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Abstract CC/Zr coated particles very similar to BISO (Fig.
2.b) particles currently used in high-temperature.

Large future power requirements in space, in- (as-cooled reactors (HTGR). Coolant gas enters
elude power beaming to earth, airplanes, and solar- the bed through a porous motal frit after cooling
powered satellites in eclipse; industrial process— the reflector/moderator and the cavity exit noz-
ing; and space colonies. The Rotating Bed Naclear zle. This configuration allows the heated cool-
Reactor (BBR) and Fixed Bed Reactor (FBR) are nul- ant, which can be as hot as 3000 S. to cone into
ti-megawatt power systems which are light, compact contact with an absolute minimum amount of struo-
and suited to operation in space. Both are cavity tural material,
reactors, with an annular fuel region (e.g. a bed

of 500 |i HTGR fuel particulates made of OC vith The FBR (Fig. 3) is neutronically similar to
ceramic coating) surrounded by a reflector that the SBR. Fuel is held in place with an inner po-
moderates fast neutrons from the 235JJ fuel. A rous frit, rather than a rotationally induced g
porons metal drum holds the fuel. In the RBS, ro- field. Maximum outlet temperature from this reac-
tation of the drun allows the particnlate fuel bed tor is lower than with a RBK, on tie order of
to flnidize as cooling gas passes through. In the 7500 E.
FBR, an inner porous carbon drum holds the packed
fuel bed, which is not fluidized. The RBS and FBR Both reactors are controlled via rotating
have many important features for space nuclear drums in the outer reflector/moderator region,
power: very high power density (up to thousands of The reactors are theraalized and very sluggish in
MW(th)/s3 of fuel); very small size and weight, responsu to reactivity insertions, so that control
excellent thermal shock and fatigue resistance; is simple and safe. Because of the snail size
short start/stop times (sac); high gas outlet tern- (-600 to 800 u) of the fuel particles, the fuel is
peratures (to 3000 I), good neutron econosty, low highly insensitive to thermal shock. T&ISO parti-
critical mass; and simple/reliable construction. cles have historically shown high fission produce

retention O9S.99*) up to very high burnup O5OT),
and operation in a FBS or RBR should do nothing to

INTRODUCTION degrade this performance. It is possible, from
the point of view of nentronics, to bring the re-

As man goes into space, lie takes with hid re— actor from 0.1% power to full power in a few sec.
quirements for substantial quantities of power and Thus, fluctuations in load can easily be followed,
energy. This power can be produced in space and
beamed to earth where it can be used at remote For minimum throw weight and simplicity, dy-
ground sites, or to power airplanes. Applications naoic Brayton power conversion appears best
in space include high-powered radar, beam power suited. Total power and energy requirement deter-
for solar-powered satellites in eclipse, and to mine the optimum energy conversion system. Low
provide prise power for space-based industries and total energy requirements tend to favor open—cycle
manned colonies. with working fluid vented to space. Low power re-

quirements favor a turbine and alternator while
What stands as a major impediment to the magnotohydrodnaaic (M3D) energy conversion systems

availability of large power supplies in space as are smaller and lighter at high power levels.
the need for fundamentally new technology which
can meet snch loads simply with a minimum of mate— Algorithms for total system weight and output
rial involved. Higher specific power (power/unit power, define open/closed and turbo—alternator/
throw weight) for a space power station relaxes MHD regions of operation. Hydrogen, stored as a
energy requirements to achieve orbit and can pos- cryogenic liquid, is used for open-cycle operation
sibly reduce the busbar cost of space power. To— duo to its low molecular weight. Closed-cycle op-
ward this goal of very high specific power for eration favors He as the working fluid due to its
space—baued power stations, two unclear reactor excellent heat transfer characteristics. Brayton
concepts have been proposed at Brookhavvn National cycles using dis< iating gases (e.g., N2O4)
Laboratory. are also being considered for closed-cycle opera-

tion, and preliminary results are quite encourag-

The first of these reactors is the RBR (Fig. ing. Such a working fluid has excellent heat
1). The KBR is an externally—moderate cavity re- transfer characteristics and offers the possibili—
actor. The core is a rotating fluidized bed of ty of 40 to 50% efficient electrical conversion.

