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POSTANALYSIS OF THE CNPS CRITICAL EXPERIMENTS

by

Ronald G. Palrmr
LCD Alenux National Laboratory

Reactor Doaign ●nd tialyaie Group (N-12)
be Uemoa, m n7545

ABSTMCT

The Compact Nuclear Pow8r Sourco (CNPS) was designed to produce ●lectric
powor for ranoto sit-a whoro fuel logistics ●nd costo would justify a remotely
sited nuclear powor plant. 6inco the raactor was of noval dasign with no
●ppropriate benchmarks ● sorios of crit$cal ●xperimenfs was carried out at
ML.

This paper describes tho methodology ●ad reports tho r9sults cf the
postanalysis that WB8 perfo-d on thm critical ●x~rhnente, which included
soworal distinct critic~l configurations, the nmamuromnt of the isothermal
tunperatura coefficient of rouctivity and various metorial worthe. Comparisons
with meamurementm indicato that currant methods ●nd cross sections sre
adequate for calculating ●t leaat the beginning of lifo conditions in low
●richod 23%-graphito corm.

INTRODUCTION

The Compact Nuclaar Powor Sourco was tho result of ● joint dasign ●ffort
by Los Almos National Laboratory ●nd Atomic Cnorgy of Canada Limited,
Whitcsha:l for tho production of 20KW@ ●t rmoto sites whoro fual logistics

●nd co#t# would justify such daploymant. Originally tho CN?S w~a developed ●s
● possiblo POWC: supply for tho North Warning Syst.m ● replacement for the
Di8tmat Early Wmrning radar &y#tam th~t ●%tonds ●cross Ala#ka, Canada, ●nd
Qroonland near Lho Arctic CLrclo. Tho CNPS damonstrttion plan was to ●umnble
tha coro ●nd roflactor metarials ●t the MNL Critical Facilitioe for zero
powor physice ●~rimento ●nd then ship It to WhStosholl whoro full power
tosta would boqin ●fter connoctins to ●n orgsnic rmkinc cycle. For various
reasons, not ●soociatod with tho technical &spects of tho design, tho program
was totinatad aftar ●ssembly ●t LANL. Howwor, it was rocognixod that the
●ymtem wam ● uniqua ono ●nd thmt the critic~l ●xperinwntm progrem would
~rovid@ 8 very ueoful reactor physics banchmerk 80 At was dacided to complate
tho wperimmntal progrem.

This paper doscribs tha noutronic modeling ●nd methodology that went into
tha postanmlysis of tho CNPS critic@l ●.;porimanta ●nd comparos the r-sulta
with the ●aper~ntal valuac, Det8ils of tho ●xperimental proqram ●ro given in
● oompanion paper in thmao Proooadingsl.

THIE REACTOR DESIGN

A proviouo peper on QJP82 damcribed two ooncoptml doaignm, one with &
thormoalactric oonvortor ●nd oontrol drume in tho rofloctor, ●nd the othor
with ●n orqanio rankino oonvortor ●nd An-ooro oontrol rod8. The latter wao
choson for tho dmon~trhtion reactor, but further moditioationa war. made,much
●s tho replacanont of sirconium - 2,S9 niobium by ●tainloma stool for tho heat
pipo meteriul, when taating of tho former lndioated thbt thoro might be
long-tsm probluno with tho wall lnto~rity. Tho us. of 88 ( ● factor of 10
10SD in reactivity ralativo to Zr) placed oonte further uncertainty on the
ability of tho roaotor to oporato ●t powor for 20 years without refueling,



Tho CNPS coro consists of ● hatcrogonoous ●rrangement of unclad
cylindrical fuel cmacts in ● graphito blocks. Figure 1. •how~ ● 45° sector
of tho 492 fuel c~ct bolos, fl~control rod bolos and th. twolva larger
helos for boat pipas that mako up tho reactor coro. Ths fuel compact ia &de

up of 20Q ●nrichod trho pafiiclas in ● grmphito -trixl th. composition of
tho fuel eom@ct ia given in ?ablo I. Twanty .rtra bolos, having the same
dimtsr ●s tho fuel holas, war. dxillod out in the vicinity of the core
oontar; nomally plugged w~th grmphita, them would b. f~lltid with BeO in the
invent of ● reactivity shortf811. Bacau88 of tha criticality Umitad nature of
@iPS, tho coro was desi~.lod to be at tho pak of tho ~fg =s. C/235U ●tomic

ratio curm and so ●dditional fuml compacts in thas~ 20 ●xtra hol~s would give
ecnqmrativ.ly littlm ramctivity incroaso. A nuukmr of mdarating MO rods
woro ordazad to fill thoso ●xtra holas to provide moro contingency reactivity
if n-dad.

