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FOREWORD

An exploratory experimental and theoretical investigation of gaseous nuclear
rocket technology was conducted by the United Aircraft Research Laboratories under
Contract SNPC-70 with the joint AEG-NASA Space Nuclear Systems Office. The Technical
Supervisors of the Contract for NASA were Captain C. E. Franklin (USAF) of SNSO for
the initial portion of the Contract performance period, and Dr. Karlheinz Thorn of
SNSO and Mr. Herbert J. Heppler of the NASA Lewis Research Center for the final
portions. The following nine reports (including the present report) comprise the
required Final Technical Report under the Contract:

1. Roman, W. C. and J. F. Jaminet: Development of RF Plasma Simulations of
In-Reactor Tests of Small Models of the Nuclear Light Bulb Fuel Region. United
Aircraft Research Laboratories Report L-910900-12, September 1972.

2. Klein, J. F.: Nuclear Light Bulb Propellant Heating Simulation Using a Tungsten-
Particle/Argon. Aerosol and Radiation from a DC Arc Surrounded by a Segmented
Mirror Cavity. United Aircraft Research Laboratories Report L-910900-13,
September 1972.

3. Jaminet, J. F.: Development of a Model and Test Equipment for Cold-Flow Tests
at 500 Atm of Small Nuclear Light Bulb Configurations. United Aircraft Research
Laboratories Report L-910900-14, September 1972.

4. Kendall, J. S. and R. C. Stoeffler: Conceptual Design Studies and Experiments
Related to Cavity Exhaust Systems for Nuclear Light Bulb Configurations. United
Aircraft Research Laboratories Report L-910900-15, September 1972.

5. Rodgers, R. J. and T. S. Latham: Analytical Design and Performance Studies of
the Nuclear Light Bulb Engine. United Aircraft Research Laboratories Report
L-910900-16, September 1972.

6. Latham, T. S. and R. J. Rodgers: Analytical Design and Performance Studies of
Nuclear Furnace Tests of Small Nuclear Light Bulb Models. United Aircraft
Research Laboratories Report L-910900-17, September 1972. (Present Report)

7. Krascella, N. L.: Spectral Absorption Coefficients of Argon and Silicon and
Spectral Reflectivity of Aluminum. United Aircraft Research Laboratories
Report L-91090̂ -3, September 1972.



8. Balma, G. E.: Measurements of the UV and VUV Transmission of Optical IVkterials
During High-Energy Electron Irradiation. United Aircraft Research Laboratories
Report L-990929-3, September 1972.

9. Kendall, J. S.: Investigation of Gaseous Nuclear Rocket Technology -- Summary
Technical Report. United Aircraft Research Laboratories Report L-910905-13,
September 1972. - . - • , .
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Report L-910900-1?

Analytical Design and Performance Studies of Nuclear

Furnace Tests of Small Nuclear Light Bulb Models

SUMMARY

Analytical studies were continued to identify the design and performance
characteristics of a small-scale model of a nuclear light bulb unit cell suitable
for testing in the Nuclear Furnace reactor. Emphasis was placed on calculating
performance characteristics based on detailed radiant heat transfer analyses, on
designing the test assembly for ease of insertion, connection, and withdrawal at
the reactor test cell, and on determining instrumentation and test effluent han-
dling requirements. In addition, a review of candidate test reactors for future
nuclear light bulb in-reactor tests was conducted.

The results of the study indicate that a meaningful series of in-reactor
demonstration tests of fuel containment, transparent-wall performance, and pro-
pellant 'heating could be conducted using the Nuclear Furnace reactor. Processing
of the effluent from an in-reactor test could be accomplished by flowing the exit
gases through the Nuclear Furnace scrubber or by adding a separate scrubber loop
to handle the in-reactor test effluent. The test cell design was chosen such
that the test capsule could be inserted, connected, and withdrawn from a Nuclear
Furnace without transporting the entire system by rail from the test cell to the
remote Maintenance-Assembly-Disassembly (MAD) building. With this mode of opera-
tion, it is estimated that 10 to 20 test runs could be performed using one Nuclear
Furnace core.

Results of detailed radiant heat transfer and performance analyses indicated
that thermal radiation fluxes corresponding to black-body radiating temperatures of
approximately 5̂ 20°K could be sustained in a fissioning uranium plasma in a test
configuration having reflecting walls and operating at a pressure of 500 atm.
Tests could also be conducted to demonstrate that internally-cooled transparent
walls are capable of withstanding both the nuclear radiation and thermal environ-
ments anticipated for a nuclear light bulb engine and that seeded propellant can
be heated to exhaust temperatures in the range of 3300 to 3700°K.

Simulation tests of models similar in geometry to those anticipated for in-
reactor demonstration tests have been performed using the UARL 1.2-MW rf induction
heater and dc arc facilities. To date, these tests have included successful injec-
tion of gaseous uranium hexafluoride and tungsten particles in argon carrier gas
into rf plasmas operating at pressures up to about kO atm with up to 125 kW of
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radiated power. Bulk exit temperatures of ̂ 515°K have been measured in simulated
propellant streams heated by dc arc discharges, m addition, a fiberglass pressure
vessel capable of operating in the 1.2-MW rf induction heater in future high-pres-
sure tests has been designed, fabricated, and tested at pressures greater than
500 atm. It is recommended that thorough development and testing of in-reactor
test models at power levels and operating conditions anticipated for in-reactor
tests in the Nuclear Furnace be continued using these facilities.



L-910900-17

RESULTS AND CONCLUSIONS

1. The Nuclear Furnace reactor, modified to accommodate a small-scale nuclear
light bulb unit cell, could be operated such that the test assembly could be insert-
ed and removed from the core at the reactor test site. The modifications to the
Nuclear Furnace system for this mode of operation would be (l) alterations to the
bell shield to provide a glory hole at the top through which the test assembly
could be inserted and removed, (2) relocation of the nuclear instrument well from
the top-centerline position in the bell shield, and (3) installation of an exhaust
duct for the in-reactor test effluent which would penetrate the Nuclear Furnace
scrubber elbow beneath the core. The in-reactor test effluent would flow to a
separate scrubber. Remotely operated connect-disconnect couplings would be used
to connect liquids, gases and wiring to the test assembly.

2. It is estimated that the Nuclear Furnace core lifetime could be extended to the
order of 3 to 5 hr by increasing coolant flow, thereby reducing fuel element surface
temperatures. With a core lifetime on the order of 3 to 5 hr, 10 or more tests of
10-to-15 min duration could be run using one core.

3. A basic test configuration with the following principal characteristics was
selected: (1) test region diameter, 6.6 cm; (2) test region length, 17.8 cm;
(3)- argon used as the buffer gas to provide a radial inflow vortex flow; (3) U-235
fuel injected in the form of uranium hexafluoride during test start-up and in the
form of a mixture of submicron particles and either uranium hexafluoride or gaseous
argon during steady-state operation; (U) mass of U-235 contained in fuel region,
6.2 g; (5) average partial pressure of U-235 fuel within the fuel region, 125 atm;
(6) test region total pressure, 500 atm; and (7) ratio of fuel region diameter to
test region diameter, 0.6. ~

h. The basic test configuration would have the following calculated performance
characteristics: (1) specific fission power level, 30.5 kW/g U-235, (2) total
test region power, 190 kW; (3) net radiated heat flux, 0.71 kW/cm ; (h) equivalent
black-body radiating temperature, 3330°K; (5) outward radiating thermal heat flux
of h.Qk kW/cm2 and an inward reflected thermal heat flux of U.13 kW/cm2 (difference
equals net radiated heat flux of 0.71 kW/cm2); and (6) fuel surface radiating tem-
perature, 5̂ 26°K.

5. It is feasible to place internally-cooled fused silica transparent walls
between the fuel-containment test region and a propellant duct. This would permit
propellant heating tests to be conducted, and would expose a transparent-wall
structure to both the nuclear radiation and thermal environments of the test region.
Addition of a propellant duct and transparent-wall structure would require a reduc-
tion in the test region diameter from 6.6 cm to approximately 5-08 cm. Seeded
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hydrogen propellant would be exposed to an incident radiant heat flux of ̂ .63 kW/cm
The propellant would be heated to bulk exit temperatures in the range from 3300°K
to 3700°K. Tests would be performed in which the total thermal radiation flux
(incident plus reflected) passing through a transparent-wall structure would be
8.83 kW/cm , compared with 22.9 kW/cm2 for the reference nuclear light bulb engine.
The nuclear radiation dose rate in the transparent walls would be 3-0 Mrad/sec,
compared with 5.0 Mrad/sec in the reference engine.

6. Measurements of in-reactor test performance could be made using thermocouples
and flow-rate measuring instruments to determine the detailed heat balance in the
test cell. Observation of the fissioning plasma and measurements of the emitted
spectral flux could be performed using internally polished tubes which view the
plasma region through the end walls and the peripheral liner.

7. RF plasma tests of models similar in geometry to those which would be used in
in-reactor tests have been performed using the UARL 1.2-MW rf induction heater.
Development and thorough testing of models and diagnostic equipment at power levels
and operating conditions anticipated for in-reactor tests can be undertaken using
this facility.

8. A self-critical cavity reactor employing a cold beryllium (̂ 0°K) inner reflec-
tor-moderator and a cold (ifO°K) outer deuterium-carbide reflect or-moderator was
analyzed. It has calculated critical masses of 1.15 kg of U-233 and 1.̂ 5 kg of
U-235 for a spherical configuration with a cavity volume equal to the volume of
one full-scale reference nuclear light bulb unit cell. At power levels which
result in an outward-directed,heat flux equal to that for the reference engine,
the operating pressure would be approximately 250 atm. Consideration should be
given this type of test reactor for future fissioning uranium plasma experiments.
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INTRODUCTION

emphasis in the research on the nuclear light bulb engine concept (Ref. 1)
conducted under Contract SNPC-70 has been placed on (1) simulation of the thermal
environment in the fuel region and surrounding transparent-wall structure using
small-scale models with rf-heated vortexes and (2) simulation of propellant heating
in the nuclear light bulb engine by heating carbon- and tungsten-seeded streams of
gas with thermal radiation from a dc arc discharge. A review of the work under
this contract up to September 1972 is contained in Ref. 2. In the most recent fuel
region simulation experiments gaseous UFg and tungsten particles in argon carrier
gas have been successfully injected into rf plasmas operating at pressures up to
hO atm radiating up to 125 kW of power (see Ref. 3). Bulk exit temperatures of
U515°K have been measured in simulated propellant streams (argon seeded with sub-
micron-sized tungsten particles) heated by dc arc discharges (see Ref. U). The
next major step in development of a nuclear light bulb engine, building on the
results from the simulation experiments, is a series of demonstration tests in
which the dc arc and rf-heated plasmas are replaced by a fissioning uranium plasma
as the energy source for thermal radiation.

The Nuclear Furnace reactor, recently operated for the first time at the National
Reactor Development Station (NRDS), is ideally suited for conducting in-reactor tests
of models of the nuclear light bulb unit cell. This reactor is a solid-core nuclear
rocket fuel element test reactor. It has been shown experimentally that four of
its central fuel elements could be removed to provide an 8.̂ -cm-i.d. cylindrical
test hole in which a test cell could be inserted. The power density would be
sufficiently high to sustain a fissioning uranium plasma in the test cell at operat-
ing pressures of 500 atm.

The studies described herein are a continuation of the in-reactor test feasi-
bility analyses of Refs. 5 and 6. Specific emphasis in the current study was
placed on design of the basic unit test cell, detailed performance and heat trans-
fer analyses of the contemplated tests, and further design and analyses of the
methods for injecting various test gases and nuclear fuel into the test cell and
for handling the effluent mixture exiting from the test. Test operations, instru-
mentation, and types of reactors for future tests are also discussed in the follow-
ing sections of the report.
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THE NUCLEAR FURNACE REACTOR

A detailed description of the Nuclear Furnace reactor and its effluent handling
system are contained in Ref. 7. The reactor is a solid-core nuclear rocket fuel
element test reactor designed by Los Alamos Scientific Laboratory (LASL). The core
is approximately 32 cm in diameter and 13U.5-cm long. Its ̂ 9 fuel elements are
contained in a tube-bundle assembly along with light-water moderator. The core is
self-contained in an aluminum vessel which can be removed through the top of the
reactor reflector.

The nominal power level of the Nuclear Furnace is hh MW, but can be extended
to about 66 MW. The core lifetime, according to LASL personnel, might be extended
to about 3 to 5 hr with additional coolant flow to reduce temperatures on the fuel
element coolant hole surface.

The reactor can be altered to accommodate a small-scale nuclear light bulb
test assembly by removing four of its central fuel elements, thus providing an
8.U-cm-i.d. cylindrical hole passing through the entire core. The specific fission
power levels in the test region at the center of the core for the range of power
levels from hk to 66 MW would be from 25 to ho kW per g of U-235.

