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Abstract 

Reactor characteristics based on extensive 
development work on the 500-HUt reactor for the 
Pluto nuclear ramjet are described for space 
power systems useful In the range of 2 to 20 HUe 
for operating times of 1 y . The modest pressure 
drop through the prlsntt lc ceramic core Is 
supported at the outlet end by a ceramic dcae 
which also serves as a neutron reflector. Three 
core materials are considered which are useful 
at temperatures up to about 2000 K. Itast of the 
calculations are based on a beryl H U B oxide with 
uranlua dioxide tore. Reactor control 1s 
accomplished by use of a burnable poison, a 
variable-leakage reflector, and internal control 
rods. Reactivity swings of 20X are obtained 
with t dozen Internal boron-10 rods for the size 
cores studied. Cr i t i ca l i ty calculations were 
performed using the ALICE Monte Carlo code. The 
Inherent high-temperature capability of the 
reactor design removes the reactor as a limiting 
condition on system performance. The low fuel 
Inventories required, particularly for beryllium 
oxide reactors, make space power systems based 
on gas-cooled near-thermal reactors a lesser 
safeguard risk than those based on fast 
reactors. 

Background 

Large amounts of e lectr ic power are required 
for some systems envisioned In support of the 
nation's strategic defense. Since various 
applications are being considered, and an 
overall strategic defense power architecture 
study has not been completed, the required power 
levels and corresponding operating times for 
specific systems are not known. Arbi trar i ly , we 
chose to study a SO Hw reactor operating for 
1 y . Such a reactor coupled with a Brayton 
cycle power conversion system could provide 
10-15 MMe In space. 

The reactor design described here benefits 
from earl ier analyses of nuclear space power 
systems conducted at our Laboratory. Both 
gas-and-liqu1d-cooled reactors were considered 
at that time. He selected for further study a 
gas-cooled reactor design with a Brayton 
cycle. The reactor design draws heavily on the 
extensive development experience with the 
500-MHt reactor for the Pluto nuelear ramjet 
shewn In F1g. 1 . That development culminated In 
a successful full-power ground test . 1 , i 

Sas-cooled reactors, are generally thermal 
or eplthermal reactors and are well suited for 
space power applications. They may be designed 
for core power densities comparable to those 
found 1n fast reactors. Allowable fuel burnup 
constrains core power density In a fast reactor 
but not In a thermal or eplthermal reactor. 
Another comparison may be made of the mass of 

fissionable material and the operating flux 1n 
fast and eplthermal reactors. Fig. 2 shows this 
relationship for reactors operating for 1 y at 
SO MM. In the best case, the I n i t i a l mass of 
U-235 for a 101-burnup fast reactor core Is 
about three times as much as for an eplthenul 
reactor, while the effective neutron flux 
(higher median fission energy in the case of the 
fast reactor) Is an order of magnitude higher. 
These relationships imply that eplthermal 
reactors are a lower safeguard risk and can be 
used with a l ighter radiation shield than fast 
reactors. The goal of this study 1s to 
characterize the neutronlc, thermal, and 
mechanical attributes of a reactor suitable for 
use in a space power system. 

Fig. 1 . The Tory I I -C reactor was designed and 
tested for the Pluto ramjet application. The 
par t ia l ly assembled Tory I I -C reactor sh 
was 1.4 m In diameter by 1.6 m high. 
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Fig. 2. Epithermal reactors operate at lower 
neutron f lux, require a lower fuel In.entory, 
and can sustain higher burn-up than fast 
reactors. These data are for reactors operating 
for 1 y at 50 MW. 

Space Power Systam 

Once safety features of the reactor system 
are assured, an overriding design consideration 
In space power systems Is reduction of their 
mass. Since power conversion systems convert 
heat energy to work (electric power), Carnot 
principles apply. A real thermodynamic power 
conversion cycle cannot be more eff icient than 
a Carnot cycle whose efficiency is equal to 
(1 - T j /T , ) where T, 1s the sink temperature 
(related to the radiator temperature 1n this 
case) and Tj is the temperature of the heat 
source (reactor coolant exit temperature). 

