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CAVITY TEMPERATURE AND FLOW CHARACTERISTICS

IN A GAS-CORE TEST REACTOR

by Henry A. Putre

Lewis Research Center

SUMMARY

A test reactor has been proposed for conducting basic studies on fissioning uranium
plasmas and for testing various gas-core reactor concepts. The test reactor consists of
a conventional driver fuel-element region surrounding a cavity region which contains a '
fissioning uranium plasma experiment. The driver reactor supplies the neutron flux for
the cavity region. In the gas-core rocket simulation, uranium fuel is injected into the
center of the cavity in solid form and is vaporized by fission heating. Seeded hydrogen
"propellant" is injected through the cavity wall to protect the wall from the fuel-region
radiant heat flux.

A radiant heat transfer analysis is used to calculate the cavity power and the trans-
piration propellant flow rate necessary to obtain high fuel-edge vaporization tempera-
tures and low wall temperatures. For the design configuration of a 61-centimeter -
(2-ft-) diameter cavity at a pressure of 200 atmospheres, the analysis predicts that
these temperature conditions may be satisfied at a design cavity power of 2.7 megawatts,
a hydrogen "propellant" flow rate of 0.046 kilogram per second, and a seed mass frac-
tion of 0.25. However, at the resulting fuel-edge temperature of 6350 K, fuel vaporiza-
tion may be marginal because of the uncertainty in fuel vapor pressure. By increasing
the seed mass fraction to 0.35, the fuel-edge temperature is increased to 7000 K, and
fuel vaporization is more probable.

A fuel-injection analysis is used to determine fuel feed system conditions required
to prevent fuel melting inside the feeder tube and also to assure fuel vaporization near
the cavity center. It was found necessary to use a neutron-absorbing feeder tube with a
flux attenuation factor of 100. The desired fuel temperatures could be obtained with
either 200-micrometer- (0.008-in.-) diameter uranium wire or 400-micrometer-
(0.016-in.-) diameter powder. These sizes are probably within the operating range of
mechanical feeders.

The propellant wall injection pressure drop tends to be very low. It is estimated that
for controllable pressure drops of the order of 6900 newtons per square meter (1 psi)
with 10 propellant injection slots, slot widths of 75 micrometers (0.003 in.) are required
in the cavity wall. These may require intricate fabrication. Even if they can be fabri-
cated, such small openings could be plugged by seed particles during operation. One way
to circumvent this problem, should it become necessary to do so, would be to increase
the propellant flow rate above the value required to thermally protect the cavity wall.



INTRODUCTION

A conceptual design study has been carried out at the NASA Lewis Research Center
of a gas-core test reactor for conducting experiments on a small fissioning uranium
plasma held within a nuclear reactor cavity. This test reactor operates on the principle
that gas-core-like conditions can be achieved in a small, subcritical, vaporized-fuel
cavity region by locating most of the critical fuel mass in a separate, solid-fuel driver
region. This principle was originally proposed as a mini-cavity gas-core rocket concept
by Hyland (ref. 1). The main advantage of the mini-cavity concept was found to be that
gas-core specific impulses (of 1500 sec or more) could be obtained in a smaller cavity
size and with much lower power levels than those of the pure gas-core engine. In fact,
the cavity size could be chosen independent of criticality requirements.

In the gas-core test reactor shown in figure l(a), the separate driven reactor is used
to supply a controlled neutron flux environment in a 61-centimeter- (2-ft-) diameter cav-
ity region for testing various gas-core reactor concepts. A typical test cavity, shown
schematically in figure l(b), would have most of the major features of a full-scale gas-
core rocket engine, except for absolute size and power. The cavity fuel is injected
either as solid uranium or gaseous uranium hexafluoride (UFg) and is fission heated.
The fuel is vaporized in a central region, as shown in figure l(b). Hydrogen "propel-
lant," including some depleted uranium seed particles for radiant absorption, is injected
through the cavity walls in a manner that causes least fuel entrainment and loss rate
from the cavity. The propellant is heated primarily by thermal radiation from the fuel
region. As in a gas-core engine, the heating and flow mechanisms in the test cavity de-
termine the temperature conditions and the power and flow-rate requirements.