The Nuclear Furnace is mounted on a rail car for transportation to the test
cell. A crane and remote handling equipment mounted on an attached rail car can
be transported with the Nuclear Furnace rail car such that the nuclear light bulb
test assembly could be inserted and removed at the test cell without requiring the
disconnecting and removal of the entire system to the Maintenance-Assembly-Disassembly
(MAD) building.

i

A schematic diagram of the Nuclear Furnace reactor with the four central fuel
elements replaced by an aluminum-cased test hole is shown in Fig. 1. A test assembly
containing a small-scale model of a nuclear light bulb cell would be inserted through
the top of the core lid. Plumbing and wiring would be passed through the top of
the core assembly as shown in Fig. 2. Effluent from the test cell could be ducted
into the Nuclear Furnace scrubber system or to a separate scrubber system connected
directly to the test assembly. The ducting to handle the effluent in a separate
scrubber system is shown in Fig. 1.

The Nuclear Furnace has a water-filled, bell-shaped, removable shield. The
geometry of the shield is shown in Fig. 3. Access to remove a test assembly between
runs could be provided by penetrating the bell shield with a glory hole at the top
center. This would require the dislocation of the nuclear instrumentation well
shown in Fig. 3. The removal of the nuclear instruments to another location in the
shield was discussed with NRDS personnel and appears feasible. The glory hole
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required for access to insert and remove the test assembly is shown in Fig. 3. The
glory hole could be left open, which has been the practice for some KRDS reactor
tests, or could be plugged by a water-filled shield segment dropped into place for
the test run.

The mode of operation for nuclear light bulb in-reactor tests that appears
most desirable is one in which test assemblies can be inserted and removed at the
test cell site rather than at the MA.D building. This would avoid reconnection
check-out procedures requiring on the order of six weeks each time the reactor is
removed from the cell and returned. If core lifetime can be extended to 3 to 5 hr,
10 or more test assemblies might be inserted in one Nuclear Furnace core, thus
allowing tests of several configurations over a wide range of operating conditions.
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DESCRIPTION OF TEST CELL CONFIGURATIONS

The small-scale unit cells used in the in-reactor tests are designed to simulate
many of the conditions expected to exist in a full-scale nuclear light bulb engine
unit cavity. Each of the test configurations described below would contain a gaseous
nuclear fuel cloud suspended in a vortex flow field driven by tangentially injected
argon buffer gas. The peripheral walls of the test regions would be highly reflec-
tive to the thermal radiation emitted from the fuel region. The various modifica-
tions to a basic configuration which are described below are concerned primarily
with alternate component designs such as the pressure vessel, buffer-gas flow con-
figurations, fuel-injector locations, and effluent handling options.

Basic Configuration

The test region of the basic test cell configuration is a cylindrical cavity
with an inside diameter of 6.6 cm and a length of 17.8 cm. The cylindrical periph-
eral wall is made of aluminum with a highly-polished reflective inner surface. A
revised design has been made of the basic configuration as described in Ref. 6. The
cavity region is essentially unchanged; the major modification to the design is re-
lated to a simplification of the. coolant flow circuits. In particular, the flow
circuits have been configured to allow all connections of inlet gases and wiring
to the test assembly to be connected at the top of the test- cell. The bottom
exhaust duct still exits through the bottom of the Nuclear Furnace core. An
axial cross section of the new configuration is shown in Fig. k and a radial cross
section at the cavity midplane is shown in Fig. 5-

Flow channels to provide for the injection of buffer gas, fuel, and required
coolant for the various components are provided. The entire assembly is contained
in an aluminum-lined fiberglass pressure vessel. The outside diameter of the pres-
sure vessel is 8.13 cm so that the complete assembly can be inserted in an 8.38-cm-
diam test hole available in the Nuclear Furnace. In this configuration, all of the
coolant (liner coolant, end-wall coolant, and bypass coolant) enters the annulus
between the liner and pressure vessel at the upper end of the test unit. When the
flow reaches the upper end wall, part of it is used to cool the end wall and then
is injected into the entrance to the exhaust port to cool the gases exiting the
cavity. The remainder of the flow cools the liner and the pressure vessel adjacent
to the cavity region. At the lower end wall, an additional quantity of coolant
branches off to cool the lower end wall and lower exhaust duct. The buffer gas
which drives the vortex is ducted through four tubes in the annulus between the
pressure vessel and the liner as shown in Fig. 5. These tubes are fed from the
upper end and terminate at the lower end of the cavity. The fuel is injected from
the upper end in a single tube in the liner coolant annulus as shown in Fig. h.

8
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One branch line supplies the upper injector and a second continues past the cavity
region to supply the lower injector. These fuel injectors would consist of a neutron-
absorbing inner tube surrounded by an outer tube to form a coolant annulus. The outer
tube would have a porous wall in the region where the injectors are exposed to the
exhaust gases. This type of fuel injector configuration minimizes the length of the
injector which is exposed to the hot exhaust duct gases. Dimensions and materials
specifications for the components shown in Figs, k and 5 are given in Table I.

The total length of the in-reactor test assembly required to extend from the
lid of the Nuclear Furnace core to the core bottom is approximately 188.0 cm,
including about 30.5 cm of effluent duct between the outlet of the test cell pres-
sure vessel and the core bottom.

The pressure vessel is a filament-wound fiberglass cylinder, approximately
157.5-cm long with an inside diameter of 7.36 cm and an outside diameter of 8.13 cm.
The wall thickness of 0.385 cm is required for operation at an internal pressure
of 500 atm. A design stress level of 52,000 N/cm2 (75,000 psi) in the fiberglass
was used. The maximum allowable uniaxial tensile stress for glass fibers is on
the order of 207,000 N/cm2 (300,000 psi). If it is assumed that the pressure
vessel is wound so that it has similar tensile stress properties in both axial
and hoop directions (alternate circumferential and axial fiber directions for ̂ 5°
angle winding), the maximum allowable stress would be 10̂ ,000 N/cm2 (150,000 psi).

The pressure vessel is cooled on both sides so that the maximum allowable
temperature of 390°K will not be exceeded at the values of neutron and gamma ray
heating anticipated at full-power operation of the Nuclear Furnace test reactor.
Cooling on the outside surface of the pressure vessel would be provided by flow-
ing hydrogen coolant between the annulus surrounding the pressure vessel and the
aluminum test hole casing. Control of this coolant flow rate would be provided
by orifices located at the inlet end of the annular passage.

Schematic diagrams of the pressure vessel end walls are included in the axial
cross section shown in Fig. 4. The inlet end of the pressure vessel would be
secured to the top of the reactor core lid as shown in Fig. 1. The capped (upper)
end wall is similar in design to that currently employed in the UARL high-pressure
simulation experiments described in Ref. 8. The capped end walls contain a winding
ring and retainer flange as shown in Fig. k. Several penetrations through the top
of the pressure vessel are provided to supply the required buffer gas, fuel, and
coolant flow. The outlet end of the pressure vessel is wound over a dome-shaped
end wall to allow the test assembly to be inserted into the aluminum test hole
casing. The fiberglass pressure vessel is wound on a 0.075-cm-thick aluminum
pressure vessel liner. The liner is welded to the end-wall dome at the outlet
end and to the upper end-wall plate on the inlet end. The filament-wound pressure
vessel is bonded to the aluminum liner.
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Modifications to Basic Configuration

Several modifications to a basic test cell configuration were considered in
these studies. These modifications include (l) the use of an aluminum pressure
vessel instead of a fiber wound pressure vessel, (2) the use of fuel injectors
located other than on the axial centerline of the test cell, and (3) the use of
axial buffer-gas bypass ports located at the periphery of the end walls. A
schematic diagram of a test cell with an aluminum pressure vessel, off-axis fuel
injectors and axial buffer-gas bypass ports is shown in Fig. 6.

The possible use of an aluminum pressure vessel was included because aluminum
is not as susceptible to radiation damage effects as fiberglass. However, the use
of aluminum would reduce the available inside diameter of the test region to 6.35 cm
because the aluminum pressure vessel would have to be 0.5$4-cm thick to contain the
500-atm pressure within its stress limitations. It is also expected, that the use
of an all aluminum pressure vessel would reduce the test performance levels due to
greater absorption of thermal neutrons than occurs when the fiberglass pressure
vessel is used.

The fuel injector location in the basic configuration was placed on the center-
line to be consistent with the injector locations employed in the simulation experi-
ments in the 1.2-MW rf induction heater (see Ref. 3). Fuel injectors located in
the thru-flow exhaust ducts present sophisticated cooling requirements due to the
flow of hot exhaust gases over the injectors. Additionally, two-component gas
vortex tests have indicated superior simulated-fuel containment when fuel injectors
were located near the periphery of the vortex cell (see Ref. 9 and 10). This was
particularly true when axial buffer-gas bypass was included in the flow configura-
tion. It was also demonstrated in the two-component gas vortex tests that simu-
lated-fuel injection from one end wall resulted in good containment characteristics.
Therefore, in Fig. 6, there is no fuel supply branch line leading to the lower end
wall as shown in the basic configuration.

Radiant heat transfer calculations for the in-reactor test configurations which
will be discussed later have indicated that the radial temperature distribution in
the buffer-gas region between the edge-of-fuel location and the peripheral wall has
very small gradients until a position about 1 cm from the edge of fuel is reached.
Most of the buffer flow, therefore, is essentially at constant temperature. Two-
component gas vortex experiments discussed in Refs. 9 an(i 10 have indicated that
simulated-fuel containment increased as the simulated-fuel-to-buffer-gas weight
flow ratio based on the flow through the thru-flow ducts increased. Some
of the argon buffer-gas flow could be ducted through peripheral bypass ports on
the end-wall peripheries instead of turning at the end wall and exiting through
the thru-flow ducts. Since axial bypass has resulted in higher fuel containment
concentrations in the two-component gas vortex tests (Ref. 10), the option of
including peripheral bypass ports in the configuration was deemed desirable.

10
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Jropellant Heating Configuration

A modified unit cell for in-reactor tests of transparent walls and propellant
heating is shown in Fig. 7« This configuration was described in Ref. 6. Briefly,
provision is made for insertion of transparent walls across a segment of the test
region liner. Behind the transparent-wall array is a propellant heating channel
similar in dimensions and geometry to that employed in the UARL dc arc propellant
heating experiments described in Ref. k. Reflective aluminum liners are employed
around the test region and around the propellant heating channel. The transparent-
wall array is clamped into position by a split manifold as shown in Fig. 7. Trans-
parent-wall coolant would be routed through the split manifolds. The inclusion
of the transparent wall and propellant heating channel reduces the test region dia-
meter to 5.08 cm. The propellant must be seeded with submicron particles to absorb
the radiant energy. It is also necessary to use unseeded buffer flows at the edge
of the propellant heating channels to keep the transparent walls and reflective
liners clean. The porous foam and seeded hydrogen inlet used to control the pro-
pellant channel flow are also shown in Fig. 7. These techniques are under develop-
ment in the propellant heating simulation experiments being performed with the
UARL dc arc heater described in Ref. k.

11
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RADIANT HEAT TRANSFER ANALYSES

Calculations of the performance characteristics for in-reactor tests in Refs. 5
and 6 were based on an assumption that "black-body spectral heat fluxes were emitted
from the nuclear fuel cloud. Detailed radiant heat transfer calculations have been
performed for the nuclear light bulb reference engine using neutron transport
theory. These calculations reported in Refs. 12 and 13 include detailed analyses
of the spectral heat fluxes emitted from the nuclear fuel cloud and the convection
from the buffer-gas region of energy deposited in the buffer gas by conduction and
thermal radiation absorption. The same analytical programs were used to calculate
the spectral heat fluxes emitted from the nuclear fuel cloud for an in-reactor
test, including the effect of convection by the buffer gas and the reflectivity
of the aluminum liner on the spectral heat flux and on the temperature distribution
in the fuel and buffer-gas regions. The results of the detailed radiant heat trans-
fer analyses were used in calculations of the performance characteristics of in-
reactor tests in the Nuclear Furnace.

Spectral Heat Fluxes

The flow pattern and geometry assumed for the radiant heat transfer analyses
are shown in Fig. 8. An axial cross section of the unit cell is shown in Fig. 9(a)«
The argon buffer gas is injected tangentially through injection holes in the
aluminum reflective liner. The argon flows radially inward with some of the flow
turning axially along the streamlines shown to be extracted- from the end of the
configuration through axial bypass ports and/or through the thru-flow ports on the
axial centerline. The only fluid dynamic constraint in the buffer-gas region is
a requirement that the axial dynamic pressure be constant at every radial station.
This constraint then defines the axial velocity of the flow at each radial station
and as such is a function of local temperature, density, and the specified constant
axial dynamic pressure.

The nuclear fuel cloud is assumed to have a radius equal to 0.6 times the
cavity radius. The edge-of-fuel location is shown in Fig. 8. At this location,
the nuclear fuel partial pressure is assumed equal to zero. The edge-of-fuel
location is also designated as the radial stagnation surface. The radial stagna-
tion surface is the radial station in the vortex flow field across which there is
no net flow of buffer gas. This radial stagnation surface model was developed from
many radial inflow fluid mechanics tests reported in Refs. 1^ and 15-

The region of analysis for the radiant heat transfer calculations extends
beyond the radial stagnation surface further into the fuel region so that at any
wavelength, the optical depth, i.e., the number of radiation mean-free paths into

12
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the fuel region, is greater than one. The innermost dashed line in Fig. 8(b)
depicts the inner boundary of the radiant heat transfer region of analysis. The
radial dimensions of these principal features of the radiant heat transfer region
of analysis are -shown in-Fig. S(b).

