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INTRODUCTION TO THE CNES-CEA STUDY PROGRAM 

Considering, that space missions involving nuclear power systems will be within 
the scope of the European launcher, when expanded into the ARIANE V rocket 
after 1995, both CNES and CEA agencies of the French government initiated a 
cooperative program in 1983, to assess the feasibility, the lead time and the 
cost for the development of a nuclear generator1relevant to the power range of 
50 to 400 kWe. 

A reference 200 kWe turboelectric space generator, basically composed of a 
1.1 MW fast neutron spectrum lithium cooled reactor?, of four redundant Brayton 
loops^ and of a heat pipe radiator^, was purposely developed to support the 
preliminary feasibility and cost studies completed in mid 1986. A new three 
year study phase (from mid 1986 to mid 1989) has been recently launched, that 
will be mainly devoted to sensitivity analyses to the reference design options 
and operating conditions, with a view to improving the initial concept ; at the 
same time, limited experimental work is intended to be started in the techno
logy areas, that have been identified as the most crucial for the reference » 
generator. 

The paper will present the updated design features of the reference 200 kWe 
turboelectric space generator studied in France, and will comment some of the 
alternative options to be analyzed in the near future, concerning the reactor 
and the conversion system in particular. Also will be presented the major 
conclusions of the simulation studies, that have been performed to analyze the 
overall behavior of the reference generator, during the start up and the acci
dental transients. 

MAIN FEATURES OF THE REFERENCE SPACE POWER SYSTEM. (Figure 2) 

The selection of a dynamic conversion system is justified by the limited deve
lopment required to meet the project specifications^ and by the demonstrated 
mass advantage of 100 to 300 kWe space generators using turboelectric rather 
than static converters, considering the largs radiator area (140 + 40 m?) 
afforded by the geometrical features of ARIANE V. Reliability considerations 
justify the incentive to bring redundant systems into play. The use cf two pairs 
of Brayton loops working in parallel at half nominal rated power between common 
primary and secondary heat exchangers is intended to permit a back-up operation 
at quasi nominal power in case of failure of one pair of turbogenerators. With 
the same aim in view, a heat pipe radiator^ is preferred to the equivalent gas 
cooled system,for the redundancy brought by 120 independent cooling elements 
distributed in three panels. A fast spectrum lithium cooled reactor has been 
selected for its inherent compactness and mass advantage, for its efficient 
heat removal capability in low pressure and quasi isothermal conditions, and for 
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its potential for extrapolation ; in return, the use of lithium as coolant, 
creates a number of constraints, whose impact upon the reactor start-up and 
the design of the primary system have been previously examined?. The reference 
reactor design assumes a tight core lattice of about 1000 IN sealed fuel pins 
with a 50 Z plenum to fuel ratio, and a double loop coolant supply driven by 
electromagnetic pumps. Mo-Re alloy is selected as structural material.Present 
mass optimization studies under the constraints of ARIANE V geometry,converge 
on a total mass of 6 tons for 200 kWe. 

SIMULATION STUDIES AND TRANSIENT ANALYSIS 

The energy needs and time scale involved in the start-up scenario with frozen 
coolant,are estimated by the numerical simulation of the primary loop thermal 
response to a monitored reactivity insertion. An acceptable trade-off between 
the requisite thawing time and the external energy needs, is believed to be 
within the capability of a start-up scenario based on nuclear thawing of the 
reactor, followed by electrical heating of the primary piping, and finally by 
heat transport from the reactor to the heat exchanger, effected by putting the 
lithium into circulation in a by-pass circuit coiled around the heat exchanger 
and designed for an efficient radiative heat transfer. Simulation studies prove 
that adequate monitoring of the reactor power and of the lithium temperature 
during this sequence, is achievable by a suitable reactivity regulation proce
dure, using neutron flux and temperature measurements. 

A power control system based on the three measurements of the nuclear power, of 
the coolant flow rate and of the core inlet temperature has been developed and 
tested : the reactivity is adjusted with a correction rate proportional to the 
difference between the measured power level and the ideal set-point calculated 
so as to maintain the core outlet temperature at an adjustable set value (for , 
instance 1470 *K at full power steady state), in the measured inlet temperature 
and flow rate conditions. The capacity of this control system for stabilizing 
the reactor operation and for damping the power and temperature swings has been 
demonstrated by the numerical simulations of the start-up sequence and of various 
scenarios of cooling accidents. 

