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ABSTRACT

A cooperative program between the French Centre
National d'Etudes Spatiales (CNES) and the Commis-
sariat à l'Energie Atomique (CEA) was initiated in
1983, to investigate the possible development of 20
to 200 kWe space nuclear power systems to be laun-
ched by the next version of the European launcher,
Ariane V. After completion in 1986 of preliminary
conceptual studies of a reference 200 kWe turbo-
electric power system, an additional 3 year study
phase was decided, with the double objective of as-
sessing the potential advantage of nuclear power
systems versus solar photovoltaic or dynamic systems
in the 20 kWe power range, and comparing various
reactor candidate technologies and system options
for 20 kWe space nuclear power systems, likely to
meet the projected energy needs of future European
space missions. A comprehensive program including
conceptual design studies, operating transient ana-
lyses and technology base assessment, is currently
applied to a few reference concepts of 20 kWe nu-
clear Brayton and thermoelectric systems, in order
to establish sound technical and economical bases
for selecting the design options and the develop-
ment strategy of a first space nuclear power system
in Europe.

1. INTRODUCTION TO THE CNES-CEA STUDY PROGRAM

The increased reliability and load carrying capabi-
lity of the ARTASE V heavy launcher, which will be
available after year 1995, opens up the prospects
of future European space missions with projected
energy needs and lifetime relevant to nuclear power
systems.

In order to assess the engineering feasibility, the
lead time and the development cost of such nuclear
power systems, a cooperative study program was
initiated in 1983 between the French Centre Natio-
nal d'Etudes Spatiales (CNES) and the Commissariat
à l'Energie Atomique (CEA).

The first study phase (1983 to mid 1986), consisted
in conceptual studies, operating transient analyses
and cost assessment of a reference 200 kWe nuclear
Brayton system (Figure 1), meeting the power needs
of an orbit transfer vehicle with electric propul-
sion (1). The basic design options of the 200 kWe
resulted from the selection of the Brayton conver-
sion and also from specific constraints of integra-
tion with ARIANE V, which restrict to 140 m' the

affordable area of a non déployable radiator(Fig.2).
This system was basically composed of a fast spec-
trum lithium cooled reactor with Mo-Re clad UN fuel
pins, a redundant conversion system including four
Brayton loops operated at half rated power with a
turbine inlet temperature of 1400K and a heat re-
jection system using mercury/steel heat pipes.

Reactor core ._

Control drum __

Control
drum actuator _ .

Pump

Safety rods

Primary
system

. _Shield

Heat
Exchanger
Alternator

Compressor
Recuperator
_Heal pipe

Fig. 1 - General layout of the 200 kWe nuclear
Brayton space power system ERATO.

This effort is being pursued in the form of a second
3 year study phase (1986-1989), with the objective
of assessing the technical and economical bases for
the development of a 20 kWe nuclear power system,
likely to meet the energy needs of European space
missions from year 2005 onwards. With this aim in
view, a comprehensive study program of 20 kWe nu-
clear power systems, is currently conducted to pro-
vide the basis for selecting the design options and
the development strategy of a first European space
nuclear system (2). Some of the current studies,
which are briefly reported hereafter include :
- a comparison study of three reference concepts of



20 kWe nuclear Brayton systems, based on conceptu-
al design work, operating transient analyses and
technology base assessment (3)

- a preliminary assessment of the merits of the ther-
moelectric conversion over the Brayton cycle for
20 kWe nuclear systems (8)

- a comparative assessment of nuclear versus solar
and radioisotopic static or dynamic power systems
in the power range of 20 kWe (9).

In addition, to these study items, a limited expe-
rimental program on molybdenum-rhenium (Mo-Re)alloys,
UN fuel and heat resisting superalloys is being con-
ducted by the CEA, and predesign studies of crucial
components such as the turbomachinery and the reac-
tor control actuators, and integration studies of
the power system into the Ariane V launcher, have
been contracted to the French industry.

Fig. 2 - Integration of nuclear Brayton power sys-
tem with Ariane V.

