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FOREWORD

An exploratory experimental and theoretical investigation of gaseous nuclear
rocket technology was conducted during the period between September 15, 1963 and
November 15, 1969 under Contract NASw-84T with the joint AEC-NASA Space Nuclear
Propulsion Office., The Technical Supervisor of the Contract for NASA during the
period between 1963 and 1967 was Captain W. A. Yingling (USAF), and during the
period from 1967 through 1969 wes Captain C. E. Franklin (USAF). The present
report represents the final technical report under the contract. Work on gaseous
nuclear rockets at the United Aircraft Regsearch Laboratories is now being con-
tinued vader Contract SNPC-T0.
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Investigation of Gaseous Nuclear Rocket Technology -~

Summary Technical Report

SUMMARY

The experimental and theoretical investigations conducted under Contract NASw-
847 during the period from September 1963 through November 1969 have been designed
to obtaln information applicable to determining the feasibility of two gaseous
nuclear rocket engine concepts: the open=-cycle vortex-stabilized engine and the
clogsed-cycle nuclear light bulb engine, It became apparent from results of investi-
gations conducted up to 1967 that the fuel-containment characteristics of the open-
cycle engine were too low for economic fuel containment; therefore, all work since
1967 has been directed toward the nuclear light buld engine. This latter engine is
based on the transfer of energy by thermal radiation from gaseous nuclear fuel
suspended in a neon vortex through an internally cooled transparent wall to seeded
hydrogen propellant. Such an engine offers the possibility of providing values of
gpecific impulse greater than 1500 sec, values of thrust-to-weight ratio greater
than 1, and containment of the gaseous nuclear fuel without loss of fuel or fission
products in the exhaust from the engine, In addition, it may be possible to obtain
many reuses from such an engine by replenishing the spent recirculating fuel. Re-
moval of the spent fuel and fission products from the engine would also reduce the
radiation hagzards during multiple-rendezvous missions.

The work under this contract has resulted in the issuance of 50 technical
reports. The present report summarizes the key results discussed in these 50 reports
and provides information which permits cross-referencing between the reports. The
work under the contract has included investigations of the following: the charac-
teristics of one-component and two-component vortex flows, both unheated and r-f
induction heated; the characteristics of coaxial flows (this work has application to
both ths propellant region of a nuclear light bulb engine and the coaxial-flow
engine being investigated at the NASA Lewis Research Center); the spectral and total
radiant energy emitted from the fuel-containment region; the transmisgion charac-
teristics of fused silica before, during and after being exposed to nuclear radia-
tion; and various analytical studies designed to interpret the results of these
programs in terms of the characteristics of full-scale engines.
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RESULTS

1. Analyses of the characteristics of nuclear light bulb engines have resulted
in selection of & reference engine design having the following characteristics:
seven unit cavities, each having a length of 6 ft; cavity pressure of 500 atm;
engine weight of TO0,000 1b; effective fuel radiating temperature of 15,000 R; total
power of 4600 megw; propellant-exit temperature of 12,000 R; specific impulse of
1870 sec (including allowance for propellant seeds and transpiration nozzle coolant
flow); and thrust of 92,000 1b.

2. An r-f heated light source has been developed for simulating the nuclear
fuel light source in a full-scale engine. This source has radiated a total of 156
kv or 37 kw/in.®; this radiant flux is equal to the black-body radiant flux for a
temperature of 10,200 R,

3. Internally cooled transparent-wall models having wall thicknesses of 0.005
in. (the same thickness as that required in a full-scale engine) have been developed
and tested adjacent to the r-f heated plasma at plasma powers up to 50 kw. The
power levels used in these tests were limited because of damage to the copper injec-
tors used to drive the vortex within the transparent walls rather than because of
damage to the transparent walls themselves.

4. Preliminary tests were conducted in which seeded simulated propellant was
heated by thermal radiation from the r-f light source. These tests were at power
levels up to 3 kw with associated temperature rises in a seeded propellant gas of
about 200 F. The power levels and temperature rises were limited primarily by
deposition of seed material on the transparent walls. Future investigations will
concentrate on developing aerodynamic configurations for keeping the seed material
off the wall and on raising the radiant power during the propellant heating tests.

5. The use of vortex flows in two-component gas tests has significantly in-
creased the concentration of simulated nuclear fuel near the centerline relative to
that near the wall. This effect is particularly evident in vortexes with radial
temperature gradients in which the wall is colder than the center of the flow.

6. The stability of coaxial flows has been significantly improved by the use
of porous foam materials in the inlet region upstream of a test section in which there
is a velocity difference between the flows. These results are applicable to the pro-
pellant stream of a nuclear light bulb engine as well as to the coaxial=-flow engine
under investigation at the NASA Lewis Research Center.

To. Calculations of the radiant energy spectrum emitted by the nuclear fuel of
a full=-scale nuclear light bulb engine indicate that the spectrum is shifted toward
the ultraviolet relative to the spectrum corresponding to a black-body temperature
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defined by the total radiant flux. However, calculations also indicate that the
energy in the ultraviolet portion of the spectrum can be reduced by the use of
selected seeds in the fuel-containment region.

8. Results of several different experiments indicate that the equilibrium
absorption at the center of the 2150<R band in the fused silica transparent wall
will be on the order of 3 to 8 em™ under the neutron and gamma, flux encountered
in a full-scale engine if no photon flux is present. The intense photon flux in
a full-scale engine may substantially reduce this absorption. If not, the trans-
parent wall thickness will have to be reduced from 0,005 to 0.003 to 0,004 in. if
the temperature difference across the transparent wall is to be kept at the nominal
design value of 200 F.

9. Preliminary calculations indicate that the control of a full-gcale nuclear
light bulb engine can be obtained by adjustment of the fuel flow injection rate into
the multiple cavities.
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INTRODICTION

One of the most interesting propulsion concepts for space travel in the post-
1975 time period is the gaseous nuclear rocket engine in which heat is transferred
from a gaseous fissioning fuel to a propellant such as hydrogen. Because of the
high temperatures obtainable in the gaseous fuel, such engines can theoretically
provide values of specific impulse on the order of 1500 to 3000 sec and thrust-to-
weight ratios greater than unity. The primary problems associated with such engines
are the containment of the gaseous fuel in a cavity and the transfer of heat from
the fuel to the propellant working fluid. The containment and heat transfer must
be accomplished in a manner such that conventional materials and cooling techniques
may be used in the containment vessel and exhaust nozzle.

Research on the characteristics of gaseous nuclear rockets has been carried
out at a number of Government laboratories (notably the NASA Lewis Research Center,
the Jet Propulsion Laboratory, the Aerospace Corporation, the AEC Oak Ridge National
Laboratory, and the Los Alamos Scientific Laboratory) and at several industrial
research laboratories. The largest research effort in a Government laboratory is
being conducted at the NASA Lewis Research Center; this organization has concentrated
on investigations of the coaxial~flow reactor concept. The largest research effort
in an industrial laboratory has been conducted at the United Aircraft Research Labora-
tories., The purpose of this research has been to investigate the feasibility of two
different gaseous nuclear rocket engine concepts. The first of these--the open-
cycle, vortex=stabilized engine concept--is based on the transfer of energy by
thermsl radiation from gaseous nuclear fuel contained in a vortex to seeded hydrogen
propellant passing external to the fuel-containment region. This concept, like the
coaxial~flow reactor, relies on fluid mechanics to minimize loss of nuclear fuel in
the exhaust. The second concept under investigation at the Research Laboratories,
the nuclear light bulb engine, is similar to the open=-cycle, vortex-stabilized engine,
except that an internally-cooled transparent wall is lccated between the fuel-con-
tainment and propellant regions. Because of this physical barrier between the fuel
and propellant, the nuclear light bulb offers the possibility of perfect contain=~
ment of fuel and fission products.

The work on vortex containment of simulated gaseous nuclear fuel conducted in
the first portion of the work under Contract NASw-84T resulted in the conclusion
that the achievable levels of containment in a full-scale engine were insufficient
to provide economical space transportation. As a result, all work after 1967 under
this contract has been directed toward determining the feasibility of the nuclear
light bulb engine.

A total of 50 reports have been issued to describe the technical results ob-
tained under Contract NASw~84T (Refs. 1 through 50). The summary pages of these
reports are reproduced in the Appendix. In addition, Table I indicates the category
of technical information contained in each of these 50 reports.
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Work on gaseous nuclear rocket technology at the United Aircraft Research Lab-
oratories has been conducted under four contracts other than Contract NASw-84T.
These other contracts were: Contract NASw-768 with the Space Nuclear Propulsion
Office; Contract NAS3-3382 with the NASA TLewis Research Center; and Contracts AF
Oh(611) 7448 and AF O4(611)8189 with the USAF Rocket Propulsion Laboratory at Edwards
Adir Force Base. The results obtained under these contracts are described in Refs.
51 through 67, and the key technical areas covered in these reports are also indi-
cated in Table I, Publications in technical Jjournals and presentations at technical
meetings which have been an outgrowth of work conducted under these five contracts
are given as Refs. 68 through 93; all of this information is included in the reports
issued under the contracts. In addition, the technology of gaseous nuclear rockets
has received major support from United Aircraft's corporate-sponsored programs.

Some of the reports issued under these programs are given as Refs. 94 to 97,

The progress made at UARL during investigations of gaseous nuclear rocket
technology has been enhanced by interaction with a number of other organizations
working on these problems. A selected list of reports which have been of particular
relevance is given by Refs. 98 through 235; the primary area of technology for each
of these reports is also indicated in Table I.

The following sections of the present report describe some of the key results
obtained during the course of the work under Contract NASw-8L7T.
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DESCRIPTION COF VORTEX-STABTLIZED NUCLEAR LIGHT BULB ENGINE

A small fraction of the total effort expended under Contract NASw-847 has been
devoted to studies of the detalls of the characteristics of full-scale gaseous
nuclear rocket engines; the majority of the effort has been devoted to the study of
component technology problems, primarily fiuid mechanics. However, these studies of
engine characteristics are necessary to provide goals for the studies of component
technology. Therefore, a large portion of the present summary report is devoted to
the following descriptions of the characteristics of a nuclear light bulb engine in
order to provide guidelines for the work in component technology described in
following sections.

Principle of Operation

Sketches illustrating the principle of operation of the nuclear light bulb
engine are given in Fig. 1. Energy 1is transferred by thermal radiation from gaseous
nuclear fuel suspended in a neon vortex to seeded hydrogen propellant. The vortex
and propellant regions are separated by an internally-cooled transparent wall. A
seven-cavity configuration is shown in Fig. 1 rather than a single-cavity configuration
in order to increase the total surface radiating area at the edge of the fuel. The
total radiating surface area for the seven-unit configuration is approximately 2.2
times that for a single-unit cavity configuration having the same total cavity
volume.

Neon is injected to drive the vortex, passes axially toward the end walls, and
is removed through a port at the center of one or both end walls. The resulting
aerodynamic configuration is referred to as a "radial-inflow" vortex (see Refs. 31,
32, 33, and 46). The neon discharging from the cavity, along with any entrained
fuel and fission products, is cooled by being mixed with Llow-temperature neon, thus
causing condensation of the nuclear fuel into liquid form. The liquid fuel is
centrifugally separated from the neon and pumped back into the vortex region. The
neon is then further coocled and pumped back to drive the vortex.

Reference Configuration at Design Point

A reference engine design has been chosen (Ref. 37) for use in evaluating the
results of various component studies in terms of the characteristics of a full-scale
nuclear light bulb rocket engine. The general configuration of the reference design
is based on seven decisions which, although somewhat arbitrary in nabure, appear
logical on the basis of engine studies made using the component information available
to date. These seven decisions are:
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(1) Overall configuration: seven separate unit cavities with moderator-
reflector material located between each cavity and surrounding the assembly
of cavities.

(2) Size: length of individual cavity equal to 6.0 £t and volume of all seven
cavities equal to 169.8 ft3 (equal to the volume of a single cavity having
a diameter of 6 ft and a length of 6 ft).

(3) Vortex volume for seven cavities: equal to half of the total cavity
volume or 84.9 ft3. The corresponding volume within the transparent wall
of each of the seven unit cavitiesg is 12.1 ft3.

(4) Cavity pressure: a value of cavity pressure of 500 atm is chosen on the
basis of criticality and fuel density ratio considerations.

(5) Fuel-containment region: the radius of the fuel-containment region is
assumed to be 85 percent of the radius of the transparent wall.

(6) Effective fuel black-body radiating temperature: assumed to be equal to
15,000 R.

(T) Propellant exit temperature: assumed to be equal to 80 percent of the fuel
radiating temperature, or 12,000 R.

Sketches showing the dimensions and conditions in a unit cavity of the reference
nuclear light bulb engine are given in Figs. 2 and 3, and a side-view drawing of the

complete reference engine configuration is given in Fig. k.

Engine Power

The black-body heat flux at the outside edge of the fuel-containment region for
the assumed black-body radiating temperature of 15,000 R is 24,300 Btu/sec—ft2
(178 kw/in.g), The "surface area" at the edge of the cylindrical fuel-containment
region of all seven unit cavities is 179.8 ££2. Therefore, the total energy radiated
outward from the fuel is the product of these two quantities, or 4.37 x 106 Btu/sec
(4600 megw).

Surface reflection at the transparent walls will result in gpproximately 15
percent of the incident energy being reflected back toward the fuel-containment region.
Thus, the net heat transfer by radiation through the transparent wall to the
propellant region will be 85 percent of that indicated in the preceding paragraph.
However, the energy lost from the fuel-containment region by thermal radistion
represents only spproximately 85 percent of the total energy created in the fission
process. The remaining 15 percent of the energy created in the fission process ig
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convected away from the fuel-containment region by neon flow (see following sections)
or is deposited in the moderator walls by neutrons and gamma rays. Therefore, it has
been assumed that the total energy created in the engine is equal to that correspon-
ding to black-body radiation at 15,000 R (i.e., a total power of k.37 x 106 Btu/sec
or 4600 megw). The engine size and radiating temperature chosen provide an engine
power which is approximately equal to that which has been considered for advanced
solid core nuclear rockets.

Hydrogen Propellant Stream Properties

At the assumed hydrogen exit temperature of 12,000 R, the enthalpy according to
Ref. 26 is 1.033 x 10° Btu/lb. If the total engine power is divided by this value of
hydrogen enthalpy, a resulting hydrogen flow rate of Lo.3 lb/sec is indicated for all
seven units, which yields a value of 6.04 1b/sec for each unit cavity.

Since the hydrogen propellant must absorb gpproximately 15 percent of the total
energy created in the process of removing heat from the engine walls and the neon
recycle system, the hydrogen inlet enthalpy must be 15 percent of the hydrogen exit
enthalpy, or 15,500 Btu/lb (see Fig. 3). The corresponding hydrogen inlet temperature
according to Ref. 26 is 4050 R. This temperature is approximately the same as that
congsidered for the hydrogen exit temperature in solid-core nuclear rockets.

The hydrogen flow cross-sectional area in the propellant region has been assumed
to be proportional to the local average hydrogen enthalpy. Thus, the cross-sectional
area at the inlet is 15 percent of the cross-sectional ares at the exit. The
corresponding values of hydrogen velocity at the inlet and exit are 35.5 and 23.7 ft/
sec, respectively (Fig. 3). It might be desirable to increase the inlet area and
decrease the exit area in order to provide a uniform hydrogen wvelocity of approximately
30 ft/sec in the propellant region. However, insufficient information is available.
at present to properly design the geometry of the propellant region.

The calculated dynamic pressure of the hydrogen at the inlet to the propellant
region is less than 0.05 lb/in.2 (see Fig. 3). This dynamic pressure is much less
than that usually considered in solid-core nuclear rockets. The dynamic pressure at
the exit of the propellant region is less than that at the entrance of the propellant
region primarily because of the change of hydrogen density.

Propellant Seed Characteristics

Tt is assumed in the following discussion that the required normal "optical
depth" of the seeds at the propellant inlet station is 3.0. If all of the light
emitted from the fuel-containment region passed only in a direction normal to the
propellant region, the energy transmitted through the propellant region would be
l/e3, or 5 percent of the incident energy. However, many of the light rays emitted
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from the fuel-containment region pass in an oblique direction through the propellant
regioﬂ. According to Fig. 3 of Ref. 57, the percentage of light which is emitted
from a black body and which would pass through a region having an optical depth of
3.0 is approximately 2 percent of the incident energy. It is also expected that a
large portion of the energy which passes through the seeded propellant region and
impinges on the outer wall will be reflected back into the propellant stream.

It is also assumed in the following discussion that the hydrogen seed is
composed of tungsten particles having a diameter of 0.05 micron. Information on the
absorption characteristics of such tungsten particles is given in Fig. 19 of Ref. 22.
Integration of the spectral absorption parameters in this figure yields an average
absorption parameter weighted by the black-body spectrum at 15,000 R of approximately
5000 cm?/gm or 2440 ft2/1b. The distance across the propellant stream at the duct
inlet is 0.0931L ft or 2.84 cm (see Fig. 2). Thus, the absorption coefficient required
to provide an optical depth of 3.0 must be 1.06 em~t or 32.2 £-L. The required
seed density, obbained by dividing the required absorption coefficient by the
absorption parameter, is 1.32 x 10-2 lb/ft3. This seed density is equal to 3.9
percent of the inlet propellant density.

