




relatively large, stable f l o w  patterns for the low 
velocity, heavier central gas regions. Based on 
optimization studiesY6 and t o  keep within the 
goal of 200 cm diameter, a cavity diameter of 
60.96 cm (2 f t )  was selected for the analysis. 
The remaining reactor regions ccmrposed of reflector 
and driver (fuel) elements were variable but an 
overall diameter of 121.92 cm (4 ft) as shown in 
Fig. 1 was maintained. 

The uranium fuel region i n  the cavity was held 
t o  a radius of 2 1  cm (DFDc = 0.7). The uranium 
density was varied to  obtain the effect on re- 
activity and obtain values over the range of cham- 
ber pressures (200 t o  1000 atm) . The reflector 
region (beryllium oxide) between the cavity and the 
driver fuel zone as shown i n  Fig. 2 was varied as 
reported in  Ref. 6. An optimum thickuess of 15 cm, 
based on maxirmnn p e r  fraction in the cavity was 
obtained. 

The driver region was varied i n  several ways. 
The region was either considered as one region or 
was sp l i t  into two e q d .  thickness regions with 
moderator ( B ~ o )  between. The fuel density for the 
sp l i t  regions was either uniform or was varied be- 
tween each region. And the location with respect 
to the cavity was varied. The results of these 
variations as reported i n  Ref. 6 indicate that a 
single fuel zone with uniform fuel produced the 
highest rat io of power i n  cavity to  power i n  
driver region. 

The outermost region of the mini-cavity con- 
sidered i n  the nuclear calculations was the pres- 
sure vessel. Because the driver region i s  located 
near the outer periphery of the reactor there i s  
considerable fas t  neutron leakage. By adding a 
thick fast  reflector such as the pressure vessel, 
the reactivity i s  enhanced by the reflection of the 
fast  neutrons back into the reactor thus allowing a 
reduction of fuel density in the driver region. 

The nuclear analysis performed on the calcu- 
lational model shown in  Fig. 2, was handled by 
transport theory using TDSN.' The andysis  used 
19 energy groups, with 7 in  the thermal range, and 
allowed for upscattering into 7 energy levels 
above and downscattering into 8 levels below. An 
34 angular approximation was used with a one- 
dimensional spherical analysis. 

A l l  modifications t o  the geometry or materials 
was done on the basis of increasing the power i n  
the cavity relative t o  the power in the driver re- 
gion. As reported in  Ref. 6, the use of uranium 
isotope 233 greatly increased this  ra t io  of power. 
This increase in  power was due to  the decrease i n  
uranium density in the driver regibn for a given 
amount of fuel in the cavity. The decrease i n  fuel 
density also allows the flux in  the moderator t o  
increase which also adds to  the relative power i n  
the cavity fuel. The results presented in  th i s  
report are predominately based on the use of 2 3 3 ~  
as the fuel in  both driver and cavity. A compari- 
son with 2 3 5 ~  isotope i s  presented as part of the 
discussion. 

(seeded) picks up heat via radiation absorption, 
and out through a nozzle for expansion and thrust. 

In the cavity, attainment of fuel tempera- 
tures sufficiently high to  cause vaporization of 
solid uranium particles depends on back radiation 
from the surrounding seeded hydrogen. By assigning 
a limiting cavity w a U  temperature (W23 K), a hy- 
drogen propellant mass f l o w  rate  along with a seed 
mass fraction, the specific impulse and thrust 
level  can be obtained for various pressure levels. 
The thrust and impulse are the maximum combinaticn 
without exceeding the limitation set by the d 
temperature and hydrogen flow rate. The heat- 
transfer analysis used i s  discussed in detail.'' 

The equation used in  Ref. 10 t o  obtain the 
specific impulse from the hydrogen chamber enthalpy 
of the hydrogen i s  as follows, 

This equation assumed an 85 percent energy eff i -  
ciency i n  the exhaust nozzle expansion. From the 
enthalpy, the power required for heating the pro- 
pellant can be obtained. Assuming this  t o  be 
equivalent t o  the power produced in  the fuel, the 
power of the cavity region i s  obtained. Since the 
neutronics calculation relates the power i n  the 
cavity t o  the power i n  the driver region, the t o t d  
power of the reactor can be obtained. 

