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FOREWORD

An exploratory experimental and theoretical investigation of gaseous nuclear
rocket technology is being conducted by the United Aircraft Research Leboratories
under Contract SNPC-70 with the joint AEC-NASA Space Nuclear Systems Office. The
Technical Supervisor of the Contract for NASA was Captain C. E, Franklin (USAF) for
the first portion of the contract performence period and was Dr. Xarlheinz Thom
for the last portion of the contract performance period, Results cobtained during
the period September 16, 1970 and September 15, 1971 are described in the following
seven reports (including the present report) which comprise the required second
Interim Summary Technical Report under the Contract:

‘jl. Roman, W. C, and J. F. Jaminet:. Experimental Investigations to Simulate the
Thermal Environment and Fuel Region in Nuclear Light Bulb Reactors Using an
R~F Radiant Energy Source. United Aircraft Research Laboratories Report
K-910900-7, September 1971.

o=~
-

Klein, J. F.: Experiments to Simulate Heating of the Propellant in a Nueclear
Light Bulb Engine Using Thermal Radiation from a D=U Arc Radiant Energy Source.
United Aircraft Research laboratories Report K-910900-8, September 197L.

3. Bauer, H. E.: Initial Experiments to Investigate Condensation of Flowing
Metal-Vapor/Heated-Gas Mixtures in a Duct. United Aircraft Research Labora-
tories Report K-910900~9, September 1971,

’jL. Rodgers, R. J., T. S. Latham and H. E. Bauer: Analytical Studies of Nuclear
Light Bulb Engine Radiant Heat Transfer and Performance Characteristics.
United Aircraft Research Laboratories Report K-910900-10, September 1971,
(present report)

5. Latham, T. 5, and H. E. Bauer: Analytical Design Studies of In-Reactor Tests
of a Nuclear Light Bulb Unit Cell, United Aircraft Research Laborabories
Report X-910900-11, September 1971. )

6. Krascella, N. L.: Spectral Absorption Coefficients of Helium and Neon Buffer
Gases and Nitric Oxide-Oxygen Seed Gas Mixture. United Aircraft Research
- Laboratories Report K-91090L-2, September 1971.

J7. Palma, G. E. and R. M. Gagosz; Effect of 1.5 Mev Electron Irradiation on the
Transmission of Optical Materials. United Alrcraft Research Laboratories
Report K-990929-2, Sepbenber 1971,
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Report K-910000-10

Analytieal Studies of Fuclear Light Bulb Engine

Radiant Heat Transfer and Performance Characteristics

SUMMARY

The analytical studies of muclear light hulb engine characteristics were divided
into two major sections: (1) a conbinuing analysis of engine operating and transient
response characteristics, with an emphasis on engine shutdovn and (2) a detailed
study of the radiation heat transfer characteristicg of the fuel and buffer-gas
regions. Emphagis in the radiation heat transfer calculations was placed on cal-
culations of the spectral distribution of radiated energy emitted from the nuclear
fuel region over a wide range of engine power levels and calculations of the effec-
Giveness of seed systems in altering the spectral distribution of radiant energy.

It was determined that engine shutdown may be accomplished by stopping the
fuel injection to the cavity region. Total power drops to 10 percent of the steady-
state value in approximately 0.2 gec and decreases Lo zéro-in 6 sec. The propellant
flow rate may be reduced to 10 percent of its steady-state value in 36 sec, but must
be maintained at that value for spproximately 160 sec in order to avoid overtempera-
tures in the beryllium oxide regions. Residual heat remaining after approximately
200 sec may be rejected by means of a space radiator.

The investigations of the dynamic response of the controlled engine to various
perturbations indicated that a control response proportional to the difference between
the instantaneous value of the neutron flux level and the desired steady-state value
resulted in smaller variations in power than the control response proporitional to
the rate-of-change of neutron flux previously investigated. The studies alsgo indi-
cated that changes in the heat loads due to radiation and conduction in the moderator
and structure will necessitate revisions to the order in which principal engine
components are cooled. These modifiecations, plus the inclusion of a space radiator
clreuit, should be incorporated in the dynamic simmlation program so that any varia-
tions in the responses to various perturbations during steady-state operation may
be determined.