As noted in Ref. 22, it is expected that the opacity obtainable by using thin
plates will be greater than that obtainable by using spherical particles. However,
the data on spherical particles rather than flat plates has been used in the
preceding analysis because no information is available on the absorption characteristics
of these thin flat plates, whereas data on absorption of light in streams containing
spherical tungsten particles is available in Refs. 6, 119, 125, and 183.

Neon Characteristics

The reason for injecting neon coolant between the nuclear fuel and the
transparent wall is to prevent diffusion of the nuclear fuel toward the wall, thereby
preventing fuel plating on the wall and preventing fission fragments from impinging
on the wall. If the neon coolant is to serve this purpose, the thickness of the
diffusion layer at the outside edge of the fuel-containment region must be less than
the distance between the edge of the fuel-containment region and the transparent wall.
This diffusion layer thickness is related to the thickness of the viscous layer in
this region. In the following calculations it is assumed that the thickness of the
vigcous layer evaluated on the basis of the conditions at the edge of the fuel-
containment region is 0.05 ft. The actual thickness of the viscous layer would be
considerably less than 0.05 ft because of the decrease in temperature (and the
corresponding decrease in diffusivity) with increasing radius in this region. 1In
addition, the thickness of the diffusion layer will be less than the thickness of
the viscous boundary layer because the Schmidt number is greater than unity for low
fuel concentrations (see Ref. k).
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The thickness of the viscous boundary layer at the outside edze of the fuel-
containment region is a function of the axial velocity in this region and the tur-
bulence level of the flow. It is assumed in the following discussion that the flow
in this region is laminar because of the stabilizing effect of radial temperature
gradients (see following section). It was determined on the basis of the calculations
procedures in Ref. 61 that a viscous boundary layer thickness at the edge of the fuel
region of 0.05 ft would require an axial velocity in this region of 1.95 ft/sec near
the end walls. (The axial velocity increases linearly from zero at the midplane to
a specified value near the end wall according to the analysis of Ref. 61.) It was
also assumed in the analysis of Ref. 61 that the axial dynamic pressure is constant
in the region between the outside edge of the fuel-containment region and the periph-
eral wall (neglecting boundary layer effects at both boundaries of this region).
Since density increases by a factor of 7.5 between the outside edge of the fuel-
containment region and the peripheral wall, the velocity must decrease by a factor
of (7.5)02 = 2.7h in order to, provide a constant axial dynamic pressure. The
corresponding axial velocity of the neon next to the peripheral wall is 0.71 ft/sec.

Insufficient information is available at present to determine the variation of
temperature with radius in the neon region (this temperature distribution can be
controlled to some extent by proper selection of seeds in the neon). However, sample
calculations were carried out assuming a Llinear variation of temperature with radius
between the values of 15,000 R at the edge of the fuel and 2000 R at the wall.

This assumed variation of temperature permitted calculation of a variation of density
with radius and, from the assumption of constant axial dynamic pressure, a variation
of axial velocity with radius. The total flow passing towards both end walls,
obtained by integrating the resulting mass flow distribution, is equal to 2.96 lb/sec
per cavity. The total energy carried away by this fluid was determined by
integrating the product of density, axial velocity, specific heat, and the neon
temperature rise as a function of radius. The total energy carried away from each -
unit by the neon flow passing towards both end walls was determined to be 4120 Btu/sec
(a constant neon specific heat of 0.253 was assumed in this analysis). The total
energy carried away by the neon in all seven units is equal to 28,900 Btu/sec. This
energy removal rate is approximately 0.7 percent of the total energy created in the
engine.,

It will probably be necessary to provide a tangential velocity within the
transparent wall of the nuclear light bulb engine which is somewhat greater than the
axial neon velocity in order to provide the stabilizing effect necessary to create
laminar flow at the edge of the fuel-contaimment region. It has been arbitrarily
assumed in the following calculations that this tangential velocity is 10 ft/sec, or
approximately 5 times the maximum axial velocity. The corresponding dynamic pressur
of the neon at the inside edge of the transparent wall is approximately 0.075 lb/in.

10



H-910093-46

The centrifugal acceleration corresponding to the tangential velocity at the
inside edge of the transparent wall is 3.9 g's. Insufficient information is available
at present to determine whether this centrifugal acceleration is sufficient to prevent
problems resulting from axial vehicle accelerations. If such problems should arise,
it will be necessary to increase the tangential velocity at the outer periphery of
the vortex tube. However, the dynamic pressures at injection are sufficiently low in
the present reference design that relatively large increases in velocity can be
tolerated without encountering intolerably high dynamic pressures due to this
tangential velocity.

Fuel Region Characteristics

The neutron transport theory studies of Ref. L4 have indicated a critical mass
requirement for the reference engine of approximately 30.9 1b. This critical mass is
less than that for a single-cavity engine because of the moderating effect of the
material located between adjacent cavities. The average fuel density based on the
volume inside the edge of the fuel-containment region of the seven cavities in the
reference engine is 0.505 lb/ft3 (8.1 x 1073 gn/cm3). Thus, the average density of
the fuel is only 54 percent of the density of the neon at the outside edge of the
fuel-contaimment region. The gases in the fuel-containment region are considerably
hotter than the gases at the outside edge of the fuel-containment region. On the
basis of the studies of Ref. 2L, the average temperature in the fuel-containment
region is approximately 44,000 R. The resulting average neon density in the fuel-
containment region is approximately 0.19 lb/ft3 (accounting for the fuel partial
pressure but neglecting neon ionization). Thus, the average total density (the sum
of average fuel density and average neon density) in the fuel-contaimment region is
approximately 0.70 lb/ft3. This total density is only 75 percent of the density of
the neon at the outside edge of the fuel-containment region.

The volume flow of neon passing through the cavity obtained by dividing the neon
mass flow of 2.96 lb/sec by the neon density at the outside edge of the fuel-contairnment
region of 0.924 1b/ft3 is 3.2 ft3/sec. The resulting average neon dwell time obtained
by dividing the vortex volume of 12.1 £4£3 by the neon volume flow rate is 3.8 sec. If
the average fuel dwell time is equal to 5 times the average neon dwell time (see Refs.
31, 32, 33, and 46), the average fuel dwell time would be approximately 19 sec.

Since the nuclear fuel mass per unit cavity is approximately L.k 1b, this fuel
retention time would correspond to a fuel flow rate of approximately 0.23 Ib/sec per
unit cavity.

An estimate of the energy carried away by the fuel passing through the cavity can
be obtained by multiplying the fuel flow rate by the average fuel exit enthalpy. This
average fuel exit enthalpy can be estimated by multiplying the average fuel temperature
of 44,000 R by a specific heat of 0.1 Btu/lb-deg R. The corresponding energy removal
rate is approximately 1000 Btu/sec per unit cavity, or T0OO Btu/sec for the seven unit
cavities. This energy removal rate is approximately 0.16 percent of the total energy
creation rate in the engine.

11
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Specific Impulse and Thrust

The exhaust velocity which would be created by converting all of the hydrogen
enthalpy of 1.033 x 10° Btu/lb to kinetic energy would be 71,900 ft/sec. This exhaust
velocity would correspond to a specific impulse of 2230 sec. This ideal specific
impulse has been reduced to account for the following factors:

(1) The specific impulse has been reduced by 8 percent to allow for incomplete
expansion due to an area ratio of 545 rather than infinity (corresponding
pressure ratio equals 1000; see Ref. 26).

(2) The specific impulse has been reduced by 6 percent to account for the
requirement for approximately 12 percent transpiration coolant flow for
the nozzle (see Ref. 97).

(3) The specific impulse has been reduced by 1.95 percent to allow for the
3.9 percent mass fraction of tungsten seeds.

(4) The specific impulse has been reduced by 1 percent to allow for friction
and recombination losses in the nozzle.

The final specific impulse on the basis of these four corrections is 84 percent
of the ideal specific impulse, or 1870 sec.

The total flow passing through the nozzle exit (including an allowance for
3.9 percent seed and 12 percent transpiration cooling for the nozzle) is 49.3 1b/sec.
The thrust produced by this flow at a specific impulse of 1870 sec would be 92,000 1lb.

According to Ref. 26, the hydrogen flow per unit area at the throat for a
stagnation temperature of 12,000 R and a stagnation pressure of 500 atm is 1062
lb/sec—ftg. If the flow area occupled by the seed flow is neglected, and half of
the transpiration coolant flow is assumed to be injected upstream of the throat, the
corresponding throat flow area would be 0.0422 ft©. 1If a single nozzle were employed,
the throat diameter would be 0.232 ft. For the nozzle area ratio of 545 assumed in
calculating the loss in specific impulse due to a finite area ratio, the nozzle exit
area would be 23.0 ftg. The corresponding diameter of the exit of a single nozzle
would be 5.40 ft, which is substantiglly less than the overall engine diameter. For
the seven-nozzle configuration shown in Figs. 1 and 4, the throat and exit diameters
would be 0.0875 ft (1.05 in.) and 2.04 ft, respectively.

Limitations on Specific Impulse
The specific impulse of a gaseous-core nuclear rocket engine is greater than that

of a solid-core nuclear rocket engine because of the greater propellant-exit tempera-
ture in the gaseous nuclear rocket engine. This increased propellant-exit temperature

i
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is due to the fact that the hydrogen propellant 1s heated by thermal radiation from
gaseous nuclear fuel, rather than being heated by conduction and convection from
solid nuclear fuel. There are three limitations on the specific impulse which can
be obtained from a gaseous nuclear rocket. The first limitation is due to the fact
that not all of the energy deposited in the propellant is transferred by thermal
radiation; instead, some is transferred by conduction and convection due to various
other mechanisms of heat loss from the fuel-containment region. For instance, in
the reference engine discussed in the preceding subsections, fifteen percent of the
energy created is assumed to be absorbed in the hydrogen propellant before it is
injected into the engine. Therefore, the exhaust enthalpy of the hydrogen propellant
is equal to 1/0.15 = 6.67 times the enthalpy of the hydrogen propellant as it is
injected into the propellant region. Since this propellant-injection temperature is
also limited by the same factors which limit the propellant-exit temperature in a
solid-core engine, the exhaust enthalpy and temperature are also limited.

The effect on specific impulse of cavity propellant inlet temperature and the
fraction of the energy transferred to the propellant by thermal radiation is
illustrated in Fig. 5. In calculating the results shown in Fig. 5, the specific
impulse was taken as 84 percent of the ideal specific impulse corresponding to the
propellant-exit enthalpy (see preceding section). The reference engine, for which
the propellant-inlet temperature is L4050 R and 85 percent of the energy is transferred
to the propellant by thermal radiation, is indicated by the upper symbol on Fig. 5.
Tf the propellant-inlet temperature were raised to 6000 R (a probable upper limit for
the material walls of the moderator portion of a nuclear rocket engine), and the
percent energy transferred by internal radiation remained at 85 percent, the specific
impulse would be raised from 1870 sec for the reference engine to 2330 sec.

One technique by which this limitation on specific impulse could be overcome is
by the use of space radiators to reject the waste heat from the engine. If all of
the waste heat (i.e., the heat deposited directly in the engine walls) could be
removed by the use of a space radiator, the limitation on specific impulse indicated
by Fig. 5 would be removed. However, the use of a space radiator would result in
a penalty in weight. If the radiator temperature were 4OOO R, then all the waste
energy from the reference engine (690 megw) could be rejected with a radiator surface
area of 5300 ft2. TIf the weight of the radiator is assumed to be 5 lb/ft2 of
radiating area, then the resulting penalty in engine weight would be 26,500 1b.

A second limitation on the maximum specific impulse of a nuclear light bulb engine
occurs becausgse of the need to match the wavelength spectrum radiated from the nuclear
fuel to the wavelength range over which the transparent wall will transmit this energy.
For a fuel black-body radiating temperature of 15,000 R and a fused silica wall, there
is a reasonable match between these two spectra (see following section). There is
some indication that single-crystal beryllium oxide will be transparent to a much
shorter wavelength (on the order of 0.12 microns) than fused silica. Therefore,
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transparent walls made from single-crystal beryllium oxide should permit the use of
fuel fadiating spectra which are centered more in the ultraviolet than is permitted
by the use of fused silica walls. However, as the propellant exit temperature
increases, the required fuel radiating temperature also increases, and eventually
will reach the point where too large a fraction of the energy radiated from the fuel
will lie in the ultraviolet portion of the spectrum where no known materials are
transparent.

A third limitation on specific impulse is due to the necessity of providing
transpiration cooling for the exhaust nozzle. Analyses of the transpiration cooling
flow requirements necessary to protect the exhaust nozzle from convective and
radiative energy deposition are given in Ref. 97. These studies indicate that the
Llimiting specific impulse of any type of gaseous nuclear rocket engine will be between
approximately 3,000 and 5,000 sec because of nozzle cooling requirements.

The development of a nuclear light bulb engine having the characteristics of
the reference engine would clearly provide performance which is guperior to that of
any solid core nuclear rocket engine for most applications. It is also possible
that substantial advantages can be obtained by the use of a nuclear light bulb engine
with significantly poorer performance than that given by the reference engine. Such
a "derated" engine might have a fuel black-body radiating temperature of 10,000 R and
a propellant-exit temperature of 8000 R. According to Fig. 5, this would provide a
specific impulse of 1160 sec, which might be sufficiently greater than that of a
solid-core nuclear rocket to make it a desirable engine for use in many applications.
Also, according to Fig. 5, it would be permissible to allow the fraction of energy
transferred to the propellant before injection to increase from 15 percent for the
reference engine to 25 percent, and still require a propellant inlet temperature of
only 2800 R. This reduction in propellant inlet temperature would substantially
reduce the materials development effort associated with development of a nuclear
light bulb engine.

One of the problems which may be encountered as a result of further research on
the nuclear light bulb engine is an increase in the fraction of the energy which is
transferred to the propellant before injection into the cavity. This fraction, which
is calculated to be 15 percent for the reference engine, could increase because of
increased convection from the propellant to the wall, increased heat load in the fuel
recycle system, or increased radiant heat transfer to the structure due to either
degraded seed characteristics or degraded wall reflectivity. The resulting reduction
in specific impulse for a fixed propellant inlet temperature can be obtained from
Fig. 5. However, it may be desirable, if this penalty should become too severe, to
employ a space radiator for rejection of this waste heabt. As noted in a preceding
paragraph, it may be possible to reject 15 percent of the total energy by the use of
a space raditor weighing approximately 26,000 1b.
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VORTEX FLUID MECHANICS

Motivation for Employing Vortex Flows

The gaseous nuclear fuel must be kept separated from the transparent wall in
a nuclear light bulb engine in order to prevent condensation of the fuel on the wall
and to prevent impingement of fission fragments on the wall. Two aerodynamic con-
figurations have been considered to provide this separation: a coaxial flow of
nuclear fuel and buffer gas, and a '"radial-inflow" vortex. In all work at the
United Aircraft Research Laboratories, a vortex has been chosen to provide this
separation for the reasons discussed in the following paragraphs. However, there
is no inherent reason why a coaxial flow pattern similar to the flow pattern in an
open-cycle coaxial-flow reactor (but with more evenly matched velocities) could
not be employed.

Vortex flows have been considered for use in gas-core nuclear rockets for three
reagsons. The first reason was to provide centrifugal diffusion of the heavy fuel
atoms relative to a radial-inward flow of light hydrogen atoms (see Ref. 143). This
is unimportant for application to a nuclear light bulb and has alsc proven to be
impractical for use in a gas-core nuclear yocket in which the hydrogen propellant
is heated as it is diffused through the fuel. The second reason for employing a
vortex in & gas-core nuclear rocket is to provide preferential containment of the
gaseous nuclear fuel relative to the hydrogen propellant. Such containment is
required for the open-cycle vortex-stabilized gaseous nuclear rocket; however, the
fuel retention characteristics of the vortex have proven to be insufficient to
provide economical fuel containment (see Ref. 31). Although minimization of the
fuel flow rate relative to the neon flow rate in a nuclear light bulb reactor is
degirable, it is not an overriding necessity; an increase in the fuel flow rate will
only result in an increase in the heat load on the fuel recycle system. The third
reason for employing a vortex in a gaseous nuclear rocket is to take advantage of
the resultant laminar flow patterns in order to keep the gaseous nuclear fuel
separated from the outer containing wall. This third reason is the primary reason
for employing a vortex in a nuclear light bulb engine.

Unheated Vortex Flows

The first indications of laminar vortex flow evidenced during investigations of
gaseous nuclear rocket technology were found in water vortex tests conducted during
1961 (Ref. 54). During these tests, a radial-inflow vortex was employed in which a
favorable radial gradient of angular momentum (increasing angular momentum with
increasing radius) existed at intermediate radii. This radial momentum gradient
resulted in stabilization of the flow and the appearance of fine laminar dye patterns
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in water vortex tests. Photographs from Ref. 13 of typical dye patterns illustrating
this effect are shown in Fig. 6. The flow in the thin boundary layer immediately
adjacent to the peripheral wall is not stabilized in such tests since the angular
momentum gradient in this region is destabilizing. However, the angular momentum
gradient is sufficiently stabilizing at intermediate radii to eliminate the turbu-
lence present near the outer periphery of the tube.

