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ABSTRACT

The Compact Nuclear Power Source (CNPS) was designed to produce electric
power for remote sites where fuel logistics and costs would justify a remotely
sited nuclear power plant. Since the reactor was of novel design with no
appropriate benchmarks a series of critical experiments was carried out st
LANL.

This paper describes the methodology and reports the results cf the
postanalysis that was performed on the critical experiments, which included
several distinct critical configurations, the measurement of the iscthermal
temperature coefficient of reuctivity and various material worths. Comparisons
with messurements indicate that current methods and cross sections are
adequate for calculating at least the beginning of life conditions in low
enriched 2350-9:nph1to cores.

INTRODUCTION

The Compact Nuclear Power Source wss the result of a joint design effort
by Los Alamos National Labor«tory and Atomic Energy of Canada Limited,
Whiteshall for the production of 20KWg at remote sites where fuel logistics

and costs would justify such deployment. Originally the CNPS was developed ss
s possible power supply for the North Warning System, a replscement for the
Distant Early Warning radar system that extends across Alaska, Canada, snd
Greenland near (he Arctic Circle. The CNPS demonstration plan was to assemble
the core and reflector materials at the LANL Critical Facilities for zero
pover physics experiments and then ship it to Whiteshell where full power
tests would begin after connecting to an organic rankine cycle. For various
reasons, not associated with the technical uspects of tho design, the progrsm
was terminatad after assembly at LANL. However, it wss recognized thst the
system was a unique one¢e and that the critical experiments program would
jrovide s very useful reactor physics benchmark so it was decided to complste
the experimental program.

This paper describes the neutronic modeling and methodology thst went into
the postanalysis of the CNPS critical e..periments and compares the results
with the experimental values. Details of the experimental program are given in
a companion paper in these Proceedingsl.

THE REACTOR DESIGN

A previous papsr on CNPS2 described two conceptual designs, one with a
thermoelectric converter and control drums 4in the reflector, and the other
with an organic rankine converter and in-core control rods. The lstter wase
chosen for the demonstration resctor, but further modifications were made,such
as the replscement of sirconium - 2.358 niobium by stsinless steel for the hest
pipe materisl, when testing of the former indicated that there might be
long-tarm problems with the wall integrity. The use of B8 ( a fsctor of 10
loss in reactivity relstive to 2r) placed some further uncertainty on the
ability of the reactor to operate at power for 20 yesrs without refueling.



The CNPS core consists of a heterogenecus arrangement of unclad
cylindrical fuel compacts in a graphite blocks. PFigure 1. shows a 45° sector
of the 452 fuel compact holes, five contreol rod holes and the twelve larger
holes for heat pipes that make up the resctor core. The fuel compact is made
up of 208 enriched triso particles in a graphite matrix; the composition of
the fuel compact is given in Table I. Twenty extra holes, having the same
diamster as the fuel holes, were drilled out in the wvicinity of the core
center; normally plugged with graphite, these would be fillud with BeO in the
event of a reactivity shortfall. Because of the criticality limited nsture of
CNPS, the core wes desig.ed to be at the peak of the Kgese Vvs. €/23% atomic

zatio curve and so additional fuel compacts in these 20 extra holes would give
comparatively little reactivity increase. A number of moderating Be0 rods
were ordeced to fill these extra holes to provide more contingency resctivity
if nesded.

The core dimensions are 113 cm high by 120 cm diameter. A section view
of the core and reflectors is shown in Fig. 2. The aluminum platen is psrt of
the critical assembly machine MARS and serves to raise the core and bottom
zeflector into position. A 4 mm gap between the core and radial reflector
provides clearance for such movement bhut would not be present in the final
pover resctor . The graphite density of the central core block is 1.82 g/cc;
thst for the outer core block snd the radial reflector is 1.80 g/cc. The
densities for the bottom and upper reflectors are 1.75 g/cc:; the top reflector
is at 1.75g/cec.

CALCULATIONAL METHODS

The neutronic postanalysis was carried out using a veriety of codes to
proceas cross sections and calculste the reactor chsracteristics. A
computational flow diagram for the study is shown in Fig. 3. Multigzoup
cross soctions sets were produced using the ENDF/B-V library and the NJOYJ and
TRANSX4 processing codes. The NJOY code produces multigroup Doppler-brosdened
cross sections with Bondarenko-type self-shielding corrections at different
temperatures in the MATXS format. TRANSX is a utility cods producing results
from the MATXS data transport tables that are compatible with the diacrete-
ordinate (S,) codes ONEDANTS and TWODANTS.