Since the radiator represents a large 
fraction of the mass of a space power system 
(increasingly so as power Increases), to reduce 
system mass, the radiator should be allowed to 
operate at a high temperature. While a lower 
design radiator temperature, T j , would result 
In a more eff icient system, system mass 
Increases considerably. The area of the 
radiator, and hence i ts mass varies inversely 
with the fourth power of temperature, and 
significant area/mass savings result for small 
Increases in radiator temperature. This places a 
premium on a high temperature ( T , ) , neat source, 
particularly for systems 1n which the working 
f lu id 1s a gas. Themodynamlc gas cycles have 
variable temperature radiators which tend to be 
large. We have concentrated on the design of 
all-ceram1c reactors which operate at a high 
temperature (Tj) for use with Brayton cycles. 

In establishing the condition of operation 
required for the reactor, we considered four 
thermodynamic cases. These were Indirect 
Brayton cycles with and without a regenerator in 
the power conversion loop (Cases 1 and 2, 
respectively) and direct Brayton cycles with and 
without a regenerator (Cases 3 and 4, 
respectively). All four cases have their 
equipment arranged in a conical configuration. 
Heat 1s rejected from the power conversion loop 
by direct contact of the working gas with heat 
pipes. Use of a tore advanced radiator design 
would significantly lower system specific mass. 

we used conventional equations and 
correlations to determine system performance. 
We modeled each systea component to determine 
Its mass is a function of relevant system 
parameters, such as temperature, pressure and 
working f lu id . He used a computer code called 
AD » to solve simultaneously the many resulting 
equations for various combinations of cycle 
temperatures and turbine pressure ratios. The 
equation solver 1s then used near the "optimum" 
values of these ratios to evaluate the 
sensitivity of selected parameters in the 
equations. 

Models for the power conversion unit , 
shield, radiator, and connecting piping were 
general; however, the heat exchangers and the 
reactor models were mors detailed. Power 
conversion components and the associated piping 
were modularized to provide, for example, four 
or six parallel sets between the reactor and the 
radiator. 

We prescribed specific mass coefficients for 
the turbine (0.1 kg/kW), compressor (0.15 kg/kW). 
and alternator (0.2 kg/kW). The output power of 
each device is multiplied by the above 
coefficients to obtain their Individual 
masses. The specific mass coefficient for the 
turbine-ccmpressors-alternator unit 1s then 
calculated by summing the contributions for the 
three components end dividing the sum by the 
output electric power. Typical values of this 
coefficient are in general agreement with 
published data. 

Since mission requirements are uncertain, a 
shadow shield of lithium hydride 0.5-m thick 1s 
located close to the reactor. The shield 
provides neutron attenuation of approximately 
10"' in I t s conical shadow. No consideration 
was given to ganua attenuation. When that 
requirement 1s known, effective placement of 
power conversion components and heat exchangers 
can contribute to the gamma shield design. The 
effect of cone angle on system mass was also 
studied. 

The heat pipe radiator incorporated In the 
model has a specific mass * of 20 kg/mJ. Designs 
for much lighter radiators have been proposed, 
but their feasibi l i ty 1s not certain. The heat 
pipe radiator design is sufficiently redundant 
to survive meteoroid damage. He also assume 
that structural, rather than meteoroid 
considerations determine piping and pressure 
vessel thicknesses. The working fluid pressure 
drop Is fixed at 51 of the inlet pressure to the 
radiator, and the radiator surface temperature 
Is assumed to be 50 K lower than the working 
f luid temperature at a l l points in the radiator. 

We modeled the effect of connecting piping 
on mass and performance. Heat exchangers of the 
compact counter-flow design in three of the 
cases were evaluated, either as a regenerator or 
as means of transferring heat from the reactor 
loop to the turbine loop. Structural material 
strength was expressed by a single equation 
based on published or projected data of 1% creep 
stress/density ratio for a series of 
Increasingly refractory alloys. Explicit 



density values are needed only to determine 
material thickness, since pressure vessel and 
pipe lasses are determined by the stress/density 
ratio of the materials, not the density alone. 

We obtained a large amount of data from 
computations using the system models developed 
for the four cases. Results are summarized in 
Table 1. Considerably more Information could be 
obtained from further computations directed 
toward achieving more optimum situations, and 
toward quantifying the sensitivity of salient 
characteristics, such as mass and efficiency, to 
changes In "fixed" parameters. 