The purpose of this report is to summarize the analytical methods and results that
were used to select the design conditions of the test reactor cavity for the conceptual de-
sign study. This report presents analytical estimates of the temperature and flow con-
ditions that would exist in the test cavity. The specific questions that are addressed are:

(1) For a 61-centimeter- (2-ft-) diameter cavity and a reactor pressure of 200 at-
mospheres, what cavity power and propellant flow rate are required to obtain fuel edge
vaporization and high propellant outlet temperatures without exceeding cavity wall tem-
perature limits?

(2) What kind of fuel feed system is needed to get the uranium fuel (wire or powder)
from the storage location outside the reactor through the moderator and into the cavity
so that it vaporizes near the cavity center without plating out on the feed-tube walls?

(3) What are the requirements for the propellant injection flow passages for good
fuel containment and propellant flow control?



ANALYSIS

Radiant Heat Transfer Analysis

The fuel- and propellant -region temperatures in the cavity are calculated with the
use of a radiant heat transfer analysis with transpiration wall cooling as described by
Kascak (ref. 2). The cavity model for this analysis and a typical temperature profile
are shown in figure l(c). The analysis assumes combined conduction, radiation, and
convection heat fluxes in a one -dimensional, spherical geometry. The cavity is divided
into a propellant and a fuel region. The propellant region has a specified radial propel-
lant velocity profile with inflow at the wall and zero radial velocity at the fuel edge, and
no heat sources. The fuel region has a local fission heating source strength that is pro-
portional to the uranium fuel density and is assumed to have no convective heat transfer .

The energy -balance equations in terms of heat fluxes in the propellant region and in
the fuel region, respectively, are

RE

0 < r < R E (2)
r

(Symbols are defined in the appendix.) The radiant heat flux is expressed in terms of
the local temperature gradient by using the diffusion approximation,

q = -J6_T 3 d T - (3)
3aR dr

where the radiant absorption coefficient a« depends on temperature. The conduction
heat flux includes both molecular and turbulent eddy transport.

Equations (1) and (2) are integrated numerically with the use of a computer code that
includes temperature- and pressure-dependent properties of the hydrogen propellant,
the seed material, and the uranium fuel. The specified parameters for the code are the
cavity radius R,,, the fuel-edge radius RE, the cavity pressure P, the uranium fuel
partial pressure PU, the hydrogen propellant flow rate mH, the seed mass fraction X,
and the propellant inlet temperatures TQ and TW. A radial flow profile V(r) is also



specified. This analysis was used to obtain the plots of wall temperature as a function
of cavity power for two propellant flow rates in figure 2. The required propellant flow
for wall protection at various cavity powers is plotted for three different assumed flow
profiles in figure 3.

The parametric variations of fuel-edge temperature and burnout power with pres-
sure, propellant seed mass fraction, and propellant flow rate are plotted in figure 4. The
temperature profiles in the cavity at both the wall-limit flow rate and the design flow
rate are shown in figure 5. The matching plot for determining the driver reactor power
and the cavity fuel mass is shown in figure 6.

Fuel -Injection Analysis

This section presents the analysis of fuel -injection (uranium powder or wire) tem-
peratures at axial locations in the feed tube and in the entry region of the cavity. A
schematic of the feed -tube entry region is shown in figure 7. The fuel is heated by fis-
sions during its travel through the feed tube into the cavity. The analysis applies to the
initial cavity startup period, with full driver reactor power, cold cavity region, and no
fuel in the cavity. The energy balance includes the fuel enthalpy change, the nuclear
heating, and radiation losses to the cold surroundings. Convective cooling by the sur-
roundings is neglected. The fuel enthalpy change along the cavity axis is

(4)
dt * dx PD

where

|V. + g(t - tm) for wire
VF =i (5)

I Vt for powder

These equations are solved for the axial distance where various state points (i.e. ,
liquefaction at 1405 K, or vaporization at approximately 6500 K) occur. In general, the
fuel velocity VF will depend on T and x, and the fission heating rate will have a value
of ofrp or ot£, depending on whether the location is in the shielded feed tube or in the
cavity. A uranium enthalpy -temperature relation, including heats of fusion and vapori-
zation, is used. The uranium feed rate is specified, and the value of CVT = 0.01 «£
was assumed on the basis of a practical flux shielding factor in the feed tube.