Spectral distributions of radiant energy emitted from the nuclear fuel region
and incident on the transparent wall structure were caleculated using a neutron
transport theory code. The spectral heat fluxes and corresponding radial tempera-~
ture distributions were used to calculate the heat loads in the buffer gas and
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transparent walls due to absorption of radiant energy., These calculations were
limited to the special case in which the temperature at the edge of the fuel with
buffer seed is set approximately equal to the calculated edge-of-fuel temperature
without buffer seed, the nuclear fuel partial pressure distribution within the
nominal edge-of-fuel region is fixed, and convection takes place in the buffer-gas
region bounded by the transparent wall and the nominal edge-of-fuel region. The
fraction of ultraviolet energy incident on the transparent.walls increases with
increasing power level. For the reference engine power level of 4600 megw, it is
necesgary to either increase propellant flow rate or employ space radiabtors to
reject the ulbtraviolet radiated energy absorbed by the transparent walls. This
ultraviolet energy can be blocked by employing nitric oxide and oxygen seed gases
in the fuel and buffer-gas regions., However, this results in increased ultraviolet
absorption in the buffer gas which also requires either an increase in propellant
flow rate or space radiators to reject the heat load., An increase.in propellant
flow rate reduces specific impulse and increases engine thrust-to-welght ratio,
whereas the addition of space radiators allows specific impulse to remain congbant
and the engine thrust-to-weight ratio to decrease, It is .concluded that investiga-
tions of seeding systems for the fuel and huffer-gas regions should be continued
to identify seeds which will block ultraviclet radiation emitted from the fuel
region more effectively than the nitric oxide and oxygen seed gases, and thereby
minimize both the convection heat load in the buffer gas and the radiation absorp-
tion by the transparent walls.
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RESULTS AND CONCLUSIONS

1. The performance of the muclear light hulb engine, based on an extrapolation
of previously reported reference engine operating conditions, is estimated to extend
over a range of specific impulse from 1100 to 3200 sec with corresponding thrust-to-
weight ratios from 0.4 to 6.9. Extension to the higher specific impulses requires
further research on alternate transparent wall materials, technigues for the trans-
piration cooling of the exhaust nozzles and minimization of the thermal radiation
absorption in the buffer gas and transparent walls.

2. A control which causes a variation in the fuel conbtrol valve flow area
proportional to the difference between the desired steady-state neutron flux level
and the instantaneous value of neutron flux resulbts in much smeller variations in
relative power Auring perturbations than the rate-of-change of neutron flux control
previously investigated.

3. Ingine shubdown may be accomplished by stopping the fuel injection to the
cavity region. Total power drops to 10 percent of the steady-state value in approxi-
mately 0.2 sec and decreases to zero in 6 sec. The propellant flow rate may be
reduced to 10 percent of its steady-state value in 36 sec, but must be maintained
at that value for approximately 160 sec in order to avoid overtemperatures in the
beryliium oxide regions, Residual heat remaining after 200 sec may be rejected
by means of a space radistor.

k., The use of space radiators is necessary to avoid the expenditure of large
amounts of hydrogen propellant for cooldown after each engine run. The total after-
heat which must be removed is on the order of 108 kw-sec for a 1000-sec engine run
and would require the expenditure of 12,000 kg of hydrogen for cooldown after each
run, A lightweight aluminum radiabor weighing approximately 4000 kg would be suffi-
cient to remove the afterheat.

5. Dose rates from residual redicactivity in the engine after shubdown are
dependent upon the location of the fission products within the engine after shutdowm
which'is dependent on the efficiency of the separators and the amount and location
of fuel plating, if any, which occurs during operation and shutdown. If all the
fission products are separated out and removed from the engine system or shielded,
doge rates at 1 £t from a point source equivalent to the induced radioactivity in
the engine components would be less than 1 rad/hr 5000 sec after a 1000-sec run atb
4600 megw.

6. Calculations of spectral heat flux emitted from the fuel region were made
for multiples from 1 to 100 times the reference engine heat flux with neon as the
buffer gas and with no seed in the buffer gag. The fractions of gpectral heatb
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flux in the uv wavelength range below the uv absorption cubtoff for beryllium oxide
transparent walls at 0.125 microns were 0,054, 0.081, and 0.340 for 1, 10, and

100 times the reference engine heat fluxes, respectively (values of specific impulse
of 1870, 2580, and 3600 sec, respectively). The fractions of spectral heat flux in
the uv wavelength range below the uv absorption cuboff for fused silica walls ab
0.18 microns were 0,135, 0,190, and 0.680 for 1l, 10, and 100 times the reference
engine heat fluxes, respectively.

