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ABSTRACT

Compact, high~performance cuclear reaoctor de-
signs based on High-Temperature Gas Peactors
{HTGRe) particulate fuel are investigated. The
large surface area available with the small diame-
ter {~500 microne) particulate fuel allows very
high power densities (MW's/liter), small tempera-
ture differences batween fuel and coolant {~10
K), high coolant outlet temperatures (1500 to 3000
K, depending on desaign). and fast reactor startup
{~2 to 3 seccnds). Two reactor concepts are de-
veloped - the Fixed Bed Reactor (FBR), where the
fuel particles are packed into @ thin anoular bded
between two porous cylindrical drums, and the Ro-
tating Bed Reactor {RBR), where the fuel particles
are held iuside a cold rotating (typically ~500
rpm) poross cylindrical drum. The FBR can cperate
sceady-state in the clogsed-cycle He-cooled mode or
in the open-cycle Hz-cooled mode. The RBR will
operate cnly in the open=-cycle Hz-cooled mode.

INTRODUCTION

Future activity in space will requirs major
advences In power and propulsion. High-performance
space rezctor systems ars being investigated at
Brookhaven National Laboratory (BNL) based on the
small diameter particulate fuel developed for ETGRs

At higher power levels, outputs of tens to
hundreds of MW would power pulsed erergy devices or
provide direct thrust for orbit raising. These
will probably be cpen-cycle reactors with high-
temperature H2 ccolant =znd short operating life-
times {(minutes to hours). Heat will be rejected by
exhausting coolant to space. Open—cycle chemical
systems (Hz/Oz with turbines or MHD) are another
option. In comparing these two competing technolo-
gies one must be mindful that chemical systems
storz most of their cryogens at higher texperatures
and appaiesntly offer less complexiry while requir-
ing up to three to four timeg the mass of stored
cryogens required for a similar nuclear pregram.

Reactors can generate intermerdiale powers fur
electric thrusters or advanced snergy systems in a
relatively long-term, closed-cycle mode. At the
renuired power levels, light-weight radiators will
be pecessary. An attractive light-welght Liquid
Droplet Radiator (LDR) has been proposed.(l) 1n
this concept, reject heot radiates from a sheet of
gsmall diameter liquid drops {(e.g., 100 micron lith-
ium drops). The sheet is sprayed from a set of
nozzles toward a collector. Collected liquid is
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reheaoted and recycled to the opray generctor. The
LDR han the potential to be lighter and nore oiow—
able then conventionml fin ond tube or heat pilpe
rzdiators. If it con bo develcped, heaot tejecticn
up to tens of MW ooy be practilcal.

The carpact reactor ccocepts under develegcent
at BNL may be uced from the low power {hundrido of
kW) to bigh power (hundreds of ¥W) ecds of the
spectrux, in either cpen- or clcsed-cycle mode. The
high-power density and high-temperarure capability
of particulate Fuel results iz high-perfcrmence
Systems.

PARTICULATEZ TUEZLED REACTOR CCRCEPTS

DNL compact reasctor ccncepts are baced c¢n
czall diameter (“500 u) perticulate fuel thet hes
been developed and uged In high-temperaturc, goo-
cocled reactors in the US ard abroed (e.g., the US-
HTGR, German-HTR, ete.).

Particulate fuel hee been cheoen as it appears
to be especially well suited to the requirements of
space resctors: the fuel technolegy 15 well char-
acterized; cperaticn at fuel temperatures up to
1500 X hes been derxcnstrated; coperaticn in helium,
cloged cycle, to over 2000 K and 4n hvdrogen, cpen
cycle, to nearly 2C00 X 1g projected; very high
pcwer densities (up to 10 MiWth/1l) are ccnsidered to
be feasible for particle beds; fuel to coolant ten-
perature differences on the corder of 10 R are pre-
dicted; small particles are highly resgsimtant o
thermsl shoch, allowing fast starts zod stcps; and
excellent fissicn product retentilon and very high
burnup have been demcnstrated in a reacter caviren-
ment at 1500 K.