Two distinct cases were thus treated. For wire fuel, the velocity up to the.point of
melting, V., is determined by the wire feed rate, and from melting, it is determined by
gravity. The resulting fuel-wire temperature variation along the axis is shown in fig-
ure 8. For powder fuel, it was determined that the appropriate velocity is the settling,
or terminal, velocity in hydrogen. (The hydrogen carrier-gas velocity is probably
negligible compared to the terminal velocity.) The powder terminal velocity is deter-
mined by standard methods for spheres and is found to depend mainly on the particle
diameter, as shown in figure 9(a). This velocity is assumed to be the same for a solid
or liquid fuel particle. The temperature variation along the axis for powder fuel is
shown in figure 9(b).

DISCUSSION

The results of various cavity analyses are discussed in this section, in the following
order:

(1) Cavity power and temperature conditions
(2) Cavity fuel mass and fuel vaporization conditions
(3) Fuel injection conditions
(4) Propellant injection requirements

Cavity Power and Temperature Conditions

The cavity heat-transfer analysis requires input data for the fuel concentration and
the fuel-region size to determine the fission heat-source distribution. These data de-
pend on the fuel-containment characteristics of the cavity flow, which have been studied
mostly in cold-flow simulation experiments. The best experimental results to date
(ref. 3) indicate that at the cavity design values of propellant-to-fuel flow ratio of 40 and
fuel-to-propellant density ratio of about 7.0, the effective fuel-volume fraction would be
about 0.17 percent. This corresponds to a fuel region having a fuel partial-pressure
ratio of 0.68 in a volume that occupies 25 percent of the cavity volume. Thus, for the
cavity analysis, the assumed values are RF = (0.25) RC = 0.192 meter, and
PU = 0.68 x 200 = 136 atmospheres.

For high cavity temperatures (to assure fuel vaporization and high specific impulse),
it is desirable to operate the cavity near the wall transpiration cooling limit. The be-
havior of the wall temperature near this wall cooling limit is shown in figure 2. These
results are for a cavity diameter of 61 centimeters (2 ft), a cavity pressure of 200 at-
mospheres, and a propellant inlet temperature of 300 K. The seed mass fraction X is
0.25, and the seed radiant absorption coefficient is 25 000 square centimeters per gram.



For the design cavity power of 2.7 megawatts and an assumed cavity inner wall
temperature of 600 K, the minimum wall-cooling flow rate is 0.038 kilogram per sec-
ond. That is, at this flow rate, the inside wall temperature is well within wall material
limits. However, figure 2 shows that at slightly higher powers (at 0.038-kg/sec flow
rate), the wall temperature quickly increases to several thousand degrees. In order to
provide an extra cooling margin in the event of cavity power surges, the design flow rate
is chosen at 20 percent above the wall cooling limit, or 0.046 kilogram per second.
This design flow rate maintains a safe wall temperature for up to 30 percent power
surges (to 3.6 MW).

The sensitivity of the calculated wall cooling-limit flow rates to the assumed radial
flow profile is shown in figure 3. The flow profile is an input to the analysis that has not
been accurately determined. Various assumed profiles of radial mass flux are shown in
figure 3(a). Profile 1 represents constant radial mass flux, which gives best wall pro-
tection, and profile 3 represents strong flow turning, with less wall protection. For the
purpose of selecting a design propellant flow, a nominal profile with moderate flow turn-
ing (profile 2) has been used in figure 2. The effect of the flow profile on the limiting
flow rate is shown in figure 3(b). At the design cavity power of 2.7 megawatts, the use
of profile 2 yields a limiting flow rate of 0.038 kilogram per second (also see fig. 2).
This value may vary from 0.026 kilogram per second for profile 1 to 0.047 kilogram per
second for profile 3. In comparison, the design flow rate of 0.046 kilogram per second
accommodates most of the possible uncertainty in the flow profile. For the purpose of
this preliminary study, the design flow rate of 0.046 kilogram per second is based on
calculations with profile 2. This appears adequate. This same profile is also assumed
in all of the results that follow. Figure 4 shows the variation of fuel-edge temperature
and cavity power at the wall cooling limit with various cavity parameters. The cavity
pressure, propellant seed mass fraction, and propellant flow rate are varied in figures
4(a) to (c), respectively, about the design values of P = 200 atmospheres, X = 0.25, and
Q = 2.7 megawatts. The fuel-edge temperature for the design case is 6350 K.

