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ABSTRACT

A compact, lov power reactor i being
designed to provide electric power for remote,
unattended applications. Because of the high
fuel and maintenance costs for conventional
power gources such a@ dieael generators, a
reactor power supply appears especially at-
tractive for remote and 1inacceesible loca-
tions. ONperatiog at a thermal powver level of
135 kWt, the pover gupply achieves a gross
electrical output of 25 kWe fros an organic
Rankine cycle (ORC) engine. By 4intentional
selection of design features streseing innerent
safety, operation in an unattended mode is pos
6ible with wminimal risk to the environmunt.
Reliability i@ achieved through the use of coa-
ponente repIagenting existing, proven tech=-
nology. Low enrichment uranium particle fucl,
in graphicte core blocks, cooled by hsat pipes
coupled to an ORC couvertsr insures long-:emm,
virtually wmaintenance free, operation of this
reactor for remote applications.

REACTOR POWER SUPPLY CONCEPT

Salient features of the reactor power sup-
ply are its 19.92 low carichment uracium (LEV)
fuel, graphite woderstor aud reflectors, ther-
mal uneucron spectrus, and heat plpe cooling.
Ot the 135 Wit total reactor pover, 10 kWt 1s
lost through the vessel and 129 kWt 1s¢ trans-
ferred via heat pipes to the ORC workiung fluid,
an ghowti schematically in Fig. 1. Waste heat
is rejected tc ambient air by the ORC con-
denaer. The reactor power wsupply provides
23 kWe groms electrical power, of which a net
of 20 ¥We is deliverud to the load. A ‘house-
keeping” Lload of 3 IWe is required for con-
trola, cooling faus, and power couditioniung
equipment. Wicth suffficlent fual for 20 years
of normal operation, the reactol does not re-
quiic rofueling.
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Fig. 1. Reactor and ORC sywsten.

The redctor powar supply han few wmoving
parts and pocmsesses high roliabilicy. The
fission product retention capability of the
fuel at temperaturcs and burnups far in excess
of design conditions, the lurge graphite mass
and relatively low operating temperature, and
the strong negative temperature coefficlent of
raactivity tesult in an inhereantly safe deelgn.
By combining existing. proven reactor and con-
vaerter compounnt techuologies, the oneed for
major developmeut s eliwmiunated, Redundant
heut pipee and dual ORC converter syatemn allow
for fallureas in elther or bLulh componants witk
no reduction in electrical vower cutput.

The present councept of the reactor power
supply with an ORC couverter {is sliown 1in
Fig. 2. Placing the reactor below grade, where
couditions poruit, reduces the shielding rve-
quiremonts. Heat pipes extend abuve the
reactor and into the ORC vaporizera. Overall
dimensions  of  the power wupply ate ).7 =
diamater and 1.3 a4 high.
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Fig. 2. Reactor for remote applicatioms.
REACTOR DESCRIPTION

At the heart of the power supply is the
reactor core, which contains 19.9% LEU iuel in
tne UCO-kernel particle form. This type of
fuel 18 prescntly used im high temperature gas
reactors (HTGRe) in the US and West Germany.
Numerous tests have sghowr cthat the particle
fuel will contain wvirtually all the reactor
fission producis up to temperatures of 140C°C
und burnups of 100 HMWd/kg. In this reactor
very large safety marging exist because the
average core cremperature 1s 570°C and the
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Fig. 3. Fue. elemwent components.

burnup during 20 years of normal operstion is a
relatively low 15 MWd/ky.

RFEACTOR FULL

In the luvw povwer roactor the fuel iu in the
form of epherical particles, wicth 300 1w UCO
fuel keruelu. The kornels are altearnately
coated with porous carbow, pyrolicic carbon,
sillcon carbide, awl pyrolitic carboa to forim
oplierical  pre6aure  vesselsn about 1 me in
diametor, which are called “TRK1S0" partdcleos.
Hhen  cowprosned togsthar with a binder the
porticlan foim fuel 1rod cowpactn 1.3 cm Lo

diameter and & ca lorg, &s shown in Pig. 3.
The TRISO particles and fuel rod coapacts are
quite similar to those curreantly wmanufacturad
for HUGRs in the US.

