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Abstract – The hundreds kWe space power systems are being considered for a 
number of potential scientific research missions, such as supplying all necessary 
housekeeping power to satellite and space station. To meet the requirements, these 
systems can be operated to providing continuous electric power to the payload for 
up to five to ten years. In this paper, a 100 kWe electrical power pebble bed space 
reactor concept is put forward and a Monte Carlo analysis model is established. 
Using Monte Carlo reactor physics analysis codes, the pebble bed space reactor 
concept is studied. The concept has an operation lifetime of ten years, thermal 
power of 500 kW, redundancy in reactor control and subcritical in water flooding 
accidents. The 6.0 mm diameter, UC, TRISO-type of mini-sphere fuels are used in 
this system, which has two independent control systems with build-in redundancy in 
each system: sliding reflector segments and B4C safety rod. The sliding reflector-
safety rods in combination, ensures sub-criticality during accident conditions. Also, 
a total mass of no more than 400 kg is designed for the reactor core. 

 
 
 

I. INTRODUCTION 
 
The space power system could enable a variety of 

potential space missions, including supporting a new 
generation of wide-range surveillance satellites to 
enhance communication, planetary exploration, 
global air traffic control, maneuvering satellites into 
higher orbits, and reposition of satellites into mid or 
high earth orbit for scientific or strategic reasons [1]. 

For the mentioned missions, the electric power of 
the system could achieve hundreds of kilowatts, for 
up to 5 to 10 years operations. The power systems, 
which employ either solar electric or nuclear 
chemical systems, are small, slow and have limited 
energy supply abilities. To meet the requirement of 
nowadays space power system, the space nuclear 
reactor power system is a very good choice. 

Last launch of a nuclear reactor in space dates 
from late 80’s. All reactors that have been launched 
in space were under 10kWe and most of them were 
used in low earth orbit. But for the space nuclear 
reactor with hundreds of kilowatts electrical power, 

the research area is quite new. Generally the system 
should have several specifications as following [2]: 
1. Specific mass of 30 kg/kW (including reactor, 
conversion, shielding and radiator); 
2. Up to 5 to 10 years operation time and with restart 
capability; 
3. Fitting under certain rocket or satellite fairing. 

Right now, two kinds of space reactors are 
intensively developed, the first kind is liquid metal 
coolant reactors and the other kind is gas coolant 
reactor [2]. As gas coolant reactor could achieve 
very high exit temperature and the matching 
conversion system could use Closed Brayton Cycle 
system [3], which has lower mass ratio and better 
performance than other conversion systems used in 
space reactor system, in this paper the pebble bed 
reactor with gas coolant has been chosen as the 
reactor used in the research. 

 
II. THE REACTOR CONCEPT 

 
The concept of pebble bed space reactor [4,5] is 

divided into three 120-degree sectors, each of which 
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is self-contained and capable of being operated and 
cooled independently and in cooperation with either 
one or two other sectors, which eliminates the 
likelihood of a single point failure. Each sector is 
also coupled to a separate Closed Brayton Cycle 
(CBC) energy conversion unit and randomly packed 
with spherical fuel elements. The radial cross-section 
of the reactor is shown in Fig. 1. 

 

 
Fig. 1: Radial cross-section of the space reactor. 
 
During the operation, the He-Xe mixed gas 

coolant flows radially through the core and exits 
through the central channel to the Closed Brayton 
Cycle energy conversion units. Different from 
normal pebble bed reactors such as HTR-10, the 
pebble bed space reactor uses mini-sphere fuel 
design. The mini-sphere fuel design is simply a 
TRISO-type fuel microsphere enlarged to 6 mm in 
diameter, and has an additional outer, 0.25 mm thick, 
buffer layer of Pyrolytic Carbon for additional 
protection of the SiC coating. Also inside the 
TRISO-type fuel, the UC [6] is used instead of UO2 
to get more fractions of fissionable material to make 
the system critical and better thermal hydraulics 
performances to reduce the highest temperature in 
the reactor. The cross-section and detailed materials 
information are shown as Fig. 2 and Table 1. 