Table 1. Summary of the principal performance 
and mass characteristics of the cases studied. 
Turbine inlet temperature is 1600 K 1n all 
cases. The reactor outlet temperature is 162S K 
1n cases 1 and 2. 
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In general, we performed our computations 
for 10-Mwe systems using helium as the reactor 
coolant/working f l u i d . But some variations are 
included in Table 1 . Cases 3e and 4b represent 
20-MWe and 2-MWe systems, respectively. Case 3d 
uses helium/xenon working f luid and should be 
compared with Case 3a, which uses pure helium 
for identical fixed cycle conditions (maximum 
and minimum temperatures, maximum pressure, 
turbine pressure r a t i o ) . Cases 3b and 3c d i f fer 
only in their minimum cycle temperatures. None 
of the cases summarized here has been truly 
optimized for minimum system specific mass. 
Since the same reactor 1s used in each case, 
clearly the reactor is "oversize" even for the 
highest reactor power core (Case 3e) , where the 
core power density is only 170 MW/i»3. Except 
for Case 4b, a reasonable savings in reactor 
mass would not lower the system mass 
signif icantly. I t does not seem prudent under 
these conditions to reduce the reactor size and 
incur penalties of higher fuel inventory and 
higher reactor pressure drop. 

While further effort is needed to optimize 
these cases. Table 1 shows that the direct-
regenerated cycle configuration (Case 3c) at 
10-MWe minimizes specific system mass and that 
the radiator contributes a major portion of the 
system mass. This system not only has low 
specific mass but is more eff icient and thus 
requires a lower reactor fuel inventory. At the 
2-HWe power level (Case 4c) the radiator no 
longer dominates system mass, and assumptions 
regarding other system components should be 
examined more closely. Final determination of 
reactor size and operating conditions should be 
made only when application requirements are well 
known. 

An important consideration is the system 
operating pressure. A significant decrease 1n 
system mass results when operating pressure 1s 
Increased. We did not Increase system pressure 
above 5 HPa because we wanted to hold the 
thickness of the reactor pressure vessel below 
about 10 mm. Heavier sections in this cr i t ica l 
component, i f made from refractory alloys, may 
not be as rel iable. 

Comparison of pure helium and a mixture of 
helium and xenon having molecular weight 
equivalent to that of argon Indicates a slight 
preference for pure helium, as shown 1n Cases 3a 
and 3d. At lower power levels, where the 
relative mass of the power conversion equipment 
Is higher, a higher molecular weight gas with 
good conductivity may be preferred. 

Since the radiator size appears to be 
extremely large for Brayton cycles at power 
levels of 10 MWe or above, 1t is appropriate to 
also consider integrating gas-cooled reactors 
with other power conversion methods. The mass 
of intermediate heat exchangers and circulators 
for the reactor loop is seen to be low (Table 1 , 
Cases 1 and 2 ) . Thus, i t appears reasonable 
that a gas-to-liquid heat exchanger could be 
provided for a small mass penalty, which would 
be more than compensated by the mass savings of 
a radiator operating at a higher effective 
temperature. 

Reactor Characteristics 

The reactor, configured as shown in Fig. 3, 
has a prismatic ceramic core composed of several 
thousand "pencil shaped' tubes made from a 
homogeneous mixture of moderator and fuel . 
Radial compression forces exerted by girdle 
springs on the cylindrical surface of the core 
hold the tubes together. The reference core, 
80-cm in diameter by 80-cm long, (referred to as 
an 80-cm size core), has a flow porosity of 
30*. The reference core materials, also used In 
the Tory I I -C (Pluto) reactor, are beryllium 
oxide and uranium dioxide (BeO + U0 2 ) . The Tory 
I I -C reactor core (diameter, 1.2 m; height, 
1.3 m) is considerably larger than the reference 
core used 1n this study. In the present 
designs, a layer of zlrcoMa insulation between 
the fueled core and the girdle springs allows 
the inlet reactor gas to cool the springs and 
the reactor pressure vessel before the gas flows 
through the core. Spring force requirements are 
minimal since maneuver loads, i f any, are very 
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Ion, and gas pressure gradients are favorable. 
This may allow the springs and pressure vessel 
to be nade from non-refractory metals. A 
ceramic dome at the outlet end, designed to 
experience only compressive stresses, supports 
the modest pressure drop through the core and 
also serves as a neutron reflector. Inlet and 
outlet reflectors are made from the same 
moderating material as 1s ustd In the core. 