Figure 1 shows the BISO and TRISO fuel parti-
2les developed by General Atomics for the HTGR.(2)
3IS0 perticles heve u coating of pyrographite over
a kernel of fissile or fertile meterial ard are
suitable for low burnups, where the internal ;res-
sure of geseous fission products is cmall. ({Gas-
eocus figsion products are held in the izner pcrous,
low-density layer.,) 3ISO ThOz particles zre 3§ed
in the HIGR funr in situ breedirg cf fissile U

TRISO particles have 3 multi-layered structure
and achieve high duraups (>50%) at high internal
pressures of gascoggsfissionzggoducts. They hzve a
figsile kernel of U0z or UCz {(cr mized cxy=
carbides), with a porous low-dezpity pyrocarbcn
layer. The SiC layer mechanically centains high
internal figsion gas pressures.
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Commercielly available HTGR fuel, cr particu-
late fuel with a greater hesvy metal loading, is
guitabie for the ciosed-:ycle reactors considered
in this study. Open-cycle reactors will require a
nodified coating (eg., ZrC instead of pyrograsphite)
in order to prevent attack by Hz conlant.

The small diameter of the fuel particulates
makes the iaternal heat transfer ares per unit vol=~
uze in a particle bed of fuecl very large. A pocked
bed of 500 u particict,ai.e., has an internal sur~
face azen of 100 e@“/cm” of bed. This allows very
high pownar densities and smoll AT's between coolant
ard fuel. The swmall particle diameter also wini-
mizes thermal stress and therzal shock.

Two types of particle bed rrcactors are being
investigated a2t BNL. In the first,-the ¥BR, parti-
cles are packed between Iwo porous screens or
“frits,” as shown in Pig. 2. The “frits" can be
metallic or ceramic. ?Pressure drop through the
frits is generally derigned to be comparable to
that through the particle bed. Frits can be fabri-
cated by sintering wires or particles into appro-
priate shapes. Gaseous coolant (i.e., He or Hz)
enters thkrough the cool inlet frit, passes through
the bed, and exits through the hot outlet frit.

The packed fuel bed is typically several centize=-
ters in thickness. Bed thickness 1s determined by
fuel loading, pressure drop, and heet transfer re~
quirement. farticles in the FBR are held in place
and cannot move.

In the second type of patticle bed reactor,
the RBR, fuel particles are held by centrifugal
force inside a rotating cylindrical azetal frit
(Fig. 3). Cold gas enters through the cecol frit
and 18 hezted as it passes through the fuel bed.
There 18 no hot outlet frit; the ho: gas enters the
internal cylindrical cavity ard exhausts thrcugh a
nozzle at its end.

The rotating bed can operaze in either of
three modes: 1) fully settled (all particles held
against the rotatiag frit), ) fully fluildized (all
particles suspended by gas flow), and 3) partliy~
fluidized. 1In the latter mode, gas velocity in the
cool outer bed i3 insufficient for fluidizationm.

At some point, cooclant velocity Increases suffi-
ciently due to increasing specific volume to fluid-
ize the hot inner bed.

Fuel particles are to be fully contained in
all three modes. The fluidized regicn acts like a
dense fluid, with gas passing between the suspended
particles. Calculations indizate that particles
cannot escape unliess the bed expands to mere than
-80% voidage. Operating parameters can be chosen
to prevent such "flooding.” For any given design
{flow rate, reactor size, etc.), rotation rRpeed
controls the degree of finidization. As rotation
is decreased, the bed changes from the fully-
settled to the partiy-fluidized mode ard then to
the, fully-fluidized mode. These operating modes
have bzen axperimentally demonstrated in a half-
scale unheated demonstration experiment.