Tho cor~ dinmnaionm ●m 113 an high by 120 cm diemetor. A ●ection view
of tho coro ●nd mfloctors is ahoun in Fig. 2. Tho ●luminum platen is part of
tho critical 888cKWY mechino MARS ●nd ●orvas to raisa tho coro ●nd bottom
rofloetor into position. A 4 8UI gap htwoon the coro and radial rofloctor
provides cloaranco fox such mov~nt but would not ba present in the final
powor reactor . Tho graphita donaity of tho central coro block ia 1.82 g/cci
that for tho outor cora block ●nd tho r~dial rofloctor is 1.80 g/cc. The
danaLtios for tha bottom ●nd uppar rofloctors arc 1.75 g/ccz tho tep rofhctor
A8 ●t 1.75g/cc.

CALCULATIONALEETHODS

Tho noutronic postanalyais wam carriad out using ● v&rioty of codas to
procaaa cross sections ●nd calculato tha reactor charactoristice. A
coqutational flow diagram for the study Aa shown in Fig. 3. 14Ultigxoup
cross sections ●ata woro producod using tho BNDF/B-V library ●nd tha ?JJOY3 ●nd
TRANSX4 processing codas. Tho NJOY cod. produc-s multigroup Dopplor-broadamd
cross sections with Bondaronko-typa ●alf-mhialding corroctiom ●t different
twrporaturam in tho MATXS fomet. TRMSX ie ● utility cods producinu rasults
from thm MTXS data trensport tabloa that ● re conpat:blo with tho discrete-
ordinato (Sn) codos 0NEDA.NT5●nd TUODANT6.

Sixty nino group cro8a ●octiona based en tha Evaluated Nuclear Data
Filo ENDF/B-V formed tho basis of tho discr~to-ordinato Calculations. Forty
thormel groups war. usad with twenty group dpscattaring.

Coil woighttd croes aoctions wero gonoratod for th. TWODANTrnodsls using
TRANSX ●nd ONBDANT in tha moro detailed flnw diagram shown in Fig. 4. For
deeign ●nginaoring reasons the fual- graphite CO1l mrrangamnt ia not constant
ovor tho coro. In tha inner coro it Lo mostly in ● ●qumro pattern, whoroas in
tho outar aoro tho fuel channola ●rg ●ct in ● circular pattorne. Again, tho
C/23SU optimisetion meant that tho Rmff would not M ●anaitive to ●uch

non-unlformitios Novortholoas, ●oparetc eon h~torogonaity calculations uoro
mda for tho inner ●nd outs; ooro rogione for th. dimcrmta-ordinetp &n&ly@ia.

A cylindrical unit OQ1l of tho fuel rod ●nd the ●ouooietod surrounding
~raphito was proparod for tho firet TRMBX inp~t. Tho zadiua of tho graphitu
was baood on proportional &roas of fual ●nd graphita in tho innox ~oro region.
8inea TRAN8X roqulroa ● thr.o sogion sell for its ●elf-shielding computatim
- ●baorbor, clad, ●nd mderator - ● thin ●nnulue Qf graphite ●round the fual
pin wea eaat ●a ● pmoudo-olad. ?ha ●oll-Hanaon-S8ndmoior transport

●pproximation ●n~ bound carbon ●tom tremtmmt ●t low •nor~ioc wore used. Tha
-thode did not ●now tho trsatmant of grain hotorogonaity which had bo,n
pravioumly found to be omal12.



From this flrat TWSX run cam 69 gp raeonancs Salf ehielded cro~s
8octions for ●ach of th~ c*11 c~ononto in the P3 ●cattoring approximation.

Thooo cross ●octions u9ro naxt used in ● ~ANT infinite Cylindar model using
tho ●m CO1l construction but with white boundary condition ●t the outer
r~tiu. of tha grmphite ●nd with an S8 ●ngular rnah ●~rox.inttion. The sp~tl~l

mltigroup fluxes from tho ONZD- calculation -r. then uaod ●s CO1l
weighting fluxaa in ● fin&l TRANSX calculation which producod the 69 group
GO1l ●vortigod m.ecroscopic cross sections. When tho c811 weighted cross

sections war. umod in ● h~onimd arranganm?t Of tho -MT cell the Kaffs

of both wsro found to be identical, thus providinq ● chack of the stages of
tho CO1l weighting procossos.

