA nud dingonal sweep veetarization. TORT
ix further limited by a restrictive geaetrieal input. Carvently, anly reetaugnlnr paralicl
piped shiapes may he inpat into "TORT.

On the ather hand, THREEDANT can now be linked to amesh generation eade,
FRAC IN TUE DBOX.? FRAC aceepts nested region geametry inpnt (ineluding rectangular
purallel pipeds, spheres, spherieal shices, eplinders, canes, wedges, arbiteavy hexahedrons,
and genernl tabular badies) and generates an N Y 20 miesh and praduces o1 binmy inter
face file for THREEDANT. FRAC also antomatically generates The homope nized material
drusities inside of each fine mesh ecll. Material vinsses are preserved,

The only practienl BEmitalion ta FRAC is that ol geometvie bodies must vither be sepa
rate from ench other or completely enclase eaclhi other. At the moment, pantinl overlageof

bodien is not pevmitted,



Sin-e the prohlem geometry is not exactly preserved by this “shiee and diee™ Toanoge
uization method, results will be given to show the acenracy of the procedure, At iasue is
the eifect of the diseretized sirface representation an the solution aceuraey, If the spatial

wesh s Iess than a nentron mean free path, then the surfice is considered well defined.

IV. CALCULATIONAL PROCEDURES

In order to understand the calculational results in the following seetions, some genernl
considerations of discrete ordinates caleulations should be reviewed, Unlike Monte Ciarlo,
discrete ordinates caleulations require a spatial mesh which mmsh be fine enough for ae-
curacy but coarse enough for computational efficiency. Similarly, angular quadenture (i.c.,
the Sy order) must be fine enongh for accuracy but coarse enough for computational ef-
ficieney. Therefore, for cach probleni, resnlts from a representative range of spatinl mesh
configurations and angular quadratures will he presented.

The calenlations presented below are meant to bhe benehmark solutions. Henee, the
pomtwise Hux iteration convergence eriterin was used.  This particnlar eriterin enan he
relaxaed considerably if only the deterministie cigenvalue is desired.

All of the ealenlations cirried out with the TWODANT systein used the LANL 118
isotope 16-group nnsen: Ronch eross section library. Approprinte scleetion of fssile and
fissionable isotopes wis based on the potential seattering of light isotopes per absorber
ntom,  Standard defanlt quadeature sets were nsed for all of the deter.ninistic ealenla
tious. Any problem syrunctries which were present were wtilized to rediee the size of the
caleulations.

All of the ealenlations veported here were earvied ont on o 8 processor 128 Megnword
CRAY YMD. Noune of the ealenlation: were nmltitasked, however, Currently, the CRAY
YMP has a maximnm ficld length of ~800 Mbytes and disk space of ~4h Ghytes, The faet
that the CRAY in 0 vector machine is very important to the TWODANT system of codes.
Determnnistie codes are generally more veetovizalile than Monte Curlo codes, Thus, neh

of the eacention speed of tae TWODANT system is doe to veetorizatin,

V. CALCULATIONAL RESULTS
A, Part | Hare Assewnblies

Arca livnt exmple of the new capabilines: of the TWODANT Gvatem, we have ehpsen b

analyze 2 hare eribwenl iesemblics, The et is the well hanown GODIVA eone and e other



s a evlindrieal assembly with imtenmediate U 235 enrichments. We will demonstrate tha
TWODANT/GQ ciminleed model asphere and that the “shice and diee™ diseretization and
homogenization nsed in THREEDANT can be used to analyze eriticality problems. The
piaticnlar problemn deseriptions used here were taken from a NICNP nentron benehimark
report Y

For GODIVA, two different TWODANT/GQ meshings were used. They are illastrated
in Fig. 1. Results from the GODIVA analyses are given in Table I All deterministie
caleulations reported here were run with a convergence eriteria of 107 or 10~ on the
pointwise Huxes. Quite a few results for different quadratures are given to show that X-
Y-Z THREEDANT is somcwhat less quadrature sensitive than ONE or TWODANT in
curvilinear geometries. This is believed to be related to the fact that the I : e discrete
ardinates formulation is simpler in cartesian than it is in curvilinear geometries. There
8 no angular redistribution in cartesian geometries. The practical result of this is that
low order quadrat-res may generally be used in THREEDANT.

For the bare eylinder prolilems, THREEDANT results are compared to TWODANT i
Table 11 At 10.9% enrichiment, the critieal height was estimated to be 119.4 e, At 14.11%
eurichment, the eritieal height was mensured to bhe 44.24 em. The THREEDANT resilts
are seen to be very consistent with the geametrieally exact results from TWODANT.

1t ix also apparent from Table IT that the LANL 118 isotape Hansen-Roneh eross seetions
are not nppropriate for this problem. Thut the problem is set np correetly was verified by
rernmning this unalysis with another cross section library  the LANL MENDFES Library.
All of the calenlnted cigenvnlnes were then fouud to be ~.99. This is considered “eritienl”

since MIENDES does not acecount. for deinyed nentrons.