2. REVIEW OF THE TECHNICAL OPTIONS CONSIDERED FOR
THE 20 kWe POWER SÏSTEMS

As for the initial 200 kWe power system, the Brayton
conversion with He-Xe as working fluid, is presen-
tly assumed as reference option for the considered
20 kWe power systems (2,3). In a first approach,
all system concepts were designed with a single re-
cuperated Brayton converter, directly coupled to an
armored gas cooled radiator as heat sink. Alterna-
tive design options, which are currently being in-
vestigated to improve the system reliability over
the projected 7 year lifetime, include using a re-
dundant dual Brayton conversion system and a heat
pipe radiator (Figure 3).

The reduction of the power level from 200 to 20 kWe,
with the same radiator area available (up to 140n'),
permits to consider lower heat source operating ton-
peratures than previously assumed for the 200 kWe

Fig. 3 - Double loop 20 kWe nuclear Brayton power
system ERATO.

system. This extends the range of applicable techno-
logies, to materials and techniques, which are more
conventional, and require a limited development ef-
fort: such are the available technologies of the
Liquid Metal Fast Breeder Reactors (LMFBRs) and
those of the High Temperature Gas Cooled Reactors
(HTGRs), on which two of the considered reference
systems are based. In return, the third system con-
cept makes uses of the very high tempeiature mate-
rials and advanced fuel technologies considered for
the 200 kWe system.

Basing the conceptual studies of candidate 20 kWe
power systems on the three above reference techno-
logies, permits to assess the impact of the reactor
concept (liquid metal versus gas cooled) and the
relevant operating temperature upon the system de-
sign and performances.

2.1 Generic design features
The three considered 20 kWe power systems are desi-
gned for a 7 year lifetime with a 0.90 reliability
goal. All reactor concepts are sized for a built-
in reactivity of 6£ at beginning of life and equip-
ped with a system of 7 or 19 safety rods capable of
maintaining a subcriticality margin of 5% in case
of compaction and water immersion. The reactor con-
trol in normal operating conditions, is assured by
12 rotating drums made of beryllium and equipped
with 20 mm thick absorbing sectors of B^C (90% en-
riched in 'OB). The safety rods include an absorbing
section of enriched B4C of the same length as the
active core height; these rods are inserted and lat-
ched in the core from the reactor assembly up to

2_



the divergence in orbit . The shadow shield is desi-
gned so as to l imi t the integrated neutron and gam-
ma doses to 10l3n/cm' ( E > 1 McV) and 0.5xlC)6 Rad on
a 20 m distant payload. The shield, wh ich consists
of B4C and LiH elements f i t ted in a stainless steel
honey comb s t ruc tu re , is designed so as to passive-
ly remove the deposited power (about 300 W for 20
kWe) with the shielding materials working within
their technological limits (670 to 870K for LiH).
The shielded cone angle is fixed at 30° and not con-
sidered as a var iable parameter. The Brayton con-
verter units consist of a single stage radial com-
pressor and turbine, driving a RICE alternator on
the same shaft. The gas cooled radiator is desi-
gned as an axisymetrical self-supporting structure
composed of armored pressure tubes and be ry l l i um
radiating fins and fitted to the launcher with a
cylindrical adaptator shell (Figure 2); the pres-
sure tubes are armored so as to meet an allocated
radiator reliability of 0.975 consistent with the
aimed system rel iabi l i ty of 0.90,

The batteries and auxi l i a ry power un i t s are sired
vith an amount of stored energy su f f i c i en t to per-
mit a m i n i m u m number of 10 restarts of the system,
with the assumption of inadvertent shutdown periods
not exceeding 10 hours before re-start. In order to
not impair the system rel iabi l i ty by f requent tem-
perature and pressure variat ions, a steady state
operation at nominal power is assumed, w i t h the ex-
cess energy dissipated on a shunt r a d i a t o r , so as
to m a i n t a i n the r o t a t i n g speed of the Brayton con-
verter constant (7) .

2.2 LHFBR derivative technology
The first 20 kWe system employs a sod ium cooled U02
fuel fast spectrum reactor, with 316 stainless steel
as a s t ruc ture and c l add ing mate r ia l , operat ing at
a local peak temperature of 943K, leading to a bulk
core oulet temperature of 923K. The interest in this
relatively moderate temperature system, which is a
priori featured by a large radiator area and conse-
quently an unfavourable total mass, lies in the ex-

nsive use of the technologies developed for the
fast breeder reactors . The present ly considered
opera t ing tc -mpc- ra tu re i s well w i t h i n the c a p a b i l i t y
of the aus t en i t i c stainless steel 316, p resen t ly
selected as reference material for the fuel clads
and the pr imary system. Al t e rna t ive materials with
improved creep resistance, such as Incoloy 800 and
some Hastelloys are being considered for the pri-
mary system, wi th a v i e w to apprec iab ly improve the
system mass pe r fo rmance by inc reas ing by 30 to 50K
the reactor temperature.