Because RBRs have no high-temperature frit and
lower pressure drops than FBRs, their outlet tem-

perature ans power can considerably exceed those cf
FBRs. Flgure 4 compares pressure drop Ju FER end
RBR bede 2p a function of averzge bed power denpity
{41n oegawatte per liter) fcr & set of typical cper-
gting conditicns [pressure = 10D atm, perticle
dlgmeter = S00 1, bed thickness = 4 cm].

Clcsed-cycle, long=-duratlon FEIRs would uee In-
ert coolant {e.g., e or He=Xe) st relatively low
temperatures (1300 to 1500 R), becsuee cf liziie-
tions cn inlet temperotures for long=iife tur-
bines. Open-cyrle FBRA would vee Il to <inimize
the coolant mees dumped co spece. Thort operating
life (miputes to hours) assccisted with cpen cycle
cperaticn sllows higher outlet temperatureg in the
range of 1500 to 2500 XK. Outlet texperatute is de-
termined by the materiels used 1n the incer frit as
well as turbine blades. Open-cycle EBfs have high-
er outlet temperatures {up to “3000 K) beczuse
they do nct require a high-temperature frit. They
could provide direct propulsion cr electric pover
using MHD gecerators or high-temperature turbirzes.

The large heat transfer area in the bed allows
the coolant temperature to nearly approach lozal
fuel temperatures. Film OT 1s culy 2 few degrees
Kelvin, even at very high power densities. The AT
inside the fuel particles [center to the surface)
i even emeller, cbout 1 K. Tharmal stress in the
particles 15 very low, less than cne Yrfa. Thermel
diffusicn tize 13 across the particle 15 *5 ms
for 500 u particles. This ip much schorter then the
ramp time for power or coelant flow chenges. Ther-~
mail shock or farigue damage to the particles ap-
pears unlikely.

Perticie beds may be expected to survive a
ramp from zero to full power In a few eeconds. Ex-
perizents have demcnstrated thet electriczlly heat-
ad beds can reach full power in times cn the crder
of 2 sec. The bed was cycled repestedly with no
apparent damage to the particles. In contrast,
power ramp rate with rod cr plate fuel elcments ig
limited because of thermal shock problems.

Two possible FBR fuel bed cenfiguraticans have
been considered. In the first type (Fig. 2), the
particles are packed between two annular cyiindri-
cal frits to form a single bed. Coolant flows ra-
dially through the arular bed from an adjscent in-
let plenum to an outlet plecum, In the seccad tyne
(not showm}, the particles are packed into a rumber
of small annular fuel elererts between two frits.
These elements are spaced in a moderater matrix and
held by a grid plate. Coolant flows radially
through each element.

The first type of FBR is simpler, while the
secend type can achieve higher power densities and
use hydrogenous roderatsrs such as 2rHz. (The
first type will not go critical with hydrogenous
moderators.) The first type of FER (Fig. 5) has
veen designed to cperate up to “1000 MW(th) with
Ho eopolaut and -300 MW{th) with Xe cooclant.
Reactor size depends on power level and cperating
lifetim=. Minimum fuel bed dismeter isg about 320
cm, from neutronic considerations.



FBR's wich fuel bed dizmeter up to 8C cm, have
been designed. At this size, energy outputs of 50
to 100 MW(th) years appear achievable, depending on
fuel burrup capability. Larger diameters are pos-
sible, but a more cfficient packing cenfigurations
would probably be used 1if higher powers and/or
longer lifetimes are desired. Thickness sf the
annular fuel bed depends on reactor diameter and
ranges from "3 to "6 am

The moderator/refleccor zones in the first
type of FLR (Fig. 2) slow down £ission neutrons and
reflects them beck into the fuel to be gbsurbed.
Beryliium appears to be the ocest outer modezstor/
cofleetore The reflector thickness should be 2%
to 30 cm. Thicker reflectors may perform slightly
better neutronically, while thinner reflectors leak
too many neutrons. Graphite 11 an acceptable in-
ternal moderator/reflector and is compatible with
the high temperature helium or helium/xenon.

