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Abotract

Experiments and theoretical studies
are being conducted ~or NASA on critical
emembliefi with one-meter diameter by one-
meter long low-denBlty cores surrounded by
a thick beryllium reflector. These ussem-

.blieo make extensive use or exlrntxcg nu-
clear propulsion reactor component, facll-
Itlea, and Instrumentation. Due to cx-
Ceaaive porsaity in the rerlector, the
initial critical mane wae 19 kg U(93.2).
Addition or a l“t-cm-thick by E19-cm-diameter
beryllium rlux trap in the cavity reduced
the critical maFJa to 7 kg when all the
uranium waa In the xonc just outelde the
flux trap. A mockup alumlnum UF6 container
wan placed Inalde the flux trap and rueled
with uranium-graphite elements. Fission
dlntrlbutione and reactivity worthe or
fuel ancl structural materials were measured.
Finally, an 85,000 cm~ aluminum caniOter
in the central region was rueled with UF~
gas and fiaeion density dlstributiona de-
termined. These results will. be used to
guide the deeign af a prototype plaame
core reac~or which will tent energy removal
by optlcsl radiation.

Introduction

T. S. Latham and collaboratorai at
the United l’echnologies Research Center
(UTRC) have recently auggeated several
attractive application of cavity reactor
syetoms aimed at meeting Suture critical
energy needa. Uranium fuel in gaseoua or
plaama form permits operation ‘.t much
higher temperature than poamible with
conventional eolid rueled nuclear reac-
tom. Higher working i’luid temperatures
In general imply higher thermodynamic
cyole el’ricienciea, which lend to propo8ala
ror advlmced closed-cycle gaa turbine
driven ●lectrical generatora and NHD power
oonvereion aystema ror electricity produc-
tion. Cycle efficlenciea ranging rrom 50
to 65 percent are calculated for theee
oyBteme.

Further, the possibility of energy
extraction in the form of electromsgnetio
radiation allowa cenaiderstion of many
photod.emicalor thermochemical proceaeea
ouch an dieeociatlon OC hyclrogeneoua
materials to produce hydrogen. Lanera M.Sy
be energized either by direct ~iaaion
fragment energy deposition in uranium
hexafluoride (UF6) and laalng gas mixture~
or by optical pumping with thermal or non-
●quilibrium electromagnetic radiation
flowing out ol’ the reactor.

b
Thin work waa aupportcd by the Research
Dlvlalon, Ofrlce of Aeronautics and Space
Technology, Natior~l Aeronautlce and Space
Admlnlmtrntion, NASAContract N9. W-13755.

The Loo Almos Scientific Laboratory
(LASL) haa a modest program to acquire ex-
perlmentnl and theoretical information
needed ror the deeign of a prototype plaama
core reactor which will teat heat renoval
by optical radiation. Experiment are be-
ing conducted on a succeaalon of cri:lca:
aaaemblies with larde low-denalty c~?ea
surrounded by a thick moderating reflectcr.
Static Ba6embliee0 rirat with solid ?uei,
zhen wtth UF6 in containcra, will be fP.l-
lowed by others with flowing UFfi.

Plasma Core Assembly [P A) ~alrnc

In the first quarter of 1974, a Joint
working group formed by :?ASA ~rom LASL and
UTRC personnel prod~ced an mgineerhg feh-
aiblllty design study revealing the Fossl-
billty of conotructinu a large beryl:iun
reflected cavity reactor f’rom exlatin~ r;u-
clear propulsion program materiala ?nd zaz-
trol components.z

tor cs~

Subatantlal quantities of be?y:llun
rerlector parts were stored at Los Alar,-a
.!and the Nevada Reactcr Development 5%E?:?z
art~r the termination Or the nucle~r F?+
pulaion progrnm. 9ery11.ium re~lectcr aa-
ae!nbliea from 11 Rover/::ER’/L ~esctans, ra-
prcaentinR an original coat of appr2xl-
mately $5 million, were tranE!’erreti 70 :Jcs
Alamoa. Also, four additional ber;l::m
reflectcr aaaembliea, Including a se: o?
18 atepplnE motor driven control drm ac?i-