2.3 HTGR derivative technology
The second system is pr imar i ly based on the use of
technologies and heat resist ing m a t e r i a . < = , tha t
have been developed for the high tempera ture gas
cooled reactors (hTGRs): it basical ly consists of a
gas cooled epithermal or ZrH moderated reactor,
which drives a direct cycle conversion system, wi th
a tu rb ine inlet temperature of 1113K. Var ious reac-
tor concepts presently under considerat ion i n c l u d e
a dra in cooled part ic le bed reactor (4 ) , a HTCR de-
rivative reactor concept and a ZrH moderated par-
ticle bed reactor (5,6). A l imi ted exper imenta l
program i n v e s t i g a t i n g the e f fec t of i r r a d i a t i o n on

the mechanical properties of candidate superalloys
of the gas cooled reactors (such as various Hastel-
loys, Haynes 230 and Pyrad 38D) has been i n i t i a t e d
in 1987. In comparison wi th the I.MFBR der ivat ive
sys t em, the higher heat source temperature a f f o r d e d
by the HTGR technology leads to smaller and lighter
radiators (by a factor of about 2).

2.4 Very high temperature liquid metalL_technoloRy
The third system incorporates the very high tempera-
ture liquid metal technologies of the reference 200
kWe power system: the heat source consists in a li-
thium cooled and UN fuelled fast spectrum reactor,
with Mo-Re alloys as structural and cladding mate-
rial. The system is sized for a local peak tempera-
ture of 1423K, which is within the capability of
these advanced technologies, and comparable with
that considered for the 200 kWe power system; howe-
ver , s ign i f ican t ly lower operating temperatures could
be envisaged for a 20 kWe power system. The mass ad-
vantage and the growth potent ia l expected from the
use of a very h igh temperature reactor are to be
weighed against the long term development of the re-
f r ac to ry metal and l i t h ium technologies. A l i m i t e d
program has been launched in 1987 to examine the
compat ib i l i ty wi th l i t h i u m , and the mechanical pro-
per t ies before and a f te r i r r a d i a t i o n of Mo-13Re and
Mo-41Re al loys.

3. CONCKPrilAL STUDIES OF THE CANDIDATE 20 kWe
NUCLEAR BRAYTON SYSTEMS

3.1 Design studies of specific components
Pr^mary_s£s tem_of Ii3yi.d_metal cooked reactors

The l i q u i d metal cooled reactors ( i l lustrated in fi-
gure 4), basically consist of a t ight lattice of 780
fuel p ins arranged w i t h a pi tch to diameter ra t io of
1.07 and equipped w i t h 7 safety rods. The sodium and
l i t h i u m cooled versions use respectively U02 and L'N
fuel pins w i t h outer diameters of 8.5 and 9.0 mm.
The ac t ive core he igh t and di.imeter are respectively
270/290 mm and 290/310 mm leading to respective fis-
sile fuel inventor ies of 75 and 110 kg of u r a n i u m
(93% e n r i c h e d ) in the sod ium and l i t h i u m cooled ver-
s ions . The la rger f u e l i n v e n t o r y needed in the lat-
ter , is imposed by the increased p a r a s i t i c neu t ron
a b s o i p t i o n in the Mo-Re a l l o y , as compared v i t h
s tep] , F^ch fuel pin i nc ludes ax ia l reflector zones
at bo th ends of the fuel c o l u m n ( respect ively 70
and 14G mm th ick at the b o t t o m and top) and 100 to
115 mm h i g h p l enum sec t ions (depend ing on the sodium
or l i t h i u m cooled ve r s ion) . W i t h a t he rma l pcver of
110 K W for an electric o u t p u t of 20 kWe, both reac-
tors operate wi th a very modest specific power (1.5
and 1.0 kW/kgU respec t ive ly) , which is far below the
capab i l i ty of the fuel and l i q u i d metal coolant
technologies.