After the thrust and specific impulse are 
known for a given cavit pressure, these values 
can be used in  Eq. (l),' to  obtain the amount of 
uranium fuel that would be contained in  the cavity. . 
This amount of fuel i s  then used i n  a nuclear 
calculation t o  obtain the additional fuel necessary 
i n  the driver region.for an overall c r i t i ca l  con- 
figuration. 

The remaining necessary information i s  the 
edge temperature of the fuel t o  determine whether 
or not the uranium will vaporize. The information 
i s  again obtained from the heat-transfer code used 
in  Ref. 10 and i s  dependent on the back radiation 
f r o m  the propellant. The equations used t o  obtain 
the edge temperatures involved the energy equation 

where q i s  the heat flux for the seeded propel- 
lant  and i s  obtained from the following equation 
involving the temperature distribution from the 
wall to  the edge of the fuel. 

Propulsion Analysis Where E and E are exponential integrals, a 

The propulsion capability of the mini-cavity i s  the s%efan-Bol!kmam constant, & the Rosseland 

reactor i s  obtained by passing hydrogen through mean absorption coefficient and (7) i s  the optical - 

the cavity walls (predomiwtly tangent to  wall), depth and defined as 

around a central fuel region where the hydrogen 





0.5 M~V) and the thermal energy neutrons (0.08 to  
0.025 eV). This plot compares flux levels ob- 
tained with both 2 3 3 ~  and 2 3 5 ~  in the driver fuel. 
The mass of uranium gas in the cavity can be in- 
creased (see eq. (1) ) by the chamber pressure. 
This change in uranium mass in the cavity i s  
plotted in Fig. 5(a) as a function of chamber 
pressure for various thrust levels. Associated 
with the chamber pressure and thrust level i s  the 
maximum Is The amount of allowable fuel  in- 
creases witg'pressure for any given thrust but 
also increases as the thrust level  decreases ( i .e .  
lower temperatures in the gas). This increase of 
fuel in  the cavity increases the power i n  the 
cavity relative to  that produced in  the driver 
region. This effect i s  presented in Fig. 5(b). 
The curves indicate that by using uranium isotope 
233 cavity, power fractions of 0.20 or better can 
be obtained. 

It should be noted here that as reported in 
Ref. 6, any increases in absorption in the 
reflector-moderator or driver fuels w i l l  reduce 
these power fractions. These reductions i n  power 
fraction will cause increases i n  powerplant 
weight. Values of only 0.06 were obtained in 
Ref. 5 where a pressure vessel was used between 
the cavity and moderator and 2 3 5 ~  with Zircaloy 4 
as the clad and structural material. 

The parer spl i ts  (cavity and driver) are 
presented i n  Table 1 for a range of thrust and 
pressure levels. Also presented i n  the table i s  
the fuel mass required in the driver region for 
cr i t ical i ty .  For th i s  range of thrust levels up 
to  890 N (200 lb )  the power i n  the cavity was 
generally less  than 10 MW and the driver power 
less  than 50 MW. This indicates fa i r ly  low to ta l  
power levels w i l l  be required for propulsion. A t  
the bottom of the table a comparison case using 
2 3 5 ~  as the fuel i s  presented. For the same 
amount of fuel i n  the cavity, an approximate 
60 percent increase i n  power over that for  ~~~3 
in the driver region i s  required. In addition the 
amount of fuel for c r i t i ca l i ty  goes up from near 
20 kg to  140 1%. This shows that the use of 2 3 3 ~  
in the cavity as w e l l  as thz driver i s  highly 
effective in reducing the fuel loading in  the 
driver and thereby increasing the relative power 
i n  the cavity. 

A calculation was performed6 i n  which only the 
cavity contained 2 3 3 ~  ( 1  kg). For th i s  case the 
reactor was c r i t ica l  with 103 kg of 2 3 5 ~  in the 
driver region and the power sp l i t  was 0.135. 