Th18 procadura was ro~atod for ●ach of tha c.11 typos, fuel, host pipe
snd shim, ●nd mck up control rods, for beth tho inner ●nd outor cors rtgions.
Similar cell calculatAona uero Mda for tho ●xperhnts in which 20 beryllium
exida or polyathylona rd.s ~re ●ubstitutod for graphita rods in tho ●xtra 20
bolos . Th@ resulting sots of macroscopic cross saction~ ~ro combined to form
● maatar cross section 8at for ●ubaoquent M calculations of tha rmactor using
TlmDm .

For ●ituutione whoro two-dimmnmional diacrote-ordinata8 codes have
difficulty modeling tho ●ffect being calculated, 8uch ●s off-center control
rode, H 7 was uaod. WllP is ● general purpoao Hont@ Carlo cod. that can ba
unod for nautron, photon, or couplod neutron-photon txansport, including the
c~pebility to calculato ●igenvhluaa for multiplying aystmm. Tho cod. traats
●n ●rbitr~ry three di..mon#ionalconfi~ration of materiala in goomatric CQ1lS
boundod by first- ●nd 8ocond- d9groo surfmcos ●nd ●om ●pocia? fourth - dagree
●urfacmn. Pointwi80 cro8s-8action data aro uood for LHDF/B-V data, Tho modol

umod for CNPS consistod of ovar 1300 calls and ●host 000 surfac~s.

For the ~ff c~lculationm the 8tantird devi~tion im quotod for the ●rror

in tho tables. For difforancaa in Kaffm the squaro root of the Bum of the

Squares of tho ●tantird dovlation im used. Th@ latter v~lua my k somewhat
consocvativo sinco MCNP USSB ● corr~latod path tochniquo. Tho appropriate
po8tprocos80r for ●stheting tha ● rror xor Raff diffmrancem ie not yet

availabl~ for KNP.

RCSULTS

~ff CalC’J18tion

Although thoro woro m@ny lntermdimta critical configuration, four
principal onss woro chosen for the dotailod CNPS postanslyeis. Details of th.

thaso ● ro givan in Tmbla II which ●lso shows tho calculated ●igonvaluos. Tho
control rod bolos ●ro idsntifiad by cqass directions, N, E, ●tc. Tho
girconium tubs which ~ro ordorod prior to tho heat pi- design chango
oontainad lass than & 1000 ~ !!?

It can b soon frm the tnble that ItU#P only ●lightly undorprodictu Kaff

in ●ll four C8DOS, whoroas this discroto-ordinstga peth ov.rpr.diets by 1 to
2,59. Surprisingly, tho worst TUODAN’T r~sult ifi ths small clan tort which
doos not havo ●ny off-axis control materials, Houevor, aalculmtione with
couqmnsating ● rrors can prtiuoo fortuitous ●gro~nt.



Control Rod Wortha

Tbo ●afety rod in the CNPS critical a8Dmmbly coneistod of ●tack~ of
n~tural ●4C ~llots, -etinod to bat- tho control and saf~ty ●loments for

tho darmnstration romctor, .nClOoOd in ● brass tti. Tlaa worth of this rod was

-asurod in tho clean and tho fully loaded coro. In tbo latter configuration

tho worth of ●nrichod B4C was ●lso massurod. Tho maaeurd ●nd Calculated

-Bulto ● ro shown in Tabla V. Both NCNP ●nd *DANT ovorpradict the rod
worths, but tho stmd.ard ●rror on tho fomnar ●nconqxss.s th- Masured value.

Worth of BaO, Pol~thylono, ●nd Graphito Rodn

For ~st of tho ●xparhnts tho 20 ●xtra holoa naar tho cora cantor w~re
fillad with graphito roda. A ner of r8placamnt ●xparbmntm in these holes
was carried out on tho small claan coro configuration. Th@ calculated ●nd
●qrbOntQl results, in tcrnu of cents/kg ●ro prasontod in Table IV.
Th@ intcroat in BaO •t~ frcm tho possiblo notd for it to ●nhance the
reactivity of tha wnntration unit. ?olyathylana wan of intarost for water
tiraion bccidant during trana~rtation ●cmnarion.