The coolant f l o w rate and pressure drop , and the
number of p r i m a r y loops, are selected so as to rea-
l ize the optimum mass tradeoff between the primary
system ( p r i m a r y heat exchanger, i n d u c t i v e eleclro-
nir ignet ic pumps and power s u p p l y ) , and the conversion
s y M p m sized to supply the a d d i t i o n a l power recycled
in the e l e c t r o m a g n e t i c p u m p i n g . On th is basis, a
number of 2 p r i m a r y loops w i t h coolan t tempera ture
rises of 115K for sodium and 135K for l i t h i u m have
been selected. The i n t e r m e d i a t e hra t exchanger con-



gnifleant technical challenge.

Fig. 4 - Vertical cross section of the considered
liquid metal cooled reactor.

sists of a bundle of gas pressure tubes immersed in
the liquid metal; it is equiped at one end, of de-
formable bellows intended to accommodate the thermal
expansion of the liquid metal contained in the pri-
mary system and to keep the coolant pressure cons-
tant at the set point of 0.2 MPa. The primary piping
and the heat exchanger are equipped with electrical
tracers to initiate the thawing process of the metal-
lic coolant in the sections of the primary system
distant from the reactor.

Gas cooled reactors

The design work on gas cooled reactors is devoted to
both epithermal and hydride moderated (ZrH]_7) cores,
with a view to assessing the respective merits and
issues attached to each concept. The work in the
area of epithermal reactors was dominated by the
search for a compact core design, capable of being
efficiently cooled with a relative gas pressure drop
limited to 3%, so as to not excessively degrade the
conversion cycle efficiency. The study converged on
the proposal of a compact particle bed reactor coo-
led by 270 perforated drains, as illustrated on fi-
gure 5, and fuelled with large 1'02 fuel particles to
be purposely developed (800 jim U02 kernel coated with
two 50 pm thick protective layers of PyC and SiC).
The active core height and diameter are 350/380 mm,
leading to a fissile fuel inventory of 137 kg of
uranium (93% enriched). About 100 mm thick axial re-
flectors made of hexagonal cladded BeO elements are
placed beneath and above the particle bed; coolant
plena of 190 and 340 mm are located at the bottom
and upper sections of the pressure vessel. The drain
cooled particle bed reactor concept is presently ta-
ken as reference gas cooled reactor for its attrac-
tive mass performance and flexible adaptation to the
direct Brayton conversion, but at the same time, ta-
king the considered loose particle bed concept into
a successful hardware system is recognized as a si-

Fig. 5 - Vertical cross section of the considered
drain cooled particle bed reactor.

Recent attempts to make a more extensive use of the
conventional HTGR fuel technology, to minimize the
development risks, led to consider a reactor con-
cept based on prismatic fuel elements with BISO fuel
particles developed by the CEA for the Fort Saint
Vrain reactor (510 urn ThU2 kernel replaced by U02
coated with 85 urn and 95 /M thick layers of PyC).
As illustrated by table 1, the studies in this area
demonstrated that using this more conventional fuel
technology resulted in a less favourable uranium
filling factor (0.9 versus 3.0 gU/cm'), which implies

increased critical core dimensions (H/D~650/650
mm) and a mass penalty in excess of 700 kg for the
reactor only. Increasing the uranium filling factor
up to 2.2 gU/cm' can be achieved while using the
fuel particles considered for the particle bed reac-
tor in conventional HTGR fuel elements; this would
permit to further decrease the critical core size
(H/D~ 450/450 mm) and to reduce the penalty on the
reactor mass to 120 kg.

Table 1 - Comparison of mass performances between
various concepts of gas rooled re-actors.
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A ZrH].y moderated version of the gas cooled parti-
cle bed reactor, based on the annu la r fuel element
developed by the Brookhrwen National Laboratory (5)
has been investigated to assess, by comparison wi th
non moderated concepts, the effective benefit on the
fissi le fuel inventory , and also the penal ty on the
system performances induced by the necessary ther-
mal c o n d i t i o n i n g of the hydr ide (< 800K) to pre-
vent excessive hydiogen losses over the l i fe t ime.
The studies in the area converge on a reactor design
with 37 fuel elements (35 mm in diameter) w i th ac-
tive core height and diameter of 410 and 340 mm,
100 mm thick ax ia l reflectors of ZrH^y and beryl-
lium (Figure 6); alternative designs with 19 fuel
elements are being further investigated (6). In
comparison with the drain cooled particle bed reac-
tor, the moderated reactor concept was found to per-
mit a reduction of the fissile fuel inventory by
one order of magni tude , but not to s ignif icant ly
reduce the shielding requirement nor the total sys-
tem mass.

systems cons idered , remain in a na r row range bctwen
16.8 and 17.6%, thus leading to a comparable reactor
thermal power requirement of 115 ± 5 k W t .