Fig. 3. The reactor consists of a ceramic core 
supported in a metal pressure vessel with an 
external movable radial reflector and Internal 
control rods. 

Control of thermal reactors made from the 
materials considered is accomplished by use of a 
burnable poison, a variable-leakage reflector, 
and internal control rods. The reactivity 
worths of these mechanisms are discussed in the 
next section. 

Water immersion safety in the event of a 
launch accident is achieved with a number of 
hafnium wires passing through the core. Core 
thermal-hydraulic calculations indicate that 
exi t Mach numbers less than 0.1 are required. 
The Inert gas flow may be treated as 
incompressible, and no flow Instabi l i ty 
mechanisms have been found. 

Several core material choices are 
possible. Besides BeO + UO2, we evaluated boron 
carbide with uranium boride (B- l l isotope), and 
carbon with uranium dlcarbide. These materials 
a l l provide a thermal or eplthermal neutron 
spectrum 1n the sizes considered. Based on 
their v o l a t i l i t i e s , we estimate these material 
combinations to be useful at temperatures up to 
about 1950 K. ZOOS K, and 2200 K, 
respectively. Higher temperatures could be 
achieves with appropriate coatings. For 
conservatism, we limited the reactor coolant 
exit temperature in this study to 162S K. Our 
results show that , for a given reactor geometry, 
the choice of core material causes only a 
negligible difference in system mass. However, 
study and experimental work is required to 
quantify fission product retention and 
irradiation effects at high burnup for a l l three 
material choices. 

The BeO + UOj oxide system 1s an outstanding 
candidate. This system is highly developed from 
the Pluto project, has good mechanical and 
physical properties, and results in the lowest 

cr i t ical mass (e.g. 8.7 kg at 1400 K for the 
reference core) tor the same size and porosity 
reactor. A possible drawback (which needs to be 
evaluated more fu l ly ) is the extent to which the 
toxicity of beryllium oxide represents a hazard 
to the public 1n the event of a launch 
accident. The reactor we modeled 1s based on a 
beryllium oxide core. 

I ts anticipated structural, chemical, and 
thermal properties make the boron system a 
leading candidate for high burnup missions where 
a burnable poison (8-10) would be desirable. 
Sufficiently pure B-ll can be obtained at a 
reasonable cost with the desired amount of B-10 
for reactivity control i f the design operating 
l i f e is sufficiently longer than one year. 

As in the case of BeO + U0 2 , the C + UC2 is 
also highly developed (1t was developed for 
nuclear rockets), has the highest operating 
temperature capability, and has excellent 
thermal stress characteristics. Multiple-hole 
fuel elements are more feasible in the carbon 
system, should that be desirable. The major 
disadvantage of the carbon system 1s I ts 
relatively high cr i t ical mass (e .g. 269 kg 
versus 44 kg for BeO in 68-cm diameter by 68-cm 
long cores having 301 flow porosity at 291 <). 
Nevertheless, al l three material systems result 
in considerably lower fuel inventories than 
would be required for fast reactors. 

Reactor Heutronlcs 

The ALICE computer code 5,6 was used to make 
neutronics calculations. ALICE is a Monte Carlo 
neutron/photon transport code which uses the 
probability table method for handling m H i band 
cross sections 7 and properly treats resonance 
self-shielding effects. The code has previously 
been compared with excellent agreement over a 
range of uranium enrichments against the Monte 
Carlo code MCNP which uses continuous energy 
cross sections ». In addition, two cases from 
the current study were independently run using 
HCNP 5 and yielded good agreement. (ALICE 
calculated k e f f values of 0.942 * 0.005 for an 
unreflected core and 1.009 i 0.00b for a 
reflected core; MCNP gave 0.938 t 0.005 and 
1.026 i 0.005 for these cases respectively). 
The cross section sets used by ALICE were 
derived from the Lawrence Livermore National 
Laboratory Evaluated Nuclear Data Library, 
ENDL-86. One set of cross sections was used for 
"cold" calculations at 291 It. A set of *hot* 
cross sections was doppler broadened for 1400 K. 