The FBR 1s designed to be controlled by mov-
able absorbing drums in the external moderator/re-
flector. Contrecl drums (Fig. 2) hsave a neutron ab—
sorber (e.g., ByC) on one side and a moderator on
the other. Rotation of the drum zoves the poison
towards the fuel decreasing keff, while movement
sway increases it.

Reactivity control by absorption in externzily
moderated reactors 1s very effective, due o the
high neutron importance. Also, externally moderat -
ed reactors have long neutron lifetimes. This
makes them peutronically “sluggishk,” so that even
very large reactivity ineertions cause only & rela-
tively slow rate of power rise. Doth factors tend
to make them appear eas» to opevate reactely or wi-
coaputer, especially during rapid start up.

Scoping studies of FBR peutronics have beer
czrried out with the 1-D ANISN transport code, =4
i5-group structure was used (7 thermal groups;,

v' 2k coliapsed crose sections derived from the
E.p¥~-B=7 fille and a P1Sp scattering kernel. End
effects could not be calculated with analyses, but
were calibrated by carrying out some 2-~D transport
analyses using DOT (with the same cross section
set). End effects reduced kogs by 0.09 to 0.10.

Over 1CO FBR cases were examined, evaluating
the effects of the foilowing variables: 1) uranium
losding, 2) reflector thickness, 3) fuel bed diame-
ter, 4) frit composition and thickness, 5) control
drum composition and design, and 6) reflector tem-
perature, Detailed discussion of the neutronica
analyse33§re given elsewhere.(3) In suczary, en-
riched U appears to be a very satisfactory fuel,
with critical masses in the range of 10 to 80 kg
depanding op design, power, and lifetime. Perylli-
um Zppears to be the best ocuter reflector/modera-
tor, with optimum thickness in the range of 20 to
30 cm, Graphite and ZrD; also appear to be work-
able outer reflector/aoderator matrerials, though
the reactor will be substantially larger and heavi~
er. Frit absorgtion was found to be an important
design factor, limiting the coaposition of the frit
and its thickness. Zirconium frits appear desir-~
able for the cool outer frit, and Inconel {or
Hasvelloy) for the hor inner frir. Preiiminary

studies indicate that reflector ccntrol will pro-
vide more than adeguate centrel rod worth.

Thernal-hydraulics performance of the FER can
be predicted using corrzlaticons for pressure drop
and hept transfer coefficient in packed beds. For
pressure drop in packed teds, the correlaticvn of
Ergun (3) ip uvsed. Preosure drep acresg the frito
is typically taken to be 40% of the totanl pressure
drcp acroes the bed and frito. This prescure drep
15 cheosen in eorder to keecp goo flow uniform even 1f
local bed weldepe wvorico., Frit thickoess and po-
reslty can be pdjusted to compensate for axial
power variatliong.

The thermal-hydroulic behavier uf F3R's have
been examined for o large rnumber of cages 2o o
fupction of: 1) fuel bed dizmeter and thickness,
2) 4nlet and ocutlct texperature, 3) power level,
4) fuel particle diarmeter, and Z) inlet pressure.

Table 1 cozpares thermal hydreulis perzoorerg
for three representative poiat designs. fase 3 aas
the szwe fuel bed dizzeter 2s Casz 2, {75 m), but
2 higher power {250 wvs. 100 ¥¥) 2nd lower pressure
drop (25 ws. 36 psi). The higher pcwer and lower
preasure drep in Case 3 is achieved with sgplit
flow., The fuel bed 1s radially split into two
parts, wish the inlet plenum between the outer and
inner halves. Coolent flcws radially through ecach
hulf te adjscent outlet plerzwms. Coolant £flows 4o
fror and out of both ends of <he reacter. The
shurter flow path and reduced mass flow turough
each half greatly increaces pover cutput for the
split flew design., Coolant ducting 1z more
complex,