 

 
Fig. 2: Cross-section of the mini-sphere fuel. 

 
 

Table 1: Detailed information of mini-sphere fuel. 
Outer radius / mm Material Density / g/cm3 

2.750 UC 13.63 
2.810 PyC 1.10 
2.815 PyC 1.90 
2.995 SiC 3.18 
3.000 PyC 1.90 

 
The space reactor implies two independent 

control systems with different aims [7,8]. One contro 
system is the reflector rods control system with 9 
reflector rods spaced equally with in the radial Be 
reflector. This control system is used in the launch 
mode and also in the operation mode. In the launch 
mode, the reflector rods are all withdraw and leave 
the spaces for neutron to leak from the reactor; in the 
operation mode, the reflector rods are inserted to 
control the reactivity of the system. The other control 
system is the B4C safety rods system to supply the 
reactor additional redundancy especially in launch 
accident situation. The safety rods are fully inserted 
in the launch mode, and fully withdraw in operation 
mode. The reflector rods-safety rods systems in 
combination will ensure sub-criticality of the reactor 
core in case of a water submersion, following a 
launch abort accident. 

 
III. NUMERICAL ANALYSIS 

 
In this section, we’ll analysis the reactor using 

Monte Carlo method in the influence of radius 
(height/radius, represented as H/D), basic neutronics 
results, accident situation analysis, burnup analysis 
and so on. 

 
III.A. General Description of the Analysis 

 
Normally, the CBC system’s thermal-electric 

conversion ratio is between 20% and 30%, so in the 
analysis, we choose 30% as the thermal-electric 
conversion ratio. According to this, if we want to 
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achieve 100 kWe pebble bed space reactor, the total 
thermal power should be around 333 kWe. And from 
the requirements of thermal hydraulics safety, we set 
the power density of the reactor as 10 MW/m3, 
therefore, the total volume of active core area should 
be around 3.3×105 cm3. 

The neutronics analysis of the pebble bed space 
reactor is performed using a three-dimensional, 
Monte Carlo analysis code RMC [9], which is 
developed and verified by Tsinghua University. The 
nuclear data library used in calculation is the newest 
ENDF/B-VII.1 [10]. The radial cross-section of the 
calculation modal is shown in Fig. 1 and the axial 
cross-section of the modal is shown in Fig. 3. The 
calculation model developed breaks the core into 
seven radial regions of 1) the coolant exit channel, 2) 
Tungsten hot frit, 3) active core, 4) Inconel cold frit, 
5) coolant feed channel, 6) Inconel pressure vessel 
and 7) radial reflector, respectively. Axially, the core 
is broken into three regions: 8) the bottom Be 
reflector, 3) the active core, and 9) the top Be 
reflectors. 

 

 
Fig. 3: Axial cross-section of the space reactor. 
 
In the calculation, the exit channel radius is set as 

3.0 cm, feed channel width is set as 0.2 cm, the 
thickness of hot/cold frit is 0.2 cm, and the thickness 
of reactor vessel is 0.65 cm. The thickness of radial 
reflector is 8.0 cm and the diameter of reflector rods 
is 7.9 cm, and thickness of the top/bottom reflector is 
4.0 cm. The detailed information of mini-sphere fuel 
is shown in Table 1, the enrichment of U-235 is 80% 
and fuel elements packing fraction is 62%. The 
spectrum of the active core is quite fast, and in this 
situation, the active core area can be treated as 
homogenous material, but the safety rods are still 
modeled separately. The inner safety rods are placed 
in the radius of 7.0 cm, the outer safety rods are 

placed in the radius of 10.0cm, and all the safety 
rods are with the radius of 1.75 cm. 