The standard model used for these 
calculations 1s shown in Fig. 4 for the 
reference 80-cm size core. Variations on this 
model were also run, as specified in the text . 
For an early set of survey calculations the 
axial reflector density was inadvertently held 
constant, but for subsequent calculations i t was 
varied with the core porosity. For the three 
fuels considered (Be0+U02> B„C+UB,,, and C*UC2) 
the fuel number densities were calculated as a 
function of the core flow porosity (which was 
homogeneously distributed within the core) and 
the volume fraction of the f iss i le compound in 
the fuel . 
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Fig. 4. standard reactor model for the 80-cm 
size core at 291 K. One 1-cm diameter control 
rod is through the center, others are equally 
spaced at radius of 26.7 cm. 

A c r i t i c a l i t y survey was made of the three 
fuels in a 68-cm size core as a function of core 
porosity between 0.20 and 0.35 (Table 2 ) . A set 
of points was also determined for the C+UC2 fuel 
in a 100-cm size core. For these calculations 
the axial reflector density was Inadvertently 
held constant. The survey shows several 
significant effects. Varying the porosity in 
this size core strongly affects the mass of 
U-235 fuel required to achieve c r i t i c a l i t y . 
Increasing porosity requires more fuel to 
compensate. (This effect 1s even greater 1f the 
axial reflector porosity is varied with core 
porosity as shown by comparison to entries 
marked with an asterisk in the table.) The more 
porous reactors at this core size which require 
a higher fuel loading tend to be much faster 
reactors with a large increase in the median 
fission energy, E». Also the C + UC2 core has 
the highest median fission energy and requires 
much more uranium than the other two materials 
to achieve c r i t i c a l i t y for a corresponding 
porosity and core size. 

A survey of c r i t i ca l masses Is also shown in 
Table 3 for various core sizes between 68-cm and 
100-cm at porosity 0.30 and 291 K. The cr i t i ca l 
mass decreases dramatically for the BeO • U02 

and Bi,C • UB., fuels as the median fission energy 
decreases with increasing core size. The 80-cm 
and 90-cm size cores for these materials have 
median fission energies in the thermal region, 
whereas the 68-cm core Is cr i t ica l in the 
intermediate energy range (between a few eV to 
10 eV). The cr i t i ca l mass for the C + UC2 core, 
however, varies l i t t l e between the 68-cm and 
100-cm size cores as the median fission energy 
remains quite high. 

The neutron capture-to-flssioii rat io , a , 1s 
also lower 1n the larger BeO + U02 and B,,C + USi, 
cr i t ica l cores which have lower cr i t ical mass. 

The eapture-to-f1ssion ratio 1s the ratio of the 
relative probability that the corpound nucleus 
wi l l decay by emission of capture gamma rays 
versus the probability of decay by fission. 
Since fuel consumption 1s proportional 
to (1 + a) this Implies that less fuel burnup 1s 
required per unit of power produced in the 
larger, more thermal cores. Shown In f i g . S are 
the values of a for both BeO + U02 and B»C * US, 
cores in the 80-cm size core of porosity 0.30 at 
291 K and 1400 K over a range of U-235 aasses. 
The values of a a l l l i e very close to a single 
smooth curve. 

Table 2. Survey of cr i t ica l points at 291 K as 
a function of porosity and core size. The axial 
reflector porosity matches the core porosity for 
cases narked by * . Reflector porosity was zero 
for other cases. 
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Table 3. Temperature effects between 291 K and 
1400 K resulting from thermal expansion of the 
core and doppler broadened cross sections 
applied separately and together. 
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The thermal effects on reactivity are shown 
1n Table 3 for the 68-cm and 90-cm size cores 
with BeO + U02 and BuC + UBi, fuels. The nuclear 
effect was tested using cross sections doppler 
broadened for 1400 K. The effect of thermal 
expansion was tested in a conservative way by 
expanding the core and axial reflector model. 
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but not the other reactor materials. Linear 
expansions of 0.601 for B*C and 1.071 for BeO 
were used between 291 K and 1400 K. For the 
68-cm core a small reduction In k e . f results 
from the material expansion, especially In the 
8e0 + U02 core which has the larger linear 
expansion fraction. However, no clear 
conclusion can be drawn for the cross section 
effect of doppler broadening within the 
stat ist ical uncertainties. Since both reactors 
have median fission energies of tens to hundreds 
of eV, one doesn't expect much effect from 
doppler broadening. However, the larger 90-cm 
size cores for both the B,C + UB» and BeO + U02 

fuels , which have thermal median fission 
energies, show a significant decrease (about 
12-131) In reactivity with rising temperature as 
a result of the doppler broadened cross sections 
at 1400 K. 