The pressure dependence displayed in figure 4(a) shows that both the cavity power
and the fuel-edge temperature increase directly with pressure. For pressures ranging
from 100 to 300 atmospheres, the cavity power increases from 2.0 to 3.3 megawatts,
and the fuel-edge temperature increases from 5250 to 7150 K.

The effect of propellant seed mass fraction X is shown in figure 4(b). The cavity
power first increases with X, goes through a maximum at approximately X = 0.25,
then decreases slowly with X. This is probably because, at small increasing values of
X, the propellant radiant absorption coefficient is increased and the wall protection is
increased. However, larger amounts of seed tend to reduce the heat capacity of the
propellant. This reduces the wall protection at large X values. For seed mass frac-
tion increasing from 0.25 to 0.5, the power stays near 2.7 megawatts, whereas the fuel-



edge temperature increases from 6350 to 7700 K.
For increasing propellant flow rate, as shown in figure 4(c), the cavity power in-

creases approximately with the 1. 5 power of flow rate. For propellant flow rate in-
creasing from 0.038 to 0.05 kilogram per second, the power increases from 2. 7 to 4.2
megawatts, and the fuel-edge temperature increases from 6350 to 6900 K.

As will be discussed in the next section, an increase in fuel-edge temperature may
be desirable to assure complete fuel vaporization. The results of figure 4 indicate that
an increase in fuel-edge temperature from 6350 to 7700 K can be obtained by increasing
the propellant seed mass fraction from 0.25 to 0.50. This allows other conditions such
as cavity power, pressure, and propellant flow rates to be essentially unchanged.

A complete set of design conditions has been selected on the basis of these results.
This set is given in table I. The temperature profiles for the cavity are shown in fig-
ure 5. The solid curve is for the design conditions and the design propellant flow rate
of 0.046 kilogram per second. For comparison, the dashed curve is for the wall cooling
limit flow of 0.038 kilogram per second. It is seen that the propellant flow rate affects
mainly the propellant-region temperatures near the wall. At the design flow rate
(20 percent above the wall cooling limit), the propellant transpiration cooling forces the
temperature edge away from the wall, thus assuring wall protection.

At the design flow and design power^ the propellant outlet temperature is 3500 K.
This corresponds to an ideal specific impulse of 1134 seconds and an exhaust "thrust"
of 507 newtons (114 Ibf).

Cavity Fuel Mass and Fuel Vaporization Conditions

The cavity fuel mass is determined by integrating the radial distribution of the
uranium density obtained from the calculated temperature profiles (see fig. 5) and the
assumed fuel partial-pressure ratio of 0.68. For the design power of 2.7 megawatts,
the fuel mass is estimated to be 572 grams. Because of the neutron flux coupling, the
cavity power is related to the driver reactor power through the fuel mass. In fact, as
is shown in figure 6, the cavity thermodynamics give one curve of cavity power as a
function of fuel mass, whereas, neutronics give a second set of curves at various driver
powers. The constant driver power curves are based on neutron flux profiles for a typ-
ical driver reactor configuration (light water moderator, beryllium reflector, and
MTR-type fuel elements). The intersections of these curves, where the fuel mass is
matched, are used to determine the design values of driver and cavity power. Figure 6
shows that at a cavity power of 2.7 megawatts, the cavity contains 572 grams of fuel,
which in turn requires a driver power of 60 megawatts.