 
III.B. Analysis of H/D 

 
To keep the total volume of active core as 

consistent, the change of core diameter also affects 
the height and the system effective multiplication 
factor keff for key statements. To ensure that the 
respective reactor core point designs are optimized 
for a lower mass, the effect of changing the core 
diameter is evaluated. Fig. 4 shows the results of key 
statements keff for different H/D. In Fig. 4, there are 
three kinds of key statements; the first one is normal 
state, which represents the thermal operation state 
with all safety rods withdraw and all reflector rods 
inserted; the second one is the statement of thermal 
operation but with all safety rods and reflector rods 
withdraw; the third one is the accident statement, 
which represent the state with the reactor is flooded 
and surrounded by water, with the safety rods 
inserted and reflector rods withdraw. And we also 
analysis the reactor weight with different H/D, which 
is shown in Fig. 5. 

 

 
Fig. 4: Keff change with different H/D. 

 

 
Fig. 5: Weight change with different H/D. 

 
From Fig. 4, we could clearly find that when H/D 

is around 1.0, the keff of normal state could achieve 
the largest result; and if the H/D is larger than 1.0, 
with the increase of H/D, the normal state keff is 
decreasing. From the H/D is 0.8 to 1.9, the keff of 
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normal states are larger than 1.0, which means all 
these situations could get criticality. With the 
increase of H/D, the keff of reflector withdraw state is 
decreasing, and all the keff results are below 1.0, 
which means for all these H/D situations, the 
reflector rods control system has enough control 
capability for normal operation. For the flooded 
accident statement, the results are not so optimistic. 
When increasing the H/D, the keff of flooded 
accident statement is decreasing, but when the H/D 
is smaller than 1.1, the keff of flooded accident 
statement is larger than 1.0, which means there’re 
not enough control capabilities for the reflector rods 
and safety rods control systems. So if we choose a 
larger diameter for the core, which means a smaller 
H/D, the keff of normal statement could be larger and 
the reactor has more excess reactivity, but the keff of 
flooded accident could be larger than 1.0, which is 
not safe; if we choose a smaller diameter for the core, 
which means a larger H/D, the keff of normal 
statement can be quite small and the reactor has less 
excess reactivity, but the keff of flooded accident 
could be smaller than 1.0 and the core is safe. So we 
choose the diameter of the core as 33.0 cm, and the 
height is 45.0 cm. 

 
III.C. Analysis of Point Design Results 

 
In the following analyses, the diameter of active 

core is chosen as 33.0 cm, respectively the height of 
active core is determined as 45.0 cm. And the 
reactor’s weight composition is listed in Table 2, the 
total weight is around 400kg, which means the 
reactor has a 4kg/kWe weight ratio.  

 
Table 2: Reactor weight compisition. 

Compositio
n 

Weight / kg 

Active core 222.13 
W 3.37 

Inconel 625 53.12 
Reflector 103.67 

Control rods 9.82 
Total 392.11 

 
Based on these parameters, some of the key point 

design results are studied, such as normal operation 
state keff, all reflector rods withdraw effects, flooded 
accident keff and so on. Table 3 shows the keff results 
in normal operation state, all reflector rods withdraw 
statement, flooded accident statement and one single 
reflector rod stuck accident statement. 

 
Table 3: Keff results in different key statements. 

Statement keff std 
Normal operation 1.02159 0.00023 

Reflector rods withdraw 0.85433 0.00020 

Flooded accident 0.96626 0.00022 
One reflector rod stuck 0.97513 0.00023 

 
From Table 3, we can notice that in normal 

operation statement, the reactor has about 2% excess 
reactivity, whether the excess reactivity is enough for 
5 to 10 years operation should be determined by the 
burnup analysis in later section. Also, we notice that 
with all reflector rods withdraw, the keff of reactor 
could drop to 0.85433, which is enough for 
reactivity control in normal operation statement. Two 
kinds of accidents are considered in the point design 
analyses, the first one is flooded accident during 
launching, and the other one is one single reflector 
rod stuck accident during the operation. From the 
results, we can see that the keff results for these two 
accidents are all below 1.0, which means the 
reflector rods control system and safety rods control 
system have acceptable performances in the point 
design analyses. 