• B*O.UO,»IK 

• e 4c«ue 4.mK 
• a,c.ua«.MooK 

Mssoi U-235 |Vg} 

F1g. .•. The capture-to-fIssion rat io, o, 
plotted as a function of u-235 mass for the 
80-cm s;;e core of porosity 0.30. 

we selected the reference core with BeO 
• U02 material, 80-cm size core, and flow 
porosity of 0.30. Table 4 l ists various 
results. A consumption mass was added to the 
1400 K cr i t ica l mass to approximate the fuel 
required to produce 50 MWt of power for 1 y . 
The consi/iiption mass, M., was calculated by: 1 

" , * <895) (1 + a ) | * T > 26.7 kg 

where P 1s the power of 50 W , T is one year, ER 

1s a recoverable energy of 200 HeV, A 1s the 
atomic mass of U-235, and the f1ss1on-to-capture 
ra t io , a , was taken to be 0.39. 

Table 4. Results for 80-cm cores with BeO-MJO, 
fuel and porosity 0.30. 
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f t ) 

Uptnt lon 
(«V) 

• » . f f 

1.17 
3 . « 

211 Ho 
to 

D.017 
0.070 

0.21 
0.23 

1.003 1 0.009 
0.918 1 0.005 

e.7 1 4 X Tt t 0.07k o.» D.997 t 0.OO8 

35.4 
35.4 
35.4 

2 f l 
1400 
1400 

•o 
•a 
Tt* 

3.3 «.» 
5.1 

0.38 
0.39 
0.40 

1.0f7 t 0.005 
1.093 t O.OOS 
1.073 X 0.005 

The clean cr i t ical reactor (3.97 kg of 
11-235) 1s quite thermal with C, of hundredths of 
an eV, and shows i decrease 1n reactivity (81) 
with rising temperature (from 291 K to 1400 K) 
as a result of the doppler broadened cross 
sections. V1th the consumption mass added, the 
35.4 kg U-235 reactor Is much fa'iter with C. of 
several eV. The value of a also Increased from 
about 0.26 to 0.40 with the additional fue l . 
The temperature effects from the doppler 
broadened cross sections are no longer 
measurable within stat ist ics , although thermal 
expansion s t i l l results in a decrease In 
reactivity of 2%. 

The reactivity worth of the o n t r o l 
mechanisms (control rods and movable rodtal 
reflector) was studied for the 35.4 kg U-235 
reactor. The radial reflector 1s worth 51 , 
reducing the value of k f f at 291 K from 1.097 
+ 0.005 to 1.045 + 0.005 when fu l ly open. The 
relative worths of fully Inserting one, seven, 
twelve, or thirteen 1-cm diameter B-10 control 
rods are listed 1n Table 5. The rods are very 
effective with 12 rods worth about 201, reducing 
k e f . to 0.891 + 0.006. The effect on reactivity 
worth from varying the B-10 density of 12 
control rods was studied. At 50% of normal B-IS 
density the rods are s t m nearly as effective 
as at fu l l density, and at 20% density 
k e f f - 0.9«5 ± 0.007. The reactivity worth of 
inserting twelve B-10 control rods 1s also shown 
In F1g. 6 as a function of insertion length. A 
smooth curve results with the highest change in 
reactivity per change in Insertion length 
occurring around the center of the core, as 
expected. 

Table 5. The reactivity worth of 1-cm diameter 
B-10 control rods at 291 X for the 80-cm size 
BeOHlO, core with consumption fue l . 