The fluid mechanics phenomena of the fuel containment in the actual cavity are prob-



ably more complicated than in the cold-flow simulation tests on which present estimates
of fuel volume fraction are based. In fact, hot flows may have less mixing and better
fuel containment than cold flows. This possibility should be studied in hot-flow tests.
However, the cavity would also operate at a higher "buoyancy" condition, with downward
flow (i.e., the tendency of the heavier fuel to sink through the propellant because of
gravity), than in the cold-flow experiments. This downward flow has been observed in
references 4 and 5 to have reduced fuel containment. The net effect could be to reduce
the cavity fuel mass below that presently estimated. On the other hand, recent experi-
ments with upward flow indicate that it may be possible to reduce or even use to advantage
the buoyancy effect and thus to increase the fuel mass by designing the cavity so that it
exhausts upward. In the event that the fuel containment is less than was estimated, the
major effect on the cavity conditions is to shift the thermodynamics curve in figure 6 to
the left. Thus, the cavity power could still be maintained at the design value, but at the
expense of increased driver power.

In order to assure fuel vaporization, the fuel-edge temperature should exceed the
vaporization temperature at the fuel-region partial pressure (136 atm). The relation
between vapor pressure and temperature at high temperatures for uranium is not accur-
ately known. From an equation given in reference 6, which fits uranium data up to
2200 K, the fuel vaporization temperature at 136 atmospheres is estimated to be 6700 K.
This is above the calculated fuel-edge temperature of 6350 K. The difference here is
probably within the range of uncertainty in the vapor-pressure extrapolation. Thus, fuel
vaporization in about a 1-millimeter-thick region at the fuel edge may be marginal, and
the cavity conditions may need to be adjusted to raise the fuel-edge temperature by some
nominal value, say 500 K. Figure 4 indicates that a simple way to accomplish this, with-
out changing the cavity power or pressure, is to increase the propellant seed mass frac-
tion from 0.25 to about 0.35. This allows all other conditions to be unchanged and re-
sults in a fuel-edge temperature of 7000 K. However, the capability of feeding hydrogen
with a larger seed mass fraction needs further experimental investigation.

Fuel Injection Conditions

The uranium cavity fuel is supplied to the cavity through a feed tube as shown in
figure 7. The main requirements for the fuel injection system are that the fuel must
pass through the feed tube without melting or depositing on the inner surface of the feed
tube, and that the fuel vaporization point must be located within the designated vaporized-
fuel region (i.e., LV in fig. 7 must be between 11.43 cm (4.5 in.) and 49. 53 cm
(19.5 in.)). Ideally, as shown in figure 7, the fuel would leave the feed tube as a solid
and would liquefy at a distance L from the inlet. The liquid would continue flowing



downward because of gravity and would vaporize at a distance L before dispersing as
fuel vapor. These distances are determined from the calculated axial fuel temperature
profiles in figures 8 and 9.

The fuel temperature profiles are different during cavity startup than during steady-
state operation. During steady-state operation (with hot fuel-and-pr ope llant surround-
ings), the injected-fuel temperatures in the cavity follow the propellant-region temper-
atures (see fig. 6) very closely because of strong radiant heating from the seeded pro-
pellant. Thus, by definition, vaporization of injected fuel, whether wire or powder, is
assured inside the fuel vapor region. However, during the cavity startup (with cold sur-
roudings and about three times the steady-state neutron flux, because there is no fuel in
the cavity), the fuel loses heat by radiation and is less likely to vaporize at the proper
location. The results of the analysis for the startup case are now discussed.

Equation (4) was solved for both wire and powder fuel to give the centerline fuel
temperature variation in the feed tube (through the reflector) and in the cavity region.
The energy balance includes the fuel heat capacity, the fission heating, and the radiation
loss to cold surroundings. The radiation loss was included since at temperatures near
vaporization (above about 5000 K) this term may approach the fission heating rate, and
for small particle sizes, radiation loss may actually result in a maximum particle tem-
perature that is below the vaporization temperature.