Shown 1o Fig. 4 is a top, cross sectiomal
view of the reactor. It consiats of a 120 ce
diameter, 110 ca high core composed of 12
graphite blacka. At thes center of each block
is a heat pipe that removes themmel energy from
the core. koles are bored in the blocke for
500 etacks of fuel rod compacts, 3 control

Fig. 4. ORC optimized reactor core-

rods, and 12 hea: pipea. With a graphite to
fuel coampact vclume ratio of 16 to 1, the neu-
tron sepectrus is nearly therwmal. The radial
reflector ie graphite 20 ca thick and tre u&&.i
reflactore are 25 cm thick. A tctal 235U
fnventory at beginning-of-life (BOL) of 13.4 kg
constitutes the t<saile fuel 1inventory {n this
criticalicy limited reactor.

REACTOR PhHYSICS ANALYSIS

Extensive neutrorics calculatfons have been
perf. med on the reactor ueing both multigroup
transport thaory (TWODANT) and Monte Carlo
(MCNP) methods.

Start~up and control of the reactor is pro-
vided by five 1ipn-core control rods of B;C
(natural Loron). Table 1 summarizes the oper-
ational modes of the recactor and the corre-
sponding reactivicties. At BOL the rvoactor s
brouphit from a vety subcricizal etate (a Kofr
laas than 0.9) to & cold critical configurativn
by slowly witidrawiry toe contrul vodes (one at
a time) from the cyra, starting with the outer
four rods. At cold critical, the ceutral rod
wlll be fully fun and the outer rodu will siil)
be partially fu. Witldrawnl of che remaining
outer rodes and parttlal wichdrawal of the coun-
tral rod will bring the reactor themsal power
up te 133 kW, The fncrease iu the tumperaturc
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of the core (from ambient to 570°C) will absorb
about 61 reactivity. The reactivity worth of
the remaining partislly withdrawn central rod
will be about 3,51, which will be used to com-
pensate for the effccts of fuel depletion (1.4Z
in kers) and fission product build~up (2.1X
in keog¢) over the scheduled 20 year 1ife. At
any time, the insertion of any two of the con-
trol rods would be sufficient to reduce the
reactor to a cold subcritical state.

Since the reactor 1a reactivity limited,
rather than power density limited, there 1is
little incentive for powver flattening, which

Table I
Reactor Operational Modes

Reactivity Reserve

Reuctor Core k in Rods
Condition  Temp. eff (AK)
BOL, shutdowm 300C 0.850 0.250
BOL, cold 300Cc 1.000 0.100

eritical

BOL, 135 kW 570C 1.000 0.040
EOL, 135 kw 570C 1.000 0.005
EOL, shutdown 300C 0.82 0.250

wvould increase the fuel javentory and hence the
capital cost of the gystem. The presence of
the central control rod in the core during
vperation depresses the power densities in the
region around the rod (eee Fig. 5), but this is
localized and no difficulties are encountcred
in mafntaining a constamt 135 kW output as the
rod is moved out durlng the 20 year life,
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tion on radial power distribution.

The €/233y atom ratio of about 3000 to 1
producen a uneutron spectrum with a large ther-
mal nautron fraction (about 75%). Adsuvciated
with such a soft spoctrum s a very large noga-
tive temperature coafficfent of reactivity made
up of several componcuts, as shova in Fig. 6.
Of the 6% reductfon in keep between ambient
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Fig. 6. Effect of temperature on Kegg.

and operating temperature, about 4% 15 caused
by the effect of the increase inm graphite tem
perature on gneutron thermalization, another
1.752 produced by the Doppler broadening of
the resonances and the remainder s
caused by an fncrease in the ueutron leakage
from thermal expansion of the core. This large
negative coefficient makes it iwpossible for
the fuel to reach the particle failure tempera-
ture of 1400°C evan during a control malfunc-
tion or other accident.

SAFETY

Thie reactor was deaigned so that a number
of ipherent physical ckaracteristics limit the
keffs the power, and the temperatures inm the
reactor duri:g any conceivable accident scen-
ario, This results 1in an “inherently safe"
systes that requires no operator intervention
to preclude significant risk te the public or
the euvironment.