Vortex flows may be stabilized by a favorable radial gradient of density
(increasing density with increasing radius) as well as by a favorable radial gradient
of angular momentum. Results of two-component gas tests conducted to illustrate this
favorable effect of radial density gradient are given in Fig. 7. These tests were
conducted with air injected near the outer periphery of the vortex to drive the
vortex, and mixtures of different simulated-fuel gases injected near the vortex
centerline to form a simulated fuel cloud. When helium "marked" with iodine was
injected near the vortex centerline, a steep radial gradient in gas concentration
near the outer region of the simulated fuel cloud was formed, as evidenced in
Fig. 7. This steep concentration gradient was not encountered with near-zero
“radial density gradients (tests with a mixture of nitrogen and iodine) or with
destabilizing density gradients (tests with sulfur hexafluoride and iodine).

According to Fig. 3, the neon density near the outer periphery of the vortex in
a full-scale engine is 7.5 times the neon density at the outer edge of the fuel-
containment region. This neon density gradient, by analogy with the results shown
in Fig. 7, should provide essentially laminar flow in this region. This laminar
flow should result even though turbulence will exist in the layer immediately
adjacent to the outer periphery of the vortex tube as a result of the unstable
radial gradient of angular momentum near the peripheral wall and as a result of
the turbulence associated with neon injection. 1In the laminar region between the
edge of the fuel and the edge of the peripheral-wall boundary layer, the neon should
"blow away' any nuclear fuel diffusing radially outward. The axial velocities shown
in Fig. 3 have been gselected to cause this effect.

One difficulty which has been encountered in tests of vortex flows is that in
many cases it is difficult to inJect a substantial quantity of simulated fuel into
the central region of the vortex without creating high ievels of turbulence. One
problem which must be overcome in future work, therefore, is to develop technigques
which will permit injection of simulated fuel into the fuel-containment region
without generating unacceptable turbulence.
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R~F-Heated Vortex Flows

It became apparent in 1966 that nuclear tests of a gas-core rocket should be
conducted only after small-gscale tests had been conducted at temperatures and heat
fluxes similar to those expected in a full-scale engine. This was particularly
true for the nuclear light bulb engine, where it is necessary to demonstrate that
the thin internally-cooled transparent walls will stay intact in a region of high
heat flux. A number of different techniques were considered for creating the desired
conditions, including the use of both radio-frequency induction heaters and arc
heaters. The r-f heat source was chosen for creating the conditions necessary to
simulate a nuclear light bulb engine because it would add energy directly to the
center of the stream without energy addition in the boundary layers adjacent to
electrodes, as would occur with an arc configuration. Although emphasis has been
placed on r-f heating experiments during tests conducted under Contract NASw-847,
some tests have also been conducted using an arc (Ref. 45).

The r-f equipment required for these tests was developed under a corporate-
sponsored program. The power supply for this r-f device provides up to 1.2 megw
of d-c power at approximately 25 kv. With allowance for losses in the r-f equipment
and the r-f work coils, it is anticipated that it will eventually be possible to
deposit 500 kw in a small-diameter gas load (deposition of this energy in a large-
diameter gas load is relatively easy, but does not provide as high a value of
radiant heat flux from the r-f heated plasma region). The highest power deposited
in a gas load to date using this equipment in tests conducted under Contract NASw-847
has been 216 kw in a plasma having a diameter of 0.82 in. Additional details of
the characteristics of the gas and cooling flow in this particular test is given
in Fig. 8. As noted on Fig. 8, the total power radiated through the inner peripheral
wall during this test was 156 kw. Additional information relative to r-f light
source test results is given in Fig. 9, where the output radiant energy flux is
plotted as a function of discharge power. The highest flux noted on this figure,
36.7 kw/in.g, corresponds to the data point illustrated in Fig. 8. This radiant
flux is equal to the radiant flux from a black body at a temperature of 10,200 R.
Additional details of this test are given in Ref. L45.

One of the purposes of developing the light source shown in Fig. 8 is to permit
testing of thin-walled, internally-cooled models which represent the transparent
wall of a full-scale nuclear light bulb engine. Fhotographs of two such models
which have been employed in the tests described in Ref. 45 are given in Fig. 10.

The thickness of the transparent-wall tubes in these models is 0.005 in., which is
equal to the nominal wall thickness of the tubes chosen for the full-scale engine.
The main problem encountered in the development of models such as those shown in
Fig. 10 was to prevent model breskage at the joints between the transparent walls
and the metal structure. This problem was solved by employing a silicone rubber
sealant in this region.
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Models similar to those shown in Fig. 10 were tested in the r-f discharge at
power levels up to approximately 50 kw. These tests were terminated because of
damage to the copper vortex injector tubes, not damage to the transparent walls.
These copper injector tubes were cooled only by the argon flow which passed through
the tubes to drive the vortex. Vortex-injection configurations with water cooling
as well as the internal argon cooling have now been developed. It is expected that
future experiments will permit tests of these transparent-wall models at signifi-
cantly higher power levels. It should be noted that the energy fluxes deposited on
the transparent wall in these tests were, in some cases, greater than that exptected
in a full-scale engine because of the smaller dimensions of the model as compared
to the full-scale engine.

Preliminary tests were glso initiated to heat seeded simulated propellant by
thermal radiation passing through a transparent-wall model, These tests were con-
ducted at low power levels (on the order of 3 kw) and resulted in a maximum pro-
pellant temperature rise of approximately 200 F. The main difficulty encountered
in these tests was coating of the particle seed material on the outside of the
transparent walls. Better control of the flow in the simulated propellant stream
is necessary to keep the seeded portion of the stream separated from the transparent
wall (see following section).

Two-component gas vortex tests were conducted using an 80-kw r-f power supply
(Ref. 46). These tests indicated that the radial temperature gradient in an r-f
heated vortex resulted in a reduction of simulated-fuel concentration near the
peripheral wall relative to tests with no r-f energy addition.
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COAXTAL-FLOW FLUID MECHANICS

The investigation of gaseous nuclear rocket technology conducted under Contract
NASw-847 has included investigations of coaxial-flow fluid mechanics in support of
the NASA Lewis Research Center work on the coaxial-flow reactor, as well as work on
vortex flows such as the work described in the preceding section. Tests have been
conducted with a range of geometrical configurations, with different molecular weight
ratios between the heavy and light gases, and with different velocity ratios between
these gas streams. The most significant result of these tests is an indication of
the effect of the use of foam inlets in minimizing the mixing between the high-
velocity simulated-propellant stream and the low-velocity simulated-fuel stream (see
Fig. 11 and Ref. L9). These foam inlets serve to reduce the initial stream turbu-
lence, particularly in the boundary layers on the surfaces separating the initial
high-velocity stream from the initial low-velocity strean.

The results of the coaxial-flow tests have application to the propellant stream
of a nuclear light bulb engine as well as to an open-cycle coaxial-flow engine., To
prevent impingement of propellant seed on the reflecting outer wall and the trans-
parent inner wall of a nuclear light bulb engine, it is necessary to employ a seed-
free buffer region between the main seeded propellant stream and each of these walls.
If the thickness of these buffer regions is to be minimized, then the turbulence
associated with the interface between these two streams must also be minimized.
Therefore, the foam inlet technology is also important for application to the nuclear
light bulb propellant stream. This fact was emphasized by test results described in
the preceding section in which propellant heating experiments were severely limited
by coating of seed on the transparent wall.
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RADTANT HEAT TRANSFER

Calculations and experiments have been performed to determine the spectral
absorption coefficients of several gases and solid materials which might be employed
in different regions of the nuclear light bulb engine, and to determine the resulting
radiant heat transfer characteristics of the engine. One portion of this effort has
been directed toward calculation of the spectral absorption coefficients of the
gaseous nuclear fuel. This has been accomplished for several different analytical
fuel models using two different sets of fuel ionization potentials. The fuel absorp-
tion coefficients have, in turn, been used to calculate the temperature distributions
in the fuel-containment region. Typical results indicating centerline temperatures
are given in Fig. 12 as a function of average fuel density for several different
values of radiant heat transfer per unit length. The radiant heat transfer per unit
length for the reference nuclear light bulb engine is 104,000 Btu/sec-ft, and the
average fuel density is 8.1 x 10~3 gm/cm3 (see preceding section). It can be seen
from Fig. 12 that this will result in a centerline temperature on the order of
64,000 R (36,000 X).

Calculations have been made to determine the spectral distribution of energy
emitted from the fuel-containment region. The absorption coefficient of nuclear
fuel in the ultraviolet portion of the spectrum is usually much less than that in
the visible portion of the spectrum. Therefore, an observer "sees further into" the
nuclear fuel in the ultraviolet portion of the spectrum and, hence, the output ultra-
viclet radiation is increased relative to the visible radiation. A discussion of
these results is given in Ref. L47. These results are undesirable, since they place
more of the energy in the ultraviolet portion of the spectrum where the transparent
walls are more opaque (see following section). Therefore, it is desirable to reduce
this effect as much as possible. One method by which the energy in the ultraviolet
portion of the spectrum can be reduced is by the use of seed materials in the neon
to increase the absorption preferentially in the ultraviolet portion of the spectrum.
One such pogsible seed ig diatomic oxygen, which is extremely opaque in the ultra-
violet portion of the spectrum (as evidenced by the poor transmission of the atmos-
phere to ultraviolet energy), yet is bransparent in the visible portion of the
spectrum. The use of diatomic oxygen could have two effects. First, it would
absorb the ultraviolet energy before it impinges on the transparent wall, thereby
reducing the heat load on this wall. However, this would still require that the
energy be removed from the oxygen-seeded neon in the fuel recycle system. A much
more desirable circumstance is one in which the oxygen retains its absorption at
edge-of-fuel conditions. Under this circumstance, the oxygen would reradiate its
energy back into the fuel region, and a minimum of energy would have to be removed
in the fuel recycle system. Only preliminary calculations have been conducted to
date to determine the effect of neon seeding (Ref. 47).
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Calculations and measurements have also been made to determine the gpectral
absorption coefficients of various propellant seed materials. The theoretical cal-
culations to determine the absorption characteristics of particle seeds have employed
experimentally determined values of the complex index of refraction, in conjunction
with the Mie theory, to determine spectral absorption coefficients as a function of
wavelength and particle diameter. Many different particle materials have been con-
gidered. Although carbon particles provide the highest absorption per unit weight,
these particles react with hydrogen at relatively low temperatures (Ref. 8); therefore,
tungsten particles have been assumed to be employed in the full-scale engine.

Regults of theoretical and experimental studies of the extinction characteristics
of tungsten particles are given in Fig. 13. The extinction parameter is the sum of
the absorption parameter and the scattering parameter; the scattering is usually
much lower than the absorption. Although the nominal radius of these particles is
0.01 microns, they normally prove to be agglomerated into effectively much larger
diameter particles. This increase in effective diameter results in a decrease in
the extinction parameter due to the fact that some of the particles "hide behind"
other particles. As noted in Fig. 13, the passage of particle-containing streams
through a small-diameter passage at high stream velocities results in breaking up
of particle agglomerates, and a resulting increase in extinction parameter. The
highest value of extinction parameter measured for tungsten particles during this
program was 8200 cmg/gram, and was obtained at a high reservoir pressure upstream
of the passage, a relatively long passage, and with helium used as the carrier gas
to maximize the velocity gradients within the stream. This high value of extinction
parameter is only ten percent lower than the theoretical value for a particle radius
of 0,16 microns. The experimental data shown in Fig. 13 were obtained from Ref. 6,
while the theoretical value was obtained from Ref. 5. The extinction parameters
employed in the propellant-heating tests (Ref. 45) have been lower than those shown
in Fig. 13 because less turbulence was employed to break up particle agglomeration
in these tests. The ultimate particle seed system has a high initial degree of
turbulence to break up particle agglomerates, followed by a settling chamber which
removes the turbulence (to prevent mixing of the coaxial streams), yet which has a
dwell time short enough so that the particles are not re-agglomerated.
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TRANSPARENT WALLS

The spectral distribution of energy radiated by a black body is illustrated in
Fig. 14 for several different radiating temperatures. For a radiating temperature
of 15,000 R, 1 percent of the energy falls below a wavelength of 0.18u, and 1 percent
of the energy falls above a wavelength of 2.7u. Thus, it is desirable that the
transparent wall be substantially transparent at wavelengths between approximately
0.18 and 2.7u. Three candidate materials fulfill this requirement: fused silica,
alumina, and berylliium oxide. It is known also that transparent materials will
color when exposed to a radiation field at room temperature (Refs.186 to 190).

Measured (Ref. 52) spectral absorption characteristics of high-quality fused
silica are ghown in Fig. 15. An increase in the temperature of an unirradiated
specimen results in a shift of the ultraviclet cutoff to a higher wavelength.
Results of room-temperature nuclear irradiation are primarily evidenced by the
appearance of an absorption band centered at a wave-length of 0.21u. Verification
of the transmission characteristics of unirradiated fused silica has been obtained
from Ref. 132. The transmission characteristics of fused gilica shown in Fig. 15
with and without the radiation=-induced absorption band have been used in a study of
the absorption of radiant energy in a transparent wall and the resulting effect on
permissible wall thickness (Ref. 96).

It is well known (Refs. 186 to 190) that radiation-induced absorption in trans-
parent materials will ammend rapidly during heat treatment of high temperatures.
Therefore, investigations have been conducted under NASA contracts NASw~768 and
NASw-847 to determine the equilibrium absorption which may be present in the wall
of an operating nuclear light bulb engine by examining the relationship between the
irradiation parameters (particle flux and dose) and the temperature of the optical .
material. Since it is not possible to perform a single irradiation test in which
the reactor operating conditions simulate an operating nuclear light bulb engine in
both neutron and ionizing radiation flux and dose, the investigations have been con-
ducted using several techniques which do not simulate all of the engine character-
istics. These can conveniently be grouped into two categories: (1) the measurement
of the effects of irradiation on the transmission of optical materials after the
irradiation process and (2) the measurement of the effects of irradiation during
the irradiation process upon the transmission of optical materials.

Tests using the first of these categories of techniques were conducted using
the Union Carbide 5-megw facility and a Co-60 gamma ray source (Refs. 34 and 52).
The optical materials were simultaneously exposed to high temperatures (in the range
of 700 to 1100 C) and nuclear irradiation for times sufficiently long to simulate
the nuclear light bulb dose. Transmission measurements were made following the
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irradiations and indicated that there was no significant coloration at 0.215 and
0.163 microns (Ref. 52). The actual induced absorption coefficient present during
the reactor irradiation process may not have been determined, however, because of
two competing processes which occurred after the removal of the capsule from the
reactor core: (1) bleaching of short-lived defects during the cool-down process
and (2) gamma coloration of the defects due to contaimment within the radioactive
capsule.

The measurement of transmission during the irradiation was conducted in several
facilities, since it was not possible to perform a single irradiation under operating
conditions which completely simulate an operating nuclear light bulb in dose rate
and dose of neutrons and ionizing radiation. These facilities included the TRIGA
Merk II reactor located at the University of Illinois (Refs. 35 and 38), the Dynamitron
electron accelerator located at the Space Radiation Effects Laboratory at NASA Langley
(Ref. 50), and the Nuclear Engineering Test Reactor (NETR) of the Air Force Institute
of Technology located at Wright-Patterson Air Force Base (Ref. 50). The TRIGA
facility can provide simulation of the neutron and ionizing dose rates in a full-
scale nuclear light bulb engine, but for very short periods of time; the NETR provides
simulation of the dose of neutrons and ionizing radiation, but at low flux levels; and
the Dynamitron provides simulation of the dose and dose rate of ionizing radia-
tion, but without neutron flux.

Representative data obtained in the experiments using the above facilities are
illustrated in Fig. 16 together with calculated values. The calculated values were
obtained using the following equation:

o =GDT

(1)

In evaluating this equation, the color generation factor, G, was taken as 0.045 cm‘l/Mrad
on the basis of Co-60 irradiation experiments (Ref. 34), and the decoloration rate, 7,
was taken from data from post-reactor annealing experiments quoted in Fig. 21 of

Ref. 34. It can be seen from Fig. 16 that the calculated absorption coefficients

are in reasonable agreement with the experimentally measured absorption coefficients
for the NETR tests. However, the calculated absorption coefficients are higher than
the absorption coefficients measured in the Dynamitron experiments by a factor of
between two and eleven. Similarly, the absorption coefficients predicted for the
full-scale engine based on extrapolation of Dynamitron data (dashed lines in Fig. 16)
are lower than the calculated values. Resolution of these differences is obviously
an important endeavor to undertake.
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Data from TRIGA experiments (Ref. 35) indicated a value of the color generation
factor, G, only slightly higher than the value of 0.045 cm~l/Mrad obtained from the
Co-60 experiments. However, the time constants determined from the TRIGA experi-
ments were approximately two orders of magnitude shorter than determined from the
post-reactor annealing experiments (see also Fig. 21 of Ref. 34). The time constant
data determined from the TRIGA experiment may be in error, however, because of
transient specimen temperature changes immediately after the TRIGA pulse.