Preliminary calculations indicated that flux attenuation in the feed tube was desir-
able. As a reference case, a fuel heating rate of 15 kilowatts per gram was used. This
corresponds to the unfueled cavity at the design driver power of 60 megawatts and, be-
cause of reduced flux attenuation, is about three times the heating rate for the filled,
steady-state cavity. A flux attenuation factor of 100 was used for the feed tube. This
factor can be achieved by wrapping the feed tube with 0.40 millimeter (0.016 in.) of
cadmium or 0.90 millimeter (0.035 in.) of 3-percent-boron steel. Thus, a value of
15 kilowatts per gram was used for a^, and 0.15 kilowatt per gram was used for at^,.
The design uranium flow rate of 1.15 grams per second (0.0025 Ib/sec) and a 30. 5-
centimeter- (1-ft.-?) thick reflector were used. The fuel surface emissivity e was as-
sumed to be 0.1, a reasonable but conservative value for hot metal.

The temperature variation for the wire fuel is shown in figure 8. The figure shows
that for the range of wire diameters from 142 to 250 micrometers (0.0056 to 0.010 in.),
the vaporization point falls within the desired fuel region. The feed-tube exit (cavity-
inlet) temperature for three wire sizes is below 500 K, which is well below the uranium
melting point of 1405 K. Thus, the feed temperature in the feed tube is probably well
within tube material limits. The wire feed velocity ranges from 3.6 meters per second
(12 ft/sec) for the 142-micrometer (0.0056-in.) wire to 1.2 meters per second (4 ft/sec)
for the 250-micrometer (0.010-in.) wire. Because of their larger velocity for the same
total feed rate, the smaller wires travel farther into the fuel vapor region before vapor-



izing. For wire sizes larger than about 250 micrometers (0.010 in.), the low velocity
results in fuel vaporization upstream of the desired region. On the other hand, for wire
sizes smaller than 142 micrometers (0.0056 in.), the radiation cooling delays vaporiza-
tion until the wire is past the desired fuel vapor region, or it may prevent vaporization
altogether. Note that the effect of gravity accelerating the wire after it melts and re-
ducing the wire diameter has been included in figure 8.

The terminal velocity for the uranium powder is shown as a function of particle di-
ameter in figure 9(a). The temperature variation for uranium powder feed is shown in
figure 9(b). In contrast with the wire feed, the largest particles have the largest termi-
nal velocity and travel farthest before vaporizing. The curvature of the temperature
profiles in figure 8 is due to the radiant cooling.

The range of particle sizes for which the vaporization point falls inside the desired
fuel region is shown in figure 8 to be 210 to 600 micrometers (0.0083 to 0.024 in.). The
corresponding range of teminal velocity is about 2.7 to 6.1 meters per second (about
9 to 20 ft/sec). Particles smaller than 210 micrometers (0.0083 in.) may not vaporize
in the fuel region because of radiant cooling. For particles greater than 600 microm-
eters (0.024 in.), the larger velocity results in fuel vaporization downstream of the de-
sired region. As with the wire fuel, the feed tube exit temperature with powder fuel is
below 500 K.

As stated in the Fuel-Injection Analysis section, these results neglect convective
cooling, which will tend to adversely increase the powder or wire size at the radiation
cooling limit. However, a more accurate determination of the cooling-limit size re-
quires more accurate data of vapor pressure as a function of temperature for uranium
than are now available.

The present approximate analysis has identified the particle size (or wire diameter),
the fission heating rate per gram of fuel, and the fuel flow rate as the major parameters
that determine the location where the injected fuel vaporizes. The desirable nominal
fuel size is about 200-micrometer (0.008-in.) wire diameter or 400-micrometer
(0.016 in.) particle diameter. Both of these are probably within the operating limits for
mechanical feeders. The results also show that the feed-tube exit temperature is below
500 K for these sizes.

Propellant Injection Requirements

The propellant-injection flow passages in the cavity wall must be designed to satisfy
various requirements, including the following:

(1) The injection angle and the axial variation of flow should be tailored for best fuel
containment.
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(2) The flow passages should be relatively closely spaced to provide a uniform wall
film for transpiration cooling and to provide uniform radiation protection.