T. Calculations of the energy below the uv cutoff for both beryllium oxide
and fused silica transparent walls for engine power levels in the range from 1 to
100 times that of the reference engine indicate that, without seeds, the heat loads
due to uv energy absorption are such that neither the fused sgilica nor beryilium
oxide walls can be cooled sufficiently without modification of the engine design or
operating conditions. The increase in energy deposited in the transparent structure
would require an increase in propellant weight flow or the addition of a space
radiator. ‘

8. Calculations of spectral heat fluxes in the edge-of-fuel and buffer-gas
regions were made for the reference engine with partial pressures of nibtric oxide/
oxygen seed in the fuel and buffer-gas regions ranging from 0.0l to 200.0 atm.
These calculations were limited to the special case in which the temperature at
the edge of the fuel with buffer seed is set approximately equal to the calculated
edge-of-fuel temperature without buffer seed, the nueclear fuel partial pressure
distribution within the nominal edge-of-fuel region is fixed, and convection takes
place in the buffer-gas region bounded by the transparent wall and the nominal
edge-of-fuel region. Buffer-gas welght flows and temperature distributions were
calculated for the buffer-gas region such that the energy absorbed in the seeded
buffer gas was convected away. The seeding of 0,01 atm of nitric oxide/oxygen
results in an approximately linear temperature distribution in the buffer region.
Higher seed pressures result in steepening temperature gradients in the buffer
region near the edge of fuel, and a leveling off to approximately 2000 R (the
assumed wall temperature) through the outer portion of the buffer region. TFor
seed partial pressures in excess of 0,10 atm, the buffer-gas flow required to
convect radiant energy absorbed by the seeded buffer gas resulted in an axial
vressure drop in excess of a Ilimiting value of approximately 1 atm based on
structural considerations. The effects of varying the nuclear fuel partial pres-
sure distribution or the thickness of the convection region on these results have
not been investigated.

9., Based on the current calculations, the nitric oxide/oxygen seed system
does not block the uv energy emitted from the fuel region adequately. Studies’
should be conbtinued to identify seeds or seed systems with strong uv absorption
coefficients in the wavelength range below 0.18 microns for fused silica and in the
wavelength range below 0.125 microns for beryllium oxide. In order to block the
uv radiation before reaching the buffer gas, the strong absorption coefficients
must persist at temperatures above TO00 K.
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INTRODUGTION

Investigations of various phases of gaseous nuclear rocket technology are being
conducted at the United Aircraft Research Laborabories under Contract SNPC-TO
administered by the joint AEC-NASA Space Nuclear Systems Office. Previous investi-
gations were conducted under NASA Contracts NASw-847, NASW-768, and NAS3-3382; under
Air Force Contracts AF OL(611)-7uli8 and AF Oh(611)-8189; and under Corporate-sponsor-
ship. .

The principal research effort is presently dirvected toward the closed-cycle,
vortex-stabilized nuclear light bulb engine. As discussed subsequently, this
engine concept is based on the transfer of energy by thermal radiation from gaseous
fissioning uranium, through a transparent wall, to hydrogen propellant. The basic
design of this engine is described in Ref. 1. Subseguent investigations performed
to supplement and investigate the basic design and to investigate other phases of
nuclear light bulb engine component development are reported in Refs, 2 through 7.
References 8 through 11 describe the results of related nuclear light bulb research
conducted through September 1971.

Prior to 1969, studies of the design and operating characteristics of the
nmiclear light bhulb engine were concerned primarily with characteristics of the
engine operating at full-power, steady-state conditions. During 1969, a digital
computer simulation model of the engine was formulated to investigate the transient
response of the engine to perburhations about full-power steady-state design con-
ditions. The engine dynamics model is described in Ref. 2. During 1970, the
studies of the transient operating characteristics of the engine were extended to
investigate the transient operating conditions during reactor start-up. Also, the
engine dynamic simulation program was modified to include changes in the reference
design and to investigabte the effects of various types of control systems on the
dynamic response of the engine. Results of the engine characteristics studies
performed during 1970 are described in Ref. L,

During the present year, studies of radiant heat transfer characteristics in
the reference engine were combined with studies of engine design and dynamic operat-
ing characteristics, Previous caleculations (see Refs. 12 and 13) performed at United
Alrcraft Research Iaboratories have indicated that the spectral distribution of
radiated energy emitted from the nuclear fuel region differs appreciably from that
of a black-body at an effective radiating temperature of 15,000 R, These studies
reveal that with no seed approximately 17 percent of the total radiated fiux is
emitbed at wave numbers greater than about 55,000 e L where the fused silica trans-
parent containment wall becomes essentially opague. Thus, it is necessary to find
an effective seed to add to the fuel and buffer-gas regions to prevent ultravioleth
radiation from impinging upon the transparent contalnment walls. During the 1970
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contract périod, investigabions of the effectiveness of nitrice oxide/oxygen (NO/OQ)
seed systems were investigated. The results of these investigations are reported
in Ref, 12. The addition of seeds to the fuel and buffer-gas region, in addition
to blocking the ultraviolet radiation from reaching the transparent wall, also
tends to cause radiant energy absorption in the buffer-gas region. Tt is therefore
necessary to determine the amount of radiant energy which is absorbed by the buffer
gas due to the presence of a seed system because this energy must be convected
into the fuel recirculation system.