ators, were available at Loa Alamos,

LASL Facilities

The racilltiea or the LASL Critical
Experiments Group include three remtely
controlled critical asaembly laborecoriza,
called Kivan, ●quipped with a variety of
critical aasembly machinea of varyinu cor,-
plexity. A central control building houa-
en control :ooms, of’f’ices, and laboratory
epace. Parts or these facllitiea are
available ”for the initial phaeea o? the
plauma core reactor prodect.

The cavity-type aaaem>lioa will be on
the ‘Mare” criticel aesembly maahine
(Fig.1) located in Kiva 1. This Rachine
wae built early in the Rover progrflm and
waa used for ne!utronlc and care optimiza-
tion atudiea ror the Kiwi, Phaebus, and
Nuclear Furnace reactors. Early berylli-
um-reflected cavity reactor experiments
were alao performed on thie machine. ’,’
Figure 1 showm the f~ara machine with a
Phoebua II refleator inetnlled. The over-
all alze la almilar to that or the planned
C13Vity aaeembliea. Some nf the 1~ cmtrol
drum actuatora ape vioible above the
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reflector. ‘“ ‘“”-

The principal femturea of the P!hra ma-
chine are:

1. A framework that includes a bane
plate ftr Oupportlng the reflector, an upper
platform for mounting the exlathg cmtrol
drum, :md a personnel platform.

2. Provision for removing a fueled
core from the reflector. The core is oup-
ported on the platen of’ a hydraulic cylin-
der, which la centered beneath the reflector
and can be retracted as a safety device.

3. Provision for removing the core
!%m beneath the machine, The lowe=ed cor@
asnembly rests on a cart that may be rolled
out on guide rails from beneath the re-
flector to provide ●amy accesa for altera-
tions to the core.

Reflector DeolRn

me critical assembly reflector design
ma’tes uae of beryllium from best of the
Rover reactor typen. Figure 2 shows re~lec-
tor parts from aeve~al or the Rover reactora
assembled to ~orrn a cross nectlon of the
cylinderlcal reflector wall. FlL3re 3
ldentl~ie~ maJor R;ver b~ryllium components
by locatlo~. The end plugs ol’ Nuciear Fur-
nnct?, Pewee, and Honeycomb rerlector pieces,
shown in Fig. 2 and 3, conaiat of beryllium
that averages 90S of normal density. Graph-
ite flllero, 38-mm thick separate these
from i90-mm-thick NRX and Kiwi S sectors o?
beryllium also at 90$ normal deneity. A
Bucceedlng graphite annulus 44-mm thick Is
followed by a 203-I;!m-thick Phoebus II ao-
aenbly which containa 18 control drums and
ia beryllium at 87.5S normal deneity.

All of the Rover beryllium reflector
component have holes in them required for
coolant flow, tie rod acceos, instrumenta-
tion lead channeia, reflector density ad-
justment, and control drum containment.
Theme lead to l.oas of’ ncutrona by atrenmln~
and renult in increaoed critical =asa if
left unrillad. Calculation indicate a re-
activity 10S8 of about 254 ~or ~ach percent
reduction in the denmity o!’ the Be reflec-
tor.

Figure 4 Bhowa the calculated penalty
for substituting a 50-mm annular zone o?
graphite for berylliun ati a function of
the locaticn of the graphite in the reflec-
tor. In the outer two-thlrda ot’ the re-
flector, high purity graphite 1s a good
nubatitute for beryllium but In or little
help in inner region. The reFlector
enalmsea .. 1.02-m-diam by 1.05..m-hiCh cavity
in which the varioua solid and Eaaeoua ura-
nium fuel cores will be atudlcd.