An additional factor (optical bleaching) was investigated during the last con-
tract period (Ref. 50); this factor may reduce the magnitude of the absorption pre-
sent in the wall of an operating nuclear light bulb engine. The time for the induced
absorption coefficient to decay to l/e of its original value as a result of optical
bleaching was determined with a specimen, which had been electron irradiated, using
a hydrogen lamp as a light source and was found to be 4800 sec. Since the photon
flux in this experiment was approximately 10~7 of that expected in a full-scale
nuclear rocket engine, the expected optical bleaching time constant in the engine is
approximately 0.48 x 103 sec. 1In order for optical bleaching to be effective, the
time constant for creation of coloration must be longer than 0.48 x 10-3 sec. If the
time constant associated with Eq. (1) (34 to 61 sec; see Ref. 50) is related to the
same physical phenomenon ag optical bleaching, then optical bleaching will cause a
very large reduction in the equilibrium induced coloration in a full-scale nuclear
light bulb engine. However, this may not be the case, as indicated by the following.
The creation and decoloration rates associated with Eq. (1) may be related to either
material defects or coloration of these defects, whereas optical bleaching 1s almost
certainly related only to decoloration of defects, Thus it is possible that Eq. (1)
is related to a different phenomenon than optical bleaching, and the re-coloration
time constant for optically bleached centers may be different than for thermally
annealed damage centers. Additional experiments are obviously required to resolve
this question.

The allowable thickness of the walls in the fused silica tubes in the reference
nuclear light bulb engine has been calculated to be 0.005 in. in the basis of an
assumed allowable temperature difference across the wall of 20C F (Ref. 96) and on
the basis of no radiation-induced coloration. According to the results shown on
Fig. 16, the equilibrium radiation-induced absorption coefficiert in the center of
the 2150 A downstream band would be between 3 and 8 cm~l with no optical bleaching.
According to Ref. 96, this would result in a reduction in allowable wall thickness
to between 0.003 and 0.004 in. Tf further tests indicate that photon bleaching is
important, then there may be little or no effect of nuclear radiation damage on
allowable wall thickness.
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APPENDIX

COMPILATION OF SUMMARY PAGES FROM 50
TECHNICAL REPORTS ISSUED UNDER CONTRACT NASw-847

Reference 1

Johnson, B. V.: Analysis of Secondary-Flow-Control Methods for Confined Vortex
Flows. UARI Report (-910091-1, September 1964, Also issued as NASA CR-276.

SUMMARY

An analysis was performed to determine criteria to prevent flow from the end-
wall boundary layers (secondary flow) to the central region (primary flow) of a
confined, cylindrical vortex. The secondary flow was analyzed by a boundary layer
momentum-integral technique for cases in which primary-flow circulation r (product
of tangential velocity and local radius) is proportional to the radius to the n,
power (i.e., rarfir). Radial variations of local end-wall friction coefficient and
end-wall suction were investigated as means to alter the radial distribution of
angular momentum in the boundary layers and thereby to control the primary flow -
secondary flow interactions.

The results of the analysis yield the radial variation of either local friction
or wall suction which must be employed to prevent fluid transfer between the primary
and secondary flows. The variation of boundary layer thickness with radius is also
calculated. Results are obtained for: (1) a constant-density fluid with n, = 0.5,
1, 2, 3, and 4, and (2) variable-density fluid with n, = 3 and four different rates
of axial mass transfer between the higher-density primary flow and the lower-density
secondary flow.
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Travers, A., and B. V. Johnson: Measurements of Flow Characteristics in a Basic
Vortex Tube. UARL Report C-910091-2, September 1964, Also issued as NASA CR-278.

SUMMARY

An experimental study was conducted to determine the characteristics of
confined vortex flows generated in a cylindrical tube by water injection through
a single slot extending along the entire length of the tube. Two configurations
were tested: a vortex tube with plain end walls and a vortex tube with suction
end walls designed to control the interaction between the flow in the end-wall
boundary layers and the primary flow. The flow characteristics were determined
from photographs of neutrally buoyant plastic particles and dye which were
injected as tracer materials.

The flow patterns in the vortex tube with plain end walls were found to be
in general agreement with those predicted by a previously developed theory for
interacting primary and end-wall boundary layer flows in a vortex tube. It was
determined that the primary-flow tangential velocity distributions and the
magnitudes of the axial velocities induced in the primary flow by its inter-
action with the end-wall boundary layers could be reduced by controliing the
end-wall boundary layers with distributed end-wall suction.
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Travers, A., and B. V. Johnson: Measurements of Flow Characteristics in an
Axial-Flow Vortex Tube. UARL Report C-910091-3, September 1964k, Also issued as
NASA' CR-27T.

SUMMARY

An experimental study was conducted to determine the characteristics of
confined vortex flows generated in a cylindrical tube by tangential injection of
water through a slot extending the length of the peripheral wall of the vortex
tube and withdrawal of part or all of the water through an annulus in one of the
tube end walls near its outer radius. The remainder of the flow was withdrawn
through ports at the center of the end walls., Flow patterns in the vortex tube
were determined by photographically recording the traces of neutrally buoyant
plastic particles and dye which were injected as tracer materials. Tangential
and axial velocity profiles, flow patterns, and the radial extent of the high-
‘axial-velocity region are presented for two different annular exhaust geometries
and several flow conditions.
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Schneiderman, S. B.: Theoretical Viscosities and Diffusivities in High-
Temperature Mixtures of Hydrogen and Uranium., UARL Report €-910099-1, September
1964, Also issued as NASA CR-213.

SUMMARY

Coefficients of viscosity and diffusion were calculated for multicomponent
mixtures of hydrogen and uranium in order to provide data for use in studies of
gaseous nuclear reactor concepts. These properties were calculated for eighteen
fuel partial pressure ratios, PFUEL/P) ranging from 0.0 (pure hydrogen) to 1.0
(pure fuel), for nine temperatures from 20,000 K to 100,000 K, and for pressures
of 100, 500, and 1000 atmospheres. Some of the calculations for pure hydrogen
were also performed for a temperature of 10,000 X.

The calculated values of viscosity and diffusion coefficients for the
multicomponent hydrogen-uranium mixtures were used to calculate the Schmidt
number--a dimensionless group which relates the scales of momentum and mass
transfer--for each mixture. TFor values of PFUEL/P greater than approximately
0.03, the Schmidt number was found to be less than unity, thus indicating that,
for gradients of the same magnitude in velocity and concentration, mass flux due
to diffusion will proceed at a greater rate than momentum flux due to viscosity.
For values of PFUEL/P less than approximately 0.03, the Schmidt number exceeded
unity, thus indicating a reversal in the relative magnitudes of momentum and
diffusive flux.
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Krascella, N. L.: Theoretical Investigation of the Absorption and Scattering
Characteristics of Small Particles. UARL Report C-910092-1, September 1964,
Also issued as NASA CR-210.

SUMMARY

A theoretical investigation was conducted to determine the absorption,
scattering, and extinction characteristics of small solid spherical particles
which might be employed as seeding agents to control radiant heat transfer in
gageous nuclear rocket engines. The calculations were made using the Mie theory
to determine the effect of particle size, wavelength, and particle temperature
on particle opacity in those regions of the ultraviolet, visible, and infrared
spectra for which complex index of refraction information was available. The
following materials were considered: aluminum, carbon, cobalt, iridium,
molybdenum, niobium, palladium, platinum, rhenium, rhodium, silicon, tantalum,
‘titanium, tungsten, and vanadium.
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Marteney, P. J.: Experimental Investigation of the Opacity of Small Particles.
UARL Report 0=910092-2, September 1964, Also issued as NASA CR-211.

SUMMARY

An experimental investigation was conducted to develop a technigue for
producing dispersions of submicron-radius solid particles in a carrier gas and
to determine the optical parameters of these particles as a function of the wave
length of electromagnetic radiation incident upon the particles. A dispersion
system was devised which permitted (a) mixing of measured amounts of agglomer-
ated submicron particles with metered quantities of preselected carrier gases,
(b) application of de-agglomerative aerodynamic shear forces in a restrictive
flow passage (nozzle) through which the carrier gas-particle mixture was passed,
and (c) measurement of the extinction and scattering characteristics of the
de-agglomerated particles downstream of the nozzle. Tests were conducted with
carbon and tungsten particles having nominal radii of 0.0045 and 0.0l microns,
respectively, as specified by the manufacturer. Helium and nitrogen were used
as carrier gases.,

The application of aerodynamic shear forces in the tests resulted in an
increase in the extinction parameter for carbon particles from approximately
10,000 cmg/gm to 58,000 cmz/gm and for tungsten particles from approximately
2000 cmg/gm to 8000 cmg/gm. These increases in extinction parameter are
believed to be caused by & reduction in the size of particle agglomerates since,
for the sizes of agglomerates encountered in the test program, a reduction in
the average agglomerate size should theoretically result in an increase in
extinction parameter. Particle photographs qualitatively indicated that the
sizes of particle agglomerates were reduced by the application of aerodynamic
shear. The maximum theoretical extinction parameters for carbon and tungsten
particles at a wavelength of 0.4 microns are 68,000 cm?/gm and 20,000 cm</gm,
and occur for particles having radii of 0.1 and 0.05 microns, respectively. The
differences between theoretical and experimental maximum extinction parameters
can be explained by the presence of a range of particle agglomerate sizes in the
experimental program and by the theoretical variation of extinction parameter
with particle size.
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McLafferty, G. H., and W. G. Burwell: Theoretical Investigation of the
Temperature Distribution in the Propellant Region of a Vortex-Stabilized Gaseous
Nuclear Rocket. UARL Report C-910093-10, September 1964, Also issued as NASA
CR-279.

SUMMARY

A theoretical investigation was conducted to determine the effect of
changes in particle seed characteristics on the temperature distributions in the
propellant region of a vortex-stabilized gaseous nuclear rocket engine. An
engine of this type is based on the transfer of heat by thermal radiation from
gaseous nuclear fuel suspended in a vortex to seeded hydrogen propellant passing
axially over the fuel-containment region. The investigation included calcula-
tion of temperature and heat flux distributions in the propellant region for two
or more values of each of the following parameters: hydrogen pressure, hydrogen
propellant flow rate, seed vaporization temperature, and ratio of particle seed
dengity to propellant density. Most of the calculations were made using hydro-
gen opacities and particle opacities which were allowed to vary as a function of
temperature but which were averaged over the wavelength spectrum. However,
several calculations were made to determine the temperatures and heat flux
distributions resulting from use of & more complicated procedure which inte-
grates spectral heat flux. All calculations neglected any contribution to
opacity from vaporized particle seeds.
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Roback, R.: Thermodynamic Properties of Coolant Fluids and Particle Seeds for
Gaseous Nuclear Rockets. UARL Report C-910092-3, September 1964, Also issued
as NASA CR-212.

SUMMARY

Thermodynamic properties and equilibrium chemical composition were calcu-
lated for various materials which could serve as moderator coolants or as
particle seeds designed to control radiant heat transfer in gaseous nuclear
rocket engines. The materials which were considered as moderator coolants were
hydrogen, methane, water, ammonia, deuterium, heavy water, and helium.

Materials which were considered as possible particle seeds were several elemental
species which have high boiling points, such as graphite, tungsten, and molyb-
denum, and the oxides, carbides, nitrides, and borides of titanium and zirconium.

The results of the calculations indicate that the use of graphite as a seed
material ig impractical because graphite reacts readily with hydrogen, and,
consequently, excessive quantities of graphite must be added to the hydrogen
stream in order to maintain even very small concentrations of seed particles at
high temperatures. Also, the limited thermodynamic data currently available
indicate that no significant increase in particle vaporization temperature would
result from using oxides, carbides, nitrides, or borides of such high-melting-
point metals as titanium and zirconium as seeds in place of the metals them-
selves.
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Mclafferty, G. H.: Analytical Study of Moderator Wall Cooling of Gaseous
Nuclear Rocket Engines. UARL Report (-910093-9, September 196k, Also issued as
NASA 'CR-21k,

SUMMARY

An analytical study was conducted to investigate cooling problems in high-
thrust cavity-type gaseous nuclear rocket engines resulting from (a) heat
deposition within the interior of the moderator-reflector surrounding the cavity
by neutrons and gamma rays and (b) heat deposition on the surface of the cavity
by fission fragments, beta particles, radiant heat transfer, and convection.

The study included determination of the size and spacing of coolant tube
passages required in the wall of the moderator-reflector and the pressure drop
of the coolant fluid in these passages. A number of different coolant flow
cycles were considered.

The results of the study indicate that more heat will be deposited in the
interior of the moderator than on the surface of the cavity, but that the heat
deposited on the surface of the cavity may be more difficult to remove., Removal
of the energy deposited in the interior of the moderator will require the use of
a large number of small~diameter coolant passages. The major causes of cavity
surface heating will be beta-particle impingement and thermal radiation, but
calculations indicate that heating by beta-particle impingement can be reduced
by the use of a magnetic field and that heating by thermal radiation can be
reduced by the use of seeds in the propellant.

In addition to a description of the moderator cooling study in the main
body of the report, three additional studies are described in the appendices:
determination of the fuel-containment characteristics of a gaseous nuclear
rocket in which no attempt is made to separate propellant and fuel; determina-
tion of the effect of different propellants on the specific impulse of gaseous
nuclear rockets; and a description of a facility concept which might be employed
for testing gaseous nuclear rockets.
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Mensing, A. E., and J. S. Kendall: Experimental Investigation of Containment of
a Heavy Gas in a Jet-Driven LightmGas Vortex. UARL Report D—9lOO9l-h, March
1965. Also issued as NASA CR-68926.

SUMMARY

An experimental study of the containment of a heavy gas in a jet-driven
light-gas vortex was conducted as part of a program to establish the feasibility
of a vortex-stabilized gaseous nuclear rocket. Helium or ailr was employed as
the light gas (simulated propellant) and mixtures of iodine with other gases
were employed as the heavy gas (simulated fuel). Most of the tests were con-
ducted in a basic vortex tube, i.e., with the light gas injected through a slot
at the periphery extending the length of the vortex tube and with the majority
of this light gas removed after one revolution through a perforated plate
extending the length of the vortex tube. The amount of heavy gas contained in
the vortex and the loss rate of this heavy gas were found to depend strongly on
the method and rate of its inJjection into the vortex and the vortex flow Reynolds
numbers. OFf the several injection configurations tested, injection of the heavy
gas along the vortex centerline yielded the best performance in terms of minimi-
zation of loss rate and maximization of the amount of contained heavy gas.
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McFarlin, D. J.: Experimental Investigation of the Effect of Peripheral Wall
Injection Technique on Turbulence in an Air Vortex Tube. UARL Report D-910091-5,
September 1965. Also issued as NASA CR-68867.

SUMMARY

Experiments were conducted to investigate the effect of the peripheral-wall
injection technique used to drive an air vortex on the level of turbulence in
the vortex. Two injection configurations were tested in separate 10-in.-dia
vortex tubes. TIn one configuration, air was injected tangentially through a
single 0.182-in,-high slot which extended along the entire 30-in. length of the
tube, 1In the second configuration, air was injected approximately tangentially
through 2144 ports of 0.060-in. dia distributed over the surface of the
peripheral wall. 1In both tubes, a controlled quantity of air was removed
through ports located at the centers of the two end walls or was injected
through a porous tube located on the centerline of the vortex; air was also
removed through perforated plates in the peripheral wall. Hot-wire-anemometer
measurements of tangential velocity profiles and root-mean-square velocity
fluctuations were made near the peripheral wall at three circumferential sta-
tions at one axial location (the axial midplane).

The results indicated that the interior region of low-turbulence flow was
larger for the 21hh-port configuration than for the single-slot configuration.
This was primarily because the turbulent peripheral wall boundary layer was
thinner for the 21hk-port configuration.
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Johnson, B. V.: Analytical Study of Propellant Flow Requirements for Reducing
Heat Transfer to the End Walls of Vortex-Stabilized Gaseous Nuclear Rocket
Engines. UARL Report D-910091-6, September 1965.

SUMMARY

The propellant flow requirements for reducing heat transfer to the end
walls of a vortex-stabilized gaseous nuclear rocket engine were estimated on the
basgis of three different analyses: an analysis involving only radiant heat
transfer, an analysis involving only convective heat transfer, and an analysis
in which heat is transferred by thermal radiation from the fuel-containment
region to the end-wall boundary layer and by convection from the end-wall
boundary layer to the wall. The analyses indicated that the propellant flow
rates required because of radiant heat flux were greater than those required
because of convective heat flux for the temperatures and heat flux rates

expected to exist at the edge of the fuel-containment region in a full-scale
engine,
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Travers, A.: Experimental Investigation of Peripheral Wall Injection Techniques
in a Water Vortex Tube. UARL Report D-910091-7, September 1965. Also issued as
NASA" CR-68866.