The objectives of the work described herein were (1) to continue analysis of
the engine operating characteristics and responses to various perturbations, with
an emphasis on operating characteristics during engine shutdown, and (2) a detailed
study of the radiant heat transfer characteristics in the fuel and buffer-gas regions
of the engine, with emphasis on the effectiveness of seeds added to the fuel and
buffer-gas regions in blocking uv radiation from reaching the transparent walls
and simuitaneously minimizing radiant energy absorption in the buffer gas. The
radiant heat transfer studies with seeds in the fuel and buffer-gas regions were
limited to the special case in which the temperature at the edge of the fuel with
buffer seed is set approximately equal to the calculated edge-of-fuel temperature
without buffer seed, the nuclear fuel partial pressure distribution wibthin the
nominal edge-of-fuel region is fixed, and convection takes place in the buffer-gas
region bounded by the trangparent wall and the nominal edge-of-fuel region. The
program and the results of the analytical calculations are described in the succeed-
ing sections of this report.
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DESCRIPTION OF ENGINE CHARACTERISTICS

Discusgion of Engine Performance

Calculations were made to determine the gpproximate operating conditions and
performance levels of nuclear light bulb engines over a wide range of fuel radiating
temperatures. The objectives of the study were to determine the variations in the
performance level and to provide information on engine operating conditions which
would aid in the identification of design limitations and specific areas in which
further research would be required to extend the performance.

The engine operating characteristics and performance were based on modifications
of' the reference nuclear light bulb engine described in Ref., 1. Tmportant design
characteristics of this engine are given in Table I. The principal assumptions used
in the calculations discussed below are (1) the propellant exit temperature, Tp, is
equal to 0.8 times the fuel radiating temperature, T', (2) the power deposited in
the moderator and structure is equal to 15 percent of the total engine power,

(3) moderator and structure weight is constant regardless of radiating temperature,
and (4) engine operating pressure is equal to 2.5 times the required uranium partial
pressure in the fuel region. The engine power level is directly proportional to
the fourth power of the fuel radiating temperature, T . Using assumption (4) above
and the data in Ref. 14, the relation Egtween the engine operating pressgure and the
total power radiated is Pb = 52,2 QP'Q . 'The variation in total engine weight was
then calculated on the basis of a constant moderator and structure weight (assump-
tion (3) above) and the variation of required pressure vessel weight with operating
pressure., The total enthalpy of the propellant exiting the reactor was taken from
Ref. 15. Propellant flow rates were calculated by dividing the engine power level
by the propellant enthalpy associated with the assumed propellant exit temperature.

The calculation procedure described always results in a maximum value of the
gspecific impulse for the selected fuel radiating temperature. The calculated value
of the propellant flow rate may not be sufficient to remove the power deposited in
the moderator and structure (15 percent of the total as noted in assumption (2))
without exceeding the maximum allowable temperatures in the moderator materials,
For these cases a space radiator could be used to reject the excess heat. *

The calculated specific impulse and thrusbt-to-weight ratio for a range of fuel
radiating temperatures is shown in Fig. 1. The variations in total power, operating
pressure, propellant flow rate, total engine weight, and thrust with fuel radiating
temperature are shown in Fig. 2.
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Effects of Variations in Radiabting Temperatures

As the fuel radiating temperature increases both the specific impulse and
thrust-to-weight ratio increase as seen on Fig. 1. All quantities shown in Fig. 2
also increase with increasing radiating temperature. When it becomes necessary to
use space radiators, the total engine weight begins to increase much more rapidly
as seen in Fig., 2. The rate of increase is dependent upon the assumed radiator
weight per unit of power rejected. The fuel radiating temperature above which.
radiators would be uged is dependent upon both the maxiwmum gllowable moderator
temperature and the radiator material., The more rapid increase in total engine
weight when radiators are added causes the peak in thrust-to-weight ratio shown
in Fig. l.

Design Limitations

Tt is not possible to vary the fuel radiating temperature over the entire
range investigated without considering modifications to the basic engine design.
The principal limitations on performance and the fuel radiating temperature ranges
associated with the limitations were considered in order to define the areas in
which additional research is required if higher engine performance levels are to
be achieved. The limits considered include (1) meximum radiation absorption in .
the buffer region, (2) maximum heat loads to the transparent wall, (3) space radia-
tor requirements and their effect on total engine weight, and (&) transpiration
cooling limitations in the exhaust nozzle.,

Radiation Absorption in the Buffer Region

As the fuel radiating temperature is increased, the edge-of-fuel temperature
also increases. When the temperature at the edge of the fuel region becomes high
enough to induce significant opacity in the buffer gas, primarily due to the onset
of ionization, a significant fraction of the emitted thermal radiation will be
absorbed and convected away with the buffer-gas flow.