*Research. carried out under the auspices of the U.S. Dept. of Energy.
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Both of these characteristics lead to lighter
space-based power systems, Cloi«d-cycle operation
in space requires radiative heat Injection. Gas-
filled tubas, heat pipes, dnst, and Liquid Drop-
l«ti Radiators (LDK) are baiag considered. Tuba
aad halt pipe radiators have specific powers on
the ordar of 1 kW/kg fox a raj act temperature of
600 K. Ilia LOB should hare a specific power of
arouad 40 W / k i at $00 I. Kulti-magnatt closed-
cycle spaca pov«r stations will require such types
of hast rejaetion if they ara to ba put into orbit
uaini tha shuttle or shuttle-derived heavy launch
vehicle

Power Conversion Cycles

Open** aad closed-Brayton cycles using aithar
turbogenerators or SIHD channel for electrical
pover generation, have been considered. For
closed cycles, regeneration vould be used only
with finned tube and heat pipe radiators. A re-
couperator can reduce the reject power and radia-
tor weight by -15*. Nonregeaerative Brayton cy-
cles are preferred when lightweight LDR are usad.

Due to the fourth power temperature relation"
ship for radiated power, reject teaperatures in
space are higher than for a ground-based power
plant. Table 1 illustrates the efficiency of a
range of regenerative and nonregenerative Brayton
cycles using turbines and compressors with repre-
sentative efficiencies. Lower efficiency implies
s larger turbine, compressor, heat exchangers, and
piping, With a IBS), reject temperature can be as
low as 500 to 600 Z with the radiator representing
only -15% of total system weight. Benefits of
lower reject temperature and higher efficiency are
very iaporta&t. Power stations using finned tube
or heat pipe radiators must operate at higher tem-
peratnrs to acaieve feasible throw weights. For a
reject temperstore of 700 - 900 I, fixed radiators
are 85 to 95% of the total power system weight.
At 100 MW(e), the specific power of an optimized
FBR-besed power station using a conventional radi-
ator is roughly 0.13 kW/kg and u^ing a LDR, the
specific power is 5.0 kW/kg.

For closed-cycle turbine-based FBR systems,
radiator development offers the opportunity for
significant improvements in specific power. High
temperature turbine blades aad light-weight cas-
ings AX6 next most important.

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

Scaling Relationships

Weight asd volume algorithms have been de-
vised for RBR and FBR space power systems at the
component level. A computer code sixes the com-
ponents of a closed-loop space-power station using
either a turbo—alternator or MHD channel for pover
conversion. Open—cycle power plants are to be in-
eluded in future analyses. Table 3 shows some
weight algorithms used in the analysis.

Turbine and compressor weights, volumes, and
performance characteristics are from published
projections (1-4). Weight reduction is possible
for turbines and compressors by matching the al-
ternator to the turbine spaed and eliminating the
gear box. For the present time, only the second
area has been considered. (The superconducting
generator, being built at Wright-Aeronautical Lab-
oratories (5), is coupled directly to the turbine,
aad provides a significant weigh': savings. Tha WP
machine is not continuously rated, however, and
would be somewhat heavier for cv operations.)

The MHD channel chosen for these design stud-
ies is a channel with a standoff wall of BN with
ZrO2 electrodes and a Ho alloy case. Cryogenic
AL magnets ara used. A superconducting magnet
might be lighter, but introduces the problems of
quenches, etc. This is the same reason why alter-
nators using rare earth magnets was chosen over
superconducting units, which offer potentially
superior performance, for turbine power conversioa
systems.

Piping is all Ti alloy, with stand-off insu-
lation where very high temperatures art present.
Maximum allowable hoop stress is -300 mPa.

Raeouperators and heat exchangers to radia-
tors, where needed, are also made of Ti alloy.
These component weights are important and detailed
computer generated point designs of the entire He
loop were used to obtain their size and weight
over a range of output power levels.