Sixty nine group cross sections based on the Evaluated Nuclaosr Dsts
file ENDF/B-V formed the basis of the discrete-ordinste calculations. Forty
thermal groups were used with twenty group apscattering.

Cell weighted cross mections were generated for the TWODANT models using
TRANSX and ONEDANT in the more detsiled flow diagram shown in Tiyg. 4. For
design engineering reasons the fuel- graphite cell arrangement is not constent
over the core. In the inner core it is mostly in a square pattern, vheress in
the outer core the fuel channels are set in a circular patterns. Ags.n, the
c/233y optimisstion meant that the Kegg would not be sensitive to such

non-uniformities Nevertheless, separate cell heterogenaity calculations were
made for the inner and outer core regions for the discrete-ordinste snslysis.

A cylindical unit cell of the fuel rod snd the agsociated surrounding
graphite was prepared for the first TRANSX input. The radius of the grsphitw
wvas bssed on proportionsl areas of fuel and graphite in the inner .ore region.
S8ince TRANSX requires a three region cell for its self-phielding computstion
- absorber, clad, and moderator - & thin annulus of graphite around the fuel
pin was cast as a psesudo-clsd. The DBell-Hansen-Sandmeier trsnsport
approximation and bound csrbon atom treatment at low energies were used. The
methods did not allow the treatment of grsin heterogeneity which hai been
previously found to be smalll,



From this first TRANSX run came €9 gp resonance self shielded cross
sections for each of the cell components in the P3 scattering approximation.

These cross sections were next used in s ONEDANT infinite cylinder model using
the sams cell construction but with white boundary conditions at the outer
radius of the graphite and with an §g angular mesh approximation. The spatial

multigroup fluxes from the ONEDANT calculstion were then used as cell
weighting fluxes in s final TRANSX calculation which produced the 69 group
cell averaged macroscopic cross sections. When the cell weighted cross
sections were used in a homogenized arrangement of the ONEDANT cell tre Kefgs

of both were found to be identical, thus providing s check of the stages of
the cell weighting processes.

This procedure wss repeated for each of the cell types, fuel, heat pipe
and shim, and mock up control rods, for both the inner and outer core regions.
Similar cell cslculations were made for the experiments in which 20 beryllium
oxide or polyethylene rods were substituted for graphite rods in the extra 20
holes. The resulting sets of macroscopic cross sections were combined to form
& magter cross section set for subsequent RZ calculaticns of the reactor using
TWODANT .

For situations uwhere two-dimensional discrete-ordinstes codes have
difficulty modeling the eZfect being cslculsted, such ss off-center control
rods, MCNP’ wss used. MNCNP is a general purpose Honte Csrlo code that can be
used for neutron, photon, or coupled neutron-photon transport, including the
capsbility to calculate eigenvalues for multiplying systems. The code treats
sn arbitrary three dimensionsl configurstion of materials in geometric cells
bounded by first~- snd second- degree surfaces snd some specia) fourth - degree
surfsces. Pointwise cross-section data are used for EMDF/B-V data. The model
used for CNPS consisted of over 1300 cells and almcst 800 surfaces.

For the Kgee calculations the standard deviation is quoted for the error
in the tables. For differences in Kgqgges the square root of the sum of the

squares of the stsndard deviation is used. The latter value may be somewhat
conservetive since MCNP uses a correlated psth technique. The sppropriate
postprocessor for estimating the error 1or Kges differences is not yet

avallable for MCNP.

RESULTS

Kere Cslcnulation

Although there were many intermediate criticsl configurations, four
principsl ones were chosen for the detsiled CNPS postanalysis. Detsils of the
these are given in Table II which also shows the cslculated eigenvslues. The
control rod heoles sre identified by compass directions, N, I, etc. The
zirconium tubes which were ordered prior to the hest pipe design chenge
contsined less than a 1000 ppm u°f

It can be seen from the table thst MCNP only slightly underpredicts Keeg

in all four cases, wheress ths discrete-ordinstes path overpredicts by 1 to
2.5V, Surprisingly, the worst TWODANT result is the small clean core which
does not hsve any off-axis control materisls. However, calculations with
compenssting errors csn prsoduce fortuitous agreement.



