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Abstract

Large future power requirements in space, in—
clude power beaming to earth, airplanes, and solar—
powered satellites in eclipse; industrial process—
ing; and space colonies. The Rotating Bed Nuclear
Reactor (BBR) and Fixed Bed Reactor (FBR) sre mul-
ti~megawatt power systems which sre light, compact
and svited to operation in spece, Bothk axe cavity
rosctors, with an annnlar fnel region (e.g. s bed
af 500 p HTGR fuel particulates zade of UC with
ceramic coating) surrounded by & reflector that
moderates fast gentrons from the 2357 fuel. A
porous metal drum holds the fuel. In the RBR, ro—
tation of the drum allows the particulate fuel bed
to fluidize as cooling gas pesses through, In the
FBR, an inner porous carbon drum holds the packed
fuel bed, which is not fluidized. The RBR and FBR
have many important features for space nuclear
power: very high power deasity (up to thousands of
MW(th)/m3 of fuel); very small size and weight,
excellent thermal shock and fatigne resistance;
short start/stop times (sec); high gas oumtlet tem—
peratures {to 3000 k), good neutrou economy, low
critical mass; and simple/reliable construction,

INTRODUCTION

As man goes into spsce, he takes with hin re-
guirements for substantial quantities of power and
energy. This power can be prodoced in space and
beamed to earth where it can be used st remote
ground sites, or to power airplanes. Applications
in space include high-powered radar, beam power
for solar—powered satellites in eclipse, and to
provide prime power for space-based industries and
manned colonies.

What stands as a major impediment to the
availability of large power supplies in space as
the need for fundamentally new technology which
can meet such loads sipply with 2 minimom of mate—
rial involved, Higbker specific power (power/unit
throw weight) for a space power stationm relaxes
energy requirements to achieve orbit and can pos—
sibly reduce the busbar cost of space power, To—
ward this goal of very high specific power for
space~baued power stations, two nuolear reactor
concepts have been proposed at Brookhavsn National
Laberatory.

The first of these reactors is the RBR (Fig.
The RBR is an externally-moderate cavity re~
The core is a rotating fluidized bed of

1).
actor,

UC/Zr coated particles very similar to BISO (Fig.
2.b) particles curroently unsed in high—tempersture,
gas—cooled reactors (HTGR). Coolant gas enters
the bed through a porous metal frit sfter cooling
the reflector/moderator and the cavity exit noz—
zle. This configuration sllows the hoated cool-~
snt, which can be ss hot ss 3000 X, to come into
contact vith an absolute minimum smount of strue—
tural materiel.

The FBR (Fig. 3) is neutronically similar to
the RBR., Fuel 1s held in place with an inner po—
rogs frit, rather than a rotationmally induced g
field. Maximuz outlet temperature from this reac-
tor is lower than with « RBR, on tae order of
2500 K,

Both reactors are contzolled via rotating

drums in the outer reflector/moderator regiom.

The resctors are thermalized and very sluggish in
responsy to reactivity insertions, so that coatrol
is simple and safe, Because of the small size
(~600 to 800 u) of the fuel particles, the fuel is
highly insensitive to thermal shock. TRISO parti-
cles have historicslly shown high fissionm produce
retontion (395.99%) up to very high burnup ()50%),
and operation in a FBR or RBR should do nothing to
degrade tkis performance. It is possible, from
the point ol view of neutronics, to bring the re-
actor from 0.1% power to full power in a few sec.
Thus, fluctuations in load can ezsily be followed.

For minimum throw weight and simplicity, dy—
namic Brayton power conversion sppears best
suited, Total power and energy requirement deter—
mine the optimum ensrgy conversion system. Low
total energy requirements tend to favor open—cycle
with working fluid vented to spacc. Low power re—
quirements favor 3 turbine and altermator while
magnetohydrodnamic (MID) energy coanversion systems
are smaller and lighter at high power levels.

Algorithms for total system weight and ontput
power, define open/closed and turbo—alternator/
MHD regions of operation., Hydrogen, stored as a
ecryogenic liquid, is used for open-cycle operation
dos to its low molecular weight. Closed-cycle op—
eration favors Ho as the working fluid due to its
excellont heat transfer characteristics. Brayton
cycles nsing disi iating gases (e.g.. NpO4)
are also being comiidered for closed-cycle apera—
tion, snd preliminary results are quite encourag-—
ing. Such a working fluid has excellent heat
transfer characteristics and offers the possibili-
ty of 40 to 50% efficient electrical conversion.