3. Part 2 - Reflected Cores

To add geometrie complexite 1o omr aualysis, we mnw tign to velleeted cores. The
problems which we hiawe calected are o gaaphite vefleeted nraninm sphere, s water velleeted
nrnnmn spherve, and auraninin sphere supiorted by plesighss and submerged under water.
Tl dirst two problens weve taken fiom the NMONP ventron benehimark report.” ‘The thivd
prohlem is frow the MONP eritienlity benehmark veport.” 1t is nlro siauple prablem 15 of

the standand 20 test prablem set for KENOX®
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Fig, 1 TWODANT/GQ meshies for GODIVA.L
TABLE 1
GODIVA ANALYSIS

Avig,
Code Mesh Mesh Quivldrature K, rs cpn tune

ONEDANT a0 Jdhan Niw 9979 <O mas
St SN6H < (L
St RN - 01
Sey o037 - 0l

FWODANT/GQ #1AUxn iScin S+ HANRL 0.5 e
i ! 0.7
Sh. NOHN 1.0

/M B RN Sein Su M) 0.3 mne
Sy INES T
\.“. '.'”-h-i .y

FHREEDANT AN TRLNINLN dlem S Nel? I vans
S, N9 10
S 990 th

FIREEDANT NI ENSTI Y i Sy QU0 Hhann.
Se M) Al |
"l 9940 Vo



TABLE 11
BARE CYLINDRICAL REACTOR ANALYSIS

U-235 Avg.
Code Enriclunent mesh Mesh  Quadrature kg cpn i
TWODANT 10.9% 55x125 A8ci Ss 9754 0.4 mins
Sia 9730 0.7
Sis 9749 1.1
THREEDANT® 10.9% 5ox55x125  .48cm Se 9749  39.3 muns
Sg 9747 50.8
TWODANT 14.11% 55x55 A8cm Ss 9764 0.2 mins
Si 9761 0.4
Sye .9760 0.6
THREEDANT* 14.11% 55x55x5D A8cm Se 9755 13.7 miny
Sa 9756  20.8

*107? pointwise convergence

For the graphite reflected uranium sphere, our results are given in Table I Our resules
from the water reflected sphiere are in Table IV and sanple problem 15 results are found
in Table V. A picture of the TWODANT/GQ iuterior region mesh for sianple problem 15
is shown on Fig. 2.

The somewhat greater sensitivity to spatial mesh seen in Tables IV and Vois not sur-
prising. Both of these problems contnin water which has a mean free path of ~.33 e in
group 16 of the Hansen-Roach energy stracture. It is adso known that dinmond differencing
penerally requires a spatinl mesh less than or equal to 1 2 e free paths for acenrncy.
In fact, the smne genernd menn free pnth considerations npply to the “shice and dice™ dis
erctization and homogenization procedure used in FRAC for TIIREEDANT. Therefore, a
spatinl mesh whieh is refined enongh for the dinmond differencing will generally be vefined

cunongh for the “shee mnd diee™ homogenization.



TABLE III

GRAPHITE REFLECTED URANIUM SPHERE ANALYSIS

Code

ONEDANT

THREEDANT
MCNP

WATER-REFLECTED URANIUM SPHERE RESULTS

Ave,.
Mesh Mesh Quadrature kess epu time
180 O7cm Ss 1.0000 < 0.1 mins
S 9983 < 0.1
Sis 9977 < 0.1
50x50x50  .25cm 4 9988 10.7 mins
S¢ .9986 15.8
- .9981+.0010 19.4 mins
TABLE IV

AVE.
Code Mesh Mcesh Quadlrature Kegs cpu tie
ONEDANT 180 A7em Ss 9951 < 0.1 mins
Si2 9932 < 04
Si5 9924 < 0.1
ONEDANT G0 0.50cm Ss 1.0024 < 0.1 mins
Sy 1.0003 < 0.1
Sié 0.9997 < 0.1
THREEDANT*®  50x50x60  0.60cmn Sa 1.0023 20.5 mins
60xGOx70  0.50cm Sq4 1.0003 30
Se 1.0003 58
T0x70x70  0.44cm S4 9989 43
80x80x80  V.38m Sa 9977 o8
MONDP 9956+.0022 123 mins
* 10! poimwise convergenee
TAHLE V

SAMPLE PROBLEM 15 RESULTS

Avyg,
C‘ode Mesh Mesh Quadrature Kesy cpu time
TWODANT/GQ  TIx102 ~2.0Demn Sa 1.0028 I} mins
Sty 1.0019 2.0
St 1.0015 3.8
THLEFEDANT® YOxT0x 100 e Sq 1.00561 76 nmuus
100x 100x 125 Shem S¢ 1.0025 152 mns

MCNP

10 pointwise convergenee

1.O0IG E.0011

S30 1hins
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Fie. 2. Interior mesh for TWODANT/GQ on Sample Problemn 15

As the THREEDANT calenlations begin to be “large” (il the definition of large wonlkd
e machine dependent ), epu-tinie ean be redueed by relaxing the THREEDANT pointwise
nx convergence eriteria frem 1074 to 1071 1o all of the problems v to date, this has

heen fomml 1o speed up the ealenlation significanty and to change k. g by less than 0.0003.