Maxirum power for He-cooled FBR8 1s aboutr 300
¥W(th). A single Teactor could be designed to gen~
erate vp to ~10D Mile) in a closed~cycle ow power
system. At this power level, voperating liferime
would be relatively ghort, i.e., about 3ix months.
It appcarz poesible, 4in principle, to remotely re-
fuel the ¥BR with the particulate fuel in crder
that cparating life could be exzended to much lon-
ger times, However, 1t appeers likely that ccntin~
uobus power ocutputs at this level may not be re-
quired for decades. Near-term needp are more like~
ly to be i{n the Tange up to 10 MW(e) for zhe next
twenty ts thirty years.

Scaling of ¥B5Rs has been examined from two
persvectives: firgtly, the relaticnships between
size and zass with power; and secondly, the possi-
b1lity of providing power over a wide range cf
powers with a mindmum number of reactocr desigzg.

Assuming the first perspective, Fig. 6 shous
resctor weight gcaling as a functicn of power.
Conditions were taken to ve &n FER with the follow-
ing cheracteristics - gas pressure of 100 atm, fuel
particle dilamecer of 500 u, fuel bed thickness 6
cm, a 4T across the ~ore of 800°C (He) and 2000°C
(#2), and a pressure droo {bed plus frits) of 3
atm. While these conditions are not truly oprinum,
they are reasonsbly representative.

Based on the seccnd perspective, the entire
power range could be handled by two FBR mizeg with-



out departing too far from the base case gize and
weight represented by Fig. 5: 1) a 50-cm~diameter
fuel bed for lower powers, and 2) a 80-cm-dizmeter
fuel bed for the higher powers.

The boundary between low and high power modea
of oporation appears to e about 50 to 100 MW(th)
for He-cooled reectors, and about 200 to 400 MW(th)
€or Hp-cooled reactors. The resctor wili be some-
what larger tian optimum at the low end of its
power range, and somewhat smaller than optinum at
the high end. Therc appear to be no major penal-
ties to using two FBR designs to cover the expected
power range.

Detafled neutronic, thermal-hydraulic, and
mecttanical analyses of the RBR, shown in Fig. 3,
have been carried out at a level comparable te that
for the FBR. $pace limitaticons preven’ detailed
discussion of the results, which are described
elsewhere. (4)

. In pumnmary, the RBR is neutronically similar
to the FBR, except that its uranium locading is a
factor of about two greater at equivalent keff.
This is a result of not having an internal reflec-
tor. The mobile fuel bed does not appear to cause
any safety problems since fuel motions have only
minor (<1Z Ak) effects on reactivity. Thermai~hy-
draulics of the RBR are much more complex than the
FBR. PFower cutputs for the RBR are much higher
than the FBR for the same reactor size and presgure
drop. Power levels of several gigawatts can be
achieved with RBRs atout 1 m in diameter. #BRs are
more complex mechanically than FBRs due to the need
for bearings and latyinth seals. However, the RBR
appears to be constructable withr  undua
difficulty.

POWER SYSTEM PERFORMANCE

The characteristics and performance of space
electric systems using FBRa and RBRs have been in-
vestigated. For the RBR, open=-cycle, turbine ex-
panders and MiD cycles were considered; for the
PBR, both closed- and cpen-cycle turbine cycles
were examined. The size, weight, and layout of the
various components making up a complete POWer 5¥S=
tem were estimated as a function of power, operat-
ing time (for open cycle), coolant temperature,
(both inlet and outlat), generator efficiency,
etc, These components were then integrated into
self-consistent designs.

Initially, MHD was viewed as the most promis-
ing route for high-power, open-rycle operation.
This assessment i3 now seriously questioned. Out-
let temperatures of at least 2750 K are needed to
operate a Hz MHD generator. At this temperature,
although MHD generators are feasible, performance
is poor. Higher temperatures, e.g., 3000 X, result
in more practical generators, but efficlency is
8till only about 20% (Hz coolant enthalpy converted
to electricity). This efficiency makes Hp mass
throughput very high and greatly increases H; stor-
age requirements.