Reactor esafety studies wore perforued on
accident scenarios that have the greatest risk
potantiul: loes of coolant (LOC) and transient
overpower (TOP) without scram. Each of the
core heat pipes 1s independent of the otuers
and thus provides a degree of redundancy in the
cooling system not found {n other reactors.
Furthermore, the large themmal inertia of the
reactor core provides ample time for evstem
failures to be detected, analyzed, and for cor-
rective weasures to be taken. However, in the
extremely unlikely event that all of the heat
pipes fail and the ecram gyutem falls Lo oper-
ate, the core power self-regulates to balance
the available lheat removal through the vessel
wall, This equilibrium power lovel 1s about
15 kW and the core temperature equilibrates ar
about 600 to 650°C. Thuas, a reactor damagin
LOGC accident {4 not a serious eveut (n this
design.

A slgnificant TOP accident requires the
fnadvertant addition of rearcivity to s degree
which overcomes any Snherent negative reac-
tivizy feedback available at a time when pro-
tective engineering devices are inoperat've,
During the operation of this voactor the oly

Meier, Karl L,



significant reactivity available for insertion
18 the 3.5% Akgfsf held ir reserve in the cen-
tral control rod., A control malfunction that
completely removes the coutrol rods at the
maximus allowable rod drive speed would, 1im the
event of no automatic or wanual intervention,
result ip an equilibrium temperature of about
1000°C. This 1s 400°C below the onset of fail-
ure for the TRISO particles. Because of the
large thermal wmass of the core, this tempera-
ture would be approached vevry slowly following
the control malfunction. Since the heteroge—
neous; arrangement of fuel and moderator in the
core was designed to be the maximum resctivity
configuration, any redistribution of core mate-
rials would also result in a decrease 1in
Keff - In addition to the 1imherent safety
characteristice of the reactor, redundancy was
buflt into the safety and control rod system.
Each of the rods has a rteactivity worth of sev-
eral percent, and all but one of these, the
central rod, will be out of the core during
operation at power. The central rod will be
partially withdrawn at BOL. Insertion of two
rods would reduce the reactor to a cold sub-
critical state,.

In wost themal reactors there {s a special
exce8s reactivity requirement known as xenon
override. The amount of 135xe buila-up 18
dependent on the operating power density of the
syatem. In thi{s reactor the power density is
several orders of magnitude lower than in con-
ventional themal reactor systems and the
bulild-up 15 mnegligible. No override 18 re-
quired and the reactor can be started up at any
time.

SHIELDING

Personnel and sensitive saystem cowmponz=nts
must be protected from the peutron and gamma
radlation produced by the reactor during opera-
tion, and gimma radiation after ehutdown.
Above the reactor core 20 cm of borated graph-
ite and 20 cw of stecel will reduce the amount
of radiation inmcident on the organic working
fluid and the control wmechanisms during normal
operation as well as to maintenance persgonnel
during reactor shutdown. Around the eldes of
the reactor about 180 cam of {lmenite concrete
will reduce radfatfon fluxes to acceptable
levels (2.5 wrem/h), If Jlocal materials are
suitable, a combination of the concrete zeactor
vault and rock/earth could %e a viable ghield
design,

CORE THERMAL AND STRUCTURAL ANALYSIS

The ABAQUS(1) finite element code aunalysis
wad uged to perforw a thermal/etructural analy-
6ie on che reactor. Normal operation with
500°C heat pipes produces an average graphite
temperature of 570°C, with a maxiwmum of %90°C.
With a gap of 0.1 mm betwean thoe heat pipes and
graphite blocks the gap AT i 15°C when filled
with heline gas at 1 atmosphere pressure. The
currant deeign {incorporates core and refleoctor

blocks made of purified reactor grade graph-
ite. At BOL the themmal conductivity of this
extruded graphite 18 170 W/mK with the grain
and 110 W/aK against the grain.(2)

Shown in Table II is a compendium of core
ATe for various operating scenarios, including
that of failed heat pipes, at EUL wvwhen thermal
conductivity 1a st & ainioum. Sufficient
margin exists ia both the reactor and heat
pipes to allow for fallures of ome or two heat
pipes without reduction in electrical output
frow the eystem. Sufficlent design margin 1is
built into the heat plpes to allow those
rtemaining to increase their heat load B0 as to
maintain a constant 125 kWt to the ORC system.

The reactor vessel is filled with helium to
a pressure slightly above 1 atmosphere. Core
ATs and maximum temperatures are thereby
reduced, Atmospheric oxygen 1ingress to the
veasel ie also precluded. Although not detri-
mental on a short time sca e, oxvgen would
react with the graphite over the 20 year life
of the systenm.