Fig. 6 - Hor izon ta l cross section of the cons ide red
ZrH ijinderated gas cooled par t ic le bed
reactor.

3,2 Optimum design p a_r ameters for mass m ij) imizntion
A computat ional tool based on a fa i r ly detailed nu-
merical modeling of the ent i re system, has been de-
veloped to optimize the system design for the mini-
mum total mass, for the aimed net electric power
output and the peak reactor temperature (3). This
computer code is organised accord ing to the f low
chart of f igure 7 and progressively incorporates
improved numerical models and correlat ions derived
from the current component design work by CEA and
the i n d u s t r y .

Near op t imum ope ra t ing c o n d i t i o n s for each cand ida -
te power system have been determined by the present
version of the mass m i n i m i z a t i o n code (Table 2).
The results show that the net e f f i c i e n c y of the

Fig. 7 - Flow chart of the nuclear Brayton perfor-
mance optimization code DIOGENE.

Table 2 - Near opt imum operating conditions for the
considered 20 kWe nuclear Brayton power
systems.
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The mass su-finries of the c o n s i d e r e d 20 kWe power
systems, which are l is ted in Table 3, reveal l i t t le
di f fe rence between the various candidates (2100 kg
± 1 2 % ) . This a priori surprising resul t , despite ra-
dical di f ferences in reactor temperature and techno-
logy, stems f r o m the moderate contr ibut ion of the
rad ia to r and other heat exchangers in the t o t a l mass
balance of 20 kWe power systems and also f r o m the
compensation between the increased mass of the epi-
thermal gas cooled reactor and the mass saving af-
forded by the use of a d i rec t cycle convers ion, with
nei ther i n t e r m e d i a t e heat exchanger nor specif ic
energy storage for the coolant thaw sequence before
s tar t -up. This c o n c l u s i o n v a l i d a t e s a development
s t r a t egy of a f i r s t European low power space nuclear
s y s t e m , based on the avai lable or near term techno-

r



l ogy , ' fo r m i n i m i z i n g the development risks.
Table 3 - Mass summaries (kg) for the considered

20 kg turboelectric power systems.

COMPONENT MASS (KG)

REACTOR BLOCK
Reactor
StueM
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TOTAL SYSTEM MASS (Kg)

SPECIFIC MASS (Kg./iWo|

(10,/Na/SS

650'C

564
375
169

99
45
32
22

207
83
84
40

623

158
354
205

9
100

2319

ne

HTGR der.

850-C

807
437
370

139
60
33
25

302
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288
164

6
too

I960

98

UN/L/Mo

1123-C

612
440
172

65
22
25
18

155
81
46
28

209

155
376
205

7
100

1884

94

Considering the use of a dual B r a y t o n cnnve i s ion
system to improve the global systc4m r e l i a b i l i t y (as
il lustrated on f igure 3), is expected to i n d u c e an
acceptable mass penalty of 200 to 270 kg depending
on the heat source temperature.

3.3 Potential of power growth
The capability of a cycle e f f i c i ency of about 20%,
as composed with typical 2 to fâ for the s t a t i c con-
version systems, is assuredly an asset of the Bray-
ton conversion for the system scalabi l i ty to larger
power levels.
Table 4 - Sens i t iv i ty of system mass and r a d i a t o r

area to the design power w i t h i n the range
of 20 to 50 kWe.
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Table 4 which indicates the projected total mass of
50 kWe power systems with a single Brayton unit,
emphasizes the benefit of a high heat source tempe-
rature to limit the mass increase rate with the de-

sign electric power: scaling the considered nuclear
Brayton power systems from 20 to 50 kWe implies a
mass increase of 1290 kg for the sodium cooled sys-
tem at 923K versus 550 kg only for the lithium coo-
led system at 1423K.