SUMMARY

An experimental investigation was conducted to determine the effects of the
peripheral-wall injection technique used to drive a water vortex on the
structure and thickness of the turbulent mixing region near the peripheral wall
and on the flow patterns in the primary-flow region outside the peripheral and
end-wall boundary layers. Three 10-in.-dia lucite vortex tubes having three
different peripheral-wall injection configurations were tested: (1) tangential
injection through a single 0.205=in.-high slot extending the entire 30-in.
length of the tube, (2) tangential injection through four 0.050-in.-high slots,
and (3) approximately tangential injection through 214h ports of 0.060-in.
dilameter, 1In most tests, a controllable quantity of fluid was removed through
‘one or more perforated screens in the peripheral wall and the remainder of the
fluid was removed through 0.938-in.-dia thru-flow ports located at the centers
of the two end walls, However, a few tests were conducted in which no fluid was
removed through the thru-flow ports; instead, fluid was injected through a 1.0-
in.-dia porous tube located along the centerline of the vortex tube.

Microflash photographs of dye patterns were taken through one of the end
walls to observe the characteristics of the turbulent mixing region, and time-
exposure photographs of dye patterns were taken through the side wall to observe
the characteristics of the primary-flow region. Tangential velocity profiles in
the primary-flow region were obtained by means of a photographic particle-trace
method using small, neutrally buoyant polystyrene spheres.

The results of the tests indicate that the volume of low-turbulence flow in
the primary-flow region was considerably larger for the 21hk-port injection
configuration than for the single-sliot and four-slot injection configurations.
This larger volume is attributable to the much thinner turbulent mixing region
near the peripheral wall for the 21bkl-port injection configuration.
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Johnson, B. V., and A. Travers: Analytical and Experimental Investigation of
Flow Control in a Vortex Tube by End-Wall Suction and Injection. UARI Report
D-910091-8, September 1965. Also issued as NASA CR-68027.

SUMMARY

Analytical and experimental studies were performed to investigate the
effect of injection or suction through the end walls of a vortex tube on the
secondary flow (flow in the end-wall boundary layers) and the primary flow (flow
in the central portion of the vortex). The analytical study employed a momentum
integral analysis to determine the injection flow distribution through the end
walls required to prevent convection between the secondary-flow and the primary-
flow regions. The analysis indicated that significant changes in the injection
flow rate requirements resulted from changes in the following: the primary-flow
tangential velocity distribution, the injection velocity distribution, the
secondary flow at the radius where flow control is initiated, and the direction
of the secondary flow (radially inward or outward).

Experiments were conducted in a 10-in,-dia by 30-in.-long water vortex tube
to investigate the influence of end-wall injection and suction on flow charac-
teristics. The experiments with end-wall injection were conducted in a basic
vortex tube (without superimposed axial flow) and the experiments with end-wall
suction were conducted in an axial-flow vortex tube. The results of the tests
indicated that both end-wall suction and end-wall injection caused significant
changes in the characteristics of the primary-flow region of the vortex,
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Mensing, A. E., and J. S. Kendall: Experimental Investigation of the Effect of
Heavy-to-Light-Gas Density Ratio on Two-Component Vortex Tube Containment
Characteristics. UARL Report D-910091-9, September 1965. Also issued as NASA CR-68926.

SUMMARY

An experimental investigation of the containment of a heavy gas in a Jet-
driven light-gas vortex was conducted as part of a program to establish the
feasibility of a vortex-stabilized gaseous nuclear rocket., Helium of air was
employed as the light gas and was injected into the cylindrical vortex tube
through a tangential injection slot extending the length of the vortex tube. A
mixture of iodine and a heavy fluorocarbon was employed as the heavy gas and was
injected into the vortex tube through a porous tube located on the vortex tube
centerline. Tests were conducted in both the basic vortex tube (i.e., a vortex
tube in which all the injected gas exhausted through a perforated plate on the
vortex tube peripheral wall) and the axial-flow vortex tube (i.e., a vortex tube
in which all the injected gas exhausted through an annulus in one end wall).

The amount of heavy gas contained and the loss rate of this heavy gas were found
to depend on the rate of its injection into the vortex tube, on the rate of
injection of the light gas into the vortex tube and on the method of exhausting
gas from the vortex tube. The highest ratios of average heavy-gas density to
injection light-gas density (approximately 12) were obtained in tests in the
basic vortex tube at low injection Reynolds numbers using helium as the light
gas.
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Williamson, H. A., H. H. Michels, and S. B. Schneiderman: Theoretical Investi-
gation of the Lowest Five Ionization Potentials of Uranium. TUARL Report
D-910099-2, September 1965. Also issued as NASA CR-69002.

SUMMARY

Tonirzation potentials were calculated for uranium and its first four
positive ions using approximate gquantum mechanical methods. A range of values
was obtained for each ilonization potential, with the individual values depending
upon the approximations entering into the calculations., The final suggested
values are: U(I) - 6.11 e.v.; U(II) - 17.5 e.v.; U(III) - 37.5 e.v.; U(IV) -

61 e.v.; U(V) - 118 e.v.

Tonization potentials for U(I) through U(IIT), differing only slightly from
these final suggested values, were employed in an evaluation of the following
properties of equilibrium mixtures of hydrogen and uranium: species concentra-
tion, coefficients of vigcosity and diffusion, and effective Schmidt number.

The calculations were performed at pressures of 100, 500, and 1000 atm., temper-
atures of 20,000 K, 60,000 K, and 100,000 K, and fuel partial pressure fractions
of 0.09, 0.1, 0.233, 0.367, 0.5, 0.633, 0.767, and 0.9. The results of these
calculations indicate that the uranium ions of lower valency play an important
role in the determination of the properties of the mixture up to temperatures
higher than had been indicated in preceding studies, thereby raising signifi-
cantly both the mixture viscosity and effective hydrogen-uranium binary diffus-
ivity at temperatures below about 60,000 K.. Since the changes in these two
quantities are in the same direction, however, changes in the effective Schmidt
number are small, '
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Krascella, N. L.: Theoretical Tnvestigation of the Opacity of Heavy-Atom Gases.
UARL Report D-910092-L, September 1965. Also issued as NASA CR-69001,

SUMMARY

A theoretical investigation was conducted to determine the composition,
spectral absorption coefficients and Rosseland mean opacity of gaseous nuclear
fuel and tungsten using a semi-empirical heavy-atom analytical model in order to
obtain information applicable to gaseous nuclear rockets. The characteristics
of the nuclear fuel were determined for a range of values of each of the
following parameters which must be assumed in using the heavy-atom model;
ionization potentials, energy level spacings, total oscillator strengths, and
the ratio of partition functions for successive ionization species. Included in
these ranges of values were calculated ionization potentials and partition
function ratios. The greatest changes in Rosseland mean opacity at a given
pressure and temperature resulted from the calculated changes in fuel ionization
potentials. The Rosseland mean opacity of gaseous tungsten was calculated on
the basis of completely overlapped lines (which would result from line broaden-
ing due to the presence of a perturbing gas at infinite pressure), and for
finite-width spectral lines due to the presence of specified values of hydrogen
partial pressure.
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Kesten, A. 8., and R. B. Kinney: Theoretical Effect of Changes in Constituent
Opacities on Radilant Heat Transfer in a Vortex-Stabillized Gaseous Nuclear
Rocket, UARL Report D-910092-5, September 1965,

SUMMARY

A theoretical investigation was conducted to determine the effect of
changes in constituent opacities on the radiant heat transfer characteristics
and temperature distributions in both the hydrogen-propellant and fuel-
containment regions of a vortex-stabilized gaseous nuclear rocket. Two changes
from preceding calculations were made which influenced primarily the opacities
in the propellant region at temperatures between 10,000 and 15,000 R. The first
change consisted of adding the opacity contribution of vaporized tungsten seeds
whose spectral lines are broadened by the presence of high-pressure hydrogen
propellant, The second change consisted of neglecting the opacity due to the
Lyman-« line in hydrogen, and was made because of recent experimental infor-
mation on opacity in the far line wings of monatomic gases. The results of the
propellant-region calculations indicate that the inclusion of the opacity of
vaporized tungsten seeds resulted in a substantial reduction in the distance
required to absorb the incident radiant energy.

Temperature distributions in the fuel-containment region were determined
for fuel opacities equal to half and twice those which have been employed in
preceding calculations and for opacities which were determined from recent
theoretical determinations of fuel ionization potentials. The fuel temperatures
near the centerline of the vortex were found to be relatively insensitive to
changes in fuel opacity. '
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Marteney, P. J., N. L. Krascella, and W. G. Burwell: Experimental Refractive
Indices and Theoretical Small-Particle Spectral Proverties of Selected Metals.
UARL, ‘Report D-910092-6, September 1965. Also issued as NASA CR-68865.

SUMMARY

An applied research program was conducted to determine the absorption,
scattering, and extinction parameters of small spherical metal particles which
might be employed as seeding agents to control radiant heat transfer in gaseous
nuclear rocket engines. This program consisted of both experimental and
theoretical phases. Under the experimental phase of the program, measurements
were made using an ellipsometric technique to determine the complex refractive
indices of hafnium, molybdenum, nickel, and tungsten in the wavelength range
between 0.2 and 0.7 microns. Under the theoretical phase of the program, calcu-
lations were made using the Mie theory to determine spectral absorption,
scattering, and extinction parameters of small spherical particles made from
nine different metals. These calculations were made using values of the complex
refractive indices of the four metals investigated in the experimental phase of
the program and the complex refractive indices for cobalt, iron, titanium,
vanadium, and zirconium determined from the current literature. Calculations
were also made of the Rosseland mean opacity parameter of 0,05u-radius tungsten
particles using spectral absorption parameters determined from the Mie theory,.
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MclLafferty, G. H., H. H. Michels, T. S. Latham, and R. Roback: Analytical Study
of Hydrogen Turbopump Cycles for Advanced Nuclear Rockets. UARIL Report
D-910093-19, September 1965.

SUMMARY

An analytical study was conducted to determine the characteristics of three
different turbopump cycles which might be employed to obtain the high engine
inlet pressures which are expected to exist in advanced nuclear rockets, The
three cycles considered were: a topping cycle, in which the power required to
drive the pump is obtained by passing all of the pump-exit flow through a
turbine before this flow enters the engine; a bleed cycle, in which all of the
pump power 1is obtained by discharging a fraction of the pump-exit flow through a
bleed turbine with an expansion pressure ratic of 0.0l; and a mixed cycle, in
which half of the power to drive the pump is obtained from a primary turbine and
half from a bleed turbine. The studies were conducted for a range of turbine
inlet temperatures between 1400 and 3800 R, for a range of turbine inlet
pressures between 200 and 5000 atm, for pressure drops between the pump exit and
the turbine inlet of gzerc and 50 atm, and for three different combinations of
pump and turbine efficiency. The results of the study indicate the effect of
engine inlet pressure on the turbine pressure drop and/or the bleed flow
fraction for each cycle.

Three studies not connected with hydrogen turbopumps are described in the
Appendixes, These are: an analysis of the approximate temperature distribution
in the fuel-containment region of a coaxial-flow gaseous nuclear rocket
(APPENDIX I); a change in form of heavy-gas containment data obtained from NASA
Lewis coaxial-flow tests (APPENDIX IT); and an analysis of the heat generation
rate in fuel passing through a fuel injection duct located in the moderator of a
gaseous nuclear rocket engine (APPENDIX IIT).
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Mclafferty, G. H.: Analytical Study of the Performance Characteristics of
Vortex-Stabilized Gaseous Nuclear Rocket Engines. UARL Report D-910093-20,
September 1965,

SUMMARY

An analytical study of the performance characteristics of vortex-stabilized
gaseous nuclear rocket engines was conducted to provide information for use in
the evaluation of the results of vortex heavy-gas containment tests. An engine
of this type is based on the transfer of energy by thermal radiation from
gaseous nuclear fuel held in a vortex to seeded propellant passing over the
fuel-containment region. The study included analysis of the effect on specific
impulse and approximate engine weight of changes in the following: engine size,
cavity pressure, engine power level (engine thrust-to-weight ratio), temperature
of propellant injected into the cavity, fuel density ratio (ratio of the average
fuel density required for criticality to the density of the light gas at the
outside edge of the fuel-containment region), and the addition of a space
radiator. FEstimates were also made of payloads and direct mission costs which
would result from use of some of the engine configurations with a Saturn S-IC
launch vehicle for a mission requiring a total payload velocity 50,000 ft/sec
greater than earth orbital velocity. The results of the calculations indicate
that the payload per Saturn S-IC launch using a gaseous nuclear rocket will be
five to ten times greater than those using solid-core nuclear rockets (and the
direct cost per pound of payload approximately five times less) if fuel density
ratios of approximately five and dimensionless fuel time constants of approxi-
mately 0.003 can be attained in the gaseous nuclear rocket at axial-flow
Reynolds numbers of approximately 5 x 107.
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Krascella, N. IL.: Theoretical Investigation of the Absorptive Properties of
Small Particles and Heavy-Atom Gases. UARL Report E-910092-7, September 1966.
Also issued as NASA CR-693.

SUMMARY

A theoretical investigation was conducted to determine the spectral and
mean abgorption characteristics of golid and gaseocus elemental materials which
might be utilized to control the transfer of radiant energy in the propellant
region of a gaseous nuclear rocket engine. Spectral extinction, absorption and
scattering parameters were calculated, based on the Mie theory, for spherical
molybdenum, niobium, tantalum and cadmium particles having radii of 0,01, 0.05,
0.10, and 0.504. Similar calculations were made for spherical tungsten
particles at five temperatures between 1600 K (2880 R) and 2400 K (L4320 R). The
tungsten calculations were based on analytically extrapolated refractive indices
for wavelengths between 0.1 and 3QM at each temperature. The Rosseland mean
absorption parameter of spherical tungsten particles having a radius of 0.05
was calculated for temperatures between 1000 K (1800 R) and 5600 K (10,080 R).
In addition, the spectral absorption parameters and normal spectral reflecti-
vities of bulk aluminum, cadmium, carbon, cobalt, hafnium, iridium, iron,
molybdenum, niobium, nickel, palladium, platinum, silicon, tantalum, thallium,
titanium, tungsten, vanadium, and zirconium were calculated. The bulk
absorption parameters apply to seeds in the form of thin plates and are
generally higher than those for seeds in the form of spherical particles.
Average reflectivities for normally incident radiation, determined by weighting
the normal spectral reflectivities with respect to the black-body radiation
function, were computed for aluminum, copper, gold, nickel, silver and tungsten.

The spectral absorption coefficients and Rosseland mean opacity of gaseous
tungsten were re-evaluated using the UARL heavy-atom model with a modified
oscillator strength distribution function. Additional average local line
spacing and local line intensities for materials which might be used as gaseous
seed agents were calculated. These materials included neutral iron, silicon,
uranium, and vanadium as well as singly ionized niobium, tungsten, and vanadium.
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Kinney, R. B.: Theoretical Effect of Seed Opacity and Turbulence on Temperature
Digtributions in the Propellant Region of a Vortex-Stabilized Gaseous Nuclear
Rocket. UARL Report E-910092-8, September 1966, Also issued as NASA CR-69k.

SUMMARY

A theoretical investigation was conducted to determine the effect on the
temperature and radiant heat transfer distributions in the propellant region of
a vortex-stabilized gaseous nuclear rocket which result from: the use of newly
defined opacity characteristics of solid and vaporized tungsten seed; and the
introduction of turbulence in the region adjacent to the peripheral wall. In
determining the effect of turbulence level on the temperature distribution,
values of trubulence level were used which bracket that which is expected in a
specific vortex-stabilized gaseous nuclear rocket engine configuration under
study at the Research Laboratories. The turbulence calculations include
allowance for the stabilizing effect of radial temperature gradients and radial
circulation gradients on the basis of hypotheses by G. I. Taylor and L. Prandtl
concerning the effect of Richardson number on turbulence.
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Kesten, A. S. and N. L. Krascella: Theoretical Investigation of Radiant Heat
Transfer in the Fuel Region of a Gaseous Nuclear Rocket Engine. UARL Report
E-910092-9, September 1966, Also issued as NASA CR-695.

SUMMARY

A series of calculations were made to determine temperature distributions
in the fuel-containment region of gaseous nuclear rocket engines which are based
on the transfer of energy by thermal radiation from the fuel to the propellant.
Temperature distributions were determined for two sets of fuel opacities; the
opacities in each of these sets were calculated from an analytical heavy-atom
model using two recent theoretical estimates of fuel ionization potentials. The
temperatures near the centerline of the fuel-containment region were found to be
high and relatively insensitive to changes in fuel opacity.
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McLafferty, G. H., H. E. Bauver and D. E. Sheldon: Preliminary Conceptual Design
Study of a Specific-Vortex-Stabilized Gaseous Nuclear Rocket Engine. UARL
Report E-910093-29, September 1966, Also issued as NASA CR-698.

