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Absjjaa 
MAPS, a 3-year study program on NTP has recently been launched at CEA following the conclusions of a 

preliminary scoping study of an NTP system for earth to moon orbit cargo shuttle missions. This paper presents the 
main results of this scoping study, and gives an outline of the MAPS program. 

INTRQDIfCTIQtt 

Nuclear Thermal Propulsion is generally acknowledged not only to enable human exploration missions to mars, but 
also as an economically attractive technology for cargo shuttle missions to the moon and beyond. Considering the 
latter near term missions, a NTP study program, called MAPS (French acronym for Atomic Engine for Space 
Propulsion), has recently been set up at CEA with «sponsorship of the CNES (French National Center for Space 
Studies). The decision to launch this study was based on the conclusions of a preliminary scoping study (Raepsaet 
1993) focusing on a system able to provide the propulsion for several round-trip cargo missions to the moon. 
Spanning a period of three years (94-96). the study program aims at developing the knowledge required to decide 
whether to initiate an R&D program on NTP technologies. This study will principally include an assessment of the 
engine performances (mean specific impulse, mass, operating constraints, reliability, recuiring cost...), safety 
svaluations and an R&D program proposal. This paper gathers the main results of this scoping study and present the 
scope of the technical program planned from 94 through 96. Considering the additional requirements of an engine 
necessitating minimal technological developments while offering prospects for significant performance 
improvements if more advanced technologies were envisaged, the Panicle Bed Reactor concept (Powell 1985) was 
retained as reference for this study. Following the reference mission specifications summarized below, first the basic 
design features of the con.«idered engine concept are given. Then a first approach to the start-up and shutdown 
transient sequences is presented. This provides the basis of a preliminary assessment of the global performances of 
the engine during a round-trip between the earth and the moon. Finally, after a discussion of the safety problems 
associated with the use of a nuclear reactor for this type of mission, the conclusions of this preliminary scoping study 
are summarized and the scope of the MAPS 3-year study program is presented. 

rONSinFBFn MISSION urni HUTMENTS 

The MAPS program, as well as the initial scoping study whose results are reported here, is essentially devoted to 
the study of a particle bed reactor based 72 kN NTP engine with a minimum specific impulse of 800 seconds. This 
engine must provide thrust for cargo missions between the earth and the moon circular orbits. The space tug is 
designed to perform at least five round-trips. It is assigned to be put into earth orbit together, with hydrogen needed 
for the return phases, by the heavy launcher ARIANE V and thus must satisfy the associated mass and size 
constraints. Payioad w>th its hydrogen needed for an earth-moon one-way journey is considered to be launched 
separately, with payioad ..; tug assembling being made automatically on the start-up orbit. 

The different phases of a typical round-trip mission that serves as framework of the study are shown in table 1 : 
TABLE 1 • Mission Phases 

start-up from 
earth orbit 

to the 
moon 

injection 
moon orbit 

start-up from 
moon orbit 

to earth injection 
earth orbit 

At 811s 90 h 211 s 64 s 90 h 132 s 
AV 3IOOm/s 0 1100 m/s HOOm/s 0 3100 m/s 

2 R «2 2 2 
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These mission requirements correspond to the assumption of a space shuttle (tug+payload+hydrogen; escapng the 
earth from a 600 Am-in-altitude circular orbit. 

A very first attempt has been made to adapt the PBR concept to the mission specifications while privileging 
reliability and design simplicity and minimisation of the necessary technological developments. The PBR concept 
(Powell 1985) has been selected to start this study because its seems to be reaily suited 10 this type of mission as 
much from thrust-to-weight and performances points of view as for its design simplicity. Others engine design 
assessments could be done with other nuclear reactor types so as to select afterwards the most appropriate concept. 
The main characteristics of the engine are given below : 

smeto i nci ,„ „, smeu) 1*1 T A D i e t r? n . • - j -
TABLE 2 - Engine Operating Conditions 