Three radiators were considered in the ini-
tial design phase: heat pipes (6), tubular (7),
and liquid droplet (7). The tubular radiator does
away vith one heat exchanger, tanking it sonewhat
lighter than the heat pipe radiator. Both the
heat pipe and tubular radiator are more massive
than the LD£, which also allows lower reject tem-
peratures. For this reason, only the LDR is pre-
sented here. At lower pover levels, where the ra-
diator is a smaller fraction of the total weight
of a power station, sll three means of heat rejec-
tion 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 tao-iratares above 400 X, Li :" the working
medium, and at lower temperatures, silicone vacuum
oils arc used. Choice of working fluid is men-
tioned, significantly impacting radiator weight.



The reactor, either RBR or FBR. lua a minimum
size due to criticality considerations, and tbif
six* do** sot vary moch orsz the power ranges con-
sidered. The primary variation of reactor weight
le due to the increased pressure vessel thickness
at higher power>. This results from the need for
a higher He pressure in Che fuel bed as the power
density inereaaes.

Shield weight and volume are only slightly
dependent oa power level. They are primarily driv-
en by reactor size, shielding materials, and the
required level of shielding. A combination of LiH
and V haa been selected as the shielding material.
Shield weight and volume will be strongly a fuse
tion of application. For this reason, when compar-
ing power cycles, the shield weight is not shown.

Figure 4 illustrates the total computed
weight of a space power station. Both open-cycle,
with varying lifetimes, and closed-cycle opera-
tions are illustrated. Below 100 MW(e), a FBR is
used and at higher powers a RBR is used. In all
cases, one or more turbo-alternators axe used for
power conversion. Introducing MHD power conver-
sion above 100 HY(e) would decrease slightly the
marginal weight of the system at higher power
levels. Nevertheless, at much over 100 M*<e), the
power station oanaot bo placed in low earth orbit
using the space shuttle. At low power levels,
below -10 MW(e), the fixed weight associated with
critical reactor dimensions places a lower limit
on pover system weight. Table S illustrates the
variation in specific power with output power
level as well as for closed-cycle operation.

Figure 5 demonstrates the weight trade be-
tween closed-cycle operation using hydrogen MS a
working fiuid. Both systems modeled use a 100
tflT(e) output FBR and drive a turbo-alternator. A
Li LDR ij used for heat rejection is closed-cycle
operation. If the same trad* is carried out, us-
ing a tubular radiator, the trade-off time in-
c_jases to over 18 hours, with a system weight
over 700 tons.

Neutronics Considerations

loth the FBR and RBR are externally moderated
cavity reactors. In order to make them as light
weight and compact as possible, reflector thick-
ness has been minimized. A 1-D neutron transport
code (ANISN) calculates the size and critical mass
of the two reactors. Limited 2-0 neutron trans-
port analyses, (DOT Cods) have evaluated axial,
power profiles and end effects for the BBS.

Fifteen neutron energy groups are used, of
which seven are thermal. Cross sections were gen-
erated from ENDF/B data using the computer code
N7OT. Table 4 illustrates some of the 1-D neu-
tronic results for the RBR. For the RBR, 20% ex-
cess reactivity is assumed to account for neutron
streaming out the nozzle, fael burnnp, and reactor
control.

Case one to three show Sow reflector thick-
ness affect criticality. Less than 20 ca of re-
flecting material results in excessive neutron

leakage, while slowing down is essentially com-
plete for reflectors beyond 30 cm of reflector
thickness. Beryllium is the naterial of choice in
the reactor design as its thermal diffusion length
is large compared to its age.

Cases four to six illustrate the relationship
between fissile fnel loading (note, highly enrich-
ed 2 3 3D is used for all FBR and SBR designs),
and k,ff. Above 67 kg there is only * small in-
cremental gain in criticality per kf of D. Cases
seven through nine show the effect of fluldized
bed thickness over the limits of operation. As
*-aff 4°** not vary, with fluidisation fluctua-
tions is coolant flow or bed fluidization level do
not pose a control problem. Cases ten through
twelve examine the effect of the frit on critical-
ity. Increasing the density of the frit is rough-
ly equivalent to increasing its thickness or its
absorption cross section. It is clear that frit
absorption can have a substantial effect on criti-
cality. Cases thirteen and fourteen illustrate
that B2 pressure fluctuations will not signifi-
cantly impact criticality. The density of Bj
atoms in the coolant gas is small compared with
material at solid density so that fluctuations in
coolant pressure do not significantly impact upon
criticality. Helium has ao measurable effect on
criticality.