Turbines with Hz~-cooled blading were operatad
guccessfully by General Electric Co. {GE) in the

esrly 1960's at turbine inlet gas teuperatures cf
~2500 XK. Metal blade temperatures werz only

about 7G0 K. Under thegse ccnditiovns, 1t might be
anticipated that the turbize could extract 45 to
50% of the Hz enthalpy. Thus, although turblines
would operate at lower reactor outlet temperatures,
turbines can generate twice es much electrical
energy per kg of Hz coolant as MAD gererators. Ad-
vanved turbines usin; high-tempergture ceramic or
carbsn-carbon blading are also potential opticns
for high-power, high=efficicncy open-cycic systems.
The relatively short operating lifetime regquirement
for these pystems will permit the use of blade ma~
terialy not practical for commercial turbines,

Lip“t-weight turbines and generators are delng
developeu for airborne applicaticnms. A preliminary
version of a 20-MiW(e) supercconducting generator has
been tested by GE and the Aero~Propulsion Labora=-
tory {APL). This device weighs about oze metric
ton. Single units can be scaled tc higher powers,
possibly about 50 MW(e). Multiple gecerators could
be used for powers a2bcve 50 MW(e). Smsll gerera-—
tors, i.e., up o a tew MiW(e) in output, would use
Sp-Co permanent magnets for field excitaticn. 4 5-
Mi(e) permanent magnet generator ic under construc~
tion for APL. Scaling relations for turbines, com~
pressors, and generctors for this study were based
on work by APL, Rocketdyne, and Garrett.

Closed~-cycle, Draytca=cycle designs vsing He=
cooled FBRo were developed for a ranpe of cw powers
from 100 kW{e) to 100 MW(e). Doth recgernerative and
non~regenerative cycles were investigated.

Figure 6 phows the main compoanent weights for
He~-cooled, cloped=cycle FBRs as a function of out-
put power. Lithium LDRs would be used for hest re-
Jection. LDRs are projected to be nearly an order
cf magnitude lighter than ccnventional fin-tube cx
heat pipe radiators. Even with LDRs, however, the
radiator is still the hesviest part cf the un-
shielded system, With LDRz, it appeers femsible to
ceastruct closed-cycle power systems rated up to
several tens of MW(e). If conventional radiators
have to be used, w2ight limitaticns will restrict
poweT levels to a few Miwle).

Figure 7 1llustrates the trade~offs between
closed~ and open-cycle power systeme using FBR re-
actors., The breakeven peint is the cperating time
for which open- and closed=-cycle syscexms have equal
mass (includiag the stored H2 and tankage in open-—
cycle systems). The brezkeven point appears "o be
about 5000 sec and 1s relatively independent of
system power output. For times less than BOOD sec,
open-cycle systems are lighter; for times pgreater
than 6000 sec, closed=-cycle systems are lighter.
High power applications being considered probably
would not require operating times exceeding ~6000
sec. OUpen-cycle systems are thus likely to he pre-
ferred over closed-cycle for high powers.

At the low power end of the spoctrum, hundreds
of kW(e) to ~10 MW(e), total weight is low eanough
that practical clesed-cycle systems can be carried
in a single shustle load.



RBR/FBR EXPERIMENTS

Scoping experiments on sizulated RBR and FBR
perticie beds have demonstrated capabilities compa-
rable to those expected for opeirational resctors.
However, these preliminary expcriments keve not
fully erplored all conditions appropriate to FBRs
and RBRs.

Blectrically heated FBR particle_beds have op-
erated at power demsities of *1 kW/cm”. Direcct
resistance heating and induction heating have both
been used with heiium cooling, The beds havs been
composed of 500-u BISO particiles (used in the HTGR)
as well as 1000-it stainless steel spheres.