Experimental Pronram

gore Number 1

A homogeneous uranium distribution in
the cavity, simulated by uoe of’ uranium

metal foils laid on a set of ten equally
mpnced aluminum discs, Fig. 5, had a crlt-
Ical mstr of l!)-kz U(93.2). The reactivity
●wing for the 18 control drums was 6.1$.
Figure 6 gives the control drum calibration
curve. Meawred reactivity worths of care
materiale are uranium 73t/kg, aluminum
-34/kg, and grapt?ite 2.54/kg.

Core Number 2

An early goal for the Plasma Core Ae-
aembly wae to operate with a central zone
of UF6 gaa surrounded by a zone or solid
uranium ~uel. I’o mock up this situation
core number 2 conaiated of urantum metal
f’Gll attached to a 0.94-m-dlam thir?-walled
aluminum cylinder, FIG. 7, centered within
the cavity. A cr.ltical maea eimllar to
that ror core 1 wna Indica;ed by subcrit-
ical comparison.

me critical mesa of about 19 kg is
more than a factor of two higher than cal-
culated for uniformly distributed fuel in
an idealized reflector, indicating under-
r.oderation in Yhe reflector andlor con-
tamlnanta having high thermal neutron ab-
sorption cross sections in the beryllium
and graphite. Nputron leakage through the
large number of small straight coolant
cha:.nels in the beryllium aleo tends to in-
fireaae the critical rnaaa value.

The beryllium specification limited
the Iron content. to lesm than 0.18% by
weight.’ Cne-dinenaional criticality cal-
cula:iona ahowt?d that this amount or iron
would increase the critical maea by about
9s. Two-difienaional criticality calcula-
Lione Indicated that two hundred parta per
❑iilion boron containment in the graphitu
Wmld account f’or the cxceae crltlcal masa
if boron alone were tha cauee. The large
critical maea la believed to be due to a
combination or the effects diecuaaed .
above.

Core Nuflber $
.
The simplest solution to the neutron

undermoderation problem waa to add a zone
of’ Beryllium to the cavity. A suitable
beryllium annulua 0,55-m id. by 0.09-m
o.d. by l.OU-rr! hi~h, FiA’. 8, was formed
from Pewee and Honnycomb parts. Thie
etructure had a mtvan denalty 852 that for
normal berylllum and wae surrounded hy a
0.94-m-diam aluminum cylinder to support
uranium metal foil. The initial critical
maes with all urpnium in the cuter fuel
zone was 6.E14-kg U(93.2).

The reactlvlLy worth of’ the control
drums in influenced by Lhc amount of urn-
nium in the oore. Since core numbc!r 3
with ita added inner beryllium zone eharp-
lY reduced the critical uranium loadinfi,
the oontrol drums were rncallbrated, ueinE

positive period mr?m+urcmcntn. The reac-
tivity BwinK for mu? control drum in 22.4
cents, givinr 4mO”j$Cor the 18 control
drums. Fi~ure 9 E~vctI the calibration
curve for the entire 18 control drume.
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‘i%e conLrol drum wOrth is nuw only two
thirds that for the emptY Chvity config-
uration of COXWJ one ar:d two, but Is non-
oldercd adequate for the planned experl-
mentn.

Table I llstn the reactivity worths of
uranium, aluminum, end carbon for indicated
pomitions in coro nwnher 3.

It nhould be noted that the uranium
worth values of Table I Imply an apprecia-
bly greater fieelon density in the central
aone than in the outer fuel zone. The
additional neutron moderation in the flux
trap reeulte in a central zone uranlm re-
activity worth elx times that foF uranium
in the outer zone. As the I’ioslon denGity
in a highly thcrmalized eyntem variee am
the 8quare root OS the reactivity, UF6 in
the central zone will benefit t’rom a fin-
eion dennity ●nhancement of about 2.4 over
that for uranium in the driver zone.