The spectral heat flux calculation is a temperature iteration procedure. .A
radial partial pressure distribution of nuclear fuel is assumed in the edge-of-
fuel region. The analysis proceeds by varying local temperature until a desired
constant heat flux across the region of analysis is calculated within a specified
convergence criterion.

In order to calculate the spectral heat flux, detailed spectral absorption
coefficients for the constituent gases are needed as functions of wavelength,
temperature, and pressure. Typical spectral absorption coefficients for argon and
uranium taken from Refs. 16 and 17 are shown in Fig. 9. Details of the procedures
used in calculating these absorption coefficients are discussed in Refs. 16 and 17.

The reflective aluminum liner serves the purpose of trapping photons in the
test region. The reflected thermal radiation is re-absorbed by the nuclear fuel in
the edge-of-fuel region which causes the local temperature to rise there. For
example, for a liner reflectivity of 0.9, the local temperature assumes a value
such that for every ten units of thermal radiation directed outward, approximately
nine units are returned to the nuclear fuel cloud in the steady-state condition.
The aluminum reflectivities employed in these calculations are shown in Fig. 10.
These reflectivities were calculated from measured data on the real and complex
indices of refraction for aluminum. Description of the analysis in calculating
these reflectivities is also reported in Ref. 17. The neutron transport theory
calculations of the reflected heat flux indicate that the average angle of reflec-
tion from the cavity liner is on the order of 60°; therefore, the reflectivities
at 60° were chosen as the representative values over all wave numbers for the sub-
sequent spectral heat flux calculations.

The calculated temperature distribution for the in-reactor tests with argon
buffer gas is shown in Fig. 13. The distribution in the edge-of-fuel and buffer-
gas region was calculated using the spectral heat flux analysis described in
Refs. 12 and 13. The distribution in the inner region of the fuel cloud was cal-
culated using a radiation diffusion model. This latter calculation will be dis-
cussed in a subsequent section.

The variation of spectral heat flux at the aluminum wall for the temperature
distribution shown in Fig. 11 are shown in Fig. 12. Since the energy released
by fission in the test zone is a constant depending only on the contained nuclear
fuel mass (which in this case is 6.2 g of U-235), the net radiation heat flux
emitted from the nuclear fuel cloud is a constant 7.1 x 10° erg/cm -sec. The
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corresponding net heat flux at the wall with a 1/R reduction due to the cylindrical
geometry is k.26 x 109 erg/cm-sec. The interesting features of the spectral heat
flux are that the black-body spectrum corresponding to the net heat flux shown in
Fig. 12 is considerably different from the calculated spectrum which develops when
a region such as the nuclear fuel cloud is surrounded by a reflective cavity wall.
Thus, the shape of the emitted radiation spectrum seen by the reflective wall is
more like a black-body spectrum corresponding to a radiating temperature of 5̂ 26 K.
The effective black-body radiating temperature of 5̂ 26°K is the temperature corres-
ponding to the outward directed heat flux from the edge-of-fuel location.

The corresponding variation of fractional heat fluxes for the spectral heat
fluxes shown in Fig. 12 are shown in Fig. 13. The effect of the spectral detail
can be seen in these fractional fluxes in that there is some enhancement of uv
radiation above approximately kO,000 wave numbers. This short-wavelength radiation
streams from inner, high-temperature zones of the fissioning plasma. This streaming
of uv radiation through windows in the uranium spectral absorption coefficients is
a feature which has been observed in radiant heat transfer calculations for the
reference engine (see Ref. 13). However, the intensity of uv radiation in those
cases is far greater than for the in-reactor test fissioning plasma because the
temperatures in the interior of the fuel cloud are much higher in the reference
engine.

The spectral heat flux incident on the aluminum liner was used to calculate
a spectrum-weighted average reflectivity which at the liner surface was 0.908.
Another factor to be considered in determining the effective reflectivity as seen
by the fuel region is the subtended.angle of the nuclear fuel cloud relative to
the diffusely reflected radiation from the liner. The diffusely reflected radia-
tion from the liner has a cosine distribution about the inward normal. Some of
the reflected radiation therefore, does not intercept the fuel cloud but passes
by the cloud and reflects off another portion of the liner. This subtended angle
effect can be calculated for the case of an optically-thick cylindrical fissioning
plasma surrounded by a reflecting surface by

<R = (R-" RT

where (R is the reflectivity, R~ is the fuel region radius, Rm is the test cavity
radius, and n + 1 is the number of wall reflections, N is chosen sufficiently large
to converge (Rgpp in Eq. (1). The effect of fuel-to-cavity radius ratio on effec-
tive reflectivity for aluminum surface reflectivities of 0.9 and 0.908 is shown
in Fig. Ik. For the in-reactor test condition of RF/RT = 0.6 and (R = 0.908, the
effective reflectivity as seen by the edge of fuel is 0.855. The effective
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reflectivity is calculated by the neutron transport theory code (see Ref. 18) in
the flux iteration procedures. The value of (Rgp-o from Eq. (1) and that from the
neutron transport theory analysis corresponded exactly. One can conclude from
Fig. Ik that it is desirable to expand the fuel radius to fill as much of the
cavity as possible to take advantage, of as much of the liner reflectivity as
possible. The radius ratio of 0.6 was chosen on the basis of observed contain-
ment results from many two-component .gas vortex containment measurements perform-
ed at UARL. It may be possible to expand the fuel-to-cavity radius ratio for the
in-reactor test configuration by employing well chosen test configurations and
appropriate ratios of buffer bypass-to-fuel weight flow.

Buffer-Gas Convection

The spectral absorption coefficients for argon shown in Fig. 9 indicate that
at edge-of-fuel temperatures on the order of 5100°K, the spectral absorption
coefficients for argon over the entire wave number range of interest are very
small. Therefore it was expected that the heat transferred to the argon buffer
gas from the fuel region would be essentially equal to that due to conduction.
The results of calculation of the convection heat load in the buffer-gas flow
shown in Fig. 15 verified this to be the case. It can be seen that the integrated
convected energy is equal to the conducted energy; the radiation absorption by
the argon buffer gas being so small that it was not of significant magnitude to
plot on the curve in Fig. 15.

The temperature distribution shown in Fig. 11 indicates as does Fig. 15 that
most of the convected energy is swept put .of the buffer-gas region in the zone
between the edge of fuel and a radial location approximately 0.̂ 1 cm outside the
edge of fuel. Thus, a great deal of the buffer gas has no temperature rise and
no convection heat load as it passes radially inward from the peripheral aluminum
liner. The radial weight flow and axial velocity distributions in the argon buffer
gas corresponding to the temperature distribution and integrated convected energy
are shown in Fig. 16. It can be seen from Fig. l6(a) that a great deal of the
required argon weight flow occurs in the zone where there is very little rise in
the argon temperature. This results from the constraint that there be a constant
axial dynamic pressure with radius requiring that a portion of the buffer flow
turn and flow axially in each stream tube as the buffer flow proceeds inward.

As discussed in the section entitled DESCRIPTION OF TEST CELL CONFIGURATIONS,
two-component gas vortex tests have indicated that simulated-fuel containment
increases with an increase in fuel-to-buffer-gas weight flow through the axial
thru-flow ducts. The 39-7 g/sec of argon flow required on the basis of the
radiant heat transfer calculations results in a low fuel-to-buffer-gas flow rate
ratio through the thru-flow ducts. The two-component gas vortex tests have also
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indicated that containment can be improved by allowing axial buffer flow near the
periphery of the cell to pass out through peripheral thru-flow ports in the end
walls rather than flowing axially, then radially inward down the end walls, and
finally through the thru-flow ducts. Thus, in the case of the radial weight flows
shown in Fig. l6(a), if the buffer flow between the aluminum reflective liner and
a radial location at 2.k cm in from the liner were drawn off through axial thru-
flow ports, the buffer weight flow which would then pass radially down the end
walls and through the thru-flow ports would be on the order of 6 g/sec; a much
lower flow rate of argon buffer gas through the thru-flow ports than when no axial
bypass is used.

Calculations of the buffer-gas convection in the reference engine (Ref. 13)
show that the total radial weight flow required to maintain the wall temperature
at an acceptable limit is sensitive to the assumed position of the radial stagna-
tion surface relative to the edge of fuel. If the stagnation surface is coinci-
dent with the edge of fuel, the radial buffer weight flow must go to zero at the
edge-of-fuel location, leaving very little convection capacity in the last stream
tube adjacent to the fuel region. By moving the stagnation surface inside the
edge-of-fuel location, additional radial weight flow can pass across the buffer-
gas fuel boundary and more radial weight flow can turn in the axial direction in
the stream tubes which are absorbing the most heat by conduction from the fuel
region. The actual position of the radial stagnation surface for the in-reactor
test cell is not known; it will be inside the edge of fuel at a location deter-
mined by the detailed fluid mechanics associated with the balance between the out-
ward diffusion of fuel and the inward flow of buffer gas, thus causing some reduc-
tion of the buffer-gas weight flow calculated for the case in which the radial
stagnation surface location is coincident with the edge-of-fuel location.

The variation of axial velocity in the buffer region is shown in Fig. l6(b).
The effect of the constraint of constant axial dynamic pressure can be seen by the
relatively constant axial velocity in the region where the temperature distribution
is constant, corresponding to a constant density buffer-gas region. Flow visualiza-
tion measurements in various radial inflow vortex tests conducted at UARL have
indicated that the axial velocity of the buffer-gas zone should be maximum approxi-
mately at the radial stagnation surface (Ref. 1̂ ). The model employed for these
calculations exhibits this particular feature.

Consideration must also be given to the stability of vortex flows with super-
imposed axial velocities that are large, as in the edge-of-fuel region. Flow-
stability criteria for radial-inflow vortexes were discussed in Refs. 19 and 20.
A Richardson number criterion for rotating flow derived in Ref. 19 is
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vi
Ri = - - > 0.25

/avz

In Eq. (2) , V</, is the average tangential velocity at the transparent peripheral
wall, dp/dr is the local radial gradient of total density, dV^/dr is the axial
shear (i.e., the local radial gradient of axial velocity), and the exponent n
characterizes the tangential velocity profile (n = -1 is a free vortex; n = +1
is solid body rotation). Qualitatively, the numerator in Eq.. (2) is the stabiliz-
ing term due to buoyancy or density stratification. The denominator represents
the kinetic energy available to feed small perturbations and cause an instability.
Stability occurs for Ri>0.25.

Equation (2) can be applied using the temperature and velocity profiles shown
in Figs. 11 and l6(b), respectively. By setting Ri = 0.25 in Eq. (2), one can
calculate the minimum value of peripheral wall velocity for stability. For the
range n = -1 to n = +1, this gives V̂ -, = 51 and 102 cm/sec, respectively, as
limits. These limits are compatible with the calculated argon buffer-gas injec-
tion velocity of 107 cm/sec based on injection area criteria for radial- inflow
vortex flow (see APPENDIX C of Ref. 21) for the basic in-reactor test configura-
tion. The key point is that in general the large destabilizing axial shears which
occur in the edge-of-fuel region (as in Fig. l6(b)) are balanced by the strong
stabilizing effect of the very large temperature gradients (as in Fig. 11).

Density and Partial Pressure Distributions

Detailed calculations of thermal radiation spectral heat fluxes are required
in the region at the edge of the fissioning plasma where in many of the wavelength
ranges, the radiation mean-free path is of a dimension far greater than can be
reasonably described by an average local temperature and density condition. Fur-
ther into the fissioning plasma, the partial pressure of uranium and the onset of
ionization of the various gaseous species results in high spectral absorption
coefficients over most of the wavelength range of interest. In these regions,
a radiation diffusion analysis can be employed.

There is coupling between the temperature distribution calculated for the
fissioning plasma region and the containment characteristics in the fuel and
buffer-gas mixture. A reasonable constraint for containment is to require that
from the edge-of-fuel region inward, the local density at any station be less
than or equal to the density of the buffer gas at the edge-of-fuel location.
With this constraint, and for a total pressure of 500 atm, there exists an upper
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limit on the amount of uranium (which has a higher mass number) that can be mixed
with the argon at a given local temperature. A computer program was written which
calculates the ratio of uranium to argon at local temperatures in the fuel region
such that the total pressure of 500 atm is preserved and the total density of
uranium plus argon equa3.s that of argon at the edge-of-fuel temperature. The com-
positions of argon and uranium as functions of temperature and pressure, including
the effects of ionization at high temperatures, were taken from Refs. 16 and 17-
Calculations were made of uranium argon partial pressures over the temperature
range expected in the region between the edge of fuel and the fissioning plasma
centerline.