The experimental power density, -1 kH/cma,
is comparable i< the design power in full scale cw
FBRs. Results ar~ very impresuive, considering
that the averag: He-coolant pressure in the bed was
approximately }.5 atm. Higher coolant pressures
allow much higlier power densities. Experiments are
being carried out at higher pressures {~15 atm).
The measured preseure drops matched predicted val-
ves within acceptadle limits. Helium outlet tem—
peratures of ~1200°C were achieved with electri-
cally heated BISO~type particle teds. This matches
desired FBR cutlet temperature in the closed-cycle
zcde. Stainless ateel frits showed no reaction at
1200°C during the experiments ("5 hr). Zirconium
fries did react with fuel particles at this tezper-
ature, however. 2article beds have been rapidly
ramped up to full power (typilcally, in 2 to 3 sec)
without damage to the particles. Eed power has
alsc been rapidly cycled without otservable damage
to the particles. All experiments have so far been
on He-cooled particle beds. Experinents are
planned on Hz-cooled beds.

An extensive serles of hydraulic tests were
carried out at BNL in the early i1970's modelling
flow in rotating ffluidized bed. In thess experi-
ments, the hydrauliic behavior of half~scale rotat-
ing fluidized beds was studiad using nitrogen ccol-
ant and glass or copper particle beds. The beds
were not heated. Hydraulic behsvior of the sinu-
iated RBR beds appeared to correlate with analyti-
cal models and confirmed that stable operatlon and
coeplete particle confinement could be achieved,
Although heated beds could not be examined with the
apparatus, experiments with rotating combustion
fluidized beds have been carrisd out by other re-
searchers. These stuiies indicate that stable op-
eration 18 practical in volume-heated beds with
auch lower temperatures and power Aenesities. They
also indicate that there is considerabl.. radial
mixing that tends to make bad temperuture profiles
uniform except cear the inlet fric. 1In this re-
gion, a sudden temperature juap 1s observed. It is
expectad that such behsvior will be encountersd in
the RBR. It i3 not expected to adversely affect
performance, but may aid stability.

SUMMARY AND CONCLUSIONS

Compact high-performance nuclear reactors (the
FBR and RBR) can be based on direct cooling of
HTGR-1ike nuclear fuel particles. The very large
surface area of the particles allows very high~

power densities, high~coclant ocutlet texperatures,
small temperature differences between fuel and
coolant, and very fast startup and shutdown of the
reactor. These regetors can operate in the open-
cycle mode {Hz-coecled) at power levels up to thou—
sands of MW and temperatures up to ~3000 K. Im

the cloged-cyele (He-cocled) zmode, they can cperaze
for years at temperatures up to “1500 to 2000 X
with burnup and reactivity cwings limiting life-
time, Typlcally, size is on the order of 1 m over-
all, and smight 1o on the order of 2 to 3 MI.

TABLE 1: FIXKED BED REACTOP POINT DESIGNS
Case 1 | Case 2 Cace 3
Thermsl Power 15 MW | 100 MW 250 MW
Inlet Temperature | 200°C | 20C°C |  2C0°C
Cutlet Temperature|1000°C |1000°C | 1000°C
Inlet Gas Preesure| 100 atm{ 100 atm 14D am
Fuel Bed Diameter Ve | 75w 75
Fuel Bed Thickness 3 em 6 cm £ cm
‘ H+3 em plenra)
Fuel Particle 400 u 500 u 500 »
Diareter
Pressure Drop- 21.5 ppi{35.9 pei| 24.7 psi
(Frits and Bed)
Temperature Dif- 10°¢C 7°C 16°L
ference {Fuel
Surface=-Gas)
Fuel Surface 10 Wen? {13 W/cmzf 34 W/em?
Heat Flux )

ACKNOWLEDGMEITTS

*work performed under the auspices of the US
Department of Energy, Washington, D.C. 20545.