*Research carried out under the auspices of the U.S. Dept. of Enmergy.




Both of these cheructeristics lead to lighter
spaca-based power systems, Closed-cycle operation
in spsce requires radiative heat injection, Gas-
filled tubes, heat pipes, danst, and Liquid Drop—
lets Radistors (LDR) are beizg considerecd. Tube
and lhest pipe radiators have specific paowers on
the order of 1 kW/kg for & reject tewperature of
600 K. 7The LDR should have ¢ specific power of
around 40 k¥W/kg at 600 K, Molti-megawatt closed—
cycle space power stations will require such types
of heat rejection if they are to be put into orbit
usiang the shuttle or shuttle~derived heeavy lacach
vehicle,

Power Convezsion Cycles

Open~ azd c¢closed-Brayton cycles using either
turbogenerators or MHD channel for electrical
pover generation, have been concidersd., For
closed cycles, rogeneration would be nsed only
with finned tabe and heat pipe radiators, A re-
couperator can reduce the reject power and radis-
tor weight by ~15%, Noanrsgenerative Brayton cy-
cles are proferred when lightweight LDR are assd.

Due to the fourth pover temperaturs relation—
ship for radiated power, rejoct tamperatuzes in
space arv higher than for a ground-based power
plant, Table 1 illustrates the efficiency of a
tangs of regemerative and nonragenerative Brayton
cycles using turbines and compressors with repre—
sentative efficiencies. Lower efficiengy implies
s larger turbine, comprassor, heat exchangers, and
piping, With a LRD, reject temperature can be as
low as 500 to 600 K with the radiator representing
only ~15% of totsl system weight., Benefits of
lower reject tempsrature and higher efficiency are
very important. Power stations using finned tube
or heat pipe radiators must operats at highor tem—
peraturs to acaieve feasibls throw weighta. For s
reject temperature of 700 - 900 K, fixed radiators
are 85 to 95% of the total pover system weight,

At 100 MW(e), the specific power of an optimized
FBR~bused power station using s conventional radi-
ator is roughly 0.15 kW/kg and uiing a LDR, the
specific power is 5.0 kW/kj.

For closed—cycle turbiune~based FBR systems,
radiator developmeat offers the opportusity for
significant improvements in speocific power, High
temperature turbine blades and light-weight cas-
ings are next most important.

At power levels >100 MW(e), MHD power con~
version become attractive. Specific powers of 25
to 50 kW/kg sppear achievable. Table 2 illus-
trates two designs of MHD channels. Two output
temperatures represent the peak output tempera-
tures of the FBR and RBR, Clearly, the higher
temperature yields a more compact, efficient unit.
Such & system, operating in an open-cycle could
provide prime power for heavy lift orbital trans~
fer vehicle using electric thrmsters. In the
closed=cycle mode, 2 bottoming turbine fairly high
ovarall efficiencies and lower reject temperatures
than possible with straight MAD.

Scaling Relstionships

Weight sud volome slgorithas have beer de—
vised for RBR snd FBR space power systems at the
component lavel., A computer code sizes the com
ponents of a clossd-locp space—powver station using
either a turbo-slternator or NHD channel for power
conversion, Open-ctycle powsr plants are to ba in-
cluded in future analyses. Table 3 shows some
weight aslgorithms used in the anxlyais,

Turbine and compressor weights, volumes, and
performance characteristics are from published
projections (1-4). VWeight reduction is possible
for turbines and compressors by matching the al-
ternator to the turbine speed and eliminating the
gear box, For the preseat time, only the second
sros has been considered. (The superconducting
generator, being built at Wright-Aeronsutical Lab-
orstories (5), is coupled directly to the turbine,
snd provides a significant weigh”: savings. Thoe WP
machine is not continuously rated, however, and
would be somewhat heavier for cw operations.)

The MHD channel chosen for thess design stad-
iss 13 « channel with a standoff wall of BN with
Zr0z electrodes and a Mo alloy case. Cryogenic
AL magnets are used. A superconducting magnet
might be lighter, but introduces the problems of
quenches, etc. This is the same roason why alter—
nators using rare earth magnots was ghosen over
superconducting units, which offer poteantially
superior performance, for turbine power conversion
systeas,

Piping is all Ti alloy, with stand-off insu—
lation where very high tamperatures are preseat.
Haxigum allowahle hoop stress is ~300 mPa.