However, the extrapolation potential of the LHFBR
and HTGR derivative power systems is estimated at
30 kWe and 70 kWe respectively, with the maximum ra-
diator area afforded by the launch configuration in
Ariane V (140 m1 if non déployable).

3.4 Operating transient analysis

Start-up, normal and accidental transients of liquid
metal cooled systems have been investigated by com-
puter simulation, as illustrated by the Figures 8
and 9 relevant to the partial and total loss of flow
accident in the 1.MFBR derivative system.

Cooling accidents

Simulation studies have demonstrated the capability
of a control system based on temperature, flow rate
and nuclear flux measurements, to adequately control
the failure of one electromagnetic pump with a core
outlet température excursion limited to 25K.
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Fig. 8 - Response of the LMFBR de r iva t i ve system to
the f a i l u r e of one e l ec t romagne t i c pump.

The thermal ana lys i s of all considered l i q u i d metal
and gas cooled reactors in case of to ta l loss of
f low accident a f te r steady state opera t ion at 20 kWe,
has conf i rmed the s u f f i c i e n t c o n d u c t i v e and rad ia t i -
ve coo l ing c a p a b i l i t y of the reac to r , to passively
remove the residual decay power w i t h a very moderate
t empera tu re excursion.
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Fig. 9 - Response of the
LMFBR derivative
system to a loss
of coolant acci-
dent. Temperature
map of the reac-
tor 15 minutes
after shutdown.

Start-up scenario
In order to assess the ener-
gy needs and the time scale
involved in the start-up sce-
nario of each considered
power system, the initial
reactor heating sequence,
prior to putting the pri-
mary coolant into circula-
tion, was simulated with
various power ramps. For
an arbitrary limitation of
the temperature gradients
to 200K within the core
during start-up, results
demonstrated that the ini-
tial nuclear preheating po-
wer should not exceed 5 kW
ower a typical period of

8 hours to reach an average temperature of BOOK in
the gas cooled particle bed reactor and 10 kW over
2 hours to reach an average temperature 500K in the
liquid metal cooled reactors.

A special effort was invested in the definition of
a credible and low electric energy consuming start-
up scenario for the sodium and lithium cooled sys-
tems launched in the frozen state. The present in-
vestigations converge on a combined nuclear and
electric thawing sequence, based on the use of elec-
tric tracers coiled around the primary piping and
heat exchanger, and of a resistive heating element
in the reactor vessel, intended to form a liquid
path between the core lattice and an accumulator
located in the upper reactor structures, prior to
initiating the bulk nuclear thawing of the reactor
coolant. The presently considered optimum scenario,
is theoretically capable of thawing the reactor coo-
lant Ù) 90 minutes with electric power needs below
1.6 kW and nuclear power needs ranging from 2.5 to
10 kW. With this scenario, the minimum period to
heat up the primary system prior to starting the
Brayton converter is estimated at 3 hours with to-
tal power needs of 4 kWh, which can be supplied ei-
ther with batteries (150 kg) or with an auxiliary
power unit (60 kg).

In case of reactor shutdown after operation at nomi-
nal power at the beginning of life, a minimum period
of 36 hours elapses before sodium begins freezing
in the primary circuit; this time limit is brought
up to 3 months after 7 years of operation at nomi-
nal power. Restart with frozen coolant is believed
practicable provided that the thaw process be first
applied to one of the accumulators.

The use of the NaK eutcctic in place of sodium is
considered for the low temperature 1MFBR derivative
system, to release the constraints and the uncer-
tainties of the frozen coolant thaw process. The

substitution of NaK for sodium has a marginal impact
on the total mass of 20 kWe nuclear Brayton systems,
as the mass saving afforded by the reduced external
energy needs for start-up (in absence of thaw sequen-
ce), compensates for the mass penalty resulting from
the less favourable thermohydraulic properties of
NaK compared with sodium. The major issues attached
to the use of NaK in place of sodium relate to the
increased corrosion, the production of argon by nu-
clear reactions on potassium, and the a priori more
difficult preservation of the core integrity with a
liquid and reactive coolant in case of reactor im-
pact and submersion.