Based on the calculated spectral absorption coefficients for neon in Ref, 5 and
the calculated imbalances in the buffer-gasg region at high temperatures, this limit
is estimated to occur at edge-of-fuel temperatures of 12,200 to 13,900 K {22,000 to
25,000 R} corresponding to equivalent black-body radiating temperatures of 15,900 to
18,000 K (28,600 to 32,400 R).

Transparent Structure

The limitations on performance imposed by the transparent structure are related
to both the spectral heat flux incident on the transparent wall and the wavelength
below which all uv energy is assumed to be absorbed in the walls, or the uv cuboff,
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The uv cutoff for fused silica is about 0,18 microns, and the calculated fraction
of energy emitted below this wavelength from the reference engine without seeds

is 13.5 percent of the total radiant energy. Two possible methods of reducing the
energy deposition in the transparent structure are (1) seeding of the buffer gas
with a maberial which will absorb the uv energy before it reachesg the wall or

(2) using an alternate material in the transparent wall with a uv cuboff at a
shorter wavelength than 0.18 microns., A material which has been considered for
use as a transparent wall, other than fused silica, is single-crystal beryilium
oxide (Be0). ‘The uv cutoff for single-crystal BeQ is about 0.12 microns., The
calculated fraction of energy emitted below this wavelength from the reference
engine without seeds is 5.3 percent of the total radiant energy. Thus, it appears
that the use of & seed material is required to limit the radiant energy absorbed
by the transparent walls. Details of the radiation spectrum from unseeded uranium
plasma and uranium seeded with a mixture of NO and O, are discussed in the section
titled RADTANT HEAT TRANSFER,

Badiator Requirements

The requirement for use of space radiators during steady-state operation is
determined by the total amount of power deposited in the moderator and structure and
the meximum allowable moderator temperature. The performance characteristics and
operating conditions (Figs. 1 and 2) were calculated for two values of the meximum
moderator temperature and two values of radiator weight per unit of power rejected.

The assumption, previously mentioned, that 15 percent of the total power in the
engine is deposited in the moderator was based on the detailed calculation of the
engine heat balance as discussed in Ref. 4. Tn these caleculations it was assumed
that the uv energy from the fuel region was blocked by the addition of a seed
material to the buffer gas so that the total energy deposited in the buffer gas and -
transparent wall was egual to 3 percent of the total engine power.

If, due to the limitations on radiation from the caviby or absorption in the
transparent structure, the total energy deposited in the buffer gas and transparent
wall is greater than about 3 percent of the total power, space radistors must be
employed at lower fuel radiating temperatures than shown in Figs. 1 and 2. The
effect of the space radiator heat rejection would, in general, be a slight reduction
in specific impulse due Lo the loss of energy which is available for deposition in
the propellant by radiation and an increase in total engine weight due to the
increased sige of the radiator.

The high temperatures present in the exhaust nozzle require that the nozzle be
transpiration cooled with hydrogen. In the reference engine, the transpiration



K-910900-10

cooling flow is approximstely 12 percent of the primary hydrogen propellant flow

and causes a 6 percent reduction in the specific impulse. As the propellant tempera-
ture increases, a higher transpiration coolant flow is required which causes a more
significant decrease in specific impulse. It is shown in Ref. 16, that the limiting
value of specific impulse would be between 2500 and 5000 sec or at fuel radiating
temperatures above 11,000 ¥ (19,800 R).

Engine Dynamiés and Control

Studies of the dynamic responses of the controlled engine were conbinued using
the engine dynamic simulation program described in Refs. 2 and 4. A flow diagram
of the three coolant circuits and their interrelation is shown in Fig. 3. A block
diagram of the control system proposed for use during start-up and steady-state
operation is shown in Fig. 4. Recent studies were concerned primarily with various
types of controls to determine the type of control, response times and control gain
that would give a sabisfactory response to all of the perturbations to the steady-
state conditions.

The heat loads to the various components of the engine were recalculated based
on revised estimates of fission product heat deposition and radiation and convection
heating in various structural components, Details of the results of these calcula- -
tions are discussed in a subsequent subsection titled "Engine Heat Loads". The
results of these studies indicated that the maximm allowable temperatures in some
of.the engine components will be exceeded if the ceoling sequence shown in Fig. 3
is used. A revision of the cooling circuitry, possibly to include & space radiator
system, is necessary and will necessitate a revision of the dynamic similation pro-
gram. Extensive studies of various types of engine controls were, therefore, deferred
pending revision of the gimuwlation programn.