(3) The flow passages (slots, holes, or pores) should be large enough for injecting
hydrogen with seed particles without plugging.

(4) The pressure drop across the wall should be sufficient (probably of the order of
o

6900 N/m (1 psi)) to permit reasonable flow control with a high pressure regulating
system.

The combination of requirements (1) to (3) tends to set a lower limit on cavity-wall
flow-passage area. The main problem being discussed here is that for an assumed min-
imum propellant injection area that satisfies requirements (1) to (3), at the design pro-
pellant flow rate of 0.046 kilogram per second, there may not be enough wall pressure
drop to satisfy requirement (4).

As an example, the wall pressure drop is calculated for a typical flow-passage con-
figuration using slots (fig. 10(a)). Configurations using holes (fig. 10(b)) or porous walls
(fig. 10(c)) may also be used. However, only the slotted wall is discussed herein. The
typical slotted-wall arrangement in figure 10(a) is based on recent fuel-containment ex-
periments (refs. 4 and 5) which have indicated that at least 10 axial injection stations
with injection angles of approximately 15° are required for reasonable fuel-containment
characteristics. The slot width, which ranges from 0.25 to 0.64 centimeter (0.10 to
0.25 in.) in the experiments, will be considerably smaller in the test reactor cavity. A
0.64-centimeter- (0.25-in. -) thick cavity wall is assumed, and this gives a slot depth
through the wall of 2. 5 centimeters (1.0 in.). The slots are assumed to have a
50-percent open area.

For simplicity herein, pure hydrogen flow at 450 K and 200 atmospheres is as-
sumed .

The calculated wall pressure drop (including inlet and exit losses plus friction pres-
sure drop) is plotted for several propellant flow rates as a function of slot width in fig-
ure 11. It is seen that for a minimum slot width of 250 micrometers (0.010 in.), based
on seeded flows, the pressure drop at the design flow is 210 newtons per square meter
(0.03 psi). On the other hand, a wall pressure drop of 6900 newtons per square meter
(1 psi) requires slots as small as 76 micrometers (0.003 in.). This size may be too
small to fabricate or may be plugged by seed particles during operation.

As an alternative, increasing the propellant flow rate by a factor of five to 0.230 kil-
ogram per second (0. 5 Ib/sec) as shown in figure 11, would allow use of 200-micrometer
(0.008-in.) slots for a pressure drop of 6900 newtons per square meter (1 psi). How-
ever, the heat-transfer analysis indicates that at the design cavity power of 2.7 mega-
watts, this flow increase would decrease the fuel-edge temperature from 6350 to 5100 K,
and fuel condensation would probably result. Also, the specific impulse would decrease
from 1230 to 540 seconds.
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These results indicate that it may be difficult to achieve a wall pressure drop of
6900 newtons per square meter (1 psi), should this be a requirement for propellant flow
control. As an alternative, the possibility of controllable wall injection with
250-micrometer- (0.010-in. -) slots and a pressure drop of 210 newtons per square meter
(0.03 psi) should be investigated further. Also, the possibility of using another propel-
lant gas with different heat-transfer and pressure-drop characteristics should be inves-
tigated .

SUMMARY OF RESULTS

The results of the cavity heat-transfer analysis indicate that for the 0.61-meter -
(2-ft-) diameter cavity with a design cavity power of 2.7 megawatts, the minimum pro-
pellant flow rate required to maintain the wall temperature within the temperature lim-
its of the material is 0.038 kilogram per second. This assumes a propellant seed mass
fraction of 0.25 and a cavity pressure of 200 atmospheres. The design propellant flow
rate of 0.046 kilogram per second is 20 percent above this wall cooling limit and pro-
vides additional wall protection. At these design conditions, the propellant outlet tem-
perature is 4150 K, which corresponds to a specific impulse of 1134 seconds and a
"thrust" of 114 pounds. The corresponding fuel-edge temperature is 6350 K.

At these conditions, the fuel is vaporized over the entire fuel region, except pos-
sibly for a 1-millimeter thick region near the fuel edge, where temperatures may be be-
low vaporization. To assure fuel vaporization in this region, it may be desirable to in-
crease the propellant seed mass fraction from the design value of 0.25 to 0.35.