Contxol Rod Worths

The safety rod in the CNPS critical assembly consisted of stscks of
netursl B C pellets, destined to become the control and safety elements for

the demonstration reactor, enclosed in a brass tube. The worth of this rod was
msasured in the clean and the fully loaded core. In the latter configuration
the worth of enriched B,C was also messured. The measured and calculated

results are shown in Table V. Both MCNP and TWODANT overpredict the rod
worths, but the standard error on the former encompasses the mesasured value.

Worth of BeO, Polyethylene, and Graphite Rods

For most of the experiments the 20 extra holes near the core center were
filled with graphite rods. A number of replacement experiments in these holes
wvas carried out on the small clean core configuration. The calculated and
experimental results, in terms of cents/kg are presentod in Table IV,

The interest in BeO stemmed from the possible need for it to enhance the
resctivity ot the Demonstration unit. Polyethylene wss of interest for water
immersion accident during transportation scensrios.

The calculated worth of BeO agreed reasonably well with experiment,
although in the MCNP case the statistical variance is large (but
conservetive). The graphite is underpredicted by both MCNP snd TWODANT, but
again the variance is lsrge in the MCNP result. MeO insertion in the Demo.
unit would not have given much of s resctivity boost, but fortunately it would
not have been needed. For polyethylene, which has not yet been calculated with
TWODANT, the MCNP results mught suggest thet the worth increases with rod
diameter, but the variances obscure the trend.

Tempersture Coefficient

The temperature range of the experiment, which wss carried out in the
fully loaded core was 17° to 78°C. Although this is well Delow the region of
interest for accident scanarios, this simple experiment provides a useful
check point for temperature coefficient of resctivity cslculstions. Two cross
section sets were genersterd for TWODANT, one at 300K and the other st 361K.
Theae were appliod to cores materisls only, since the time constant for
transmission of heat from core to radisl reflector is long snd prvious
calculstions showed the effect of heating up the refloctors to be small.

The cslculated vslue of the reactivity change wss -1.22 ¢/°C compsred with a
measured vslue -0.753 ¢/°C. Currently, MCNP lacks the appropriate cross
sections for calrulsting the CNPS experiment.

CONCLUSIONS

Overall, the calculstions sgred ressonsbly well with messurements. For the
four principsl configurations the MCN? eigenvslues are quite close to unity.
The TWODANT valves were somewvhst higher, but still sstisfactory, considering
the heterogeneities in the core. The MCNP model is exceptionally detsiled and
little improvement in the reactivity worth cslculations can be expected
without investing in much longer running times. The TRANSX/TWODANT approach
needs further work to evsluste the effects of different core soning snd cell
sppruximations on the results. However, the current calculstional methods and
crose sections seem to be sdequste for cslculsting the beginning of life
conditions for low enriched heterogensous 235U-grcph1to cores,
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Fig. 2. Front View of Graphite Assembly
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Table I. Description of Fuel Compact

KERNEIL

COATINGS

HATRIX

diameter
density
C/U ratio

0/U ratio
enrichment

C buffer thick.

density
PYyC thick.

density
sic thick.

density
PYyC thick.

graphite density
pscking frsction

506.5 M
10.62 g/cc
0.274

1.631
0.1989 (by weight)

79 K
0.96 g/cc
33 H
1.87 g/cc
35 1]
3.21 g/cc
35 K

0.70 g/cec
0.399




Table 1II.

Calcvlated Eigenvalues for Four Critical Configurations.

CRITICAL CONFIGURATION

CALCULATED Kot

£
ID cu:n?tbx.s :::;: B4C PELLETS ::::,:;? MCNP TWODANT
A 184 0 0 116 cm 0.993 1.025
B 202 112 0 3¢.6 o 0.993 1.01e
c 380 125 | 21 4n N 70.2 em 0.999 1.020
D 492 1288 |13 4in w,N,E 58.3 em 0.993 1.010

distance bet*een bottom of :zoxe and lower tip of -od




Table III. Worth of Central Control Rod (9)

CLEAN CORE FULLY LOADED CORE
CONTROL CALCULATION CALCULATION
MATERIAL | MCNP TWODANT e MCNP TWODANT e
Nat B4C 8.2£0.7 8.6 7.6 4.220.3 4.5 4.3
Bnr 3,C " c.6x0.6 | 4.9 4.8

* snriched to 52.5% in 9B isotope

Table IV. Twenty ~Hole Replacement Experiments

REACTIVITY WORTH (¢/kg) "
MATERIAL
MCNP TMODANT EXP.
BeO 15.3%9.9 11.1 13.8%
POLYETHYLENE
1/4 in. diam 18283 nc 294
3/0 in. diam 28644 nc 264

* relative tn void