Investigations of Control Responses

The dynamic response of the uncontrolled engine and the response with a couobrol
of the fuel injection valve based on the rate-of-change of neubron flux are described
in Ref. 4, The dynamic response studies discussed herein are concerned with the
response of the engine using a control of the fuel injection valve based on the
difference between the instantaneous value of neutron flux and the desired steady-
state value of neutron flux., The perturbations invegtigated were the same as those
reported in Ref. Ut with the exception of the bturbopump wheel speed variation, .The
dynamic simulation program was modified to permit the investigation of step changes
in turbine control valve area and turbine nozzle area instead of the previously
imposed wheel speed ramp., It was determined from studies of the response to step
changes in these two areas that it was not possible to generate a ramp in the turbo-
pump wheel speed of the magnitude previously used as an input, due to the inertia

10
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of the turbopump. Substibubtion of the burbine control valve and bturbine nozzle
perturbations for the turbine wheel speed ramp results in a more realistic pertur-
bation and also introduces the possibiliiy of using the turbine control valve as
a secondary control mechanism for damping pressure fluctuations.

Rate-of-Change of Neutron Flux Tevel

The response of the engine to perturbations using a control hased on the rate-
of-change of neutron flux was discussed in Ref. 4, The principal disadvantage of
this type of control is the undamped oscillation caused by the confrol., Since it
is necessary to assume gome minimum value of the rate-of-change of neutron flux
to which the control will not respond, the control usually results in a finite ramp
in power., It becomes necessary to impose a secondary control based on the absolute
value of neutron flux to terminate the ramp. This combination of conbrols results
in a controlled response of the engine which is a triangular wave ogeillation with
frequency depending on the allowable rate-of-change of neutron flux and the ampli-
tude depending on the absolute limit of neubron flux allowed by the secondary control.

Absolute Value of Neutron Flux Level

A sensor is included in the control circuit to measure the instantaneous value
of neutron flux (see Fig. L4). The response of the engine to a change in fuel con-
trol valve area which ig directly proporticnal to the difference in the insbtantaneocus
and steady-state values of the neutron flux was investigated. The equation relating
the control valve area change to the neubtron flux level is

8A = (Ag) Cy (Ng-N) (1)

where §A 1s the variation in the fuel control valve area after each time increment,
(Af)o is the steady-state value of the fuel control valve area, CV is a proportion-
ality constant, N, is the steady-state value of neutron flux, and N is the instan-
tanecus value of the neutron flux after each time increment. The fuel control valve
ares, AF, may be expressed as

AF = (AF)O + SAF1 + SAFZ (2)

where SAFl is the imposed perturbation in the fuel control valve area, when applicable,
and.SAFa is the cumulative change in the fuel control valve area due to control respons
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Then, §Ap, is equal to the summation of the 84 values calculated from Eqg. (1).
Initial calculations were made using various values of the proportionality constant,
Cy, and the dead band width (valuves of Ny-N for which no control response occurs).
From these results a proportionality constant of 0.002 and a dead band width of
0.5 percent was selected and used for the daba described herein. A 50-msec time
delay was assumed between the time of the neutron flux measurement and the time

the valve area correchbion was initiated.

The responses of the controlled engine, using the absolute value of neutron
flux, to step changes in imposed reactivity, fuel control valve area and exhaust
nozzle area are shown in Figs. 5, 6 and 7, respectively. With the exception of
the negative step change in exhaust nozzle area, the controlled regponses are low-
frequency, .Jamped oscillations. In the case of the negative step change in exhaust
nozzle area, a higher-frequency oscillation occurs as shown in Fig. 7(b). This
oscillation is initiated by the control system since a response of this type does
not occur in the uncontrolled case. Investigations of the use of secondary conbrol
mechanisms to eliminate this higher-frequency oscillation were deferred pending
modifications to the dynamic simulation program,

Engine Heat Loads

The component heat loads in the reference engine were recalculated based on
revised estimates of fission product heat deposition and the radiation and convec-
tion to the end walls and liner tubes. A comparison of the revised values (referred
to as Modification I) and the reference engine values are shown in Table II. The
revised values (Modification I) are based on the following assumptions: (1) any
increase in fission product power during operation due to the build-up of fission
products before an equilibrium concentration is reached must be offset by a decrease
in fission power so that the total engine power will remain constant; (2) the con-
vective heat load to the transparent structure and cavity liner may be reduced by
a factor of three by introducing relatively cool, unseeded buffer layers adjacent
to the walls; (3) the cavity end walls and cavity liner are aluminum with a reflec-
tivity of 0.9 and the radiation to the cavity liner may be reduced by a factor of
two by controlling the distribution of the seed material in the propellant duct.
Varilations in the heat deposited in the buffer gas and transparent structure, as
discusgsed in the section of this report titled RADIATION HEAT TRANSFER, are not
included in the revised heat loads shown in Table II. Tt may be noted from Table II
that the increase in the total heating in the components is less than 10 percent.
The increase is concentrated in components which must be maintained at a temperature
below 835 K (1500 R) and there is not a sufficient quantity of coolant flow (low-
temperature heat sink) to accomplish the cooling required at this temperature level.