C. Part 3 - Solutions and Arrays

Results from several additional calculations will now be provided to further demonstrate
the capabilities of TWODANT/GQ and THREEDANT. The first problem in this section
is sample problem 21 from the KENO test problemn set.”-8 It is a spherical aluminum
tank r11ostly filled with a solution of highly enriched uranyl fluoride. Results are given on
Table VI.

The next problem is sample problem 20 from the KENO benchmark problem sct.”®
Seven cylinders of uranyl fluoride are arranged in a triangular pitch pattern. Results are

given in Table VIIL.
TABLE VI

SAMPLE PROBLEM 21 RESULTS

Avg.
Code Mesh Mesh  Quadrature kesy cpu time
TWODANT/GQ  50x100 .69¢In Se 1.0041 0.6 mins
Ss 1.0038 0.8
THREEDANT"® 70x70x140 .50cin Se 1.0018 50 mins
Ss 1.0019 94
MCNP : - .9962+.0008 143 inins

* 10~ pointwise convergence
TABLE VII
SAMPLE PROBLEM 20 RESULTS

Avg.
Code Mesh Mesh Quadrature kegs cpu time
THREEDANT®* 57x67x37  .00cimn St 9907 10.1 min
Si 9861 13.2
Sy 9845 17.7
THREEDANT®  80x93x54  .Jdan Sa 9911 26. Linins
S 9804 37.2
Sa 9846 ol.0
MONDP 9960:4+£.0012  35.5 nuns

* 10 ! paintwise convergenee



The final problem is sample problem 18 from the KENO benchmark problem sct.’®
Twenty sceven cylinders of uranyl nitrate solution are arranged in a 3x3x3 array and placed

inside of a 6 inch paraffin reflector box. Results for this problem are given in Table VIII.

TABLE VIII
SAMPLE PROBLEM 18 RESULTS

Avg.

Code Mesh Mesh  Quadrature kesy cpu time
THREEDANT  90x90x90 .78cm Ss 1.0092 181 mins
THREEDANT  100x100x100 .7lcm Ss 1.0096 230 1nins
THREEDANT  110x110x110 .64cm Ss 1.0098 330 mins
THREEDANT  135x135x135 .52cm Sg 1.0095 801 mins
KENO V.a - — —- 1.0084+.0013 40 mins
MCNP* — -- 1.0302+.0012 329 mins

* Lacks a paraffin S(a, 3) treatment.

The THREEDANT results are non-monotonic since the unevenly spaced mesh:pattern
used on the first three calculations was not nsed on the last calculation. The last calculation
was evenly spaced in its spatial mesh.

This last problein has a spatial domain dimension of ~70 cin (after symmetry bonndary
conditions are uscd). This large domain is difficult for THREEDANT because of the very
large munber of wmesh cells required. The fine mesh requiremnent of diamond differencing
and “slice and dice™ homogenization thus limnits THREEDANT to criticality applications
which, after symmetry, are relatively small in spatial domain. A practical limit for our

CRAY-YMD wordd be about250 menn free paths, (125 mesh x 2 mfp per mesh).

D. CPU Tune Comparisons

The epu times gqnoted herein shonld be nnderstood to be approximate in anture. Both
TWODANT/GQ sad THREEDANT ure still evolving ancd ealenlntional speed-ups are
expected. Farthernmope, adl epn time comparisons are highly machioe and ealenlation de

pendent.

10



Just as Monte Carlo calculations can be shortened or lengthened by statistical error
requirements, discrete ordinates calculational times are dependent on spatial meshing and
angular quadrature requirements. It is for this reason that we have presented a spread of
discrete ordinates results for each problem.

The extremely large 135x135x135 calculation performed on Sample Problem 18 should
be considered a demonstration calculation only. It required ~600 Mbytes of the “core”
memory on our CRAY-YMP. The calculation's scratch files required disk space much larger
than that. Therefore, this calculation is very near the limit of our calculational capability
with THREEDANT on our CRAY-YMP. More typical calculations (50-100 mnesh cells in

each dimension) required from ~50 to ~200 Mbytes of core.

VI. SUMMARY AND CONCLUSIONS

It has been shown that TWCDANT/GQ and THREEDANT broaden the ca:pability
of discrete ordinates codes in criticality safety calculations. The rather general gcometric
capabilities of TWODANT/GQ and THREEDANT have heen demnonstrated on a sampling
of benclunark criticality problems. Relatively good agreement with published Monte Carlo
results and critical experiments has bheen seen.

The fine mesh requiremnents for THREEDANT have been seen to limit discrete ordinates
caleilations with respect to the size of the spatial domain. Fortunately, however, X-Y-7Z
THREEDANT caleulations have been shown to be somewhat less ¢uadreature dependent
than curvilinear ONEDANT or TWODANT ceadculations. Furthermore, the defundt point-
wise Hux convergence criteria of 1074 in TWODANT/GQ and THREEDANT umy be

relaxed to 1077 on eriticality applications.
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