Structural analysis of the core has shown
that the maximum tensile stress in the graphite
blocks during normal operatfon {5 approximately
252 of the ultimate tensile stremgth (UTS) of
the graphite. This etress exists at the leat

Table 11
Reactor Temperatures and 4LTs °C

Normal Operat{on

v Graphite average 570

o Graphite maximum 590

o lleat pipes 500

o Heat pipe gap 15
One ¥ajiled Heat Pipe

o Graphite average 580

o Graphite maximum 660

pipe hole where rhe temperatuve gradlent is 4
maximum, When a heat pipe fails, the stress
increases 1in the graphite sgurrounding the
neighboring heat pipes. However, the warimum
stress ie s8till only about 30% of the UTS.
Compressive stresses are quite low throughout
the core.

With an average core neutron fluence of 5 x
1020 peutron/cm? (E > 0.1 Mev) at EOL, no
significant graphite swelling exists.(3) The
average core temperature 1s above the Wigner
cuergy etorage level. The only appreciable
property change that occurs in the reactor
materials is the two-fold reduction {n graphlite
thermal couductivity.(4) Decause the average
core power is an extremely low 0.1 W/cwmd, che
reduction in thermal conductivity is unot detri-
mental to reactor operation.

Decay heat removal 18 not a problem in this
reactor. After shutdown the decay heat rapidly
decrecases to less than 2 kWt and the reactov
tewperature drops to about 150°C, Eesentially
all of thiw heat s traneferred through the
vessel walls to the veasel cooling alr because

Meiler, Karl L.



the heat pipeé cease to function at this low
teaperature. One of the safety fearures of the
design 18 that in the event of a reactor shut-
down, no active decay heat removal aystem 1is
required to maintain the reactor in a safe
shutdown condition; natural counvection of
veagsel cooling air is sufficient.

HEAT PIPES

Reactor heat is removed from the core by 12
heat pipes 6.1 mm o.d. x 5.7 mm 1.d. x 2.5 m
long, which transfer the heat to the ORC con-
verter working fluid., Heat pipes are passive,
isothermal devices that contain mno woving
parts. Compared to circulating, pumped liquid
or gaseous reactor cooling systems the heat
pipes are highly reliable. The reactor heat is
removed from the core by evaporating the potas-
8ium working 1luid from the ioterior wallg of
the evaporator section of the heat pipe. With
ite latent heat, the vapor flows to the con-
denser region of the heat pipe where the vapor
condenses and the heat flows to the ORC vapor-
izers that encircle each heat pipe. The 1liquid
potassium flows back to the 2vaporator reglion
in the core over a knurled wall wickiong satruc-
ture, with an sssist from gravity.

Because of its low ncutron atsorption cruss
section, zirconlum was chosen as the heat pipe
vall material. The extent of alloying of the
zirconium 1s s8till under investigation, but
molybdenum, iron, tin, or niobium may be pres-
ent in spall awmounts 4in the heat pipe wall
material.

Extengive heat pipe fabrication and testing
has been performed successfully in the tem
perature range of ianterest. Although no spe-
cific data on zirconlum/potassium heat pipes
has been found, extensive data exists for
similar metal wall materials and alkali{ metal
working fluids. Nickel/potassium heat pipes
have bYeea successfully tented without failure
for over 40,000 h(5) and Nb-1Zr/potassium heat
pipes for 16,000 h. Successful operation of
stainlegs stoel heat pipes with bcth potassium
and sodium workipog fluide 4in reactor environ-
wents has been achlieved.(6) Corrosion tests
have shown that zirconlum/potassium heat pipes
should be capable of reliable long-term opera-
tion In thie reactor.(?) As shown in Fig. 2,
the core blocku are elzed and the heat pipes
are aituated 80 ag to provide equal heat flow
to each heat pipe, about 10.4 kWt. The maxi-
mum power that can be transferred at 500°C Lw
18.4 kWt as dieplayed 1in Fig. 7, Entrainment
of the liquid by che vapor 1s the llmiting
physical plenomenon in this type of heat pipe.
A larpe margin betwesn the theoretical en-
trainment 1limit and the operating polut 1w
providad to accowodate a 33X power over-load
caused by a falled heat pipe. Margin aiso
cxistdy to account for differences between the
theoretical entraiument liwit and the actual
oporattag power limit., The radial heat flux in
the evaporator is 5.3 W/em?, which Ls far
below exparimontal llwits,
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Fig. 7. Heat pipe entrainment limit
powel va tempe rature.