The e!Yecta of flux trapping by an
additional beryllium zone within a cavity
mur~ounded. by an undermcderati.ng re~lector
was examined uning one-dimensional neutron
traneport calculatlonn cm an equivalent
epherlcal mockup or the ?CA cylindrical
geometry. The calculated fiesion dennlty
In the central zone was 2.3 timen that ~or
the outer or driver ruel zcne.

Core Number 4

Core number h uses the beryllium ~lux
trap or core 3 and urznium-graphite Rover

fuel ●lements in the outer driver zone,”
Fig. 10. The inner experimental zone is
provided with a m>ckup of an aluminum UF6
container to be used in later experinenta.
Low density uranium-graphite fuel eleinefitg
are used In this region to aiuulate UF6
Ioadinga.

Table II gives the lo&dinE specirica-
tlonn for the uranium-graphite f’uel ele-
ments.

Figure 11 ehowa the ava?;~able fuel
element holes in the driver and experimen-
tal zones. Figure 12 mhows core No. Q
~oaitioned to be raised into the PCA re-
fhector.

Katerial Reactivity Evaluations

Reactivltiea for uranium and other
materials were measured in the central ex-
perimental and driver zonen. Result:
agreed with thoee found for core 3.

As seen in Table 1, uranium has a much
higher reactivity worth in the inner zane
than in the outer or tiriver zone, no that
the critical mgee will decrease as uran:un
16 added to the central region or the
core. Figure 13 ahowe the meaaured vari-
ation of critical mama with the fracticn
of fuel in the inner zone.

Pimion Dennlty Meaeurement6

PifJeion density distributlonl! Wepe
determined for two different core lmdings

TABLE T

REACTIVITY WORTiiSOF MATERIALSIN ?CA CORE NO. 3.

Material Material location Wn-th In cents/kE

u On axiB + 3350
u Near ●nd of’ Al eupport + 554

Al On axi~ - 10.9

Al At Al eupport - 3.0

Honeycomb C On ●xio - 1.4

PCA Reflector C On axle - 3.2

1,

TABLE II

Element Locati9n Urmium Density Uranium/Element

Driver aone 400 mg U/cm3 02.8 g

Experimental zone 100 mg U/cm3 20.7 g

. .
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“for the expcr”lmental and driver fuel zones
by beta acannlng U-loaded Al wires Irradi..
ated in the central holes of selected f’uel
●lements. Figure 14 shows the fuel ele-
ment configuration and wire locations.
Figure 15 shows the core mid-plane radial
fiaaion distribution. The flaaion dennlty
riaee slowly from the center outwarda.
The ratio of the central element to driver
element fimmion density valuea la 2.4IY
In good agreement with the value of 2. J
noted in section III-c which waa determined
from uranium reactivity meaaurementa. F2u-
ure 16 gives fiaaion diatributiona t’or two
central fuel zone axial positions.

Core Number 5

UF6 gaa Waa used aa the I’uel for thim
sore in the inner zone using the UTRC dou-
ble walled caciaker and gaa handling aya-
tem. A Be flux trap separated the gaa from
a driver fuel ●lement zone composed of
lightly loaded uranium - graphlta fuel rods
described in the previous sectio~. Figure
17 18 a photograph showing the cmiater
mounted on a ram underneath the reflector
ready for aasembly. Two pie aecticina or
the lower Be end plug have been removed to
-how the flex lines that connect the can-
ieter to the gas hanc!ling eystem In the
foreground.

Figure 18 la
~3~;;y;i;h;rst~l~;ot-handling system.

tle In a aolld at room errperature. This
bottla la immersed in a hu~ water bath and
heated ror one hour at abou; boiling tem-
perature 88°C). This converts the aolld
to a gas i nd by aultable valving, a known
amount of the gaa is trapped In the trans-
far bottle or the same manifold. Verifica-
tion or the amount or gaa in the tranaf’er
bottle la obtained by weighing the bottle
and contunts. The entire gas system and
Canioter are next heated to about 66°C
using heat tapes and hot flowing Pe Rna.
This requires about three hours. The UF
now remaina in the gas phaae l’or critics t
operations.