SUMMARY

A study of a specific gaseous nuclear rocket engine configuration was made
to determine the approximate weight of the primary components of the engine and
to determine the dimensions necessary for the determination of the critical mass
of nuclear fuel required. The vortex-stabilized engine concept considered is
based on the transfer of heat by thermal radiation from gaseous nuclear fuel
suspended in a vortex to seeded propellant passing axially over the fuel-contain-
ment region. The configuration employed in the study is assumed to have both a
cavity diameter and cavity length of 6 ft and a moderator composed of successive
layers of berylliium, beryllium oxide, graphite, and heavy water. The energy
deposited in the moderator is assumed to be removed by a helium coolant and
transferred through external heat exchangers to the propellant. The engine is
estimated to have the following characteristics: specific impulse, 2186 sec;
thrust, 1.45 x 106 1b; and weight of major components, between 113,000 and
211,000 1lb. The analysis of the engine configuration covered only design-point
operation.

The appendixes to the report include results of studies of the following:
the approximate conditions in the engine during the start-up process; the effect
of changes in critical mass and average cavity propellant enthalpy on engine
characteristics; and a criteria for laminar-flow instability in the spiral-hole
configuration employed for cooling the moderator.
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Roback, R.: Theoretical Performance of Rocket Engines Using Gaseous Hydrogen in
the Tdeal State at Stagnation Temperatures up to 200,000 R. UARL Report
E—9lOO93~30, September 1966, Also issued as NASA CR-696.

SUMMARY

Theoretical performance parameters for rocket engines utilizing normal
gaseous hydrogen in the ideal state were calculated using two different assump-
tions: first, that the chemical composition remained in equilibrium during the
isentropic expansion through the engine exhaust nozzle; and, second, that the
chemical composition remained fixed (frozen) during the expansion. Data are
presented for stagnation temperatures ranging from 5000 te 200,000 R, stagnation
pressures ranging from 1 to 2000 atm, and ratios of exhaust pressure to stagna-
tion pressure ranging from 1 to 10-T. The following performance parameters were
calculated as a function of the ratio of nozzle exhaust pressure to stagnation
pressure: temperature, enthalpy, entropy, molecular weight, density, velocity,
Mach number, specific impulse and ratio of noczzle-exit area to throat area.

Also calculated were several other properties of the gaseous mixture at the
throat of the nozzle, such as the weight flow per unit area and a throat flow
parémeter defined as the product of the weight flow per unit area at the throat
and the square root of the stagnation temperature divided by the stagnation

pressure, (WA/TT/A* Pp).
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Latham, T. S.: DNuclear Criticality Study of a Specific Vortex-Stabilized Gaseous
Nuclear Rocket Engine. UARL Report E-910375-1, September 1966. Also issued as
NASA 'CR-697.

SUMMARY

An analytical study was conducted using one- and two-dimensional diffusion
theory to determine the critical mass requirements of a specific reference
vortex-stabilized gaseous nuclear rocket engine configuration having a cavity
length and diameter egqual to 6 ft, a cavity liner composed of tubes made from
W-184, and a surrounding moderator region made of successive layers of beryllium,
beryllium oxide, graphite, and heavy water. The calculations made allowance for
the following: an annular passage leading from the cavity to the exhaust
nozzles, a fuel-injection duct passing through the moderator, voids and W-184
structure in the moderator, a radial distribution of hydrogen temperature in the
cavity, and a radial fuel density distribution. 1In addition, the mcderator was
considered to be surrounded by layers of natural tungsten and iron to simulate
the external piping and pressure vessel,

The results of the calculations indicate that a critical mass of 50.1 1lb of
U-233 fuel would be required for the reference engine design used in the present
study. This mass could be reduced by a decrease in the volume of the nozzle-
approach annulus, an increase in reflector-moderator mass, or a reduction in the
volume of neutron-absorbing structure within the cavity liner and reflector-
moderator. For instance, one-dimensional calculations indicate that the critical
mass could be reduced by approximately 40% by substitution of beryllium wall
liner tubes covered with niobium-carbide-coated graphite sleeves for the W-184
wall liner tubes assumed in the study.

One-~dimensional calculations were performed to generate L-group cross
sections for subsequent two-dimensional calculations and also to provide infor-
mation on trends in critical mass variation with variations in moderator void
fractions, structure fractions, dimension of various regions, and selection of
nuclear fuel. The two-dimensional calculations provide critical mass estimates
for configurations with and without exhaust nozzles and fuel-injection duct, and
with different amounts of structure within the exhaust nozzle region.
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Travers, A.: Experimental Investigation of Flow Patterns in Radial-Outflow
Vortexes Using a Rotating-Peripheral-Wall Water Vortex Tube. TUARL Report
F-910091-10, May 1967. Also issued as NASA CR-991.

SUMMARY

Experiments were conducted using a water vortex to investigate the condi-
tions under which turbulence exists in radial-outflow vortexes with and without
superimposed axial flow. The vortex test apparatus used had a 10-in.-dia by
30-in.-long rotating porous peripheral wall, a 1.0-in.-dis rotating inner porous
tube located on the centerline, and end walls that could be rotated with the
peripheral wall or held stationary. In the tests without superimposed axial
flow (basic vortex configuration), plain end walls were used. Flow was injected
through the inner porous tube, flowed radially outward, and was withdrawn
through the rotating porous peripheral wall, 1In the tests with superimposed
axial flow (axial-flow vortex configuration), one plain end wall and one end
wall with a 3/4-in.-wide annulus near its outer edge were used. Flow was with-
drawn through the annulus and was injected either (1) only through the inner
porous tube, (2) through both the inner porous tube and the rotating porous
peripheral wall, or (3) only through the rotating porous peripheral wall.

The characteristics of the flow were determined from observations and
microflash photographs of dye patterns for different combinations of the flow
conditions (values of tangential, radial and axial-flow Reynolds numbers) and
the peripheral-wall, inner-porous-tube and end-wall rotation speeds. Tangential
velocity profiles were measured for some basic-vortex flow conditions by means
of a photographic particle-trace method using small, neutrally buoyant
polystyrene spheres. Summary plots indicating crifteria for the flow conditions
that lead to laminar, alternating laminar and turbulent, and turbulent flow
patterns were constructed for both vortex configurations.

The results of the tests indicate that radial-outflow vortexes are
generally characterized by turbulence with large eddies that convect fluid from
the central region of the vortex to near the peripheral wall. These flow
patterns exist for both basic and axial-flow vortex configurations and for wide
ranges of the flow conditions. TLaminar flow was encountered only with low rates
of radial outflow and low superimposed axial velocities, Rotation of the end
walls had a significant effect on the flow patterns in the basic vortex config-
uration for a limited range of the flow conditions; rotation of the inner porous
tube had no significant effect. Rotation of the inner porous tube and end walls
had no significant effect on the flow patterns in the axial-flow vortex config-
uration.
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Johnson, B. V.: Exploratory Flow and Containment Experiments in a Directed-Wall-
Jet Vortex Tube with Radial Outflow and Moderate Superimposed Axial Flows. UARL
Report F-910091-11, May 1967, Also issued as NASA CR-992.

SUMMARY

Exploratory fluid mechanics experiments were performed to obtain information
applicable to an open-cycle, vortex-stabilized, gaseous-core nuclear rocket. The
containment characteristics of confined radial-ocutflow vortexes with superimposed
axial flow were studied to determine whether high average simulated-fuel densi-
ties and high ratios of simulated propellant-to-fuel flow rates could be obtained.
The experiments concentrated on two factors that influence simulated-fuel
containment: (l) gimulated-propellant injection methods in which the flow is
injected from the peripheral wall of an axial-flow vortex tube with both axial
and tangential (circumferential) components of velocity, and (2) simulated-fuel
injection methods. The experiments were performed in 10-in.-dia by 30-in.-long
vortex tubes. Simulated propellant was injected at the peripheral wall through
600 directed wall Jjets that could be adjusted to any injection flow angle between
the tangential and axial directions.

Flow visualization tests were performed using water with dye as a trace
fluid. The dye patterns showed that large-~scale turbulent mixing occurred be-
tween the central region and the peripheral-wall region when the simulated fuel
was injected from ducts at the centers of both end walls (radial outflow).
Velocity measurements were made using air as the working fluid. These measure-
ments indicated that injection at the peripheral wall with both axial and
tangential components of velocity will substantially decrease the average axial
velocities in the central region and will create a larger volume within the
vortex that is potentially available for containment of fuel. Containment tests
to determine the average dwell time of simulated fuel in the vortex tube were
performed using a heavy gas to simulate fuel and a light gas to simulate propel-
lant. Compared with the containment times measured with no axial component of
injection velocity, improvements in containment time of as much as a factor of
three-and-one-half were obtained in this investigation using injection with both
axial and tangential components of velocity. The improvements that can be
obtained using different fuel injection methods are smaller. However, the
maximum containment times that were measured were approximately one to two orders
of magnitude less than the value now estimated to be required for an economically
practical, open-cycle, gaseous-core nuclear rocket.
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Kendall, J. S., A. E. Mensing, and B. V. Johnson: Containment Experiments in
Vortex Tubes with Radial Outflow and Large Superimposed Axial Flows. UARL
Report F-910091-12, May 1967. Also issued as NASA CR-993.

SUMMARY

An experimental investigation was conducted to determine the heavy-gas
containment characteristics of radial-outflow vortexes for potential application
to a vortex-stabilized, open-cycle gaseous nuclear rocket engine. Tests were
conducted in a constant-temperature vortex with Reynolds numbers based on the
superimposed axial flow up to those expected in a full-scale engine. Air was
employed to simulate the seeded hydrogen propellant and a heavy fluorocarbon was
used in most tests to simulate the gaseous nuclear fuel. The effects on heavy-
gas containment of changes in the vortex tube length-to-diameter ratio, the
light-gas injection geometry and area, the ratio of average heavy-gas density to
light-gas density, and the density of the heavy gas at injection were studied.

The heavy-gas containment parameters obtained were one to two order of
magnitude less than are presently estimated to be required for an economically
practical open-cycle engine. The containment parameters varied significantly
only with vortex tube length-to-diameter ratio and the ratio of average heavy-
gas density to light~gas density. The results of some tests using helium
injected near the centerline of the vortex indicated that the presence of a
light gas in the central region of the vortex has a significant favorable effect
on containment characteristics; these results have potential application to the
nuclear light bulb engine.
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Clark, J. W., J. S. Kendall, B. V. Johnson, A. E. Mensing, and A. Travers:
Summary of Gaseous Nuclear Rocket Fluid Mechanics Research Conducted Under
Contract NASw-847. UARL Report F-910091-13, May 1967.

SUMMARY

An extensive experimental and analytical investigation of the character-
istics of vortex flows was conducted to obtain information required for
evaluating the feasibility of two vortex-stabilized gaseous nuclear rocket
engine concepts, While most of the fluid mechanics research was directed toward
the vortex-stabilized open-cycle concept, the results are also applicable to the
closed-cycle nuclear light bulb concept. Both of these concepts are based on
the transfer of energy by thermal radiation from gaseous nuclear fuel contained
in a vortex to seeded hydrogen propellant. In the open-cycle engine, propellant
is injected at the peripheral wall of the cavity to drive the vortex and then
spirals axially around the fuel-containment region toward the exhaust nozzle.
Nuclear fuel is injected into the central region of the cavity where it is
contained for a period of time by the vortex flow field. In the nuclear light
bulb engine, the propellant and vortex regions are separated by an internally
cooled transparent wall. Neon collant is injected tangent to the inner surface
of the transparent wall to drive the vortex and to provide a buffer region to
isolate the gaseous nuclear fuel from the transparent wall, The purpose of this
report is to summarize the principal results of the fluid mechanics investiga-
tion and to interpret them in terms of the requirements of these two engines.

Containment tests were conducted using gases having different molecular
weights to simulate the gaseous nuclear fuel and either the propellant or the
neon coolant., In addition, flow visualization tests were conducted and flow-
field velocity measurements were made using water and air vortexes to obtain
fundamental information on vortex flow patterns. The principal geometrical
parameters investigated in the program were (1) the length-to-diameter ratio of
the vortex tube, (2) the geometry of the system used to inject light gas at the
peripheral wall, (3) the geometry of the system used to inject heavy gas, (L)
the locations and sizes of the ports for removing flow (an annulus at the outer
edge of one end wall, ports at the centers of the end walls, and ports at the
peripheral wall), and (5) end-wall boundary layer control. The flow conditions
tested included Reynolds numbers up to those estimated to be required for full-
scale engines.
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Travers, A.: Experimental Investigation of Radial-Inflow Vortexes in Jet=Injection
and Rotating-Peripheral-Wall Water Vortex Tubes., UARL Report F-910091-1k, Septem-
ber 1967. Also issued as NASA CR-1028,

SUMMARY

Experiments were conducted in water vortex tubes to determine the effects of
peripheral-wall injection area and axial bypass on the flow pattern and location
of the radial stagnation surface in radial-inflow vortexes. The particular type
of flow pattern investigated contains a central cell region which is bounded on
the outside by a radial stagnation surface which appears to be laminar. At the
radius of the radial stagnation surface, all radial flow passes through the end
wall boundary layers. The flow in the vortex i1s laminar for radil less than that
of the radial stagnation surface and 1s turbulent at larger radii.

Two 10-in.~-dia by 30-in.-long lucite vortex tubes were used: a Jjet-injection
vortex tube and a rotating-peripheral-wall vortex tube. 1In tests with the jet-injec-
tion vortex tube, flow was injected through the peripheral-wall and was removed (1)
through two axial bypass exhaust annuli (a l/8—in.-wide annulus was located at the
outer edge of each end wall) and two 1.0-in.-dia thru-flow ports located at the
centers of the end walls, or (2) through only the thru-flow ports. This vortex
tube was tested with different peripheral-wall injection areas. In tests with the
rotating~-peripheral-wall vortex tube where there was no provision for axial bypass,
the flow was injected through the rotating peripheral wall and was withdrawn through
the thru-flow ports. v

Tests were conducted with different combinations of tangential injection and
radial Reynolds numbers, different amounts of bypass flow, and different peripheral-
wall injection areas. The characteristics of the flow and the radius of the radial
stagnation surface were determined from observations and photographs of dye patterns.
The results of the experiments were compared with the results of a previous theoreti-
cal investigation of confined vortex flows.
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Kendall, J. S.: Experimental Investigation of Heavy-Gas Containment in Constant~-
Temperature Radial-Inflow Vortexes. UARL Report F-910091-15, September 1967.
Also issued as NASA CR-1029.

SUMMARY

An experimental investigation was conducted to determine the containment
characteristics of radial-inflow vortexes for potential application to a vortex-
stabilized nuclear light bulb engine., This engine concept is based on the trans-
fer of energy by thermal radiation from gaseous nuclear fuel contained in a vortex
through an internally cooled transparent wall to seeded hydrogen propellant. A
transparent buffer gas would be injected at the inner surface of the transparent
wall to drive the vortex and to isolate the wall from the fuel and fission products.

Tests were conducted using 10-in.-dia by 30-in.-long vortex tubes. Ailr used
to simulate the buffer gas was injected through ports in the peripheral walls of the
vortex tubes. Iodine mixed with one of four other gases (helium, nitrogen, sulfur
hexafluoride or a heavy fluorocarbon, FC-T77) was used to simulate the gaseous nuclear
fuel. The simulated fuel was injected at several different locations: at one end
wall without swirl through 10 small tubes; at one end wall with swirl through 10
wall jets; or radially inward from the peripheral wall through 12 smgll tubes at
the axigl mid-plane of the vortex tube. Flow was removed through 1.0-in.-dia thru-
flow ports at the center of one or both end walls. Flow also was removed through
1/8-in.-wide annuli at the outer edges of both end walls (axial bypass) or through
ports at the peripheral wall (peripheral bypass). The amount and radial distribution
of simulated fuel contained in the vortex were determined using an axial light beanm
absorption technique.

The effects on containment of changes in the following were investigated: (1)
the geometry of the simulated-fuel injection configurations, (2) the number of thru-
flow ports used, (3) the radial Reynolds number (a measure of the amount of flow
withdrawn through the thru-flow ports) and the corresponding amount of bypass flow,
and (4) the molecular weight of the simulated fuel,
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Douglas, F. C., R. Gagosz, and M. A. DeCrescente: Optical Absorption in Transparent
Materials Following High-Temperature Reactor Irradiation. UARL Report F-910485-2,
September 1967. Also issued as NASA CR-1031.

SUMMARY

An experimental investigation was conducted to determine the optical absorption
levels induced in fused silica as a result of exposure to nuclear reactor irradiation
over a range of fast neutron fluxes, fast neutron doses, and reactor temperstures.
Also included in the investigation were a limited number of specimens made from
alumina, hot-pressed beryllia, and single crystal beryllia. Measurements of the
ultraviolet transmittance spectrum were made prior to the reactor irradiation, after
the reactor irradiation, and after a series of cobalt-60 gamma irradiations. Measure-
ments were also made during and after heat treatments at elevated temperatures. The
induced absorption coefficients were determined from these measurements at the centers
of absorption bands located at 0.215 and 0.163 microns.
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Gagosz, Re, J. Waters, F. C. Douglas, and M. A. DeCrescente: Optical Absorption in
Fused 'Silica During TRIGA Reactor Pulse Irradiations. UARL Report F-910485-1,
September 1967. Also issued as NASA CR-1032.