The successive run-ups of both pairs of 100 kWe Brayton converters were analy
zed, assuming as initial conditions, that the conversion system was cold and 
that the primary system operated at 1300 °K in nominal flow rate condition, 
with the nuclear heat just compensating for the thermal losses (about 50 kU at 
1300 *K). In order to study the system response to the most rapid converter 
run-up scenario, the conversion system was assumed in a first step to contain 
from the beginning the adequate gas content to reach steady state without 
make-up ; the simulation of this severe transient under the control of the pro
posed reactivity regulation system, showed significant but smooth variations of 
the coolant temperature (drop of 100 °C and return to set-point) and of the 
reactor power (ramp from 50 to 800 kW) before reaching steady state after about 
500 seconds, with a reactor power of 485 kW and a power output of 100 kWe. The 
intermediate step at half nominal power was intended to avoid power excursions 
beyond 200 kWe during the run up of the second pair of turbogenerators. The 
purpose of a lithium temperature assigned to 1300 °K (170 °K below nominal) in 
this phase, was to achieve this intermediate step at 100 kWe, with a conversion 
efficiency improved by the availability of the entire radiator cooling capabi
lity for a single pair of turbogenerators. 
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The benefit of a progressive pressurization of the conversion loops was asses
sed by the analysis of an alternative run-up scenario of the converters, in 
which the lithium is initially at nominal temperature (1470 °K) and the pres
sure is monitored so as to achieve a linear ascension of the power output 
over 1000 seconds ; among the advantages of this procedure are a smoothened 
reactor power ascension, an alleviation of the thermal shock on the turbine 
and a probable better control of the rotating speed. Considering, that a pres
sure iDonitoring system will be unavoidably needed to make up for slight gas 
losses and to rise the pressure to switch over to a back-up operation at quasi 
nominal power with a single pair of converters, is an incentive to use the 
same system to also smooth the run-up sequence ; the only penalty caused by 
this additional function is an increase in size of the gas storage unit, as 
the initial pressure in the conversion loops will be purposely low (about 
0.1 MPa). The pressure monitoring procedure is defined so as to command gas 
injection only and to avoid gas ejection, in order to manage without purge val
ves and bulky gas recycling units on the gas circuit. 

The thermal inertia afforded by the metallic coolant is found best suited to 
the use of a small number of efficient power converters, as it reduces the de
mand on the reactor control in case of severe and rapid cooling accidents, 
such as those induced by the failure of a converter or that of a primary lithium 
pump. The simulation of these accidental transients, respectively illustrated 
on figures 1 c) and b), proved the proposed control system capable of effi
ciently controlling the temperature excursions, without the need for drastic 
protective actions such as the automatic power reduction or the safe shutdown. 
The instantaneous failure of one pair of turbogenerators, that causes the sud
den reduction of the converted power by 50 Z, induces a moderate transient, 
that leads after 100 seconds towards a new steady state, with the reactor power 
and the lithium temperature rise reduced to half of nominal values ; the power 
output of the Brayton units remaining in operation slowly increases from 100 
to 170 kWe, as the conversion cycle efficiency increases when the radiator 
cools down and stabilizes at a new equilibrium temperature. The failure of a 
single electromagnetic pump induces a rapid drop of the lithium flow rate and 
a consequent amplification of the temperature rise across the core (110 °C), 
by a typical factor of 2. The proposed power control system manages to keep the 
excursion of the reactor outlet temperature within 60 °C above nominal (14'/0°K); 
the electric power output becomes stabilized at 185 kWe after 100 seconds. 

A back-up control system only based on measurements and monitoring of the reac
tor outlet temperature, was considered for replacing the normal power control 
system in case of defective nuclear and lithium flow rate measurements. However, 
the performance analysis of simple procedures based on this principle revealed 
their inability to satisfactorily control both considered cooling accidents. 
A more advanced analysis proved, that supplementing the temperature measure
ments by rough measurements (only the derivatives are used) of the reactor po
wer and of the exchanged power from the primary to the secondary systems,makes 
it possible to anticipate the detection of the cooling accident and to thus 
achieve a reactivity control almost as efficient as that of the nominal control 
system. 

Additional simulation studies, will be applied in the near future to check the 
possibility of reversible protective actions, and to define in particular the 
procedure of automatic reactor power reduction, so as to keep at least one pair 
of converters running. 
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The simulation studies proved to be essential to check the viability of the 
considered turboelectric space power system, and to develop appropriate proce
dures of reactor control ; furthermore these studies will be extended to future 
sensitivity analyses, in order to assess the advisability of departure from the 
reference design and operating conditions. 
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Fig. 1 Monitored response of the ERATO turboelectric space power system, 
a) in case of instantaneous failure of one pair of converters 
b) in case of instantaneous failure of one primary lithium pump 
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LAYOUT OF THE 2 0 0 KME ERATO SPACE POWER SYSTEM 
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