Specific Impulse 

As indicated i n  the section on analysis, the 
specific impulse i s  proportional to  the square 
root of the enthalpy of the seeded hydrogen 
(seeded with 238~) .  The enthalpy deposited i n  the 
gas (propellant) i s  a function of the pressure and 
temperature. In the calculations, the specific 
impulse for a given pressure could be increased 
slightly by the addition of ~~~8 seed (more than 
required for  radiation absorption). This increase 
i s  due t o  back radiation from the seeded hydrogen. 
A value of mass fraction of 0.25 was used to ob- 
tain the specific impulses presented i n  Fig. 6. 
For this  concept as presented, a specific impulse 
of 2000 sec i s  obtainable a t  a pressure of 1000 
atm for a thrust level  of 730 N (164 lb) .  A l l  of 

the cases presented produce specific impulses 
greater than 1000 see. 

In the heat transfer calculations performed 
as per Ref. 10, a fuel  temperature profile i s  ob- 
tained. The fuel edge temperatures (the lowest 
temperature of the fuel  for the results i n  Fig. 6) 
are presented in  Table 1. As discussed earlier,  
these high temperatures are obtainable because the 
propellant gas i s  optically thick and there i s  back 
radiation to  the fuel (uranium). There do exist 
some conditions i n  which a uranium particle would 
not evaporate. Without a complete anaysis,  it 
appears that all of the cases studied would produce 
a gaseous state, with the possible exception of the 
222 N (50 lbf)  thrust values and some of the 
200 atm pressure conditions. 

Powerplant Weight and Characteristics 

For the range of thrust 220 t o  890 N (50 to  
200 lbf)  and the levels of specific impulse ob- 
tained, the propellant flow rates are very low. 
In most cases they are less  than 0.0455 @/see. 
A t  predicted mass flow ratios of propellant-to- 
fuel i n  the range of 10OY7 the loss  rate for 
uranium i s  less  than 4.5xlom4 kg/sec. A t  this  rate 
the reactor could operate for over lo5 sec before 
losing 45.0 kg of uranium. 

The powerplant weight consists of the weights 
for the reactor, pressure shell, pumps and radiator. 
The reactor which i s  121 cm (4  f t )  in diameter 
weighs approximately 2180 kg (4800 lb) ,  and the 
pumps are estimated a t  91 kg (200 lb) .  Only the 
pressure shell  and the radiator weights vary with 
pressure and parer. A s  the pressure increases the 
specific impulse increases, and the allowable fuel 
i n  the cavity increases. With t h i s  the power sp l i t  
increases for  the cavity requiring less  power i n  
the driver. This higher pressure requires an in- 
crease i n  pressure shell  weight. The reduction of 
power in the driver results in  a smaller radiator 
a t  higher pressures, but because the pressure i s  
increased the weight per megawatt of power in- 
creases. The result i s  an increase i n  radiator 
weight, and therefore an increase in powerplant 
weight, as shown i n  Table 2. 

The powerplant weights are plotted in Fig. 7 
as a function of thrust for three ressure levels. 
These plots are for  reactor. with g33U as the fuel 
both in the cavity and driver regions. For 445 N 
(100 lb )  of thrust, a comparison with using 2 3 5 ~  
i s  presented. Although there was a larger dif- 
ference i n  the fuel required i n  the driver the 
engine weight penalty i s  only around 40 t o  50 per- 
cent. 

The powerplant weights obtained here (4500 t o  
32 000 kg) are less  or comparable to  the payloads 
considered in  the shuttle program, so that a com- 
plete interplanetary rocket could be a payload for 
a shuttle rocket. 

Potential Uses of Mini-Cavity Reactor 

I n  reviewing the sizes, weights, temperatures 
and power levels, it becomes apparent that a small 
sized cavity could have applications other than as 
a propulsion device. Because of the small size and 
l o w  power levels, a mini-core reactor could be 
used as a land-based tes t  reactor for the gas-core 
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Figure 1. - Mini-cavity reactor concept for unmanned propulsion 
reactor diameter 1.22 meters; cavity diameter 0.61 meters. 
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Figure 2. - Spherical calculation model of mini-cavity reactor. 
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Figure 5. - Fuel mass in cavity - cause and effect. 