3.5 Preliminary safety assessment
All considered reactor concepts prove to passively
and safely respond to loss of coolant accidents at
full power (115 kWt for 20 kWe). Furthermore, all
systems are equipped with a system of safety rods
specifically designed so as to assure a subcritica-
l i ty margin of 5% at least in case of compaction and
immersion accidents subsequent to launch abort. Ex-
perimental evidence, however, is required to prove
that in such accidents the damaged fuel elements
keep a sufficient integrity and that the distorted
core geometry stays close enough to that assumed to
size the safety rods. Uncertaint ies in this respect
relate to possible fuel p a r t i c l e spil l and crushing
in damaged par t ic le bed reactors, to the solubili ty
of u r a n i u m ca rb ide fuel in cold w a t e r , and to possi-
ble explosive chemical reactions between water and
frozen or l iquid a lka l ine metals used as reactor
coolant .

3.6 Preliminary reliability assessment
From a theoretical point of view, systems using a
direct conversion cycle, which spare the use of pri-
mary pumps, Intermediate heat exchanger and thaw de-
vices, should prove more reliable.

However, indications from a preliminary reliability
survey tend to prove the necessity of a dual Brayton
conversion system, to meet the aimed system reliabi-
lity of 0.90 over 7 years. In that case, either he-
lium tight valves or an intermediate heat exchanger
would also be necessary in HTGR derivative systems,
thus mitigating tleir potential reliability advantage.

3.7 Evaluation of development and recurrent costs
A comparative evaluation of the required development
effort and recurrent cost, was made on the basis of
a development program including :
- a ground demonstration test of at least 2 years of

successful operation of a nuclear reactor prototype
and 4 years of operation of an electrically heated
version of the entire system, as prerequisite for
deciding the construction of the flight systems.

- the fabrication of three identical models of flight
systems, with a view to accumulating on one of
them, at least one year of successful operation
in relevant conditions in a special nuclear ground
test facility, prior to assemble the fight and
the spare systems.

Even though calling for quite different technology
developments, the considered nuclear Brayton systons
were found to have comparable development cost es-
timates (within a range of 15%), because of the re-



latively small fraction of the total cost represen-
ted by the specific technology developments, as op-
posed to the significant cost of the assumed long
ground tests, which is nearly independent of the
system technology. For the same reasons, the estima-
ted lead time is found fairly independent of the
system technology. The confidence in a successful
system development within the expected time frame,
however, clearly depends on the experience accumu-
lated in the selected technology. Based on the spe-
cific reactor experience of France, the IXBR deri-
vative system operating at 923 Kclearly minimizes
the risks of development, in comparison with systems
involving very high temperature technologies or in-
novative gas cooled reactor concepts. Furthermore,
this power system, which is largely based on exis-
ting or near term technologies, is estimated capa-
ble of being ready for launch in year 2005, provi-
ded that an active delopment programme be under-
taken in 1990.

4. COMPARISON OF 20 KWE NUCLEAR BRAYTON SYSTEMS

The respective merits of the considered 20 kWe nu-
clear Brayton systems are summarized in Table 4.
From this comparison and based on the specific tech-
nology background of France, the sodium or NaK coo-
led LMFBR derivative power system emerges as the
best suited to confidently meet energy needs of 20
kWe in year 2005.
Table A - Comparative evaluation of 20 kWe nuclear

Brayton systems
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5. COMPARISON OF THERMOEI^ECTRIC VERSUS BRAYTON
CONVERSION TOR 20 KWE NUCLEAR POWER SYSTEMS

A numerical model of thermoelectric nuclear systems
equipped with thermoelectric electromagnetic pumps,
was developed to predict the near optimum design
parameters of such systems and to compare their per-
foimances to those of the equivalent nuclear Brayton
systems (8). This model, which incorporates some
of the features of the SNPSAM performance code de-
veloped by the University of New Mexico, was first
checked against the design parameters of some radio-
isotopic and nuclear thermoelectric generators des-
cribed in the literature. The model was then applied
to size low temperature ( 923K) LMFBR derivative
thermoelectric systems with PbTe or SiGe thermoele-
ments, for comparison with the Brayton alternative.