The estimated cavity fuel mass is 572 grams. The driver reactor power (for a HgO
moderated system) corresponding to this fuel mass and to the cavity power of 2.7 mega-
watts is 60 megawatts. The driver reactor should be designed for higher powers than
this to maintain the cavity power in the event that the effective fuel volume fraction (or
contained fuel mass) is lower than estimated.

The results of a fuel injection heating analysis indicate that the fuel feed tube should
be clad with a neutron absorber (cadmium or borated stainless-steel sheet) capable of
reducing the neutron flux by a factor of about 100. The desired fuel conditions (less than
500 K within the feed tube and vaporization near the cavity center) were found to be
achievable by a narrow range of fuel wire and powder sizes. It was concluded that either
a 200-micrometer- (0.008-in.-) diameter uranium wire or 400-micrometer- (0.016-in. -)
diameter particles would be feasible. These sizes are probably suitable for mechanical
feeder operation.
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The propellant injection through the cavity wall, with controllable wall pressure
drops of the order of 6900 newtons per square meter (1.0 psi), will require extremely
small flow passages. Assuming 10 slot locations for good wall flow distribution, the re-
quired slot width is 76 micrometers (0.003 in.). This size may be difficult to fabricate,
or may cause seed blockage. One way to circumvent this problem would be to increase
the propellant flow rate considerably above the value required to thermally protect the
cavity wall.

Lewis Research Center,
National Aeronautics and Space Administration,

Cleveland, Ohio, March 1, 1973,
503-04.
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APPENDIX - SYMBOLS

a.r> Rosseland mean radiant absorption coefficient
XX

D fuel powder diameter, or 1. 5 times the fuel wire diameter

g earth gravity constant

h enthalpy

L length from feed-tube inlet to point where fuel melts

L length from feed-tube inlet to point where fuel vaporizes

m-r, propellant flow rate

P cavity pressure

P uranium fuel partial pressure in fuel region

Q total cavity power

conductive heat flux in cavity

radiant heat flux in cavity

R radius

r radius distance

S fuel fission heating per unit volume

T temperature

t time

t time to fuel meltingm
V local radial propellant velocity

V. initial fuel wire feed velocity

Vt fuel powder terminal velocity

X uranium seed mass fraction in propellant

x distance along fuel feed path from cavity inlet

cvrn, QT/-I fuel fission heating in feed tube, or cavity

e fuel emissivity

CT Stefan-Boltzmann constant

p local density
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Subscripts:

E fuel edge

F fuel

C cavity

O outer wall surface

W inner wall surface
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TABLE I. - CAVITY DESIGN-POINT CONDITIONS

Cavity diameter, m (ft) 0.609 (2)
Cavity pressure, atm , 200
Cavity power, MW 2.7
Propellant/fuel flow-rate ratio 40
Fuel/propellant density ratio 7.5
Cavity power at wall cooling limit, MW 3.6
Driver region power (H~O moderator), MW 60

Fuel region diameter, m 0.384
Fuel region uranium partial pressure, atm 136
Fuel-edge temperature, K 6350
Fuel center line temperature, K 20 300
Average fuel temperature, K 15 100
Uranium fuel flow rate, kg/sec 0.00115
Uranium fuel mass in cavity, kg 0.572

o
Average fuel density, kg/m 19.2

Hydrogen plus seed propellant flow rate, kg/sec 0.046
Propellant seed mass fraction 0.25
Propellant inlet temperature, K 300
Inside cavity-wall temperature, K . 600
Average propellant-region temperature, K 2550
Propellant exit temperature, K 4150

Q

Average propellant density, kg/m 2.56
Ideal specific impulse, sec 1134
Ideal thrust, N (Ib) 507 (114)
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Figure 3. - Propellant radial flow profiles and limiting flow rate for various cavity powers.
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Figure 5. - Cavity temperature profiles at the wall cooling
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Figure 6. - Cavity power variation with cavity fuel mass for
various driver powers.
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Figure 7. - Schematic of uranium fuel
feed tube.
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