Rosseland mean opacities were calculated using the spectral absorption coeffi-
cients from Refs. 16 and 17 for the mixtures of uranium and argon. These opacities
were used in a radiation diffusion analysis to determine the temperature distribu-
tion required to deliver a net heat flux at radial boundaries at 0.05-cm intervals
from the centerline of the fuel zone equal to the total energy release due to the
fissioning of the nuclear fuel within each boundary (local argon and uranium
densities and partial pressures were calculated using the program discussed above).
The program will converge only when the heat flux at the outer boundary of the
problem corresponds to the net heat flux at the edge of fuel of 7.1 x 10^ erg/cm2-sec
(i.e., 6.2 g of U-235 must be contained, based on the imposed density and total
pressure constraints). The resulting temperature distribution, referred to earlier,
is shown in Fig. 11. It can be seen that a slight discontinuity exists at the
point where the Rosseland mean opacity analysis was coupled to the extrapolation
of the neutron transport theory temperature distribution.

Using the temperature distribution which resulted in Fig. 11, the corresponding
density and partial pressure distributions of the uranium and argon for the in-reac-
tor test configuration were plotted and are shown in Fig. 17. The slight discon-
tinuities mentioned earlier where the Rosseland mean analysis and the extrapolated
transport theory analyses meet are also visible in the curves of Fig. 17. The
integrated contained mass of uranium from these calculations was within 3 percent
of the required uranium mass to deliver the heat flux required at the edge of fuel.
This value of contained mass was considered to be close enough to the desired value
such that no further iterations were performed. The curves shown in Fig. 17 were
used to calculate average argon and uranium partial pressures and an average den-
sity of uranium in the fuel region. The resulting average uranium partial pressure
was 125 atm and the average fuel density was 0.028̂  g/cm3. Comparison of these
values to the previously estimated partial pressures and average densities will
be discussed below in a comparison of the present results to the performance pre-
dicted in Refs. 5 and 6.
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Further analysis employing density distributions based on more detailed con-
tainment criteria should be performed to establish a predicted upper limit for
fuel containment for a configuration such as the one calculated in the present
report. Variations of radiated energy, spectral heat fluxes, containment charac-
teristics, and flow requirements should be calculated for different test cell
diameters and for different fuel-to-cavity radius ratios. It is planned to pur-
sue further work in these areas.
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DETAILED THERMAL ANALYSIS

A computer program was written to calculate test cell temperatures and flow
conditions required to maintain local temperatures below tolerable limits. Axial
stepwise calculations are made of the heat generation rates and radiant heat loads,
the temperature levels in the coolant and structural components, and the fractional
pressure losses throughout the test assembly. The radial position in the pressure
vessel at which the maximum temperature occurs is also calculated so that the dis-
tribution of heat from the pressure vessel to the liner coolant and the external
pressure vessel coolant may be estimated. The program inputs consist of the com-
ponent dimensions, coolant physical properties, coolant inlet temperatures and
flow rates, and the physical properties of the structural materials. The required
flow conditions to achieve the desired temperature levels throughout the system
are varied until the desired temperature distributions for a fixed flow rate are
determined.

The results of these calculations for the basic test cell configuration with
hydrogen and argon liner coolants are given in Table II for key stations in the
axial cross section of the test unit. (Station numbers in Table II are denoted
on an axial cross-sectional view of the test configuration in Fig. 18.) For the
case in which a fiberglass pressure vessel is employed and hydrogen coolant is
used for both the liner and the end walls, the total hydrogen coolant weight flow
was 300 -g/sec with 100 g/sec branched off to cool each end wall. The calculated
material temperatures are shown at locations in the configuration where the tem-
perature is highest for the particular component. For example, the maximum tem-
perature in the fiberglass pressure vessel was calculated to be Ul8°K at a point
adjacent to the lower end wall and 0.2k cm from the inside surface of the fiber-
glass. The maximum temperature on the test cavity surface was calculated to be
556°K at the intersection of the reflective aluminum liner and the aluminum lower
end wall. Local pressures throughout the system for these flow conditions are
also shown in Table II.

Additional calculations were performed for configurations using an all-aluminum
pressure vessel and for cases in which argon was used as the liner coolant fluid
instead of hydrogen. Thus, four combinations of pressure vessel material and liner
coolant are possible. The results for these four cases are summarized in Tables II
and III. Temperatures throughout the test unit are quite similar for either hydro-
gen or argon coolant. However, the greater flow rates required with argon result
in pressure drops through the system on the order of nearly 10 atm as compared to
approximately 0.1+ atm with hydrogen.

The increase in liner and end-wall coolant temperatures and other temperatures
at various locations throughout the system as a result of adding nuclear fuel to
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the test cell are of interest since they indicate the temperature rise anticipated
when nuclear fuel is added. Therefore, the calculations for the four basic cases
were supplemented by tare-temperature calculations in which the only gases flowing
through the system were argon buffer gas and the two coolant fluids (i.e., injec-
tion of nuclear fuel was not included). The results of these cases are also shown
in Tables II and III. It can be seen that with a fiberglass pressure vessel, the
temperature rise in the upper end wall, liner, and lower end-wall coolants due to
the addition of the 6.2 g of U-235 to the fuel containment region amount to 11,
58, and 62°K, respectively, for hydrogen coolant and lk, 38, and 53°K, respectively,
for argon coolant. Similar temperature rises result when the aluminum pressure
vessel is used.

One additional calculation was performed to determine the effect of deposition
of nuclear fuel, should it occur, on various surfaces throughout the test cell.
Separate calculations were performed to determine the coolant and exhaust port tem-
perature rises associated with deposition of small amounts of uranium on the radial
liner, the end walls, and on the walls of the thru-flow ducts. These results were
translated in terms of a rate of temperature rise in various coolant fluids and
system components relative to the rate of uranium deposition on the surfaces men-
tioned above. The results of these calculations are shown in Fig. 19. It can be
seen that deposition on the end-wall surfaces results in the highest rate of tem-
perature rise. Based on these results, and assuming that a typical test run with
nuclear fuel flowing into the test cell would be on the order of 300 sec, and
assuming that the maximum allowable temperature rise would be 100 K, the limit
on the rate of nuclear fuel deposition on the end wall, radial liner, and thru-
flow-duct surfaces is less than 3.17 x 10~5, 1.2̂  x 10"̂ , and 8.33 x 10~2 g/sec,
respectively.

The results of the fuel handling experiments reported in Ref. 22, in which
zinc vapor was transported through a simulated exhaust duct, indicate that injec-
tion of buffer flow through the manifold around the thru-flow duct, as depicted
in Fig. 2, would serve to prevent the deposition of particles on the walls of the
duct. The experiment did not include a simulated fuel injector on the centerline
of the thru-flow duct, but it is expected that use of an injector designed such
that its surface temperature is above the uranium melting point, i.e., above approx-
imately lU50°K, would insure that no significant amount of fuel deposition would
occur on the injector. Further investigations of fuel deposition on all the com-
ponents of the system will become an integral part of the rf simulation experiments
in which measurements of fuel containment will be made under thermal conditions
and with vapor pressures similar to those anticipated for the nuclear light bulb
in-reactor tests.
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EVALUATION OF TEST PERFORMANCE

The results from the detailed radiant heat transfer analyses and the thermal
analyses of the preceding sections were used to calculate the performance charac-
teristics of an in-reactor test of a unit cell with the design characteristics and
dimensions given in Figs, h and 5 and Table I. The two key factors which have
resulted in minor changes to the performance characteristics relative to those
reported in Refs. 5 and 6 are that the buffer-gas flow requirements to convect
away the heat conducted to the buffer-gas region were increased from 25.3 g/sec
to 39«7 g/sec and the effective reflectivity of the aluminum liner due to fuel-
to- cavity radius ratio effects was reduced from an assumed value of 0.9 to an
effective value of 0.855. The result of these two effects was to reduce the
equivalent black-body radiating temperature for the outward directed radiant
flux from 59̂ 0 to 5̂ 26°K. A comparison of the performance characteristics from
Refs. 5 and 6 to the characteristics from the present analyses are shown in
Table IV.

Calculations of density and partial pressure profiles for the inner zones of
the fuel region discussed previously were used.to calculate the ratio of average
fuel density in the fuel region to the density of argon at the edge of the fission-
ing plasma. This ratio was 0.6 as compared to a value of 0.7 used in Refs. 5 and
6. Also, the average partial pressure of uranium in the fuel region was reduced
from 195 atm to 125 atm. This latter reduction in fuel average partial pressure
resulted from detailed calculations of the local fuel partial pressure throughout
the fuel region based on a containment constraint that the total density of fuel
and argon at all locations within the fuel region be equal to the density of the
argon at the edge of fuel. Previous partial pressure estimates were based on
extrapolations of earlier calculations of partial pressure related to the radiant
heat flux per unit length emitted from the fuel cloud (Ref. 23).

A summary of the total heat balance in the cavity region for an in-reactor
test of the basic test configuration is given in Table V. Included in the heat
balance are (1) energy convected from the fuel region by the flow of nuclear fuel,
carrier gas, and buffer gas entrained in the fuel region, (2) energy convected
from the cell by the flow of argon buffer gas, and (3) thermal radiation heat
flow to the cavity surfaces. The results of the heat balance calculations indi-
cate that the ratio of thermal radiation heating (17̂ .0 kw) to total power in the
test cell (190 kW) is 0.915.

The fuel, carrier-gas, and buffer-gas flow conditions for the in-reactor
test in the basic test cell are given in Table VI. The two forms of fuel injec-
tion, uranium particles in an argon carrier gas and a liquid UF/--uranium particle
slurry are considered in Table VI. Details of the fuel injection options were
described in Ref. 6.
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The variation of effective liner reflectivity with fuel-to-cavity radius ratio
and a normalization factor for convection of energy by the buffer gas based on the
results of the radiant heat transfer calculations were incorporated into the general
performance analyses employed in Refs. 5 and 6. Updated performance curves which
depict the variation of power level and radiating temperatures were calculated for
the range of specific fission power from 0 to 100 kW/g of U-235. The results of
these performance calculations are shown in Fig. 20.

The general performance analyses was also used to investigate the effect of
varying fuel-to-cavity radius ratio and the related effective liner reflectivity
shown in Fig. Ik. The results of these calculations are shown in Fig. 21. It can
be seen that the power radiated increases with fuel-to-cavity radius ratio but
that there is only a small effect on the radiating temperatures. The relatively
constant value for T* with increasing fuel-to-cavity radius ratio results from
increasing proportions of energy convection from the fuel region as the fuel
volume increases.

It may be desirable to obtain higher radiating temperatures by performing
experiments at higher pressures than the reference pressure of 500 atm. The perfor-
mance analyses modified to include reflectivity and convection heat load effects to
the buffer-gas region was used to calculate the effect of increasing operating pres-
sure on the performance of in-reactor tests. As reported in Ref. 6, with increased
pressure the pressure vessel thickness must also increase and therefore the dia-
meter of the fuel and buffer region must decrease. These effects were incorporated
in the analyses. The results of those calculations are shown in Fig. 22. It can
be seen that an increase in operating pressure over the range from 500 to 3000 atm
results in extending the equivalent black-body radiating temperature of the outward
directed flux to the order of 7200°K.

Detailed radiant heat transfer and containment calculations similar to those
performed for the basic cell configuration should be carried out to verify the
performance evaluations of the effects of fuel-to-cavity radius ratio and operat-
ing pressure to determine whether the containment parameters are consistent with
the radial density profile constraints. Based on the results for the basic cell,
it is anticipated that the performance evaluations in these two cases are adequate
for predicting ranges of performance with the variation of the parameters used.

Total Flow Requirements

The total flow requirements to conduct an in-reactor test are based on the
coolant, buffer, and fuel flows during the test and the duration of the various
phases of the test. The sequence of events for a reference in-reactor test are
shown in Table VII of Ref. 6 and is repeated in Table VII of this report. Descrip-
tions of the phases of operation in the sequence of test events is contained in
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detail in Ref. 6. Using this sequence of events, the total volumes of fuel, buffer
-.gas, and coolant required to conduct a test were calculated. These total flows are
summarized in Table VIII. As can be seen, the total flow requirements were included
for cases with argon or hydrogen liner coolant and with the two fuel injection op-
tions described above and in Ref. 6. These total weights indicate both the total
requirements for material and gas supplies to perform the tests and total masses
of materials which must be handled in either the Nuclear Furnace scrubber or a
separate effluent handling system.

Performance Levels for Propellant Heating Configuration

Since propellant heating demonstration tests and tests to demonstrate the
feasibility of using the transparent-wall structure in the radiation and thermal
environments of a nuclear reactor are of importance, analyses were also performed
to determine the range of radiating temperatures and power levels for in-reactor
tests of a cell having a propellant heating channel as shown in the sketches in
Fig. 7. The results of these analyses are summarized in Table IX. For the refer-
ence specific fission power level of 30.5 kW/g of U-2353 a propellant heating con-
figuration would have a radiating power of 120 kW. The corresponding equivalent
fuel region black- body radiating temperature and equivalent fuel region surface
radiating temperature would be 3330°K and U6ll K, respectively. These temperatures
were calculated by assuming that the effective surface reflectivity of the aluminum
liner was reduced f rom (R. = 0.855 to (REFF = 0.728 due to the presence of absorbing
propellant. On the basis of propellant heating results in the UARL dc arc heater
facility (see Refs. k and 2k), this power and radiating temperature should result
in demonstration tests which would deliver a bulk propellant temperature in the
range of 3300 to 3700°K.