Racouperators and heat exchangers to radia—
tors, where neaded, ‘are also msde of Ti alloy.
These component woights ars important and detailed
computar generated point designs of the eatire He
loop were used to obtain their size and weight
over a range of output pover levels.

Three radiators were considered in the ini-
tial design phase: heat pipes (6), tubalar (7),
and liquid droplet (7). The tubular radiator does
awvay vith one hest exchanger, meking it scmewhat
lighter than the heat pipe vadiator., Both the
heat pipe and tubular radiator are more massive
than the LDE, which also allows lower reject tem—
peratures, For this zeason, only the LDR is pre-
seuted here., At lower power levels, where the ra-
diator is a smaller fraction of the total weight
of a power station, all three moans of heat rejec—
tioa offer similar system weights. For ease of
evaluating the manner in which RBR/FBR power sta-—
tions scale with power, only LDR are presented.
For temeratures above 400 X, Li - the working
medium, and st lower temperatures, silicone vacuum
oils aro used. Choice of working fluid is men~
tioned, significantly impacting radiator weight.



The reactor, either RBR or FBR, has a minimam
size due to criticality comsideracions, and this
size does pot vary much over the power ranges con-
sidered. The primary variation of reactor weight
is dne to the increased pressure vesazel thicimess
at higher powers. This results from the need for
s higher He pressure in the fuel bed a3 the power
density incressss,

Shield weight and volume are only slightly
dopendent on pover level., They are primarily driv-
on by reactor size, shielding materisls, and the
reqnired level of shielding. A combination of LiH
and W has been selected as the shielding material,
Shield weight and volume will be strongly =& fuac—
tion of application., For this reason, when compar—
ing power cycles, the shield weight is not shown,

Figure 4 illustrates ths total computed
weight of s space power station. Both opem-cyclse,
with varying lifetimes, and closed~cycle opera—
tions are illustrated. Below 100 M¥W(e), a FBR is
nsed and at higher powers s RBR is used. In all
cases, oue or mora turbo—alternators aie used for
power conversion. Iutroducing MBD power conver—
sion above 100 M¥{e) would decrease slightly the
marginel weight of the systom at higher power
levels., Neveortholess, at much over 100 M¥{(e), the
power station canmot boe placed in low earth orbit
using the space shuttle. At low power lovels,
below ~10 MW(e), the fized weight associated with
critical reactor dimensions placos a lower limit
an pover system woight. Table § illustrates the
variation in specific power with omtput power
lovel as well as for closed-cycle operation,

Figure 5 domonatrates tho weight trade be—
tweon closed~cycle aporation using hydrogen as s
working fiuid, Both systems modeled use a 100
MW{e) output FBR and drive a turbo-alteraator. A
Li LDR is used for hoat rojection in closed-cycle
operation., If the same trade is carried out, aus~
ing s tubular radiator, the trade—off time in—~
¢_asases to over 18 hours, with a system weight
over 700 toams.

Neuwtronics Considezatioms

Doth the FBR and RBR are oxtornally moderated
cavity reactors. In order to make them as light
weight and compact as possible, reflector thick-
noss has been minimized., A 1-D neantroan transport
code (ANISN) calculates the size and critical mass
of the two reactors, Limited 2-D neutron trans-
port analyses, (DOT Code) have ovaluated axial,
power profilss and end effects for the RBR,

Fifteen neutron energy groupa are usod, of
which seven are thermal., Cross sections were gon—
orated from ENDF/B data using the computer code
NJOY. Table 4 illustrates some of tke 1-D neu~
tronic results for the RBR., For the RBR, 20% ox-
cess roactivity is assumed to accouat for aeutronm
streaming out the nmoz:le, fuel burnnp, and reactor
contzrol,

Case one to three show zow reflector thick—
ness affect criticality. Less than 20 cm of re—
flecting material results in excessive neutron

leakage, while slowing down is essentislly com—
plete for reflectors beyond 30 cm of reflector
thickness., Beryllium is the naterial of choice in
the reactor design us its thermel diffusion length
is large compared to its zge,

Caszes four to six illustrate the relatfomship
between fissile fnel losding (note, highly enrich~
ed 2350 is used for all FBR and RBR designs),
and X ep. Above 67 kg thers is only a small iz-
cremental gain in criticality per kg of U. Cases
soven through nine show the effect of fluidized
bed thickness over the limits of aperation, As
ky¢s does not vary, with flnidization fluctna-
tions in coolant flow or bed fluidization level do
not poss s control problem. Cises ten through
twelve oxamine the effect of the frit om critical-
ity. Increasing the density of the frit is rough-
1y oquivaleant to increasing its thickness or its
absorption cross section. It is clear that frit
sbsorption can have s substantial effect on criti-
cality, Cases thirteen and fourteen illustrste
that Hy pressure fluctuations will not signifi-
cantly impect criticality. The density of Hy
atoms iu the coolant gas is small compared with
material at solid density so that fluctuations in
coolant pressure do not significantly impact apon
cziticality. Helium has no moasurable effect on
criticality,