REOOCINC CUB 

cowriot. onm 
CCUUNC 

NOZZLI TOWS 

«m.pr- « 

Thrust (flow raie) 72 kN (9 kg/s) 
Propellant 

Cycle 
Chamber pressure 

Chamber temperature 
Mach at the core outlet 

H, 
EXPANDER 
3 0 MPa 
2200 K 
0 7 

Turbopump power 
rotation speed 

I l MW 
51600 ir/mn 

Specific Impulse (vacuum) 
Average Specific Impulse* 

Nozzle expansion 

816s 
786 s 
200 

Engine mass 
Height 

Thrust to weight ratio 

2295 kg 
3S5m 
32kg/kN 

* balanct over ont mund-lnp 

FIGURE I • Horizontal Engine Cross Section 
Apart from the nuclear core part, a nuclear propulsion engine calls for classic technology as far as others system 

components are concerned. This is the case for the turbopump, the nozzle and the hydrogen cycle in general. 
Moreover, the choice of an EXPANDER hydrogen cycle makes easy the turbopump definition from the operating 
constraints point of view in comparison with the turbopump design of a cryogenic engine. 

DESCRIPTION OF THF N l l f l EAR CORF. 

The main characteristic of the core is a beryllium block made in one piece (using HIP process) which acts as 
moderator as well as reflector and which ensures some structural integrity and facilitates alter heat passive removal. 
This block comprises 19 holes of 6.55 cm in diameter and 12 larger ones at the periphery used for fuel elements and 
control drums respectively. The design features are shown in figure 2 and operating conditions of the reactor are 
gathered in table 3 : 

ma tLotoff 

PIMM 

TABLE 3 - Reactor design point 

FIGURE 2 - Radial core cross section 

Number of fuel elements 
• U mass ( 9 3 * U 235) 
• particle bed volume* 

19 
19 2 kg 

24 7 litres 

Diamcier/hcighi ofihc core regmn 
Global diameter 
Mas» of the core 

of the shielding 

6.V70 cm 
94 cm 
965 kg 
370 kg 

Fuel uc, 
Particle bed power density 
Core power density 

12.1 MW/bedluer 
1 5 MW/core liter 

Radial/axial peak power 1 27/1 25 

H) temperature 
• core inlei 
• core outlet (chamber) 

150 K 
2200 K 

Hj pressure 
- core inlet 
• core outlet (chamber) 

3 5 MPa 
3 0 MPa 

* pcmclt vnlumt frueiwn 6f+ 



The fuel dements of a PBR reactor consist of annular packed Hsds of fuel particles. The bed of particle is held 
between two porous cylindrical walls (frits). Hydrogen flow is radially inward from the outer cold frit, through the 
packed bed and innc hot frit, and axially out along the channel formed by the hot frit. In the present conceptual 
design, the fuel particles with a diameter of approximately 500 um consist of a central UCi kernel coated with 
pyrolitic graphite and ZrC successively. UC 2 has the advantage of referring of well known technologies while being 
compatible with the reactor design specifications (average H 2 maximum exit temperature of 2200K corresponding to 
the specified specific impulse of 800 s, operating time in the range 1-2 hours...). 

Neutronics calculations were performed in order, first, to define the pitch between the fuel elements resulting m a 
reactor of the appropriate sue and the height/diameter ratio of the core. Then the core k c f f and the control drum 
efficiency were estimated. Finally the power distributions in the fuel elements were evaluated and analysed. The 
methodology used in the present study makes use of APOLL02 [I] French transport code for ID unit cell and 2D 
heterogeneous radial core calculations with collision probabilities theory, then R-Z core calculations with S N 

methodology where the core region is homogenised. All the calculations were made using a 99 group (47 fast, 52 
thermal) library based on ENDF/IV and V. Table 4 belcw gives the values of the multiplication factor and spatial 
neutron leakage for both configurations, face in and face out. of the absorbing material (B 4C) of the control drums. 