Transparent-wall tests could also be performed with no seeded propellant flowing
through the propellant heating channel. The total thermal radiation flux (incident
plus reflected) passing through the transparent-wall structure would be 8.83 kW/cm ,
compared with 22.9 kW/cnr for the reference nuclear light bulb engine. These radia-
tion fluxes were calculated assuming the combined effective reflectivity of the
aluminum liner was (Rgpp = 0.855. The nuclear radiation dose rate in the transparent
structure would be dominated by the dose rate from the driver reactor which has been
calculated for the Nuclear Furnace to be on the order of 30 W/g. This corresponds
to a nuclear radiation dose rate of 3-0 Mrad/sec. Thus, the ionizing dose rate
delivered to the silica in a transparent-wall test would be approximately 60 percent
of that anticipated for the reference engine (see Refs. 25 and 26). At these dose
rates, significant tests of the coloration of fused silica could be performed in a
combined nuclear and thermal radiation environment .
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EFFLUENT HANDLING

Total flow requirements for an in-reactor test were discussed previously and
the materials expended-per test are given in Table VIII. Discussion's on adding
the effluent of an in-reactor test into the Nuclear Furnace scrubber system were
held with LASL and NEDS representatives. It was concluded that the Nuclear Furnace
scrubber had more than enough capacity to handle the in-reactor test total exhaust
materials. However, it would be preferable to collect the uranium metal or uranium
compounds (390 g of U-235 per test run) in a smaller separator system to avoid
adding nuclear fuel materials to the large underground storage tanks which collect
the Nuclear Furnace scrubber water.

Therefore, the possibility of connecting a separate scrubber system to the
Nuclear Furnace which could be remotely disconnected such that the test assembly
could be inserted and extracted at the test site was explored. Figure 1 contains
a sketch of the Nuclear Furnace with the test assembly inserted and connected to a
separate effluent handling system. The ducting to the separate scrubber system
through the bottom of the core would pass through a water-cooled jacket connected
directly beneath the Nuclear Furnace scrubber elbow under the core. Since the
environment around the cooling jacket is hot hydrogen exiting from the core, some
of the cooling jacket water would be exhausted radially into the hydrogen exhaust.
This flow would supplement the water injection from the peripheral walls of the
Nuclear Furnace exhaust chamber. A remote connection coupling underneath the
exhaust elbow is shown in Fig. 1.

An expanded cross-sectional view of the location where the water cooling
jacket nearly meets the bottom of the reactor core is shown in Fig. 2. The outer
annulus of the cooling jacket would be permanently attached to the exhaust elbow.
The Nuclear Furnace core, when dropped into place, would be positioned such that
a small clearance would exist between the cooling jacket outer annulus and the
core bottom. The in-reactor test assembly exhaust duct would fit down through
the cooling jacket. The orifice plate at the base of the reactor core would serve
as a positioning disc as the test assembly was dropped into place. A reflective
shield and coolant baffle attached to the base of the orifice plate would protect
the region of intersection of the orifice plate and the cooling jacket from intense
heat fluxes emitted by the hot hydrogen exhaust gases. This baffle would also
serve to duct cooling water flow exiting the top of the jacket downward along the
jacket periphery. The test assembly exhaust duct would extend down through the
Nuclear Furnace exhaust elbow to the remotely operated connect-disconnect fitting.

Further design analyses must be performed to determine the jacket cooling flow
required and to determine the effect of the presence of the effluent duct in the
Nuclear Furnace exhaust chamber on the hydrogen and scrubber water flow. Also, the
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position of the remotely operated connect-disconnect coupling will need to be
established relative to its accessibility to the remote handling equipment. It is
planned to hold further discussions with NRDS representatives with regard to the
design and operation of the system for handling the in-reactor test effluent.
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INSTRUMENTATION FOR IN-REACTOR TESTS

The principal method of determining the performance of an in-reactor test will
"be through measurement of the heat balance in the test assembly. Test components
will be heated by neutron and gamma-rays from the driving reactor before nuclear
fuel is introduced into the vortex. Temperatures in the system before introduction
of the nuclear fuel'will serve as tare measurements for subsequent measurements of
test performance. The temperature levels throughout the system are given in
Tables II and III for the test operation before nuclear fuel is introduced. Once
the test is operating at full-power, steady-state conditions, temperature measure-
ments at stations in the reflective liner and end-wall coolant passages will indi-
cate the total amount of energy incident on the test region periphery. If these
temperatures remain steady, it will be an indication that there is no deposition
of nuclear fuel occurring on these surfaces. Control of the flow rate through the
test cell will be accomplished by orificing the various coolant, buffer gas, and
fuel injection supply lines as described in Ref. 6. The positions of the various
thermocouples required to determine the heat balance in the test assembly are shown
in Fig. 23. Additional thermocouples would be located throughout the system at
positions expected to exhibit the highest .temperatures during test operation, such
as the end-wall surfaces at the periphery of the cavity. Thermocouples at these '
locations are also shown in Fig. 23. ' - • •

Pressure measurements would also be desirable. Pressure transducers are shown
in Fig. 23 near the exhaust duct entrances and in the end walls near the periphery
of the cavity. Pressure measurements from these locations will indicate the pres-
sure drop across the radial-inflow vortex and will indicate whether there is pres-
sure and flow balance between the two exhaust ducts.

It will be necessary to constrict the thru-flow ducts near the exit locations
of the test assembly to reduce the pressure from 5,00 atm to the working pressure of
the effluent cleanup system. This might be accomplished with one orifice or a
series of orifices. It would be desirable to make differential pressure measure-
ments across this orifice or series of orifices to insure that, appropriate pressure
drops and flow conditions are maintained.

The instrumentation used would be of the type currently used to measure coolant
and surface temperatures and pressures in Nuclear Furnace tests. The leads from
the thermocouples would pass through the top of the test assembly as shown in
Fig. 2. Further connections would then be made to the multi-connector plug through
which the instrumentation leads of the Nuclear Furnace reactor are connected.
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Direct measurements of spectral emission from the fissioning plasma in the
test cell during a test are desired. Methods for observing the spectral emission
from the test region are under development in the UAEL rf plasma simulation tests.
An internally polished optical tube can be inserted into the test configuration
through the annular region between the, liner and exhaust duct to the end wall of the
test cavity. Several of these viewing tubes can be used at different radial sta-
tions across the end wall so that the size of the fissioning plasma and the variation
in spectral emission with radius can be observed. A similar optical tube can be
inserted through the liner coolant passage to observe the spectral flux emitted
radially. These tubes would have a low flow of neon bled through them, thus allow-
ing them to be transparent to the radiation emitted from the nuclear fuel cloud.
Corner mirrors would be employed to reflect the emitted light to a detector system
packaged within a cooled shield just beneath the bell shield which covers the
Nuclear Furnace reactor (this system was sketched in Fig. lk of Ref. 6). A
straight viewing port and one with corner mirrors to view the peripheral surface of
the fissioning plasma are .shown in Fig. 23.

Tests to verify that such an instrumentation package' could be housed under the
bell shield, cooled, and shielded to prevent a high level of background noise should
be performed in an early Nuclear Furnace test. In addition, bench tests using con-
trolled light sources should be performed to determine the calibration factors
required for the internally polished neon filled tubes. In particular, the effi-
ciency of the corner mirrors should be calibrated to determine the number of corners
and reflections which could be allowed in such an optical path without seriously
depleting the signal strength.

The Nuclear Furnace system has on the order of 150 channels for recording
instrumentation signals. If the Nuclear Furnace were operated for the purpose .
of testing nuclear light bulb configurations, many of these channels would be
available for the unit cell test assembly. For example, the number of thermo-
couples currently used to measure the outlet temperature from each fuel element
would be cut back considerably. LASL and NRDS representatives have indicated that
there is no shortage of instrumentation channels which could be used to record the
nuclear light bulb test measurements. It is estimated that approximately 30 instru-
mentation channels will be needed. The precise number of temperature, pressure,
and flow measuring instruments required will be determined as more experience is
gained in the in-reactor test simulation experiments conducted in the UARL 1.2-MW
rf induction heater facility.
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COMPARISON OF SIMULATION EXPERIMENTS TO IN-REACTOR TESTS

For the past three years, experiments directed toward simulating the conditions
of an in-reactor test have been conducted at UARL. These experiments have included
(l) injection of simulated nuclear fuel into an rf plasma, (2) heating of a simu-
lated propellant stream to high bulk exit temperatures using a dc arc radiant energy
source, (3) design, fabrication, and testing of a filament-wound pressure vessel
suitable for use in future rf plasma experiments up to pressures of 500 atm, and
(U) tests of thru-flow port flow geometries designed to minimize deposition of
simulated fuel on the duct walls.

Fuel-Containment Experiments

The 1.2-MW rf induction heater facility at UARL has been employed to conduct
experiments related to the in-reactor test fissioning plasma experiments. These
plasmas are operated with argon buffer gas injected from the end walls and with
various forms of simulated fuel injected through probe injectors on the axial
centerline (see Refs. 3 and 27). To date, simulated fuels in the form of gaseous
UF^ and tungsten particles added to argon carrier gas have been successfully
injected into the rf plasma operating at pressures up to kO atm and power levels
up to approximately 125 kW. The development of particle seeder technology required
to inject tungsten seeds and the design of systems to inject liquid UF^ into the
rf plasma have progressed substantially. Experiments employing these injection
systems will be continued in the coming year.

Propellant Heating Experiments

Experiments have been conducted to simulate radiant heating of the propellant
stream of a nuclear light bulb engine (see Refs. k and 2U). The primary objective
was to obtain high bulk exit temperatures in the flowing simulated propellant stream
by absorption of large fractions of the incident thermal radiation.

A high-power, vortex-stabilized dc arc within an uncooled fused silica tube
was used as the radiant energy source. It was surrounded by a mirror system to
increase the radiation incident on the simulated propellant. The 12.7-cm-long
by 2,3-cm-wide5 diverging-duct test section had a transparent front wall and a ,
reflecting rear wall. The geometry of this test section was quite similar to the
propellant heating configuration shown in Fig. 7. The central stream.of seeded
gas, a tungsten-particle/argon aerosol, had unseeded argon buffer layers on both
sides to prevent coating of the duct walls. Arc operating times were approximately
0.5 sec with power levels up to 780 kW. Bulk exit temperatures were measured using
a calorimeter downstream of the duct.
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The maximum simulated propellant bulk exit temperature obtained was 1+515 Kj
compared with 3300 to 3700°K expected in in-reactor tests in the Nuclear Furnace.
The maximum temperature in these tests was limited primarily by the amount of
radiation incident on the test section (determined by the arc operating character-
istics and the effectiveness of the mirror cavity).

Fuel-Handling Experiments

Experiments in which zinc metal is vaporized and added to argon flow in a
duct which simulated the thru-flow port of the in-reactor test configuration have
been conducted employing a plasma torch facility. These experiments are described
in Refs. 22 and 28. A swirling flow of argon was heated using a dc arc plasma
torch, passed through a vaporizer section where zinc vapor was entrained and entered
a bypass inlet section and then a 2.5^-cm-diam by 60-cm-long pyrex exhaust duct.
Cold bypass argon was injected with swirl through four different bypass inlet sec-
tion geometries. Radial distributions of temperature were measured in some tests
and observations were made of the deposition of zinc on the duct walls. These
experiments led to the development of a bypass inlet geometry which appears capable
of achieving condensation of the vapor in the flow, with very little deposition on
the wall for long distances. In this inlet, bypass flow was injected with swirl
from 188 ports in the 2.5lj-cm-i.d., 13.5-cm-long wall (̂ 7 ports in each of four
rows spaced 90° apart around the circumference). In one test, only 0.15 percent
of the 9-5 g of zinc vapor passing through the inlet in a 2-min test was deposited
on the wall. The mixture flow rate in this test was 3-9 g/sec and the bypass flow
rate was 36.3 g/sec; hence, the bypass ratio was 9-3«

To make further progress on the design of exhaust system components, it is
recommended that further tests be conducted using models which more closely mock-up
the entire lengths of the exhaust ducts developed in the conceptual design studies.
These tests should employ uranium-vapor/argon-gas mixtures for closer simulation of
the properties of the mixtures in the engine and in-reactor test model.

Pressure Vessel Development

In the present contract year, development of a filament-wound fiberglass pressure
vessel for use in the 1.2-MW rf facility was undertaken (see Ref. 8). With minor
exceptions, this pressure vessel is similar in design and dimensions to the proposed
in-reactor geometry for tests with fissioning uranium plasmas in the Nuclear Furnace.
The pressure vessel and associated equipment were designed for use with the UARL
1.2-MW rf induction heater in tests with rf plasmas at pressures up to 500 atm.
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The fiberglass filament-wound pressure vessel, which was designed for an
operating pressure of 500 atm, has an inside diameter of 7«?6 cm, a length of
28.1 cm, and a maximum wall thickness of approximately 5 mm. Alternate axial and
hoop layers (a total of 28 layers) are used to provide the required strength.
Immediately inside the filament-wound pressure vessel is a silicone rubber sealing
liner. Cooling water flows in the annulus between the liner and the fused silica
tube. This cooling water will contain dye in tests with plasmas to protect the
liner and pressure vessel from the intense thermal radiation.