"eft 

1.094 t 0.007 
1.079 i 0.00B 
0.958 S 0.006 
0.891 t 0.006 
0.875 1 0.007 

The mass of either B-10 or Gd (natural) 
burnable poison was determined which would 
reduce the value of k e j , for a clean new reactor 
with consumption mass to about 1% above 
c r i t i c a l . Expressed as a weight percent of the 
core material, 0.003wt% of B-10 yielded k . f f • 
1.010 i 0.005 (E, - 7.6 eV, a - 0.40), anS 0.025 

Number h 
of Rods (eV) B 

0 2.5 0.39 
1 5.0 0.38 
7 6.9 0.39 

12 7.5 0.39 
13 7.8 0.39 

wt% of Sd yielded k e I f ' 
7.7 eV, a * 0.40). Continuing calculations wi l l 

1.006 1 Q.006 ( T f 

1nu1ng calculations ' 
determine burn-up characteristics and rates. 

Two accident conditions were considered: a 
flooded reactor and a crushed reactor. The 
flooded reactor was modeled by replacing a l l 
voids (Including the porosity) with water and 
closely reflecting the reactor externally by 
20 cm of water. The water effectively moderjt*s 
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Fig. b. Reactivity worth of twelve B-10 control 
rods as a function of Insertion distance. 

the neutrons 1n the core reducing E f from 7.6 eV 
1n the unflooded reactor to a very thermal value 
of 0.018 eV flooded. As a result , the reactor 
becomes supercritical (k f f - 1.377 + 0,007) 
even with : h : 0.003wtl B-10 burnable poison and 
twelve B-10 control rods Inserted, The 
Insertion of 2 mi diameter cadmium or hafnium 
wires 1n various fractions of the core flow 
passages was studied as a method to keep the 
flooded reactor subcrlt lcal . This was f i rs t 
modeled by homogenously mixing the wire poison 
material into the core (reactor model), although 
this probably under-est!mates the reactivity 
because self-shielding effects are not 
Included. Next an inf in i te planar* array of fuel 
elements was modeled with wires expl ic i t ly 
modeled In a fraction of them. This probably 
over-estimates the reactivity because of the 
In f in i te array and because the control rods are 
not included. Thus, the actual reactivity 
should l i e between the two models. The results 
(Fig. 7) Indicate that putting cadmium or 
hafnium poison wires In more than 255 of the 
flow passages would poison the reactor 
sufficiently to keep I t subcrittcal i f flooded. 

A radially crushed reactor was nodeled by 
removing a l l voids (conservative) and close-
packing the reactor materials. With the 
burnable B-10 poison and twelve B-10 control 
rods Inserted, this unlikely accident only 
raised the reactivity to a slightly subcritical 
value of k c f f > 0.978 + 0.007. The median 
fission energy of £- - 7.7 eV was essentially 
unchanged from the corresponding undamaged 
reactor. Homogeneously mixing Into the core the 
equivalent mass of 2 mm diameter cadmium wires 
in half the core holes significantly reduced the 
reactivity to k e f f • 0.519 ± 0.010. Thus, the 
crushed reactor is a much less severe accident 
than the flooded reactor, but neither would 
cause a supercritical condition with an adequate 
number of poison wires Inserted into the core. 
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Fig. 7. Effect on reactivity of Inserting 2 mm 
diameter cadmium or hafnium poison wires into 
fuel rod flow passages. 

Conclusions 

Although this was an abbreviated study, 
general conclusions may be stated. Gas-cooled 
thermal reactors permit high-temperature power 
conversion and appear to provide reasonable 
milt1-megawatt space power systems. The 
Inherent high-temperature capability of the 
reactor design considered removes reactor 
technology as a l imiting condition on system 
operating temperature. The low fuel inventories 
required, particularly for BeO + U02 reactors, 
•lake space power systems based on gas-cooled 
near-thermal reactors a lesser safeguard risk 
than those based on fast reactors. In 
particular: 

" BeO-noderated, gas-cooled reactors 
appear suitable for space power 
applications. 
A database exists for reactors of this 
design. 
Only one reactor neei be developed for 
applications 1n this tower range. 
Because of I ts high-temperature 
capability, low mass, and low fuel 
inventory, this reactor design coupled 
stth a compact heat exchanger should 
also be considered with other Beans of 
power conversion. 

The reactor remains safe even i f fully 
immersed in water or Is crushed 1n an 
accident. 
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