TABLE 4 • control efficiency evaluation 
Control drums position : 

B,C face out 8 jC face in 

2D radial core calculation 

(heterogeneous) 

Ki° 1 .18203 1 16332 

2D radial core calculation 

(heterogeneous) 

F* 10000 pem 9400 pem 2D radial core calculation 

(heterogeneous) K>rr 1 25640 106340 

ID traverse core 

calculation 

(homogeneous) 

Kl° 1 33826 1 10800 ID traverse core 

calculation 

(homogeneous) 

K 6040 pem 9880 pem 

ID traverse core 

calculation 

(homogeneous) 
K% 

1 26199 100836 

RZ calculation K$(RZ) 107927 84597 

•fiO 1 03816 84969 

Control efficiency •ip WHOpçm 

FIGURE 3 • Control Drum Differential Efficienc; 
From the average core outlet propellant temperature (2200K) it is important to estimate for the reactor the hot upot 

factor Fw in the particle bed. It is defined as follow : 

(where FiD applies to the average fuel power density, to determine the maximum UC 2 temperature at nominal 
operating conditions. Ffô" and Ko* c o m e ^Tom t n e power distribution (figure 4) obtained in the 2D calculations. A 
detail of these values are given in figure I. Fl°" and 9 " come respectively from the axial power distribution of the 
R-Z calculation and the power distribution in the particle bed of the ID element calculation. The factor values are 
shown in table 5 for the particles located closest to the hot and cold frit sides of the fuel element respectively. 

TABLE 3 • Hot Spot Factor 
c o w FF" no <r 

Hot frit tide 127 12s 109 0 88 
Cold frit side 127 125 109 1 2 

FIGURE 4 - Power Distribution 



It is noteworthy that /^o"" w n i c n results from an azimuthal power distribution within the fuel element cannot be 
manageable without difficulty. It must be not too large at the nsk of complicating the reactor design or of reducing 
the engine global performances. 

Others neutronics calculations were performed in order to define an additional reactivity control system with a view 
to ensuring its subcriticality in the case of accidental reactor water flooding. This system consists of six B 4 C chains 
inserted within the core during the launching phase which are extracted in the start-up orbit. These reactivity effects 
computed using a similar calculation scheme than above are indicated below (figure 5) : 

REACTIVITY 
MARGIN 

Keff/N 
1.288 . . immtrstd cart (ZCTCh absorbing fact out 

1.14» . _ cold condition (BOL), absorbing face oui. 

1.037 

1.00* . . 

0JM 
0J50 

hot condition f BOL), ahmrtwny fan. nut 

|criticalit}j 

0.939 . . cold condition, absorbing face in 

immtrstd cart, absorbing face in 
* control chains instntd 

4 - hot condition ahwhiny far» in 

FIGURE 5 - Reactivity Diagram 

On the others hand, the 2D transport code DOT (Rhoades 1986) has been used in neutron-gamma calculations so as 
first, to calculate the heat deposition density in the different structural materials and then to define a shadow shield 
meeting the neutron fluence and the gamma dose requirements on the payioad. 

THB»MAl..HYPRAIlUr rHABACTFBISTirS ANT> HVnanT.EN CVCl E 

The table 6 below gathers the hydrogen characteristics for the different points of the engine circuit in normal 
operating conditions. 

TABLE « i • Propell ant Circuit 

Position 
Flow rate 

(kl/s) 
Temperature 

(K) 
Pressure 
( M P M ) 

1 Dump inlet 9 20 0.3 
2 Dump outlet 9 265 52 
3 nozzle inlet 36 265 52 

4 nozzle outlet 
reflector inlet 36 220 47 

5 
ref.ectorouUei 
turbine inlet 36 349 45 

i turbine outlet 36 328 3.6 

7 hoi hydrogen 
cold hydrogen 
shielding inlet 

36 
34 
9 

328 
27 
145 

36 
52 
36 

8 
shielding outlet 
moderator inlet 9 ISO 35 

I core outlet 9 220O 30 n nozzle exhaust 9 294 0 00049 

To determine these characteristics, thermal hydraulics calculations were performed. Pressure drop and heat removal 
were evaluated for the various parts of the reactor : reflector, moderator, fuel elements and shielding. Moreover, a 



first approach of the nozzle cooling circuit proved necessary to size/design the overall hydrogen cycle. The main 
values provided by these evaluations axe given in the following table 7 : 