Recovary of the UF6 la accomplished by
pumping down the canioter and gaa system
through a glass liquid nitrogen (LN) trap.
Material recovery 1s evaluated by weighinE

the glaaa trap nnd contents. Alter com-
pleting the reco~ery cycle, we find very
little remidue in the canister, aa arl’irmed
by running the reactor &t delayed critical.
HoweveF, weighing showed that some UF6 re-
mained in the tranafcr ayat~m. We suspect
that the maJority or this material Is in
the corrugated flex lines llnking the gas
system to the caniater. Table III shows
the results obtained from out two tranafer
operation.

~ Reactivity Evaluation

A lightly loaded Kiwi fuel element
wam placed in tha region between the csfi-
iater and the 6e flux trap in order to re-
evaluate the reactivity worth of’ uranium h
the central region. A value of 2.95
cents/g U waa obtained which tranalatos
to 1.99 cents/g UF . An initial operatlcn-

fal limlt of one do lar for the gae in the
core reatricta the UF6 to a ❑inimum of’ 50
grams.

Three fission density distributions
were measured in tte gee core along paths
aa Indic>ted In Figure 19. U-loaded Al
wlree were placed on th~ central axis acd
on a parallel line dimplaced 10 cm rradi-
ally from this axia. Another wire was on
a diameter at the mid-plane of the core
The wlrea were irradiated for 10 mlnut+A
at a power level of abou~ 70 watt’e nnd
thefl scanned with a beta counter to obtain
the data plotted In Figure 20. we found
similar dlatributiona far the two core
loadings of 12 to 24 grams of UF

t.
?he ~~-

dial traverse, r?ot shown, is f’la to wlttl-
in 0.1S, au expected For such a liE%t ur~-
nium loadin~. An earlier experiment nuted
in section III-cO ueinr 39: drams ox’ ura-
nium in u solid uranium-graphite fuel mock-
cp cf’ the gaa core, had a 3g rise in ~Is-
sion density rrom the center to the core
edge, indicating a alight uranium s~lf
shielding effect. The axjal flasi.m den-
sity !’ails off’ about 6% from the mid-plane
to the core end. This reaultE f%om hoica
in the reflector end walla for plumbing
and thinner beryllium in this region.

cOnCIUditIR Remarks

A beryllium reflected critical

TABLE III

SUMMARYOF DELAYEDCRITIChL

UF6 Clau Reactivity UF6

Transferred Change Recovered
(g) (aenta ) (6)

Run 1 12.0 20 3.6

Run 2 24.6 50 14.9

RUNS ON FCA

uF6 lert UF6 lert

in canistar iil lines
(g) (E)

?.2 6.2

2.5 7.2

4



nsrnembly h.sa been conatructcd which 1s 2.
suitable tor performing tests on ~tatlc

Helmlck H. H., 0. A. Jarvia, J.” S;
Kendall~ and T. S. Latham9: Prellm-

CWidf’lowing UFK cores ~tld ultimately on ad- lnary Study or-Plains Nuclmr Reactor
vanced madcls &lployin& hydrodynamlcal con-
tainment of the UF by n ~lowlnu buffcw gas.
Dividing the care !nto a driver zone con-
tninlng a major fraction of the fuel in
nolld form separated by a neutron flux trap
from a central expmrlmental zone f’or gane-
OUB fuel han several advantages:

1. The tiGelon dennity In the gas
fueled region 16 boosted by a iactor o!’ Z.Jl
over that in the driver zone.

2. An Ideal gam core geometry with
length about three times tne diameter is
●vailable.

3. Inltlal evsluat%on of reactop
●afety problems for the flowing UF6 ru@l-
ed core critical.
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