12
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Three possible methods of revising the ccoolant circuits were investigated
(1) increasing the propellant flow rate to provide additional heat sink capacity,
(2) adding space radiators to reject a portion of the heat, and (3) substituting a
tungsten-coated graphite cavity liner for the aluminum liner currentiy used.

The propellant flow rate required to reduce the component temperatures to the
desired level is approximately 26.6 kg/sec. An increase to this flow rate would
cause a reduction in specific impulse of the reference engine from 1870 sec to
the order of 1600 sec.

The addition of space radiators, or the utilization of the space radiators
redquired for afterheat removal, would provide sufficient cooling capability with
no decrease in sgpecific impulse. The radiator weight reguired would be dependent
upon the amount of heat to be rejected and the rejection temperature levels.

If the cavity liners are made from tungsten-coated graphite rather than aluminum,
the radiation heat load is increased due to the lower reflectivity of tungsten (0.6
as compared to 0.9 for aluminum, see Ref. 1). The tungsten-graphite liner may be
cperated at a considerably higher temperature, allowing this component to be cooled
after the solid moderator regions.

‘Belection of the preferred method of revising the engine design was not made
at this time due to the uncertainties in the buffer gas and transparent wall heaf
loads as discussed in the section of this report titled RADIANT HEAT TRANSFER.
After a determination of .all of the changes which may be caused by variations in
the radiation heat loads, it will be necessary 4o reccnsider the possible revisions
in engine design and then select a new configuration to be incorporated in the
engine dynemics program.

Engine Shutdowm

The calculation of engine operating characteristics during shutdown is dependent
upon both the variation in power due to fission in the fuel regicn and the qﬁantity
of afterheat (heat from the decay of radioactive fission products and induced radio-
activity in structural components) which must be removed. Immediately after the
power due to fission in the fuel region has been reduced to zero by removing the
uranium fuel, the afterheat generated is approximately 2.5 percent of the full-power
operating dlevel. This afterheat, and the sensible heat which must be removed from
the moderator, is the primary factor in determining the operating conditions and
cooling requirements during shutdown. Therefore, the engine shutdown schedule is
based on a power ramp which is determined by the fuel conbainment characteristics
of the vortex and the decay of fission products and radioisotopes generated during
operation rather than an imposed power ramp similar to that used in the start-up
studies.
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Pogsgible Shutdown Schedule

The sequence of events required for a shutdown which is initiated by terminating
the fuel injection to the cavity region is shown in Table ITI. The controls required
during shutdown are similar to those used during start-up and steady-state operation
as shown in Fig. 4. The fuel flow is terminated by closing the fuel injection wvalve,
Vi, the desired flow rate in the primary hydrogen circuit and radiator circuit is
controlled through valves V5 and VT,‘ and the exhaust nozzle, Vg, is closed after
the flow of primary propellant is stopped. Since the neutron flux level is reduced
to a very low level after the first 5 to 10 seconds, the sensors of the neutron
flux level and rate of change, 57 and 8, would not be used during the shutdown to
provide any feedback to the control valves. Pressure and temperature levels and
coolant flow rates are monitored by sensors S5 through Sy (see Fig. 4) and any
required flow rate changes are made by varying the flow area of the appropriate
control valve.

Heat Sources After Shutdown

After the power due to fission in the fuel region has been reduced to zero,
there is approximately 100 to 150 megw of power generated in the engine due to the
decay of fission products and radioisotopes formed by neutron irradiation of the
structural materials. In addition to these power sources, it is also necessary to
remove & portion of the gensible hest in the moderator to avoid overheating internal
structural components adjacent to the moderator regions. The coclant flow require-
ments during the majority of the shutdown ramp (for ty>5 sec) are determined by
the fission product afterheat power level,

Fission Product Afterheat

The power released due to the decay of radicactive fission products is a
funetion of the engine run time and the time elapsed since shutdown. The calculated
fission product power is shown in Fig. 8 for various engine run times. The instan-
taneous value of fission product power is between 100 and 150 megw and the time
required for the power to decay to 10 kw is between 1 and 15 days. The total heat
released by the fission products {equal to the integral of the power with respect
to time) is between 1.5 x 107 and 1.5 x 10° kw-sec as shown in Fig. O.