TABLE 7 - Powers and Hydrogen Temperatures for Various Components of the Reactor 
reflector 
B e B X 

moderator shielding head of the fuel element 
(Bc-Mo-C) 

panicle bed 

Power 27-UOOW/cmJ 117 W/cm' 450 kW 60-80-30 W/cmi l50kW/ c m 3 
T max 80K I050K I80CK 1120-1440-I400K 24Î0K 
H , A T I29K -200K 5K -2000K 

The power density comes from neuronics calculations. The thermal calculation have been performed with 
DELFINE [2j and TRIO [3| codes for the 2D and 3D calculations respectively. The actual local peak fuel 
temperature includes the hot spot factor FiD and the uncertainties associated with thermal-hydraulic of the bed and 
power density calculations. The safety margin is then greater than 10%. 

The core is fed by 36 vertical inlet channels (1.91 cm in diameter) surrounding each one of the fuel elements. Each 
inlet channel of the moderator block serves three separate elements with 24 horizontal connections between the inlet 
channel and the fuel element thin annular plenum. These connections are channels whose diameter (2-10 mm) 
depends on the location corresponding to a good local heat removal from the beryllium block and an balance 
pressure drop in the core of 0.45 MPa. 

FIRST CONSIDERATIONS ON ENCLNE START.! P AND SHUTDOWN SEOnFNrr.S AND AVERAGE ISP ASSESSXfFVT 

A very preliminary approach of the engine start-up and shutdown sequences has been performed so as to permit a 
tentative analysis of the impact of these transients on the engine time-average performances and therefore suitability 
to the considered mission. Indeed, the assessment of the amount of hydrogen consumed during the transient phases is 
required to estimate the residual delta-V and the average specific impulse for each of the four impulsive AVs that the 
propulsion system must impart to the spacecraft in one round-trip. The results corresponding to the stan-up phase are 
gathered in table 8. 

TABLE 8 - Engine Start-up Scenario 
start-up final mass H2 consumed <ISP> AV r t, 

0 22850 kg 150 kg 481 s 31 m/s 
d> 15200 kg 120 kg 560 s 43m/s 
a> 13000 kg 120 kg 560 s 50 m/s 
® 4200 kg 120 kg 560 s 155 m/s 

The analysis of the shutdown sequence has been split into three phases : 
a/ period between the scram initiation and the turbopump shutdown. The H 2 flow rate must match the decreasing 
neutronic pow»r. ISP is keep at its maximum value. 
b/ switch to the H 2 tank pressurisation mode. ISP decreases (until 800K in the chamber) 
c/ very small flow rate is maintained (regulation by tank valve) in order to remove the residual power. 
The detail of these 3 operating phases is given below (table 9) for the four impulsive AV of one round-trip. 

TABLE 9 - Engine Shutdown Scenario 
Impulsive AV 0 ® <3> 0 

phase a/ A/ 20 s 15 s 13 s 14 s phase a/ 
AV 22 m/s 18 m/s 49 m/s 77 m/s 

phase b/ A/ SO s 45 s 37s 41 s phase b/ 
AV 25 m/s 26 m/s 65 m/s 109 m/s 

phase c/ Al 22.2 h 13.9 h 3.6h 6.4h phase c/ 
AV 55 m/s 28 m/s 41 m/s 85 m/s 

H, consumed AM 279 kg 160 kg 108 kg 127 kg 

AV global AV 102 m/s 72 m/s 155 m/s 271 m/s 



The total mass of propellant consumed over one round-trip mission is in the range of 12000 kg and can be broken 
down as follows : 

TABLE 10 - Hydrogen masses for one round-tnp mission 
| phases start-up AV shutdown 
II m a s ; 510 kg 10408 kg* 674 kg 
H % total mass | 4.4 % 89.8% 5.8% 

Taking into account the very conservative considerations above the nominal specific impulse of 816 s given in 
table I can be strongly reduced (786s over one round-trip), for this type of cargo mission to the moon. However, 
only a detailed analysis of the transient sequences will permit to estimate a reliable value of the average ISP. 