Initially, tests were conducted to verify the strength and reliability of the
filament-wound pressure vessel design. One vessel was hydrostatically tested to
680 atm before it failed. Another was cycled more than 66 times between 0 and at
least 5̂ -0 atm before it developed a crack in the outer fiber layers.

A series of cold-flow tests of the model was then conducted at pressures up
to about 510 atm. At 510 atm, the flow rates of argon and cooling water were
3.35 liter/sec (STP) and 26 gal/min, respectively. It was demonstrated that the
model is capable of being operated for extended periods at the 500-atm pressure
level and is, therefore, ready for use in initial high-pressure rf plasma experi-
ments.
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ALTERNATE TEST REACTORS

The in-reactor tests in the Nuclear Furnace are viewed as preliminary tests to
demonstrate the operation of a fissioning uranium plasma in a small-scale test cell.
Future tests of the gas core concepts should follow Nuclear Furnace tests. The role
of future tests would be to attempt to scale up the size and/or the performance
level of in-reactor tests (i.e., the total power radiated and the "black-body radiat-
ing temperature at the edge of the fissioning plasma). A review of possible high-
power-density nuclear reactors which might be available in the 1975-1980 time period
was conducted to identify possible candidate test reactors for future nuclear light
bulb in-reactor tests. Estimates were then made of the performance level of tests
in these reactors. Also, an assessment was made of their availability and adaptabi-
lity for use as fissioning plasma test reactors.

Candidate Test Reactors

In. addition to the Nuclear Furnace, there are four other candidate test reactors
which might be used for uranium fissioning plasma in-reactor tests. These reactors
are the High Flux Isotope Reactor (HFIR) described in Ref. 29, the Kinetic Intense
Neutron Generator (KING) described in Ref. 20, the NASA-Lewis Fission Uranium Plasma
Facility (FUPF) test reactor which is in preliminary design stages and has been
described in private communications with the NASA-Lewis representatives, and a. self-
critical cavity reactor concept which is under investigation at UARL. The features
of these reactors are discussed below. Detailed discussions of the criticality
requirements and size of the self-critical cavity are discussed in a subsequent
section.

HFIR is operated at Oak Ridge National Laboratory to produce transuranium
elements. It has a high power density and a thermal neutron flux on the order of

T C O s"

3-5 x 10x-> neutrons/cm -sec in a test zone approximately 10-cm in diameter and 60 cm
long. The core lifetime in HFIR is approximately 23 days. It is conceivable that
a HFIR-type reactor could be designed and constructed for use as a driver reactor
for nuclear light bulb tests of small models.

The KING reactor is a circulating fuel reactor with a flux trap and test zone
located on the axial centerline. Because the fuel is a solution with a high thermal
capacity, the thermal neutron fluxes in the KING reactor can be extremely high, on
the order of 101" neutrons/cm2-sec. The NASA-Lewis FUPF is in the early stages of
design. The objectives of that design exercise are to provide a test facility which
•would accommodate spherical or cylindrical configurations on the order of 60-cm-in.-
diameter and 90 cm in length. The thermal neutron fluxes are yet to be determined
in the final configuration for the test-bed reactor, but the design will be such
that the flux levels will be as high as possible so that fissioning uranium plasmas
can be sustained in the test cells.
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The principal characteristics of the candidate test reactors, as well as the
Nuclear Furnace, are summarized in Table X. The principal characteristics which
are included in Table X are the flux trap diameter available, the specific fission
rate in the flux trap test region in kW/g of U-235, the estimated turn-around time
per test, and the core lifetime of these particular test-bed reactors. The flux
trap diameter indicates the size of cell which can be tested in the various reactors,
the specific fission rate is related to the potential of these test reactors to
sustain uranium plasmas with high radiating temperatures, the test turn-around time
is an indication of the frequency of testing, and the test core lifetime indicates
the frequency with which replacement of core fuel elements would be required. How-
ever, the test-core lifetime in a case such as the Nuclear Furnace or HFIR is a
different parameter than normally considered. For example, the HFIR core is regu-
larly changed every 23 days; the time required to replace the core in HFIR is on
the order of one day. The Nuclear Furnace core can be replaced in a few months.
Core lifetime for the KING reactor or a self-critical cavity reactor is not a fuel-
element-related factor (the KING reactor is fueled by an aqueous uranyl sulfate
solution and the self-critical cavity reactor would be fueled by flowing UFg or a
particle-carrier gas system). Here, core lifetimes are established by constraints
on other components of the system.

The in-reactor test performance levels for the various candidate reactors were
calculated using the general performance analyses of Ref. 6. These results are
summarized on Fig. 24. It can be seen that the important parameter is the specific
fission power. The KING reactor, with its very high power density, appears to be a
very attractive test reactor for small-sized tests. The pressure level of these
tests can be reduced to the order of 100-200 atm and still produce radiating temp-
eratures which approach those of the nuclear light bulb reference engine.

Design and Operational Status of Candidate Test Reactors

In evaluating the potential test reactors for nuclear light bulb in-reactor
tests, one must consider the status of the design and operation of these reactors
and whether a site for testing has been developed or not. Other factors to be
considered are the possible period of operation, access to insert nuclear light
bulb test cells, availability of a scrubber system to handle the effluent, and
capacity for the test system to handle a full-scale test. A summary of these
particular features for the candidate test reactors is shown in Table XI.

The only two candidate reactors with completed designs are the Nuclear Furnace
and HFIR, both of which are operational reactors. The operation of the other
candidate test reactors is estimated to be in the 1975-1980 period, should they be
developed. The question of access for insertion of the test cell is considered good
for all of the test reactors with the exception of HFIR. The HFIR reactor would
require alterations to insert a system such as the nuclear light bulb in-reactor
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test cell through the top of the reactor. The HFIR reactor would have to be
redesigned as a separate facility to accommodate fissioning plasma tests. An
effluent scrubber is available for the Nuclear Furnace and would be designed for
any of the other candidate test reactors should they be available for gas-core
tests. The site development would depend upon the location of the test reactor.
Test sites are developed for the Nuclear Furnace and the HFIR reactor. The other
candidate test reactors could be located and operated at NEDS.

The investment for initial tests can only be estimated on a relative scale.
The point in entering this column in Table XI was to show that because the Nuclear
Furnace is available and because its core, scrubber system, and site are already
developed, the investment for initial tests should be considered relatively low.
Design work has been completed on HFIR and has begun on the KING reactor and
therefore, the investment to develop these reactors to accommodate fissioning
plasma tests is medium on a relative scale. The FTJPF and the self-critical cavity
reactors which are yet to be thoroughly designed would require a relatively higher
investment. However, it is expected that the self-critical cavity may not cost as
much as a facility requiring fabrication and testing of driver-reactor fuel elements.

The final column in Table XI relates to the capacity to handle full-scale tests.
None of these test reactors can handle a full-scale nuclear light bulb cell with
the exception of the self-critical cavity which would be designed to accommodate
a nuclear light bulb reference engine unit cell.

The conclusion from these discussions and evaluations of the candidate test
reactors is that the most realistic near-term facility for testing a small nuclear
light bulb unit is the Nuclear Furnace. Such a test, depending upon funding level,
could be designed and performed in the time period from 1975 through 1978. The
investment for such tests would be relatively lower than the investment required
for the development of a new test reactor facility.

For future tests, a test configuration capable of testing larger cells at
higher powers is desirable. The KING reactor appears to be a very attractive
facility for testing small cells operating at high radiating temperatures. Ulti-
mately, a self-critical cavity must be tested. The feasibility of a self-critical
test-bed reactor requires further serious consideration. In particular, if a self-
critical test facility is feasible and if the cost of developing that facility is
of the same order of magnitude as the development of a driver reactor test facility,
it seems that the self-critical cavity would yield more basic and useful experimental
information than would a system relying on external driver fuel elements. The
question of future test facilities should remain open until thorough evaluations
of the various candidate test reactors are completed.



Self-Critical Cavity Test Reactors

Gaseous core nuclear rocket engines have tended to be large, high-pressure
devices for two primary reasons: (l) there is a requirement for enough critical .
nuclear fuel density to make the system self-critical and (2) the temperature,in
the fissioning plasma must "be high enough to radiate the required heat fluxes,
to the hydrogen propellant. The critical fuel density in externally moderated
cavity reactors is governed by the efficiency of the moderator material in slowing
down fission neutrons to thermal energies and then in allowing the thermal neutrons
to diffuse back into the cavity. Thus, thermal neutrons moderated in the external
reflector-moderator must diffuse back through several scattering mean-free paths
to re-enter the cavity and cause more fissions in the gaseous nuclear plasma. In
a gaseous nuclear rocket engine, hot hydrogen surrounding the fission plasma
creates an additional thermal neutron diffusion barrier due to the high scattering
cross section of hydrogen. This scattering rate is further enhanced by the thermal
motion of the very hot hydrogen (see Ref. 31). The self-critical cavity described
here indicates a method by which critical fuel density and cavity reactor size can
be reduced by improving the flow of neutrons into the cavity by (1) embedding seg-
mented propellant channels along portions of the cavity surface and (2) by choosing
a reflector-moderator which has a very low thermal neutron scattering cross section.

Beryllium, cooled to temperatures below 100°K, has a very low scattering cross
section for thermal neutrons below 0.006 eV. It is estimated that clean cavities
employing a cold beryllium reflector could have critical fuel density requirements
about an order of magnitude less than those for cavities reflected by room temper-
ature beryllium. A sketch of a test reactor configuration is shown in Fig. 25. A
refrigeration cycle or low-temperature heat exchanger would be required to keep the
beryllium very cold. The liner of the cavity would be constructed of a reflective
material (aluminum, for example) such that less than ten percent of the incident
radiant flux would be absorbed by the liner. For tests to demonstrate the heating
of propellant, the cavity surface would be interrupted at discrete locations by
axial propellant channels which might cover 10 to 25 percent of the cavity
surface. The reflecting liners would serve to focus the radiant heat flux onto
the propellant channels. The propellant channels would be isolated from the fuel
region by segments of internally-cooled transparent walls such as those employed
in the nuclear light bulb test configuration with the propellant heating option
shown in Fig. ?• For initial experiments, the propellant heating channels could
be omitted and the entire vortex region could be surrounded by the reflective
aluminum liner. The major components of the system are shown in Fig. 25, including
the low-temperature heat exchanger or refrigeration system for the cold beryllium
reflector.

A figure of merit for the performance of a reflector-moderator material used
for cavity reactors is the ratio of the square root of the age of fission neutrons

35



L-910900-1?

divided by the thermal neutron mean-free-path, VT / \, (see Ref. 32). Table XII
contains a comparison of this fighre of merit for several moderator materials. It
can be seen that cold beryllium with large transport mean-free-paths at low thermal
neutron energies -would be an excellent reflector-moderator for reducing critical
fuel density. The leakage of thermal neutrons from the outside of such a reflector
would be very large unless the reflector material is backed by a good thermal
neutron scattering material. Deuterium compounds such as frozen heavy water or
deuterium-carbide would be a good choice for the outer reflector material depicted
in Fig. 25.
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Preliminary Multigroup Criticality Calculations

Multigroup neutron transport theory calculations were performed for a spherical
cavity reactor with a combined beryIlium and deuterium- carbide reflector
surrounding spherical cavity equal in volume to the cavity size of a nuclear light
bulb reference engine unit cell. The neutron energy group .structure employed for
these calculations is shown in Table XIII. The cold beryllium scattering cross
sections were taken from Ref. 38. For purposes of determining scattering cross
sections below 0.006 at temperatures other than those presented in Ref. 33 it was
assumed the inelastic scattering cross section varied as T .' This temperature
dependent variation in the inelastic scattering cross section was taken from the
analyses of Ref. 3k. ,

The critical mass requirements for the spherical cavity configuration, were 1.15
kg of U-233 and 'l.Mt- kg for U-235. The temperatures of the "beryllium and deuterium
carbide reflector zones were ̂ 0°K. It was assumed that the operating pressure in
the cavity was 250 atm. Argon buffer gas at 250 atm was in the zone between the
reflective liner and the fuel cloud. The coolant for the cold beryllium and the
deuterium carbide region was deuterium gas occupying 10 percent of the reflector
moderator volume. The deuterium gas can be cooled externally in a refrigeration
system or, as an alternative in a cryogenic heat exchanger. Using a reflectivity
of0.9 for the liner material, and requiring that the outward-directed radiant
flux be equal to that of the nuclear light bulb engine, the curves of Ref. 23 were
used to determine the uranium partial pressure corresponding to the critical fuel
density necessary to produce the outward-directed thermal radiation flux. The
pressure was 60 atm. Assuming that the uranium is approximately singly ionized
in the fuel region, that would correspond to a pressure of 30 atm of uranium nuclei.
If the injection fuel form were UFg, the pressure due to fluorine nuclei would be on
the order of 180 atm, thereby requiring a combined uranium, uranium electrons, and
fluorine carrier gas pressure on the order of 2^0 atm. Thus, it appears feasible
that a self-critical cavity reactor test bed could be fabricated in the geometry and
configuration discussed above and operated at approximately 250 atm.