We also calculate the flux density distribution 
and spectrum distribution in the point design analysis. 
Fig. 6, Fig. 7 and Fig. 8 show the flux density 
distribution with radius, height and also spectrum 
distribution. 

 

 
Fig. 6: Relative flux density distribution with radius. 

 

 
Fig. 7: Relative flux density distribution with height. 
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Fig. 8: Spectrum distribution of active core area. 
 

III.D. Analysis of Temperature Effects 
 
The temperature effects of the pebble bed space 

reactor are quite interesting. From Fig. 8, we can 
guess the temperature coefficient should be quite 
small due to the really fast spectrum. Table 4 shows 
the temperature coefficient result of the pebble bed 
space reactor. 

 
 
 
 

Table 4: Temperature coefficient result. 
Temp. / K keff std Temp. Coe. / K-1 

300 
1.0218

4 
0.0002

4 
-8.1117×10-7 

1200 1.02111 
0.0002

3 
 

 
The temperature coefficient of this reactor is 

negative but the absolute value of temperature 
coefficient is quite small, and is not enough for 
reactor control. Fortunately, this negative feedback is 
not the only way, the other negative feedback of 
temperature is the expansion caused by increasing 
temperature. The expansion of reactor will enlarge 
the size of active core and reduce the densities, 
which will introduce the decrease of keff. The 
expansion effect is very complicated and will be 
researched in the future work. 

 
III.E. Analysis of Burnup 

 
The reactor has about 2% excess reactivity at 

very first beginning of operation, to determine if the 
excess reactivity is enough for 5 to 10 years 
operation in 100 kWe level, the burnup calculation 
should be taken out. A total burnup time of 3000 
days is chosen for the burnup calculation, and 300 
days for a step. The total thermal power of reactor is 
set as 333 kW. Table 5 shows the burnup results at 
the end of operation time, and Fig. 9 shows the keff 
changes with the burnup time. 

 

Table 5: Burnup results at the end of operation time. 
Time / D Burnup / MWD/TU keff 

3000 4843 1.01822 
 

 
Fig. 9: keff changes with operation time. 

 
From the results, we can notice the burnup of the 

pebble bed space reactor is quite small and the keff 
decrease is also very small. That’s because there’re 
about 170 kg enriched Uranium with the U-235 
enrichment of 80%, compared with the Uranium 
weight, the total power is very small, and the burnup 
is very low, even lower than 5000 MWD/TU. So the 
excess reactivity of the reactor is quite enough for 5 
to 10 years operation. 

 
IV. CONCLUSIONS 

 
The core point design and burnup analysis are 

determined for the pebble bed space reactor concept 
using the three-dimensional Monte Carlo code RMC. 
The reactor active core has a diameter of 33.0 cm 
and height of 45.0 cm, and with the axial reflectors 
of 4.0 cm thickness, and radial reflector of 8.0 cm 
thickness, the total weight of reactor is about 392 kg. 
The reactor has an initial keff of 1.02159 and quite 
small negative temperature coefficient, but the 
expansion effect will introduce enough negative 
feedback when the temperature is increasing. The 
reactor uses 3.5 cm diameter safety rods and 7.9 cm 
diameter reflector rods as control systems. The 
reflector rods control system has enough reactivity 
control capability during the normal operation time, 
and the safety rods and reflector rods control systems 
have enough control capability to make sure the keff 
is less than 1.0 in the flooded accident. Also, the 
burnup calculation of the pebble bed space reactor is 
taken out, which shows the burnup of the reactor is 
quite low and the keff changes with operation time 
are quite small. The reactor has enough fuel for 5 to 
10 years operation in the power level of 100 kWe. 
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