SPACECRAFT MASS BttEAKnnWN 

From a detailed estimation of the mass of the various engine components (table 11), a conservative value of the 
propulsion system mass has been evaluated to 2300 kg. In this analysis the nozzle mass must be considered as a 
pessimistic value. A similar remark can be made as far as the control drum actuators are concerned if we considered 
some pneumatic actuators in place of electric mechanism. It is then noteworthy that a mass saving of 400 kg can be 
achieved if the mass breakdown is revised component by component. However, from the initial mass of 23000 kg 
and from the propulsion system and propellant masses, it is possible to deduce a payload mass of 7000 kg. Of course. 
all the engine saving mass indicated above can significantly increase the payload mass directly as well as due to a 
smaller amount of propellant consumed during moon to earth transfer. 

TABLE 11 - Engine Mass Breakdown 
Fuel elements (41 liters) 134 kg 

Moderator/reflector bloc Be (394 liters) 690 kg 
Control drums (78 liters) 141 kg 

Shield 370 kg 
Pressure vessel 280 kg 

Turbopump 50 kg 
Valves and actuators 200 kg 

Propellant lines 30 kg 
Nozzle 250 kg 

Instrumentation 150 kg 
TOTAL 2295 kg 

SAFETY ASPECT» 

The very preliminary considerations presented here show that the nuclear risk related to the use of a NTP engine for 
this particular mission profile can be accommodated with appropriate operating procedures and by implementing a 
number of conception options which enhance the concept safety posture. 

Normal Operating Condition. 

The reactor is made up of high temperature materials and can operate with reasonable margins to any limits. 
Especially as far as the fuel particle is concerned which moreover operates at low fluence (3 1 0 1 9 n/cm2 for five 
round-trip mission), low burnup (< 0.2% FIFA) and short duration high temperature operation (6000 s). However, 
important the fraction of fission product (FP) released may be, one can remark that dispersion of these FP would be 
infinite. Indeed, taking into account the low burnup achieved in the reactor the FP production calculations show an 
inventory smaller than I MCi immediately after mission end reactor shutdown and inventory which falls below IkCi 
after one month. If a small part of these FP were released continuously along the spacecraft trajectory (greater than 
7000 km for the first impulsive AV from earth) radioactivity due to the very low local concentration in space of 
radioactive atoms would very likely be smaller than the natural radioactivity background (primary cosmic radiation 
composed of p*. a. ions). 

Acdd>nti During Opération 
A loss of coolant flow (turbopump failure) accident has been analysed. Upon such reactor shutdown, calculations 

show that the bed decay heat power density would drop to -100 kW/L in a few seconds (phase o in the stopping 
engine sequence, table 9). During this time two redundant high pressure safety tanks containing each 0.7 m 3 of 
hydrogen can maintain adequate coolant flow. This auxiliary heat removal system cools the reactor until the passive 



operating mode on hydrogen tank pressurisation which could easily follow the decreasing residual heat. Moreover, 
this passive operating mode on main tank pressurisation can be considered as a degraded operation mode. Indeed, a 
maximum ISP of 490 s wth thrust greater than 4kN is easily achieved and allows to keep some manoeuvring 
capability to avoid inadvertent re-entry of the system into the biosphere. 