By acceptance of this article, the publisher
and/or recipient acknowledge the US Government’s
right to retain a nen-ixclusive, royalty-free
liceass in and to any copyright covering this
papar.

REFERENCES

le A.T. Mattick and A. Herrzberg, liquid drop
radiators for space, in Proc., i5th IECEC, 1SE0,
Seattle, #WA, Vol. 1, pp. 143~5D, AIAA, New York,
New York 10104, 19B0.

2. T.E. Gulden and H., Nickel, Editors, Coated
particle fyels, J. Nucl. Tech, Vel. 35, No. 2,
(1877).

3. E.R.G. Eckert and R. M. Drake, Feat ard Mass
Transfer, McGraw-Hill Book Co., NY, 1972, p. 415.

4, J.R. Powell and T.E. Botts, Particle bed reac~
tors and related concepts, Presented at Symposium
on Advanced Compect Reactor Systems, National Re-
sesrch Council, Washington, D&, Nov. 1517, 1982.



VIER CRRI(EE
NIER SLSLITY AC

eanpy

(ERCE CRaTIRG
L8 BERMIT PiC

SNTIR (1SBIRARIT P8

i»}

Figure 1

FIXED BED REACTCR (FBR)

> e INLET

GRAPHITE Py _—Zr0, INSGLATOR

REFLECTCR
MODERATOR ™

CONTROL ~ODS

‘d NUCLEAR
2r FRITS d
(nner s i . _~FUEL BED
CUTER) ¥, PRESSURE
1 Y8 4?‘ VESSEL
-‘.—) g b
0 ‘I"””’i
s
\4 , x ¥R He OUTLET
7/ PLENUM
%7 - 2r0, INSULATOR
\ "\UBe REFLECTOR
SHIELD
' SMADOW SHIELD
o—30cm—e

Figurs 2

- fea

Pressure [rop

0.3

0.2

DRV W%\\

BCRYLLILM!
RCFLECTOR

Ny
S ﬂ "\ REGENCRETIVELY
: COOLLD

NGZILE

ROTATING FLUIDIZED BED ROCKET ENGINE

Flgure 3

Brp D.D. = Brp HEtonT = 0.6

Ben Teicemess =0.05 //
& Coolmi FEE
/ “Opem Cycle
-+ 2000 1

-
—
—
//

77Ny Conleg 21
Open Cyciw
0 - X0 K

1 '

1.5 2.0

1 L

By .0 4.0 6.¢ 2.0

Powcr Dzustry - Mn/t

Tigure »



TOTAL COMPOMENT WEIGHT, TONNES

WE]GHT
(ons)

4q T T !

FER COMPONENT WEIGHTS
APs 30 ATM. g
TOTAL ~__ / )

PRESSURE
VESSEL

£

N

> N " 1
°g HELIUM 50 100 150
THERMAL POWER, MW
—_ 1 1 1
O  Lvprogen 2% 500 750
THERMAL POWER, MW
Figure &

1000.0 T

WEIGHT SCALING FOR A SPACE
BASEL FBR POMER STATION

REACTOR (FER)

1.0 19.0
OUTPUT POWER - MLE)

Flgu:e ®

b

T T I T T

2500 sec

JOC 100 “W-CLO‘BD LYCLE \‘
| AR
Teaw* 2000 %
Totgl 75 Treyrz0OM |
Welght
{tonnen}
1]
100 MW - DPEN EYCLE
i
‘ LY .3 1.7%%
10w - CLOSED CcreLe \
1DMW - OPEN_CYCLX Iy
0 1 T ] —T 1
o ioF 1o¥

OPERATING TIME {(sec)

figura 7

o*



DiSTLAIMER

This report was prepared as an accornt of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof. nor any of their employees, makes any warranty, expiess ¢r implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or precess disclesed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufas-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof,
The views and opinions of authors expressed hercin do nol secessarily state or
reflect those of the Unitea States Government or any agency ihereof.