Table 5 prosents selected 1-D seutronic cal-
culations for the FBR. Ten percenr ezcoss reac—
tivity is assumed to account for end losses and
contzol. Cases one through four show the effect
of fuel loading on criticality for s small resctor
with & thin reflector. Note that oven with a thin
outer reflector, the fnel requirement is signifi-
cantly below that of the RBR. Casea five through
sevon uvse a zirconium hydride omter moderator.
Zirconium hydride does not perform well due to the
excoss capture usutrons in the outer zome. Zirco—
niom deuteride is better, but Be remains the mate—
rial of choice. Cases eight through tea demon~
strate the offect ol reflector thickness om criti-
cality. Docreased fusl loading in the case of the
FBR is due to the preseuce of the interzal modera-
tor. Cases eleven through thirteen show the eof~-
foct of reflector thickness for & larger diameter
higher power FBR.

In geseral, both the RBR and FBR can provide
adequate excess roactivity in a compact design
with minimal fuel loading. Both reactors are in—
sonsitive to varistions in coolant flow and have
temperature coefficients noar zero,

!lafety Considezations

Of prime concern are launch and reentry when
considering space power reosctor safety.

Launch phase safaty requires not lavaching
fission produycts. The reactor launch would be
separate from the fuol loading (with the resctor
stbsequontly loaded in space) or slse with 2z large
loading of & neutron poison (s.3., B4C) in the
core cavity. In either case, the reactor would be
¢lean at launch,




The two most serious eveuts ideantified to
date are a launchk failuore leading to an ocean
landing and burning up upon reentry with a radio~
sctive core. In the avent of an ocean landing, it
is essontial that the reactor package be designed
so that criticality cannot occur. A reeatry with
a large fission product inventory is very omat—
tractive. By oarrying out accoeptance testing at
LEQ and then transferring to en orbit high enongh
to have an orbit decay time groater than 300
years, fission products will have decsyed to neg~
ligible levals befors reentry could ever occur.

Total fissile and total treasuranic inventor—
ies ‘should be minimized. A smaller fissile inven—
tory leads to less ghance of launch hazard, As
transursnics have s much lower HPC (Mszimom Per—
missible Concentration) than uranium, bsing fully—
enriched 2357 fuel virtnally eliminates the risk
associated with trapsuranic inventory.

The FBR/RBR nre very simple snd relatively
inexpensive, it may be attractive to place spent
space resctors in high orbits to decsy following
the qnit’s usefnl lifetime, Thas, the waste dis-
posel problem is greatly simplified.

Conclusions

Space power systems based upon tke RBR and
FBR offer very high power levels at weights con-
sistent with throw weight capsbilities of present—
iy avsilable launch vehicles, Multi-megewett
power 3ources isn space can be safe, reliable, and
compact, The BBR and FBE would be insspensive as
well, due to their use of a developed fuel and the
inherent simplicity of the designs. Any high-
powered spaco rsactor operating in & continnoms,
closed~aycle mode must reject large amounts of
power to spsce radiatively, Careful design of
such redistors is e=sential to any light-weight
space power plant. By incressing the ainimum op—
erating temperattre radistive host transfer is en
chanced, at the expeunse of thermodynamic efficien-
cy. TUsing LDR's optimal designs are found which
v=hibit reasonably high thermal sfficiencies due
to the low specific weight of snch radiators.

¥ithin the 10~ to 20~ year time frame, such
power stations as those Bescribed in this paper
conld be beaming power to earth and providing
power to sustain life and perform a range of other
tasks in space.
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TABLE 1

Power Conversion Cycle Efficiencies (%) for
Turbine Brayton Cycle

Reject temperature (K} 500 700 900
Reactor outlet
temperature (K)

1000 6.4 - -
1250 13.3 3.5 -
1500 19.4 8.5 2.0
1750 24.4 13.3 5.7
Nonzegenerative Brayton

Cycle (nT = 0.85, ng ~ 0.85).