The results confirmed the more attractive performan-
ces of the PbTe couple at the relatively low consi-
dered temperature, leading to a total system mass
and radiator area of 2600 kg and 110 m' for 20 kWe,
as opposed to 3000 kg and 145 m1 respectively with
SiGe. The nuclear PbTe thermoelectric system can
theoretically be scaled up to 40 kWe, within the
limits of the non déployable radiator area of 1/0 m';
this 40 kWe power system is featured by a total rmss
of 3060 kg and a net efficiency of 4.6%, thus lea-
ding to a reactor thermal power of 875 kWt.

This preliminary comparison of both thermoelectric
and Brayton versions of the low temperature LMFBR
derivative system, revealed that the mnss and sur-
face performances of the thc-rmuelectric system
could at best approach those of the Bnyton alter-
native, if PbTe is used as thermoelectric material.
A more in depth comparison of the PbTe thermoelec-
tric versus the Brayton conversion is in progress,
which incorporates additional evaluation criteria
such as the status of the PbTe technology in France,
the comparison of the development effort between
thermoelectrics and Brayton converters in Europe,
and a comparative reliability analysis between the
intrinsically redundant thermoelectrics and a dual
Brayton conversion system.

6. COMPARISON OF 20 KWE NUCLEAR VERSUS SOLAR
SYSTEMS

A preliminary comparison sludy between radioisoto-
pic, solar and nuclear power systems likely to sup-
ply 20 kWe in high earth orbit, has been conducted
within the framework of the CNKS-CEA program ERATO.
The criteria considered for this comparison inclut,
launch safety, mass performances, operational re-
liability, integration with the launch vehicle, and
also estimated development and recurrent costs. The
merits of the considered candidate systems are sum-
marized in Table 5. The most promising candidates
emerging from the study are the solar photovoltaic
generator with GaAs cells and Nickel/Hydrogen bat-
teries, and the nuclear power systems. The major
assets to the solar photovoltaic generator relate
mainly to the absence of specific risk in case of
launch abort and reentry in the earth atmosphere.
In return the major advantages of the nuclear power
system include the autonomous operation, the large
scaling potential and a recurrent cost estimated at
20% only of that of the equivalent 20 kWe solar
photovoltaic generator.



Li view of those valuable assets and of the good pros-
pects to adequately resolve the specific safety is-
sues of nuclear power in space (by appropriate reac-
tor design, adapted ground handling rules and perma-
nent operation in safe orbit), the study recommends
to prompt the development of nuclear power systems
for not only superseding the radioisotopic sources
beyond 10 kWe for the planetary missions, but also
the solar photovoltaic generators in high eai th or-
bit, for the electric needs exceeding their practi-
cal limit of extrapolation.
Table 5 - Comparative assessment of 20 kWe space

power systems.

7. CONCLUSION

A comprehensive study program is being conducted by
two Agencies of the French government, to assess the
assets of nuclear energy to meet space mission needs
of 20 VWe, and to provide an adequate basis for se-
lecting the design options and the development stra-
tegy of a first nuclear system in Europe. Within the
framework of this program, a major effort is inves-
ted in conceptual design studies, operating tran-
sient analyses and evaluation of development effort,
to compare the merits of various reactor and conver-
sion technologies applicable to 20 kWe space nuclear
power systems.

The marginal mass advantage procured by the use of
very high temperature technologies for low power
systems tends to validate a development strategy of
a first 20 kWe space nuclear power source in Europe
bated on available or near term technologies for mi-
nimizing the development risks. In this respect, a
nuclear Brayton system using a sodium or NaK cooled

fast spectrum reactor at 923K seems best suited to
the specific technology background of France, and
offers the best assurance of successful ground test
qualification and readiness for launch in year 2005.
A thermoelectric alternative of such a LMFBR deri-
vative system is being thoroughly assessed and com-
pared with the Brayton option, for its potential
reliability advantage over a dynamic conversion sys-
tem with no flight experience yet.

Even though based en the existing or near term HTGR
technology developed by European partners, the di-
rect cycle nuclear Brayton systems are estimated to
require more technology development because of the
innovative reactor concepts considered to keep the
system mass reasonable.

A next three year phase of the ERATO program, is li-
kely to be committed by the end of 1989, with the
main objectives concentrated on planetary mission
needs. If confirmed, this new phase will be dedica-
ted to deciding the best technical options suited
to the new set of specifications, and to detailed
design studies of the selected system.
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