SUMMARY

An experimental investigation was conducted to determine the spectral trans~-
mission characteristics of fused silica before, during and after exposure to reactor
irradiation pulses. The transmission measurements were carried out at three wave-
lengths (0.215, 0.625 and 1.0 microns) and at a range of temperatures from ambient
to 900 C. Corning T94O fused silica specimens in a corner cube configuration were
mounted next to the reactor core face of the University of Illinois' TRIGA Mark IT
reactor. Peak neutron and gamma fluxes obtained from this reactor were approxi=-
mately 5.4 x 10*° n/cmg—sec and 6.1 x 107 R/sec, respectively. Neutron and gamms
doses associated with these pulses were 2,3 x 10'* n/em® and 2.6 x 10° R, respec-
tively. The effective time of the pulse obtained by dividing the total dose by the
peak flux was approximately 0.043 sec. The transmission measurements were made
immediately before, during and after the reactor pulses to monitor both the cre~
ation of irradiation induced absorption and the decay of the induced absorption
after the pulse,
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Latham, T. S.: Nuclear Criticality Studies of Specific Nuclear Light Bulb and Open~
Cycle '‘Gaseous Nuclear Rocket Engines. UARL Report F=910375-2, September 1967.

SUMMARY

Analytical studies were conducted to determine the U=233 critical mass require-
ments for two specific vortex-stabilized gaseous nuclear rocket engines: a nuclear
light bulb engine and an open=cycle engine. The specific open=-cycle engine employs
a single cylindrical cavity having both a length and a diameter of 6 ft. The speci-
fic nuclear light bulb engine employs seven separate cavities, each having a length
of 6 ft; the total volume of all seven cavities approximately equals the volume of
the single cavity of the open=cycle engine. The nuclear light bulb engine employs
beryllium oxide between the unit cavities, layers of beryllium oxide and graphite
surrounding the assembly of seven unit cavities, a relatively large amount of
neutron-absorbing structural material in the end walls, seven separate exhaust
nozzles, fuel and propellant injection ducts, and hot gases in the propellant and

© fuel regions. The open=-cycle engine employs layers of beryllium oxide, graphite,
and heavy water surrounding the cavity; various structural materials; an annular
exhaust nozzle; fuel and propellant injection ducts; and hot gases in the propellant
and fuel regions.

Studies were also made to determine the effect on criticality of various
modifications to a reference configuration for each of the specific engines. For
the nuclear light bulb engine, these included addition of impurities to the moderator
materials, changes in the end-wall portions of the moderator, and changes in material
and gas temperatures. For the open-cycle engine, these included changes in the
nozzle=-approach configuration, changes in the cavity liner materials, elimination
of heavy water from the reflector-moderator, and substitution cf hydrogen for helium
in the moderator coolant circuit.

The analyses of the nuclear light bulb engine were made using lL-group two
dimensional transport theory and 2h-group one-dimensional transport theory. The
analyses of the open-cycle engine were made using 4-group two-dimensional diffusion
theory and 24-group one-dimensional diffusion and transport theories.
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McLafferty, G. H. and H, E. Bauer: Studies of Specific Nuclear Light Bulb and Open-
Cycle Vortex=-Stabilized Gaseous Nuclear Rocket Engines. UARL Report F-910093-3T7,
September 1967. Also issued as NASA CR-1030.

SUMMARY

Analytical studies were conducted to determine the characteristics of two
gpecific vortex-stabilized gaseocus nuclear rocket engines: a nuclear light bulb
engine and an open-cycle engine. Both engines are based on the transfer of energy
by thermal radiation from gaseous nuclear fuel suspended in a vortex to seeded hydro-
gen propellant. The two engines differ in that the nuclear light bulb engine employs
an internally-cooled transparent wall to separate the fuel-containing vortex region
from the propellant region, while the open-cycle engine relies entirely on fluid
mechanics containment for preferential retention of the nuclear fuel. The majority
of the work has been directed toward the nuclear light bulb engine, since recent
fluid mechanics results indicate that the fuel retention characteristics of an open-
cycle vortex-stabiliged engine are insufficient to provide economic fuel containment.
The nuclear light bulb engine offers the possibility of providing essentially per-
fect containment of the nuclear fuel,

One specific nuclear light bulb engine and one specific open=-cycle engine have
been selected for study. Both engines have a cavity volume of 170 cu ft. The open-
cycle engine employs a single cavity having both a diameter and a length of 6 ft;
the nuclear light bulb engine employs seven separate cavities, each having a length
of 6 ft. The studies indicate approximate values of the thrust, weight, and speci-
fic impulse of both configurations. The studies have been made only in sufficient
detail to provide information necessary for guidance of the research efforts which
are being conducted to determine the feasibility of the engines.

The appendixes 1o the report describe: an analysis by the United Technology
Center, a division of United Aircraft Corporation, of the weight of a filament-
wound pressure vessel for a nuclear light bulb engine, and an analysis of the
radiant energy emitted from the propellant stream of a nuclear light bulb engine.
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Gagosz, R. M. and J. Watersf Optical Absorption and Fluorescence in Fused Silica
During TRIGA Pulse Irradiation. UARL Report G-910485-3, April 1968. Also issued
as NASA CR-1191.

SUMMARY

An experimental investigation was conducted at the University of Illinois!
TRIGA Mark ITI pulse reactor to determine the spectral transmission characteristics
during and after an irradiation pulse and to determine the cause of the apparent
"increase in transmission during the pulse and the apparent decrease of transmission
after the pulse which had been observed in the previous test program. A total of
91 experiments were performed on six specimens at a range of temperatures from 500
to 900 C. Transmission measurements were made at two wavelengths, 2150 and 3021 X.
Corning T940 fused silica specimens in a corner cube configuration were mounted
next to the reactor core face at the internal end of a reactor beam port. Peak
neutron and gamma fluxes obtained from this reactor were approximately 5.4 x 1015

‘n/cme-sec and 6.1 x lO7 R/sec, respectively. Neutron and gamma doses associated
with these pulses were 2.3 x 10t n/cm2 and 2.0 x 10° R, respectively. In addition
to the transmittance tests, bypass and optical instrumentation tests were conducted
to examine the influence of the optical aligmment parameters upon system operation.
Fluorescent tests were also conducted to obtain an applicable correction to the
transmittance runs.
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Johnson, B. V.: Experimental Study of Multi-Component Coaxial-Flow Jets in Short
Chambers. UARL Report G-9lOO9l-l6, April 1968. Also issued as NASA CR-1190.

SUMMARY

Tluid mechanics experiments were performed to obtain information applicable to
an open-cycle, coaxial-flow, gaseous nuclear rocket engine. In this engine concept,
gaseous nuclear fuel and a surrounding stream of seeded hydrogen propellant pass
coaxially through a reactor chamber. The flow was simulated in the present experi-
ments by multi-component, constant-temperature, coaxial-flow jets in short chambers.
The flow was studied uging flow visualization techniques and concentration measure-
ments,

All tests were performed in 10-in.-dia chambers having lengths (from inlet plane
to exhaust nozzle throat) between 7.5 and 12.5 in. The following flow and geometric
variables were investigated: (1) an intermediate-velocity buffer stream between the
high-velocity outer-stream (simulated propellant) and the low-velocity inner jet
(simulated fuel), (2) the ratio of average outer-stream and buffer-stream velocity
to inner-jet velocity, (3) the absolute inlet velocities of the outer stream, buffer
stream and inner jet, (4) the ratio of inner-jet gas density to outer-stream and
buffer-stream gas density, (5) the ratios of buffer-gas density to outer-stream gas
density and to inner-jet gas density, (6) the ratios of inner-jet inlet radius and
buffer-stream inlet radius to chamber radius, (7) the ratio of chamber length to
diameter, and (8) the ratio of exhaust nozzle throat diameter to chamber diameter.
Air was used as the outer-stream gas; air and Freon-1l were used as buffer-stream
gases; and air, Freon-11 and FC-T7 were used as inner-jet gases. The tests were
conducted at Reynolds numbers up to those expected for a full-scale engine.

The results indicate that the contaimment of inner-jet gas is strongly affected
by the occurrence of recirculation or reverse flow in the inner-jet region. TFor a
high ratio of average outer-stream and buffer-stream inlet wvelocity to inner-jet
inlet velocity, the flow reciruclates behind the inner jet like flow behind a bluff
body, and the containment is poor. For flow conditions with moderate values of this
velocity ratio (on the order of 20), a reduced level of turbulent mixing occurs
between the outer stream, buffer stream and inner jet, and the inner-jet core extends
to the exhaust nozzle; under these conditions, the amount of inner-jet gas contained
approached the amount that would be contained in a cylinder of radius equal to the
inner-jet inlet radius and length equal to the chamber length.
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Kendall, J. S., W. C. Roman, and P. G. Vogt: Initial Radio-Frequency Gas Heating
Experiments to Simulate the Thermal Environmment in a Nuclear Light Bulb Reactor.
UARL Report G=-910091-17, September 1968, Also issued as NASA CR-1311.

SUMMARY

Tnitial experiments were conducted to develop an intense radiant energy source
which would eventually be capable of producing radiant energy fluxes equal to those
expected in a full-scale nuclear light bulb engine. The test program was conducted
using the UARL l.2-megw r-f induction heater at d-c input power levels up to approxi-
mately 250 kw to supply energy to the simulated fuel-containment region of a vortex.
The primary objective of the experimental program was to determine the effect of
various parameters on the power radiated from the vortex, the power deposited in the
peripheral wall of the wrtex tube, and the power carried away by convection from
the vortex. Both argon discharges with no seed and argon discharges seeded with
submicron carbon and tungsten particles were employed. Tesgts were conducted at

" discharge pressures up to 6.0 atm abs and with up to 85 kw of power deposited in the
discharge; of this, 35 kw was radiated through a water-cooled transparent wall
surrounding the discharge. The 35 kw of radiant energy represents a radiant energy
flux of about 12.0 kw/in.2 (1.86 xw/em2), which corresponds to an equivalent black-
body radiating temperature of 7600 R. For comparison, the design radiant flux level
at the edge of the fuel-containment region of a representative nuclear light bulb
engine is 178 kw/in,g, which corresponds to an equivalent black-body radiating teme
perature of 15,000 R.

A second objective of the investigation was to design, fabricate, and test thin,
internally-cooled transparent-wall models. Several different types of models were
tested around the radiant energy source., Additional supporting research was con-
ducted using the UARL 80-kw r-f induction heater, the two-component isothermal gas
vortex test facility, and various small water vortex models. This supporting research
ig described in the apprendixes of the report.
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Mensing, A. E., and L. R. Boedeker:  Theoretical Investigation of R-F Induction
Heated Plasmas. UARL Report G-910091-18, September 1968. Also issued as NASA
CR-1312.

SUMMARY

Theoretical analyses were made to investigate the power deposition and energy
removal in radio-frequency induction heated plasmas. These investigations were
directed toward the high-power, high-pressure, radiating r-f plasmas that are beilng
used to simulate the thermal enviromment of the nuclear light bulb reactor.

Two related investigations are described in this report. In one, the power
deposition and energy dissipation characteristics of infinite-cylinder r-f heated
argon plasmas at pressures of 1.0 and 10 atm were studied. It was assumed that the

thermal and electrical conductivities varied with temperature, that the gas radiation
per unit volume varied with both temperature and pressure, and that the plasma was
optically thin. The electromagnetic field equations, energy equation, and heat con-
duction equation were integrated numerically starting with specified values of tem-
perature and axial magnetic field at the centerline. Generalized curves suitable
for degign and analysis of experiments were constructed. These curves show the
relationships between the radius of the plasma, the axial magnetic field external

to the plasma, the power radiated, and the radiation efficiency (the power radiated
divided by the sum of the power radiated and the power conducted away from the
plasma). The results also show the importance of gas radiation on the character-
igstics of the plasmas.

In the second investigation, the coupling between the plasma discharge and the
r-f generator was studied using an infinite-cylinder, constant-conductivity model,.
Analyses performed by other investigators were combined and extended to develop an
analysis more useful in the nuclear light bulb reactor simulation progran. The
analysis was used to investigate the effects of discharge power, reactive power,
and discharge size on the surface radiation heat flux and to examine the effect of
r-f frequency shifts on matching. In addition, an expression was derived from which
the magnetic pressure at the center of an r-I discharge can be calculated.
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Krascella, N. L.: Theoretical Investigation of the Composition and Line Emission
Characteristics of Argon-Tungsten and Argon-Uranium Plasmas. UARL Report
G-910092-10, September 1968, Also issued as NASA CR-1313.

SUMMARY

A theoretical investigation was conducted to determine the composition and
integrated line emission characteristics of various ionization species of tungsten,
uranium, and argon. The study was made to facilitate radiant heat transfer analysis
in the seeded propellant and nuclear fuel regions of gaseous-core nuclear rocket
engines and to provide a basis of comparison for a concurrent experimental program
designed to examine line emission characteristics of gaseous tungsten and uranium
over a wide spectral range.

Estimates were made of the composition as a function of temperature for mix-
tures of Ar with tungsten hexafluoride and uranium hexafluoride using an existing
"UARL machine composition program to ascertain the decomposition products of WEg and
UF6. For temperatures greater than 5000 X, a machine program was written to describe
the concentrations of heavy-metal ionization species present based on the Saha
equations. Calculations were made for mass ratios of Wor U to Ar of 1.0 x 10‘3,

1.0 x 10‘5, and 1.0 x 10-7 for a total pressure of 1.0 atm and for temperatures in
the range from 3000 to 10,000 XK.

Data generated with the composition routines were used as input to a line
intensity machine program designed to compute the integrated line intensities for
classified W, U, and Ar spectral lines of known or estimated oscillator strength.
Lines from two ionization species of Ar (neutral argon and singly ionized argon) as
well as the corresponding species in W and U were considered in the line intensity
program. Integrated line intensities summed over wavelength intervals of 100 & were
calculated in the spectral region between wavelengths of 1700 and 10,000 A. W-to-Ar
or U-to-Ar mass ratios of 1.0 x 10'3, 1.0 x 10'5, and 1.0 x 10-T were considered at
temperatures of 5000, 7000, and 9000 K. The total pressure in all cases was 1.0 atm.
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Marteney, P. J., A. E. Mensing, and N. L. Krascella: Experimental Investigation of
the Spectral Fmission Characteristics of Argon-Tungsten and Argon-Uranium Induction
Heated Plasmas. UARL Report G-910092-11, September 1968. Also issued as NASA
CR-131kL.

SUMMARY

An experimental study was conducted to determine the emission characteristics
of gaseous tungsten and uranium located in an rf induction-heated, vortex-stabilized
argon discharge. The tungsten and uranium were introduced into the discharge in
the form of tungsten hexafluoride or uranium hexafluoride at heavy-atom to argon
mass ratios of approximately 1.0 x 107" and a total pressure of one atmosphere.

Temperatures in the heavy-atom seeded discharges were determined to be approx-
imately 8500 deg K, and were ascertained by measuring neutral argon atom relative
line intensity ratios by the Boltzmann method. Temperatures determined by this
method were confirmed by measurements of absolute neutral argon atom line intensities
and absolute argon ion continuum intensities.

Spectra were obtailned for pure argon, tungsten hexafluoride-argon, and uranium
hexafluoride-argon systems in the wavelength region from 1250 X (0.125 micron) to
100,000 A (10 micron). The experimental data were reduced to obtain integrated
continuum and line intensities over intervals of 100 2 for pure argon. Integrated
line intensities were obtained over wavelength intervals of 100 A for tungsten and
uranium after correcting the experimental results for the contribution to total in-
tensity due to argon continuum and lines.

Experimental integrated line intensities over 100 X wavelength intervals for
argon, tungsten and uranium were subsequently compared tg similar analytlcal results
calculated for the visible region of the spectrum (2000 A to 10,000 A) The cor-
relation between experimental and analytical results for tungsten was generally poor,
particularly at wavelengths less than approx%mately 4000 A, although falrly poor
agreement was noted between 4000 A and 6000 A. The correlation between experimental
and analytical results for uranium is somewhat better than that for tungsten, and
is best in the region between approximately 2000 X and 4000 X. The agreement be-
tween experimental and analytical results for argon is excellent in all wavelength
intervals of comparison.
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Latham, T. S.: Nuclear Studies of the Nuclear Light Bulb Rocket Engine.  UARL
Report G-910375-3, September 1968. Also issued as NASA CR-1315.

SUMMARY

Analytical studies were conducted to determine U-233 critical mass require~
ments, neutron kinetic behavior, and neutron and gamma ray heating rates for the
nuclear light bulb rocket engine. The nuclear light bulb is a multiple-cavity
gaseous nuclear rocket engine in which energy is transferred by thermal radiation
from gaseous nuclear fuel through internally cooled transparent walls to seeded
hydrogen propellant. The engine considered in this report employs seven separate
cavities, each having a length of 6 ft and an average diameter of 2.3 ft. Beryl-
lium oxide is employed between the unit cavities, and layers of BeO and graphite
surround the seven units to provide neutron reflection.