Table 5 presents selected 1-D neutronic cal-
culations for the FBS, Ten percent excess reac-
tivity is assumed to account for end losses and
control. Cases one through four show the effect
of fuel loading on criticality for a small reactor
with a thin reflector. Note that even with a thin
outer reflector, the fuel requirement is signifi-
cantly below that of the RBR. Cases five through
seven use a zirconium hydride outer moderator.
Zirconium hydride does not perform well due to the
excess capture neutrons in the outer zone. Zirco-
nium deuteride is better, but Be remains the mate-
rial of choice. Cases eight through ten demon-
strate the effect ol reflector thickness on criti-
cality. Decreased fuel loading in the case of the
FBS is due to the presence of the internal modera-
tor. Cases eleven through thirteen show the ef-
fect of reflector thickness for a larger diameter
higher power FBR..

In general, both the BBS and FBR can provide
adequate excess reactivity in a compact design
with mininel fuel loading. Both reactors are in-
sensitive £0 variations in coolant flow and have
temperature coefficients near zero.

,'lafetv Considerations

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

Launch phase safety requires not launching
fission products. The reactor launch would be
separate from the fuel loading (with the reactor
subsequently loaded in space) or else with a large
loading of a neutron poison (e.g., B4C) in the
core cavity. In either case, the reactor would be
clean at launch.



The two aost serious events identified to
data are a launch failure leadinf to an oc«as
landing and burning up upon reentry with a radio-
active cor*. In the event of as ocean landing, it
i< essential that th« reactor package be designed
so that cxiticallty oannot occur. A reentry with
a large fission product inveatoxy ia very unat-
tractive. By caxxying oat acceptance taitiag at
LEO and then transferring to an orbit high enough
to have an orbit decay tine greater than 300
years, fission products will have decayed to neg-
ligible levels before reentry could aver occur.

Total fissile and total traassraaic inventor-
ies should bo ainimized. A smaller fissile inven-
tory leads to less chance of launch hazard. As
transnraaics hava a Bach lover XPC (Mariana Per-
sissibla Concentration) than uranium, using fully-
enriched J35TJ fuel virtually eliminates the risk
associated with transnranic inventory.

The FBR/BBK are very limpla and relatively
inexpensive, it say be attractive to place spent
space reactors in high orbits to decay following
the unit's useful llfetiae. Thus, the waste dis-
posal probles is greatly simplified.

Conclusions

Space power systeas based upon the R8R and
FBR offer very high power levels at weights con-
sistent with throw weight capabilities of present-
ly available launch vehicles. Malti-aegavctt
power sources ia space can be safe, reliable, and
coapact. The BBS and FBR. would be inexpensive as
well, dne to their use of a developed fuel and the
inherent simplicity of the desigas. Any high-
powered space reactor operating in a continuous,
closed-cycle node must reject large aaouats of
power to space radiatively. Carefnl design of
such radiators is essential to any light—weight
apace power plsnt. By increasing the ainiatn op-
erating teaperature radiative host transfer is en-
chanced, at the expense of thermodynaaic efficien-
cy. Using LOR* s optimal designs are found which
exhibit reasonably high theraal efficiencies dne
to the low specific weight of such radiators.

VIthin the 10- to 20- year tine frame, such
power stations as those Sesoribed in this paper
could be beaaing 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 (V for
Turbine Brayton Cycle

Reject temperature (I)
Reactor outlet
teaperature (I)

1000
1250
1500
1750

500

6.4
13.3
19.4
24.4

700

-
3.5
3.5

13.3

900

-
-
2.0
5.7

Nonr«g«norative Brayton

Cycle (TIT " °-85- n e * 0.85).