Resctor omtlet

temperature (X)
1000 16,3 0.4 -
1250 26.7 10.7 -
1500 4.2 19.6 1.2
1750 40.0 26.7 15.0

Ragenerative Brayton
Cycle (nr = 0,85, n, = 0.85, ¢g = 0.8).

TABLE 2

Point Designs for Two MHD Channels for
Space Power Coaversion

T coolant (szit) 2500 X 3000 ¥
Electrods hookunp diagonal diagonsl
Cutput pover 100 ¥MW(e) 100 Mw{e)
Mass flow 15.9 kg/s 19 kg/s
P coolant (exit) 100 bar 100 bar
Genorator ialet:

~ stagnation pressure 5.5 bar 15 bar

~ Mach No. 0.34 1.
~ width and height
Generstor ontlet:

- stagnation pressure 1,035 bar 1.76 bar

- Mach No. 0.65 1.04

- width and height 0.84 m 0.57 o

- hall parameter 4 4

Length 8.5 m §.2 m

Magnetic field tapered tapered
§ te 3T 6 to 3T

Enthelpy extraction 15% 20%



TABLE 3

Component Weights in Tons as a1 Function of
Reactor Thermal Power In Negawatts

Weight as & function of
reactor thermal power

Component Pin MW(th)
Tusbine 3.5x107% + 24.0xP
Comprossor 5.0x10~2 + 34.6xP
Recouperator 0.98xP
Permanent magaet

generator 0.1xP
MHD generator® 258.0xP

Piping

FBR (P<100 MW(o))
RBR (P>100 MW(s))

1.25 + 1.75210"2zP
3.3 + 7.0x1074xP

dc—de¢ coavertor 0.06 P

Liquid Droplet -4
Radistor 1.44210122P o Tpy
Righ-performance -4
tube radistor 9.7210%2P 4y Troj

Includes channel, diffuser, magnet, coolent,
nozzle, and thermal shielding.

TABLE 4
One~dimensional Neutromic Analysis of the RBER

(Noto, some cases are redundantly represented
to facilitats comparison.)

-
2 kL
:',\ a 2 & a a
F B 5 B S I b
=~ S X . 95 - . )
o - a% -y o = a [ o
2 vy 3= 3z T2 % k]
3 £EZ 4= =B w B =35 x
1 67 22 8 1 30 1 1.28
2 67 22 8 1 20 1 1.16
3 67 22 8 1 10 1 0.35
4 40 22 3 1 20 1 1.07
H 67 22 3 1 20 1 1.16
[ 90 22 8 1 20 1 1.20
7 40 22 8 1 30 1 1.23
8 40 25.4 4.6 1 30 1 1.23
9 40 18.5 11.5 1 30 1 1.23
10 67 22 8 0 30 1 1.31
11 67 22 8 2 30 1 1.24
12 67 22 8 4 30 1 1.19
13 67 22 8 1 30 .5 1.27
14 67 22 8 1 30 2 1.29

TABLE 5

One-dimensiocnal Noutronic Anslysis for the FBER
(Note: for cases ome through ten, AR3~2.0 cm,
AR3=1 cm of Zr, AR ®6.0 cm with a 0.65 ,ack—
ing factor, ARg=0.5 om of Zr, and ARg=1.§

cm, and for cases eleven through thirtees,
ARy=4.0 ¢m and ARg=3.0 cm.)

" 5 I 5

g : £

8 ) S =

kg 3 ]

U - E

= - -] 2

[ T~ 2 =

ts 32 2

[T o~ e
2 2y 3 33 bef
S s3 2 83 «®
1 C/16,0 10 Be/1% 1.01
2 C/16.0 20 Be/15 1.07
3 C/16.0 3s Be/15 1.12
4 C/16.0 50 Be/15 1.17
s €/16.0 20 ZrHy g/15 0.85
6 C/16.0 35 ZzH; g/15 0.90
7 C/16.0 50 2131_3/15 0.54
B C€/16.0 20 Be/15 1,07
9 C/16.0 20 Be/20 1.21
10 Cc/16.0 20 Be/30 1.36
11 C/26.5 20 Be/15 1.13
12 C/26.5 20 Be/20 1.27
13 C/26.5 20 Be/30 1.41

TABLE 6

Output Power Level

Varistion of Specific Output Power as a Function

of Ontput Power for a Closed—Cycle
RBR/FBR Power 3Station

Specific Power

(ME(e)) (ME(e) /MT)
0.1 .05
1.0 .61

10.0 3.70
100.0 7.80
1000.0 8.35
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