Tha calculated worth of BoO •gr~d roammably wll with ●spari.mant,
81though in tho - casg tha ●tat.imticml wmrimncm im larga (but
conso=ati-) . Tho graphito is undarprod.ictod by both 14CNP ●nd TUODANT, but
●gain tho varianco ia larga in the ?CNP result. BeO inmartion in tho Demo.
unit would not havo gi-n much of ● reactivity boost, but fortunately it would
not have baon naodad. ~or polyathylano, which ham not yot b@on calculated with
TWODANT,tho ~ r@sult8 -ght #uggmmt thtt thm worth incrammaa with rod
dia.mctor, but tho variancoe obacuro tho trend.

T~r8turo Coafficiont

Tho tanqmrature rmngm of tha ●aparimnt, which waa carrimd out in the
fully loadod coro was 17” to 70”C. Although this is -11 balow tho rogaon of
in:eront for 8ccidant ●canariom, thim #inplo ●xper~nt providaa ● useful
chock point for tqraturo coafficiont of reactivity calculations. Two cross
section sots woro gmsratai for -M, on. ●t 300K &nd zhe othar ●t 361K.
Th@*@ war. ●pplied to core mstcrials only, sinca tha tima constant for
transmission of heat frm cor, to radial roflcctor is long ●nd prvioua
calculations showad tho ●ffoct of hasting up tho rofloctors to b small.

Tha calculated valua of tho reactivity change was -1,22 c/°C comparod with ●

maa8urad valuo -0.953 t/Y. Currantly, HCNP lacks tho ●pproprimto cross
●actionm for calculating tho CNPS eaperimnt.

CONCLUSIONS

Ovsrall, tho calculations ●grm rosoonably wall with ~asuro~nts. For tho
four principal eonfigmrativns tho ~ eig~nvaluss ●r. quit. C1OSO to unity.
Tha TW3DM’T valves wam &mwhat higher, but ●till ●tiaffictory, consid.r~w
tha hotoroganoitiam in tho oorb. ?ho KNP -l ig ●~ooptionally datailed ●nd
little i-nprovamant in tha roactlwity worth calculation. can h ●~cted
without invamting in much long-r running tha. Th@ TRAN8X/TWODANT●pproach
n.oda further work to ●valuato th. ●ffects of difforont ooro aoning ●nd CO1l

●pproxi.mttfons on tho results. Ho-vOr, tho current calculati.onal mthodrn ●nd
Crose ●OCCiOnS s.em to ba ●doquato for calculating tho b.ginning of lifa

23%-graphit@ corps.conditions for low ●nriched hotaroganeou8
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Teble I. Description of Fual Compact

XERMEL diameter

Limsity

C/U ratio

O/U ratio

●nrichmnt

506.5 P

10.62 g/CC

0.274

1.631

0.1989 (by weight

COATIWGS C buffer thick.

density

Pyc thick.

density

sic thick.

density

Pyc thick.

MATRIX graphite density

packing fraction

79 B

0.96 g/cc

33 P

1.07 g/cc

35 B

3.21 g/CC

35 IA

0.70 glee

0.399

I



T*1O 11. C.al-latod Eigon*aluas fox Four Critical Configurationsm

I [
CRITICAL CGSUPX~TION

ID I ~L
cnaNNzLs

1

d 184
I

B I 202

I

c I 300

LIJ”

1

o I o

llzr I o

12sS I 21 in N

12ss I13 in W,N,E

SHIM ROD
POSITION 1-

116 cm
I
0.s93

34.6 m I 0.993

70,2 ao I 0.999

50.3 an I 0.993

TWODANT

1.025

l.ole

1.020

1.010

● dhtmtcm b9t*mn bottom of :OXO ●nd lowar tip of ‘od



Tablo III. Worth of Central Control Rod (s)

CWTROL

MhTtmIAL

Nat D4C

Cm B4C ‘

CUANCORC I FULLY LomDED CORE

CALCULATION CALCULATION
Em

~DANT ~DANT

B.2*0.7 8.6 7.6 4.tio.5 4.5 4.3

4.6&0.6 4“9 4.8

● ●nrichod to S2. S4 in 10B isotopo

Tablo IV. Tuanty -Ml. Roplacamont LxporA.mmtS

REACTIVITY WORTH (C!kg) ●

MATERIM
TUODANT E%P.

Boo 15.3*9.9 11.1 13.9

GWliITE 3.3*5.4 5.2 10.7

POLYETHYLENE

1/4 in. dim 182M3 nc 294

3/0 in. d,ikm 286*44 nc 26~
—

● rolativo tn void