The criticality analysis allowed the effects of engine design changes on
.critical mass to be investigated. Among the factors that were varied were the
total moderator mass, the amount of BeO between unit cavities, the distribution of
moderator mass, the amount of tungsten seed in the hydrogen propellant, and the
amount of hafnium required to shield the fuel injection and recirculation system
ducts. The analysis also congidered factors affecting the kinetic behavior of a
nuclear light bulb engine. The effects of variations in fuel region radius,
mixed-mean propellant temperature, nominal system operating temperature, system
operating pressure, and the proportion by weight of tungsten seed in the hydrogen
propellant were investigated. For one specifiec nuclear light bulb engine con-
figuration, prompt neutron lifetime was calculated, and comparisons of critical
magses were made for U-233, U-235, and Pu-239.

Neutron kinetic equations were formulated which allowed for variable loss rates
of both nuclear fuel and delayed neutron precursors. Power level responses to
step, ramp, and oscillatory variations in both reactivity and fuel loss rate were
obtained.

Neutron and gamma ray heating rates were calculated for a specific nuclear
light bulb engine to provide information on requirements for cooling engine com-
ponents and the location and design of heat exchangers, Radiation dose rates in
the transparent wall materials were calculated and compared with the dose rates of
various test reactors. Dosages in the filament-wound fiberglass pressure vessel
were also calculated to evaluate the potential for degradation of pressure vessel
strength due to radiation damage.
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Roman, W. C., J. F. Klein, and P. G. Vogt: Experimental Investigations to

Simulate the Thermal Environment, Transparent Walls and Propellant Heating in a
Nuclear Light Bulb Engine. UARL Report H~910091-19, September 1969. To be issued
as NASA CR report.

SUMMARY

Experiments were conducted to develop an intense radiant energy source capable
of producing radiant energy fluxes within the range expected in nuclear light bulb
engines. Concurrently, small-scale internally cooled fused silica models similar
to the transparent walls proposed for the engine were developed and tested.
Bxperiments to demonstrate heating of a seeded simulated propellant by thermal
radiation passing through the transparent wall were also initiated.

The major portion of the test program was conducted using the UARL 1.2-megw
radio-frequency induction heater at d-c input power levels up to approximately 600
kw. R-T energy was supplied to an argon plasma within a radial-inflow vortex.

The effects of several important parameters on the power radiated from the plasma,
the power deposited in the surrounding water-cooled transparent peripheral wall,
and the power carried away from the vortex by convection were investigated. Tests
were conducted with argon at pressures up to 16 atm and with up to 216 kw of power
deposited in the steady-state plasma discharge. A maximum of 156 kw was radiated
through a 2.24-in. inside diameter water-cooled transparent peripheral wall. The
maximum radiant energy flux at the edge of the plasma was 36.7 kw/in.g, which cor-
responds to an equivalent black-body radiating temperature of 10,200 R. For
reference, the range of edge-of-fuel radiant energy fluxes of interest for full-
scale nuclear light bulb engines is from 177.8 kw/in.2 for a reference engine to
k.4 kw/in.2 for a derated engine; the corresponding equivalent black-body radiating
temperatures are 15,000 R and 8000 R, respectively.

Transparent-wall models having multiple axial coolant tubes up to 10 in. long
and peripheral-wall vortex injection were fabricated and tested in the l.2-megw r-f
induction heater. These models, with inside diameters of 1.26 and 0.95 in., were
constructed from many individual tubes having internal diameters of 0.040O in. and
wall thicknesses down to 0.005 in., the estimated thickness required in the full-
scale engine. One of these models was tested at power levels up to 55 kw; higher
power levels resulted in localized melting of the argon-cooled vortex injectors.

Both the UARL 1l.2-megw r-f induction heater and the d-c arc heater were used in
the propellant heating tests. The propellant heating configurations used were
generally similar to the geometries of the components expected to be employed in the
nuclear light bulb engine. Argon seeded with micron-sized carbon particles was used
as the simulated propellant. At the low radiant energy source power levels of up
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to 3 kw that were used in these initial tests, temperature rises up to 223 R were
obtained. TFurther increases in simulated propellant temperature rise will be obtained
primarily by means of increased power, improved particle deagglomeration to increase

absorption, and more effective buffer layers to reduce the coating of particles on
the transparent walls.
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Mensing, A. E., and J. F. Jaminet:  Experimental Investigations of Heavy-Gas
Containment in R-F Heated and Unheated Two-Component Vortexes. UARL Report
H-910091-20, September 1969. To be igssued as NASA CR report.

SUMMARY

Experimental investigations were conducted in which the amount of heavy gas
contained in light-gas vortexes was measured for both heated and unheated (iso-
thermal) vortex flows. In the vortex flows with heat addition, power was added %o
the flow by r-f induction heating of the gas within the vortex chamber. The light
gas, argon, was injected in a tangential direction either from the end walls or
from the peripheral wall of the vortex chamber. The vortex flow rates, plasma
diameter, and power addition were such as to provide a radial gradient of tempera-
ture of approximately 50,000 deg K/in. near the outer edge of the plasma. Xenon
was employed as the heavy gas and was injected into the vortex at several different
locations. Spectroscopic techniques were used to determine both the temperature
distribution and the xenon partial pressures within the plasma.

Tests conducted with unheated vortex flows employed a vortex tube much larger

than, but geometrically similar to, the vortex tube used in the heated tests. Air
was used as the light gas and mixtures of ilodine with helium, nitrogen or sulfur
hexafluoride were used as heavy gases. Several different heavy- and light-gas in-

jection configurations were used, and the weight flow rates of both the heavy and
light gases were varied. The volume-averaged partial pressures of the heavy gas
within the vortexes were determined, as were the radial distributions of the heavy-
gas partial pressure.

Comparigons were made of the heavy-gas partial pressures in the heated and
unheated flows. For similar geometries and the same light-gas weight flows, the
heated vortexes had larger values of the heavy-gas partial pressure in the central
regions of the vortex, but less heavy-gas partial pressure at the greater radii.
Under the same conditions, the volume averaged heavy-gas partial pressures were
about equal in both heated and unheated flows. Radial gradients of static pres-
sure in the heated vortexes were much less than in unheated vortexes having the
same flow rates.
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Krascella, N. L.: Theoretiéal Investigation of the Radiant Emission Spectrum from
the Fuel Region of a Nuclear Light Bulb Engine, United Aircraft Research Labora-
tories Report H-910092-12, September 1969. To be issued as NASA CR report.

SUMMARY

A theoretical investigation was conducted to determine the spectral emission
characteristics of the fuel region of a nuclear light bulb engine and hence the
spectral radiative flux incident upon the transparent containment walls or upon the
reflective end walls of such an engine. The analysis was performed for a specified
engine configuration and for a specific nuclear fuel partial pressure distribution.
Estimates of the spectral radiative flux emanating from the nuclear fuel region were
made for a total radisted flux of 24,300 Btu/fte-sec (2.757 x 10M1 erg/cm®-sec),
vhich corresponds to an effective black~body radiating temperature of 15,000 R
(8333 k).

Six cases were considered in which the effects of changes in the heavy-atom
absorption coefficient model parameters, the addition of a seeding gas, and changes
in end-wall reflectivities on the spectral radiative flux emitted from the nuclear
fuel region were examined. Three cases involved parametric variations of the heavy-
stom model in either the fuel species ionization potentials or in the oscillator
strength distribution functions describing line transitions. In the fourth case,
the effect of hydrogen as a gseed gas on the emitted spectral radiative flux was
studied. The effect on the emitted flux of a uniform end-wall spectral reflectivity
of 0.5 was examined in the fifth case; similar calculations were made in the sixth
case using the spectral reflectivity of aluminum, 4
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Latham, T. S., H. E. Bauer, and R. J. Rodgers: Studies of Nuclear Light Bulb Start-up
Conditions and Engine Dynamics. UARL Report H-910375-k4, September 1969. To be
issued as NASA CR report.

SUMMARY

Analytical studies were conducted to determine the operating conditions of a
nuclear light bulb engine during start-up and the transient response of the engine
to various perturbations at the nominal full-power operating level. The basic
nuclear light bulb engine design was refined, where necessary, to include modifi-
cations which resulted from recent criticality studies and test program results.

The start-up study was performed using a simplified analytical model of the
basic engine. Three linear power ramps were used and the general engine response,
auxiliary power requirements and thermal stress levels were investigated. The cal-
culated responses in temperature and pressure were similar for all of the power
ramps. It appears that there will be no major problems with engine control or with
excessive thermal stress levels during start-up. Some type of auxiliary power will
be required for the turbopump unit during start-up.

Finite-difference approximations to the time-dependent thermal, fluid dynamics
and neuvtron kinetics equations were used to describe the operating characteristics
of the engine. These equations were programmed on a UNIVAC 1108 digital computer to
construct a dynamic simulation for predicting the response of the engine to selected
perturbations occurring at the nominal full-power operating condition. A preliminary
transient analysis was performed using the model, which simulates an uncontrolled
engine, to determine the basic stability characteristics and to identify the param-
eters which would provide‘the most effective control mechanisms. Responses to
perturbations in the uncontrolled system can be characterized by either steady-state
or damped oscillations with a characteristic frequency of about 1 cycle/seco It
wag concluded that control of the engine could be achieved primarily by control of
fuel injection rate.
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Johnson, B, V.: Exploratory Experimental Study of the Effects of Inlet Conditions
on the Flow and Containment Characteristics of Coaxial Flows. UARL Report
H~-910091~21, September 1969. To be issued as NASA CR report.

SUMMARY

Fluid mechanics experiments were performed to investigate the factors which
influence the formation and growth of the large eddy structure in developing co-
axial shear flows. Information from these experiments was used to develop inlet
configurations and inlet flow conditions in order to improve contaimment of the
inner-jet gas for application to the open-cycle gaseous-core nuclear rockets and
to improve film cooling flow characteristics for application to closed-cycle nuclear
light bulb rockets.

The tests were performed in a 10-in.-dia chamber with lengths of 10 in. and
30 in. The inlet to the chamber had provision for two- or three-stream operation.
.Air or Freon-ll was used for the inner-jet gas, and air was used for the buffer-
stream gas (if used) and outer-stream gas. Flow visualization was obtained by
coloring the inner-jet gas with iodine gas and photographing the flow with high-
speed motion pictures. Hot-wire and pitot probes were used to obtain average and
fluctuating velocity data in the chamber. Film-cooling flow visualization tests
were also performed with a 5-in.-dia cylinder in the center of the 10-in.-dia
chamber.

The results from these tests indicate that the large eddies, characteristic of
the interface between coaxial flows, could be essentially eliminated for flows in
short chambers. This was done by decreasing the velocity gradient between the two
streams at the coaxial-flow inlet so that any disturbances in the system would be
convected from the chamber before developing into large waves or eddies. The best
apparent inner-jet gas containment obtained with a modified inlet configuration in
the ghort chamber was better than was obtained from previous tests. Tests with
the centerbody and 30-in.-length configuration indicated that the disturbances from
both the inlet and the exhaust systems need to be damped to prevent noticeable
waves from forming in the chamber and developing into eddies.
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Palma, G. E. and R. M. Gagosz: Measurement of Optical Transmission During Reactor
Trradiation. UARL Report H-930709-1, October 1969, To be issued as NASA CR report.

SUMMARY

In situ optical experiments were conducted to determine the level of
irradiation-induced optical absorption that exists in Corning Grade T9LO fused
silica at elevated temperatures during l.5-Mev electron irradiation and during
nuclear reactor irradiation. The optical absorption was measured at the peak of
the strong irradiation-induced absorption band in fused silica centered at 2150 2
over a range of specimen temperatures from 170 to 900 (. Several additional measure-
ments were made at longer wavelengths (2700 and 4500 X) to investigate the width of
the absorption band and to check the absorption where strong absorption bands are
not expected to exist.

The electron irradiation experiments were conducted at the NASA Langley Research
Center using a Dynamitron electron accelerator as a source of 1.5 Mev electrons.
The accelerator provided current densities in the range 20 to 150 microamp/cm2 COr=
responding to estimated ionizing dose rates of 2.7 to 20 x 10 R/sec deposited in
the specimen. The induced absorption and specimen temperature were measured before,
during, and after the irradiation and transient, as well as steady state, data were
obtained. The nominal irradiation time for the electron irradiation experiments was
1000 sec.

The reactor irradiation experiments were conducted at the Air Force Institute
of Technology using a 10 megw, swimming pool reactor as a source of fast neutrons
and gamma rays. The fast neutron flux (E >0.75 Mev) and ionizing dose rate at full
power were 1.7 x lOlg/cmg—sec and 0.02 x 10 R/sec, respectively, at the location
of the specimen. The induced absorption was measured during the irradiation at con-
stant reactor power and specimen temperature in order to obtain equilibrium values.
The nominal irradiation time for the reactor experiments was 3.5 X 107 sec.
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TABLE I

TOPICS COVERED IN REPORTS FROM
UART, AND OTHER AGENCIES

Referenced Reports Contain

Information on Following Subjects

Vortex Fluid

Coaxial Fluid

Opacity and
Radiant Heat

Radiation Damage
to Transparent

agencies (Refs.

137 - 235)

References Mechanics Mechanics Transfer Material Engine Deéign
Reports issued 1-k, 10-15, 28~ 38, 49 5-7, 12, 16-19, | 34, 35, 39, 50 8, 9, 20, 21, 25-
under Contract 33, Lo-42, L5, 2p-2h, Lo, L3, 27, 31, 36, 37, bk,
NASw=-8hT L6 L7 L8

(Refs. 1 - 50)

Other United Air- 53-56, 58-6U, 93 51, 52, 56, 57, T2, 90-92 70, T2, 73, 76-78,
craft Research Lab- | 68-70, T4, 77, 61, 6567, Tl, 82, 84, 86, 87,
oratories Reports T79-81, 83, 84, 75, 85, 88, 89 96, 97

(Refs. 51 - 97) 9%, 95

NASA Lewis Research 98, 100 99, 101-121 99, 101, 103, 132 98, 99, 101, 103,
Center Reports 111, 114, 122- 111, 114, 133-136
(Refs. 98 - 136) 131

Reports from other 137-163 16Lh-17T7 178-185 186-192 141, 143, 145, 153,

191, 193-235

o-£600T6-H
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FIG. 1

SKETCHES ILLUSTRATING PRINCIPLE OF OPERATION OF NUCLEAR LIGHT BULB ENGINE
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DIMENSIONS OF UNIT CAVITY IN REFERENCE NUCLEAR LIGHT BULB ENGINE
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FLOW CONDITIONS IN UNIT CAVITY OF REFERENCE NUCLEAR LIGHT BULB ENGINE

PRESSURE = 500 ATM

DIMENSIONS GIVEN IN FIG. 2

FLOW RATES THROUGH EACH UNIT:
HYDROGEN - 6.04 LB/SEC
NEON - 2.96 LB/SEC
FUEL - 0.19 LB/SEC

NEON CONDITIONS AT EDGE OF FUEL
HYDROGEN INLET CONDITIONS T=15000R HYDROGEN EXIT CONDITIONS

= 3
H = 15,500 BTU/LB _ P LB/ET = 12,000 R
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FIG. 4
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EFFECT OF PROPELLANT HEATING MECHANISM AND PROPELLANT INLET

TEMPERATURE ON SPECIFIC IMPULSE
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PHOTOGRAPHS OF DYE PATTERNS IN RADIAL - INFLOW WATER VORTEXES

RADIUS, r — IN.

RADIUS, r — IN.

PHOTOGRAPHS FROM REF. 13 TAKEN AT INDICATED
TIMES AFTER CESSATION OF DYE INJECTION
THROUGH END WALLS

SINGLE-SLOT INJECTION ~ 3.0 MIN
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EFFECT OF SIMULATED-FUEL DENSITY AT INJECTION

ON THE RADIAL DISTRIBUTION OF SIMULATED-FUEL PARTIAL PRESSURE
IN AN AIR VORTEX
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SKETCH OF END WALLS AND R-F PLASMA DISCHARGE

SHOWING POWER LOSSES FOR HIGHEST
POWER OPERATING POINT
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FIG. 9

VARIATION OF RADIANT ENERGY FLUX WITH TOTAL R-F DISCHARGE POWER
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FIG. 10
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PHOTOGRAPHS OF TRANSPARENT-WALL AXIAL COOLANT-TUBE MODELS EMPLOYED
IN R-F PLASMA TESTS

MODELS EMPLOYED IN TESTS DESCRIBED IN REF. 45
a) DETAILS OF 1.26-IN.-1D MODEL
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EFFECT OF INLET FLOW CONDITIONS ON WAVE DISTURBANCE
CHARACTERISTICS FOR COAXIAL JETS

PHOTOGRAPHS FROM REF. 49
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H-910093-46 FIG. 13

EFFECT OF RESERVOIR PRESSURE ON THE EXTINCTION PARAMETER
OF DISPERSED TUNGSTEN POWDER AT A WAVELENGTH OF 0.435 MICRONS
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H-910093-46 FIG. 14

FRACTIONAL DISTRIBUTION OF BLACK-BODY ENERGY SPECTRUM FOR
SEVERAL RADIATING TEMPERATURES
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H-910093-46

FIG. 15
MEASURED TRANSMISSION CHARACTERISTICS OF FUSED SILICA
DATA FROM REF. 52 FOR CORNING 7940 AND THERMAL AMERICAN SPECTROSIL
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