Further calculations should be performed at temperatures lower than kO K to
increase the fraction of thermal neutrons below theO. 006 scattering cutoff for the
beryllium. Operating the reflector at an even colder temperature should result in
further reductions in critical mass. An additional calculation was performed with
the beryllium and deuterium carbide at room temperature. The critical mass increased
by a factor of approximately U. Thus, the cavity assembly described above has very
large negative temperature reactivity coefficient, indicating a relatively stable
and safe configuration for damping out possible power excursions.
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IN
CONV

LIST OF SYMBOLS

Ratio of fuel to buffer-gas residence times, dimensibnless

Dose rate of nuclear radiation in transparent wall, Mrad/sec

Density containment factor, dimensionless

Fuel loading, g

Operating pressure, atm

Argon partial pressure, atm

Uranium partial pressure, atm

Energy conducted in buffer region, kW

Energy convected by buffer gas, kW

Volumetric convection energy in buffer region, kW/cm

Specific fission power, kW/g of U-235

Power radiated, kW

Net heat :f lux at reflective aluminum wall, erg/cm^-sec

Heat flux directed radially outward at reflective aluminum wall,
erg/cm -sec

Heat flux directed radially inward at reflective aluminum wall,
erg/cm -sec

P
Total heat flux through transparent wall, kW/cm

Net heat flux at nominal edge-of-fuel location, erg/cm -sec

Heat flux directed radially outward at nominal edge-of-fuel location,

erg/cm -r

Heat flux directed radially inward at. nominal edge-of-fuel location,
ergcra-sec

Spectral heat flux at reflective aluminum wall, erg/cm -sec
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LIST OF SYMBOLS (Continued) .

Aluminum spectral-heat-flux-weighted reflectivity, dimensionless

Effective reflectivity at edge of fuel, dimensionless

Aluminum spectral reflectivity, dimensionless
i

Radius, cm

Radius of edge-of-fuel location, cm

Radius of reflective aluminum wall, cm

Radius of inside boundary of region of analysis, cm

Richardson number, dimensionless

Temperature, °K

Equivalent blackbody radiating temperature, °K

Propellent bulk exit temperature, °K

Equivalent blackbody radiating temperature corresponding to

Time, sec

Time after .Nuclear Furnace reaches steady-state power level, min

Volume within radius R, cm

Volume within reflective aluminum wall, cm

Buffer gas axial.velocity, cm/sec

Average tangential velocity at aluminum reflecting wall, cm/sec

Buffer gas radial weight flow rate, g/sec

Fuel weight flow rate, g/sec

Spectral absorption coefficient, cm-1
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\£ Transport mean free path, cm

P Density, gm/cm

Q

pA Argon density, g/cm

p Buffer-gas density at edge-of-fuel location, g/cnrB6
p-p Average fuel density based on volume within edge-of-fuel location,

6 / "3g/cm--'

P i ~\U Uranium density, g/cm-'

p
T Neutron age, cm

•T-D Buffer-gas residence time in cavity, sec

T
F Average fuel residence time in cavity, sec

</> Angle of incident radiation to vector normal to reflecting surface,
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TABLE IV

PERFORMANCE LEVELS FOR IN-REACTOR TEST

.Specifications for Unit Cell Given in Table I and Figs, 4 and 5

Operating Pressure., P ~ 500 atm

Argon Buffer Gas, U-235 Fuel

RF/RT = 0.6, TF/TB = 1.0

Specific Fission Power,
Op - kw/g of u-235

Fuel Loading,
% - g

Total Power,
QT - kW

Power Radiated, QR - kW

Aluminum Liner Spectral-Heat-Flux-Weighted
Reflectivity, (R

Aluminum Liner Effective
Reflectivity, (REFp

Equivalent Fuel Region Surface
Radiation Temperature, Tg - K

Outward Directed Fuel Region
Surface Heat Flux, q| - kW/CM2

Equivalent Fuel Region
Black-Body Radiation Temperature,
T* - °K

Results From
Reference 3

30.5

6.22

190

173-^

0.9

0.9

59^0

7-1

3330

Results From
Present Study

' 30.5

6.22

190

174

0.908

0.855

5^26

4.84

3330

(Continued)

50
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TABLE IV (Concluded)

Net Fuel Region Surface
Heat Flux, q,- - kW/cm

Edge-Of-Fuel Temperature, T£ - °K

Average Fuel Density for
Volume Inside Rp, -p.p,- - g/cm

i —
Density Containment Factor, Ep = .P-GV/A

Average Fuel Partial Pressure for
Volume Inside Rp, Ppg - atm

Fuel Partial Pressure Ratio., , IW/P

Results From
Reference 3

0.71

59*WD

0.0284

0.7

195

• 0.39

Results From
Present Study

0.71

5130

0.0284.

• 0.6

; 125

0.25
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TABLE V

SUMMARY OF HEAT BALANCE IN CAVITY REGION OF IN-REACTOR '

TEST UNIT CELL

Specifications For Unit Cell Given in Table I and Figs, k and 5

Fuel Flow Rate, g/sec
Fuel Injection Temperature, °K
Average Fuel Temperature Rise, °K
Net Energy Deposition Rate in Fuel, kW

1.6
555
9886
6.6

Carrier and Buffer Gas Flow Rate in Fuel Region, g/sec
Carrier and Buffer Gas Injection Temperature, °K
Average Carrier and Buffer Gas Temperature Rise, °K
Net Energy Deposition Rate in Carrier and Buffer
Gas in Fuel Region, kW

OM
555
8591
2.0

Argon Buffer Gas Flow Rate, g/sec
Argon Buffer Gas Injection Temperature, °K
Energy Deposition Rate in Buffer Gas by Heat
Conduction and Thermal Radiation from Fuel Region, kW

Energy Deposition Rate in Buffer Gas by Neutrons and Gamma
Rays from Nuclear Furnace, kW

Average Buffer Gas Temperature Rise, °K
Net Energy Deposition Rate in Buffer Gas, kW

Thermal Radiation Heat Flow to End wall, kW
Thermal Radiation Heat Flow to Liner, kW

39.7
555
5.7

U82
10.0

26. k

Total Rate of Energy Deposition in Test Cell, kW
Rate of Energy Deposition by Thermal Radiation, kW
Ratio of Thermal Radiation Energy Deposition Rate to Total
Rate of Energy Deposition

190.0
17̂ .0
0.915
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-. TABLE VI

FUEL AMD BUFFER-GAS FLOW CONDITIONS FOR IN-REACTOR TESTS

Specifications for Unit Cell Given in Table I and Figs. 4 and 5

Mass of F.uel in Cavity, g

Fuel Flow Rate Per Injector Tube, g/sec

Argon Carrier Gas.Flow Rate Per Injector Tube, g/sec

Fluorine Carrier Gas Flow Rate Per .Injector Tube, g/sec

Fission Heating Rate in Fuel, kW/g '

Fission Heating Rate in Fuel In Poison Shrouded ".
Injectors, kW/g

Fuel Inlet Temperature, Argon Carrier Gas, °K

Fuel Inlet-Temperature, UFg - Particle Slurry, °K

Fuel Injection Temperature, Argon Carrier Gas, °K

Fuel Injection Temperature, UFg - Particle Slurry, °K

Argon Buffer -'Gas Flow Rate, g/sec ' '

Argon Buffer - Gas^ Injection.Temperature, °K

Argon Buffer - Gas Manifold Injection Area, cm2

Argon Buffer - Gas Injection Velocity, cm/sec

Mixed-Mean Temperature of Fuel and Buffer - Gas
Mixture Exiting Cavity, °K

6.22

0.80

0.133

0.182

30.5

2.0

350

350

555

555

39.7

555

0.782

lof

1̂ 32
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TABLE VII

SEQUENCE OF EVENTS FOR REFERENCE IN-REACTOR TEST

t. = Time in Minutes After Nuclear Furnace Reaches Steady-State Power Level
jV

t. = 0 to tA = 1 min

1. Flow hydrogen from Nuclear Furnace supply system through test region to
bring components to thermal equilibrium.

t. = 1 min to t = 2.5

1. Pressurize test region to operating level (500 atm).

2. Start high-pressure buffer-gas and coolant flow.

= 2.5 min to t = 3.5 min

1. Start injection of liquid UFV-

t = 3.5 min to t. = k min
A -H

1. Add particles of uranium to UF/- to increase uranium partial pressure
or commence uranium particle- argon carrier gas fuel injection.

tA = k min to t. = 7

1. Full-power, steady-state operation.

2. Measure flows, temperatures and record spectral emission data,

t. = 7 min to t. = 8 min

1. Shut off fuel injection flow.

2. Purge fuel injection lines with argon,

t. = 8 min "to t. = 9 min

1. Depressurize unit to Nuclear Furnace level.

2. Switch over to cooling with hydrogen from Nuclear Furnace supply system.

tA = 9 min to t = 10 min

1. Shut down Nuclear Furnace.
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• •'•• TABLE VIII

TOTAL WEIGHT OF MATERIAL EXPENDED DURING EA.CH TEST RUN

Test Time = 10 min

Test Sequence Described in Table VII

Material Flow Rates Given in Tables V and VI

Flow Circuit Total Weight - g

Nuclear Furnace Hydrogen

Argon Buffer Gas

Liner and End-Wall Coolant, Argon

Liner and End-Wall Coolant, Hydrogen

U-235 Fuel (Uranium in UF/- and Particles)

Argon Carrier Gas for UF/--Argon System

Fluorine Contained in UIV doe UFg-Argon System

Fluorine Contained in UFg for A11-TJEV System

3.00 x iCT

1.91 x 10

U.36 x lo6

1.1*4 x io

3.90 x 102

5,71 x 102

2.60 x 101

2. ,98 x 102
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TABLE EC

PERFORMANCE LEVELS FOR PROPELIANT HEATING AND
TRANSPARENT- WALL IN- REACTOR TEST

Geometry and Dimensions of Unit Cell With
Propellant Heating Channel Shown in Fig. 7

Operating Pressure = 500 atm

Argon Buffer Gas, U-235 Fuel

= 0.6, T/T = 1.0, = 0.6

Specific Fission Power, %-kW/g of U-235

Fuel Loading, Mp-g

Total Power, Qj-kW

.Power Radiated, Q̂ -kW

Aluminum Liner Spectral- Heat- Flux- Weighted Reflectivity, (R

Effective Reflectivity, (REFF
•x- o

Equivalent Fuel Region Surface Radiating Temperat-ure, T/- - K
+ 2

Outward Directed Fuel Region Surface Heat Flux, q/- -kW/cm
o

Equivalent Fuel Region Black- Body Radiating Temperature, T*- K
2 '

Net Fuel Region Surface Heat Flux, q^-kW/cm

Total Heat Flux Through Transparent Wall (No Seeded Propellant
in Duct) , Outward Directed Plus Reflected,

Nuclear Radiation Dose Rate in Transparent Wall, D-MR/sec

Range of Propellant Bulk Exit Temperatures, Tp- K

30.5

3.7

131

120

0.908

0.728

1*611

2.61

3330

0.71

8.83*

3.0

3300-3700

*In this case, (R-n,,-,,-, is increased to 0.855 and q/- = U.9 kW/cm because there is
v|V J? ~̂ D

no seeded propellant in the duct.
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TABLE X

PRINCIPAL CHARACTERISTICS OF CANDIDATE TEST REACTORS FOR
NUCLEAR LIGHT BULB IN-REACTOR TESTS

Nuclear Furnace (NF)
Fissioning Uranium Plasma Facility (FUPF)
High Flux Isotope Reactor (HFIR)
Kinetic Intense Neutron Generator (KING)
Self-Critical Cavity (SCC)

Principal Characteristics

Reactor

NF

FUPF

HFIR

KING

SCC

Flux Trap
Diameter, cm

8.U

28.2

8.1*

Q.k

2k.k-k8.8

Specific Fission
Rate, kW/g U-235

26-̂ 40

7-15

70

130-390

—

Turn-Around Time
Per Test

~30 da

~30 da

1-5 da

1-5 da

-30 da

Test Time
Per Core

3-5 hr

mo.-yr

23 da

mo.-yr

mo.-yr
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TABLE XII

VARIATION OF CAVITY REACTOR CRITICAL FUEL DENSITY
WITH REFLECTOR-MODERATOR FIGURE-OF-HERIT

Data Taken From Ref. 32
JL

Figure-of-Merit = (r)2/\tr

Cavity Diameter = 1 m

Moderator Material

Graphite (300°K)

Beryllium (300°K)

Heavy Water (300°K)

Beryllium (100°K)