Reactor outlet
temperature (I)

1000
1250
1500
17S0

16
26
34
40

.3

.7

.2

.0

0.4
10.7
19.6
26.7

7
15

-
-
.2
.0

Regenerative Brayton
Cycle (TIT • 0.85, n c » 0.85,

TABLE 2

0.8).

Point Designs for Two MHD Channels for
Space Power Conversion

T coolant (szit)
Electrode hookup
Output power
Mass flo»>
P coolast (exit)
Generator ialet:

- stagnation pressure
- Ifach No.
- width and height
Generator ontlet:
- stagnation pressure
- Mich No.
- width and height
- hall paxaaeter
Length
Magnetic field

Enthalpy extraction

2500 X
diagonal
100 SW(e)
15.9 kg/s
100 bar

5.5 bar
0.84
0.40 m

1.035 bar
0.65
0.34 a
4
8.5 m
tapered
6 to 3 T
15%

3000 E
diagonal
100 M*<e)
19 kg/s
100 bar

15 bar
1.4
0.2 n

1.76 bar
1.04
0.57 n
4
6.2 a
tapered
6 to 3 T
20ft



TABLE 3 TABLE 5

Component Weights in Tons as i Function of
Reactor Thermal Power In Megawatts

Weight as a function of
reactor tharwal power

Pi n HW(th)
3.5xlO-2 + 24.0xP
5.0x10-2 + 34.6xP
0.98iP

O.lxP
25.0xP

1.25 + 1.75xlO-2xP
3.3 + 7.0xl0"4xP
0.06 P

Turb ine
Compressor
Reconperator
Permanent nagnet
generator

MHD generator*
Piping

FBE (Pi.100 HW(o))
SBR (P>100 MW(o))
dc-dc convertor
Liquid Droplet
Sadiator

Bigh-perforaance
tobe rtdlatoi

1.44xl0"xPt8JTrej

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

TABLE 4

One-dimensional Nentronic Anilysi] of the RBE
(Kote. some cases are redundantly represented

to facilitate comparison.)

a
'•J

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Is
•v ca

S7
67
67
40
61
90
40
40
40
67
67
67
67
67

u

C
av

22
22
22
22
22
22
22
25
18
22
22
22
22
22

31
3)
41

T
li

l<

. 4

.5

t j 3}
11 3>

oa c

S.P

8
8
8
8
8
8
8
4.6

1 1 . 5
8
8
8
8
8

a
a.

F
rl

l

1
1
1
1
1
1
1
1
1
0
2
4
1
1

U 31

o a

s i E~

30
20
10
20
20
20
30
30
30
30
30
30
30
30

a
n a

1
1
1
1
1
1
1
1
1
1
1
1

.5
2

1.28
1.16
0.85
1.07
1.16
1.20
1.23
1.23
1.23
1.31
1.24
1.19
1.27
1.29

One-dimensional Kontronic Analysis for the FEE
(Note: for cases one through ten, AE2-'2.0 cm,
AR3-I cm of Zr, ABt»6.0 cm with a 0.65 pack-
ing factor, ARj«0.5 cm of Zr, and ARg-1.5
CBJ, and for cases eleven through thirteen,

<• and AB^-3.0 cm.)

II
1
2
3
4
5
6
7
8
9
10
11
12
13

C/16.0
C/16.0
C/16.0
3/16.0
C/16.0
C/16.0
C/16.0
C/16.0
C/16.0
C/16.0
C/26.5
C/26.5
C/26.5

10
20
35
50
20
35
50
20
20
20
20
20
20

Be/15
Be/15
Be/15
Be/15

ZrHj s/15
ZrH1-8/15
ZrBi'g/15

Be/15
Be/20
Be/30
Be/15
Be/20
Be/30

1.01
1.07
1.12
1.17
0.85
.0.90
0.94
1.07
1.21
1.36
1.13
1.27
1.41

TABLE 6

Variation of Specific Output Powor is t Function
of Output Power for a Closed-Cycle

RBR/FBR Power Station

Specific Power
(HE(e)/HT)

.05

.61
3.70
7.80
8.35

Output Power Level
(HE(e>)

0
1

10
100

1000

. 1

.0

.0

. 0

.0
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