ORGANIC RANKINE CYCLE COANVERTER

The low power reactor produces a 25 kWe of
electrical power by couverting 125 kWt of
reactor heat inmto electricity in an ORC. The
ORC system is quite simple, and consists of
five main parts: the vaporizer, turbine, con-
denser, pump, and alternator. A regenerator
can be addad to increase gystem efficiency to
greater than 20%.

Many ORC systems have been designed, fabrl-
cated, and succesefully operated over a wide
range of powers and temperatures.{B8) Rella-
bility of the ORC 1s of paramount importance.
Also important, however, 18 the reduction of
power nRupply slize, welght, and cost that can be
provided by an ORC of high efficlency. A
superciitical toluene working fluid ORC appears
to best meet these important objectives. The
reactor heat is transferred through heat pipes
to the 12 vaporlzers, where the toluene 18
heated to ~370°C, A single-stage turblne ex-
tracte energy from the toluene to rotate the
alternator and pump that are mounted oun a com-
mon shaft with the turbipe. The toliene flows
through the regenerato. to the condenser where
it 18 cooled to 50-70°C, The pump pressurizes
the toluene to about 5 MPa (700 psi) and re-
turnd it through tlie regeunerator to the vapor-
izers. Control of the turbine-alternator-pump
wnit can be watintained with & flow or presasure
coutrol valve.

Because of the high working €luld tempera-
ture, an ORC efficlency in the range of 20-23%
can be achioved., Crowy electrical output 1s 2%
We and net to the load 48 20 kWe. Siwmilar
tolucue ORC engines have baoun bullt und trested
by Bnrber Nicholn Engilucering nud Sundstrand.(9)

Medor, Kt I,
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Waste heat 1s vejected to the atmogphere by the
condenser. Dual fans provide syastem redundancy
to transfer 100 kWt to atmospheric air. Al-
chough the faneé could be eliminated in favor of
a natural convection condenser, an increase in
system pize and weight would be incurred.

REACTOR MECHANICAL DESIGN

The reactor 1is hermetically sealed in a
1l ecm thick stainless steel vessel that serves
to prevent air ingresa, He egress, and inadver-
tent damage to the reactor duriag shipment.
The reactor 1s pressurized with He alightly
above atwospheric pressure. Between the vessel
and reflector 1a a 5 cm thick layer of cellular
insulation that reduces reactor heat loss to
about 10 kw. The heat pipe vaporizer and con-
trol rcd portion of the power supply is atruc-
turally supported in a relatively thin cylin-
drical shell that provides support, and protec~
tion during trangsportation. Table III contains
germane sizes and weighta.

Although the heat pipes have proved ex-
tremely reliable in numerous wmultiyear tests,
provieion was made for their replacement
through the use of flanges on the heat pipes
and mating reseal devices oun the vessel head.
Replacement of actuators, fans, or He supply,
although not anticipated, 1s quickly and easily
performed. The redundancy of the aforemen-
tloned components allows for failures without
the need for immediate or complicated mainten-
ance.

Table 111

Size and Welghts

Size Weights

Reactor (cm) (kg)

Core 120 o.d. 2200

Reflector 160 o.d. 3400

Vesgel 172 o.d, 1400
Shield (Internal) 700
Heat Pipes

Diaweter 6.1 100

Length 250
ORC

Vaporizer 600

ORC gystem 500
Structure Rod Driveg and Auxiliaries 700
Total Iower Supply 172 o.d. 9700

350 high

CONCLUSION

Through 4iuncvative design choices and the
uee of proven tachnology, a reliable, inher—
eutly ovafe reactor power supply has been
danigned. Incorporation of an efficfent ORC
converter has reduced wire, weight, and cost

from previous, similar, reactor power supply
deaigns,(10) while retaining desirad safety and
reliability characteristicsa. In remote areas
where fuel and maintenance costs are high, such
a reactor power supply can achieve life cycle
coat reductions from those of diesel genarators.
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