^Atr>
Dimensionles s

7.25

6.75

1K08

O.V7

U-235 Critical Density,

Atoms/cm

1 x 1019

3.5 x 1018

1.2 x 1018

2.0-U.O x 1017*

•̂ Extrapolated range of values.
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TABLE XIII

NEUTRON ENERGY GROUP STRUCTURE USED FOR SELF-CRITICAL
CAVITY TEST REACTOR CRITICAL MASS CALCULATIONS

Group Number

1
2

3
k
5
6
7
8
9

10
11
12

13
14

•15
16
17

Upper Energy - ev

1.0 x 10 7

2.865 x 106

1.35 x 106

8.21 x 105

3.88 x 105

1.11 x 105

1.5 x 10^
3-35 x 10^
5.83 x 102

1.01 x 102

29.0
8.32
1.125
o.inU
0.025
0.006
0.00175

Lower Energy - ev

2.865 x 106

1.35 x 106

8.21 x 10 5
3.88 x 105

1.11 x 10-j
1.5 x HT
3.35 x io3
5.83 x 102

1.01 x 102

29.0
8.32
1.125
OAlU
0.025
0.006
0.00175
0.0
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L-910900-17 FIG. 1

NUCLEAR FURNACE AXIAL VIEW
SKETCH TAKEN FROM REF. 7

POWER LEVEL=44 - 66 MW
I

4

MODERATOR INLET
MANIFOLD

CORE TUBE ASSEMBLY

PRESSURE VESSEL

UNIT CELL TEST
EFFLUENT EXIT DUCT

WATER COOLING JACKET
AND INJECTOR MANIFOLD

HYDROGEN INLET
MANIFOLD

PIPING FOR UNIT CELL TEST GASES

MODERATOR OUTLET
MANIFOLD

BERYLLIUM INNER SECTOR

ERYLLIUM OUTER SECTOR

PRESSURE VESSEL BARREL

TEST REGION CREATED BY
REMOVAL OF FOUR
CENTRAL FUEL ELEMENTS
I.D. =8.38 CM

CONTROL DRUM

WATER INJECTOR

REACTOR STOOL

DRIVE SHAFT

UNIT CELL TEST EFFLUENT
AND WATER COOLING JACKET

REMOTE CONNECTION COUPLING



L-910900-17 FIG. 2

SCHEMATIC DIAGRAM OF PIPING AND ELECTRICAL
CONNECTIONS TO TEST CELL

SPENT FUEL AND ARGON FROM
TOP THRU-FLOW PORT TO

EFFLUENT CLEANUP SYSTEM
NUCLEAR FUEL INLET

TOP OF
CORE LID"

OPTICAL PATH FOR
VIEWING SPECTRAL

EMISSION

TOP OF TUBE
BUNDLE ASSEMBLY

TOP OF CORE

BOTTOM
OF CORE

ARGON INLET
HYDROGEN INLET

PRESSURE
VESSEL CAPWIRING TO

THERMOCOUPLES

ALUMINUM CASING
AROUND TEST HOLE

ID = 8.38 CM

FLOW BAFFLE AND

REFLECTING

SHIELD

TEST REGION
I.D.= 6-60 CM

LENGTH = 17.78 CM

SECTION A-A
PRESSURE VESSEL
• BOTTOM DOME

WATER COOLING
JACKET AND

INJECTOR MANIFOLD

ASSEMBLY POSITIONING
BOSSES

ORIFICE PLATE TO
CONTROL FLOW OF

TEST CELL COOLANT
INTO NOZZLE PLENUM

SPENT FUEL AND
ARGON EFFLUENT

FLOW TO EFFLUENT
CLEANUP SYSTEM



L-910900-17 FIG. 3

NUCLEAR FURNACE SHIELD
SKETCH TAKEN FROM REF.7

CRANE CLEARANCE ABOVE SHIELD REQUIRED FOR INSERTION-EXTRACTION OF TEST

ASSEMBLY= 3.0 M (TEST ASSEMBLY LENGTH OVERALL = 2.7M )

NUCLEAR INSTRUMENT WELL
WOULD REQUIRE RELOCATION

GN2 PURGE VENT

BORATED WATER RETURN

SHIELD

-•-0.46 M-H

BORATED
WATER

-J

GLORY HOLE

REQUIRED FOR

INSERTION - EXTRACTION
OF TEST ASSEMBLY

•1.73 M-

CORE MIDPLANE

GN2 IN

BORATED
W A T E R

4.40 M

TOP OF PRIVY ROOF
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L-910900-17 FIG. 5

CROSS-SECTION OF IN-REACTOR TEST CELL AT AXIAL MIDPLANE

I.D. OF TEST HOLE CASING = 8-4 CM

FUEL SUPPLY TUBE

FUEL INJECTOR

TEST HOLE CASING

— BUFFER-GAS
INJECTOR TUBE

EXHAUST PORT

PRESSURE
VESSEL

PRESSURE
VESSEL LINER

REFLECTIVE
LINER
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L-910900-17 FIG. 7

UNIT CELL FOR IN-REACTOR TESTS OF TRANSPARENT WALLS AND
PROPELLANT HEATING

INTERNALLY COOLED
TRANSPARENT WALLS

COOLING CHANNELS

REFLECTIVE ALUMINUM LINER

POROUS FOAM

UNSEEDED BUFFER
FLOW CHANNEL

TRANSPARENT-
WALL CLAMP AND MANIFOLD

LINER COOLANT
CHANNEL

FUEL SUPPLY TUBE

FIBERGLASS
PRESSURE VESSEL

INTERNALLY COOLED
TRANSPARENT WALL

SECTION A-A

SEEDED HYDROGEN INLET/

PROPELLANT HEATING CHANNEL |

•̂ TT^Tjr̂ ^~cmDooocxJcop
ARGON BUFFER GAS

FUEL REGION
5.08 CM

\
\

WSM^m^»»^M^^^
I
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BUFFER-GAS FLOW PATTERN ASSUMED IN CONVECTION AND

CONDUCTION ANALYSIS IN BUFFER REGION

(a) AXIAL CROSS-SECTION

ALUMINUM REFLECTIVE LINER

BUFFER FLOW PATTERN

REGION OF
ANALYSIS

R , = 1.91 CM

VORTEX CENTERLINE-

(b) CYLINDRICAL CROSS-SECTION

REGION OF ANALYSIS

\
\

RADIAL STAGNATION SURFACE
AND EDGE-OF-FUEL LOCATION

\
BUFFER
REGION

\
\

. \



L-910900-17 FIG. 9

SPECTRAL ABSORPTION COEFFICIENT OF ARGON AT VARIOUS TEMPERATURES
FOR A TOTAL PRESSURE OF 500 ATM

10

DATA TAKEN FROM REF. 17

IONIZATION! ^ $ •" " "» <•> "

TEMPERATURE

16.000°K

WAVE NUMBER, « -CM'1
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CALCULATED VARIATION OF ALUMINUM REFLECTIVITY WITH WAVE NUMBER FOR

SEVERAL ANGLES OF INCIDENCE

DATA TAKEN FROM REF. 17

INCIDENT RADIATION
REFLECTING SURFACE

10J 10" " ' 105

WAVE NUMBER, w - CM'1
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L-910900-17 FIG. 12

VARIATION OF SPECTRAL HEAT FLUX AT ALUMINUM WALL WITH WAVE NUMBER
FOR IN-REACTOR TEST CONFIGURATION

SEE FIG. 8 FOR GEOMETRY DESCRIPTION AND DIMENSIONS OF REGION OF ANALYSIS

NET HEAT FLUX AT AL WALL, q = / q^dw = 0.426x10' ° ERG/CM 2 - SEC

103

NET HEAT FLUX AT NOMINAL EDGE-OF-FUEL LOCATION, q 6 = 0.71xlo'° ERG/CM2 - SEC

CALCULATED OUTWARD DIRECTED HEAT FLUX AT NOMINAL EDGE-OF-FUEL LOCATION,

q + =4.838xlo'° ERG/CM -SEC
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L-910900-17 FIG. 13

VARIATION OF FRACTIONAL HEAT FLUX AT ALUMINUM WALL WITH WAVE NUMBER
FOR IN-REACTOR TEST CONFIGURATION

SEE FIG.8 FOR GEOMETRY AND DIMENSIONS OF REGION OF ANALYSIS

SEE FIG.12 FOR CORRESPONDING SPECTRAL HEAT FLUX

106

,10NET HEAT FLUX AT AL WALL, q =/ q dw = 0.426xlO IU ERG/CM - SEC
L ' W
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NET HEAT FLUX AT NOMINAL EDGE-OF-FUEL LOCATION, q f i= 0.71xl010 ERG/CM2 - SEC
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L-910900-17 FIG. 14
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L-910900-17 FIG. 15
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L-910900-17 FIG. 16

RADIAL WEIGHT FLOW AND AXIAL VELOCITY DISTRIBUTIONS BETWEEN
ASSUMED RADIAL STAGNATION SURFACE AND ALUMINUM REFLECTIVE

LINER FOR IN-REACTOR TEST CONFIGURATION WITH ARGON BUFFER GAS

SEE FIG. 8 FOR GEOMETRY AND DIMENSIONS OF REGION OF ANALYSIS

(a) RADIAL WEIGHT FLOW

u
ui
<o

I
Of.
ID

o
Ul

*

u
in

u
I

(J
O

X
<

40,0

32.0

24.0

16.0

EDGE OF FUEL AND |
STAGNATION SURFACE

ALUM NUM REFLECTIVE
LINER

2.4 2.6

RADIUS, R- CM

2.8 3.0 3.2

(b) AXIAL VELOCITY

3.4

IJU

110

70

30

\
«

EDGE OF
. STAGNATICv\
\

FUEL AND
)N SURFACE

\
^^

ALUM NUM REFLEC
LINER —

TIVE

^

1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.

RADIUS,R- CM



L-910900-17 FIG. 17

CALCULATED DENSITY AND PARTIAL PRESSURE DISTRIBUTIONS OF URANIUM
AND ARGON FOR IN-REACTOR TEST CONFIGURATION

SEE FIG. 8 FOR GEOMETRY AND DIMENSIONS OF REGION OF ANALYSIS

(a) URANIUM AND ARGON PARTIAL PRESSURE
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L-910900-17 FIG. 19

TEMPERATURE VARIATIONS DUE TO POSSIBLE DEPOSITION
OF NUCLEAR FUEL ON END WALLS, REFLECTIVE ALUMINUM LINER

AND THRU-FLOW DUCT WALLS

TOTAL FUEL FLOW RATE, WF = 1.6 G/SEC
RATES OF CHANGE OF TEMPERATURE SHOWN DUE TO FISSIONING OF DEPOSITED FUEL ONLY
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L-910900-17 FIG. 20

RANGE OF RADIATING TEMPERATURES AND POWER LEVELS
FOR IN-REACTOR TESTS OF UNIT CELL

SPECIFICATIONS FOR UNIT CELL GIVEN IN TABLE I AND FIGS.S4 AND 5 .
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L-910900-17 FIG. 21

EFFECT OF VARIATION OF FUEL-TO CAVITY RADIUS RATIO ON RADIATING
TEMPERATURES AND POWER LEVELS FOR IN-REACTOR TEST

SPECIFICATIONS FOR UNIT CELL GIVEN IN TABLE I AND FIGS. 4 AND 5

OPERATING PRESSURE = 500 ATM

' U-235 NUCLEAR FUEL

PF /PB = 0.6, QF = 30.5 KW/G. TF/TB=1.0
6 6

SEE FIG.14 FOR VARIATION OF EFFECTIVE ALUMINUM LINER
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L-910900-17 FIG. 22

RANGES OF RADIATING TEMPERATURES AND POWER LEVELS
FOR IN-REACTOR TESTS OF A UNIT CELL

AT DIFFERENT OPERATING PRESSURES

SPECIFICATIONS FOR UNIT CELL GIVEN IN TABLEI AND FIGS . 4 AND 5
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L-910900-17 FIG. 23
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L-910900-17 FIG.24

CALCULATED IN-REACTOR TEST PERFORMANCE

FISSIONING URANIUM PLASMA FACILITY ( FUPF)

NUCLEAR FURNACE (NF)

HIGH-FLUX ISOTOPE REACTOR (HFIR)

KINETIC INTENSE NEUTRON GENERATOR (KING)

SEE FIGS. 4 AND .5 FOR TEST CONFIGURATION DETAILS

REFLECTIVITY, (R = 0.855

CONTAINMENT DENSITY RATIO, p"c /pD =0.6rF6 ^B6

DENOTES PERFORMANCE AT REFERENCE TEST CONDITION; SEE TABLE H

T6*, EDGE OF FUEL

---- T* BLACKBODY

8500

2500
100 200 300 400

SPECIFIC FISSION POWER, QF- KW/G OF U-235 '

- 100

500

at
O

•k

Q
UJ

Q
<
0£

t
a.



L-910900-17 FIG. 25

NUCLEAR LIGHT BULB TEST REACTOR WITH
COLD BERYLLIUM REFLECTOR

REFRIGERATION

SYSTEM OR
HEAT EXCHANGER
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