Re Entry Issues 

The loss of control cf the NTP cargo during successive missions is raising re-entry problems associated with 
potential sources (nuclear reactor) of radiological contamination. An attempt was made to identify therefore the 
minimum allowed operational earth orbit which makes compatible system activity level with orbital lifetime in order 
to preclude radiologically hot re-entry. Assuming a 2 hour operation (greater than for five round-trip), the reactor 
core activity decay was calculated to reach levels of 100 Ci in 10 years (Csl37 and Sr90 essentially) and I Ci in 300 
years. A 600 km circular rendezvous earth orbit thus appears to be the minimum acceptable. Indeed, this correspond 
to an orbital lifetime of 11 years with a ballistic coefficient of 150 kg/m2 for the MAPS tug without its pay load. 
Furthermore, the redundant safety tanks, designed for emergency cooling, can provide a total AV of 350 m/s which 
would raise an elliptic orbit of 600-2000km exhibiting a lifetime of 400 years. 

As far as impact on earth following launch abort is concerned a safety device of six B4C chains enables to maintain 
the reactor subcritical in case of water submersion/flooding. Reconfiguration following impact on the ground has not 
been tackled. However, one must keep in mind that the reactor is launched without radioactive products and without 
plutonium (highly enriched uranium), that it exhibits a negative reactivity greater than S30 (control drums + chains) 
at the beginning of life, and that it is conceived with a core made up of a moderator/reflector monoblock structure for 
minimizing reconfiguration risks. 

Final Disposal 

The most efficient way to envisage a final disposal would be. from the moon, to use the potential AV of 4200 m/s 
available for the moon-earth return transfer. Therefore, an ultra long life orbit could be find from the moon. 

r-ONmisirws 

Based on the preliminary conceptual design and analysis work an idea of which was tentatively given above, the 
conclusions drawn from this scoping study can be summarized as follows. Due to its design flexibility and high 
performance potential, the Particle Bed Reactor appears to be c prjme candidate for NTP in the European context. 
When adapted to technologies mastered in France -use of beryllium instead LiH or ZrH as moderator/reflector and of 
UC2 instead of UC-ZrC as fuel- and when designed for a thrust of 72 kN specified for the considered mission, this 
concept enables to achieve : 

- a nominal specific impulse (ISP) of 816 s, corresponding to a mean hydrogen temperature of 2200 K in the 
chamber. Such a temperature level provides 20 and 60% margins vis à vis UCi kernel and ZrC coating 
melting respectively, margins assessed to be sufficient for accommodating local power/flow rate mismatches 
resulting in particular from power deposition heterogeneities. 

- an average ISP of 790 s. Despite the high thrust to AV ratio, start-up and shutdown phases seem from 
preliminary analyses to degrade by not more than 5% the nominal ISP. 
- a propulsion system mass on the order of 2300 kg (not including H21, tanks) 
- a recurring cost of the system on the order of 20 MS (not including H2L tanks) 

So, compared with those of a cryogenic engine, such performances appear quite attractive provided two critical 
issues be solved : one related to safety, the other one to engine development/qualification. Concerning the former 
aspect, preliminary analyses and considerations give hopes thai the "nuclear risks'' associated with NTP could be 
mastered owing to the implementation of appropriate design options and operating procedures. 

These conclusions were the basis of the decision to launch a: CEA, with CNES cospon^rship, the MAPS 3-year 
study program the scope of which is given below. 

MAPS PROf.RAM SCOPE 

The objective of the MAPS program is the development of the information required to make a decision with respect 
to the launch of an R&D program on NTP. 



This information will include 3 main parts : 

- the assessment of the technico-economic performances of an NTP engine, compared with those of à 
cryogenic engine (including impact of the safety-related design and operating constraints, ?nd 
development/qualification costs and lead time) 

• the assessment of he safety of such an engine 

- an R&D program proposal which could constitute a French contribution to a broader program carried out 
within the framework of an large international collaboration and which would exploit synergies with other 
potentials applications of the considered technologies. 

The reference mission requirements and reactor concept considered in the scoping study are retained for MAPS. 
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