The required shutdown schedule is dependent not only on the magnitude of the
fission product power but also on the location of the fission products -within the
engine after shutdown and the location within the engine where the decay energy is
deposited. All of the fission products are contained in some part of the fuel and
neon circuit after shutdown, but since they decay by emitting gamma-rays or high-
energy particles, the decay energy may be deposited in ofther regions of the engine.
For the calculations described above, it was assumed that the breakdowm of fission
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Product decay energy was 20 percent in the fuel and neon circuit, 20 percent in
structural components cooled by the secondary circuit, 40 percent in the solid
moderator, and that the remaining 20 percent passed through the pressure vessel
without depositing any heat in the engine.

— eyt it mmm W R e e e e e e -

Turing engine operation, certain materials in the engine hecome radiocactive due
to neutron absorption., The primary sources of induced radicactivity, ag described
in Ref. 6, are oxygen-18, aluminum-27, tungsten-18L, and nickel-15. The total power
level immediately afiter shutdown is approximately 5.5 megw and decays to the order
of 10 kw in approximately 20 min as shown on Fig. 8. The total heat release from
induced radicactivity is approximately 7 x 10° kw-sec as shown in Fig. 9, Since
the majority of the msterials which become activated are in the moderator or inter-
nal structure, it was assumed that the induced radicactivity power would be deposited
in the solid moderator.

'Sengible Heat

The steady-state operating temperatures of the solid moderator materials are
1500 K (2700 R) in the beryllium oxide and 2110 X (3800 R) in the graphite. The
low-temperature materials (primerily beryllium or aluminum) in the structural com-
ponents adjacent to the moderator (flow divider, tie rods and liner tubes) must Dbe
maintained at a temperature of not more than 833 K (1500 R). It is therefore
necessary o continue cocling these structural components after shubtdown until the.
moderator temperatures are reduced to 833 K. The total guantity of sensible heat
which must be removed is on the order of 1.6L x 107 kw-sec (1.55 x 107 Btu). If
this heat is removed by internally cooling the structural components so that the
maximum temperabures do not exceed 833 K (1500 R), the rate of heat removal
immediately after shutdown is 4.05 megw.

Removal of Heat After Shutdown

Two methods of removing the heat generated after shubdown were investigated,
(1) direct cooling of the engine by continuing the flow of primary hydrogen pro-
pellant and (2) rejection of the heat through an auxiliary space radiator system.
A summary of the total weight of hydrogen which must be expended during shutdown
and the required weight of an awdiliary space radiator is shown in Table IV. If
direct hydrogen cooling is used, the weight required is based on the total quantity
of heat to be removed as shown in Fig. 9. A similar amount of hydrogen wouwld be
required at the end of each engine run if multiple engine runs are required. The
weight of the space radiator required is dependent upon the heat rejection rate or
power level immedistely after shubdown and the radiator inlet and ocutlet tempera-
tures., The variations of radiator welight and pressure drop with radiator temperature
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level for a radiator capable of rejecting 115 megw are shown in Figs. 10 and 11,
respectively. Since it is necessary to maintain the beryllium structural com-
ponents at a temperabure of 833 K (1500 R) or below, an aluminum radiator with an
inlet temperature of 833 X (1500 R) and an outlet temperature of 389 K (700 R) was
selected. Since the radiator is reusable, the weight required does not vary with
the number of engine runs,

Calculations of engine coperating characteristics during shutdown, as discussed
in the following sections, indicated that a combination of direct hydrogen cooling

and space radiators is required.

Operating Conditions During Shutdown

The minimum shutdown time possible is achieved by terminating the fuel injection
to the cavities and allowing the power to decrease proportional to the amount of fuel
remaining in the fuel region. The initial power ramp was debtermined using the dynawmic
simnlation program described in Ref. 4. The variation in the relative power level is
shown in Fig. 12. The power drops to 1l percent of the full-power wvalue in approxi-
mately 0.8 see. During this time the contained mass of fuel decreased from the
steady-state value of 13.65 kg {30 1b) to 1L.5 kg (25.3 1b). It was assumed that
the power variation from 1 percent to zero would be linear, reaching zero power
at t, = 6 sec.

The temperature in the fuel region was calculated using the same heat halance
equations used in the calculation of the temperature levels during start-up (see -
Ref. 4). The variabtion in average fuel temperature is shown in Fig. 13. It can be
seen that although the power has been reduced to zero in 6 sec, the heat capacity
of the gases and fuel in the vortex extends the time of the temperature ramp to
the order of 40 sec.

The coolant flow rate variations were based on the time required for the average
fuel temperature o reach 333 K (600 R). It was assumed that the flow rates in the
neon circuit and the secondary circuit would remain at their steady-state values
during the shutdown ramp and that the primary propeliant flow would be reduced as
the radiator flow was increased as shown in Fig, 14, Two coolant flow schedules
were investigated as shown in Fig. 14, one with a linear decrease in propellant
flow rate to zero in L0 sec and one with an extended cooling period at 10 percent
of the design flow rate. The total hydrogen expended during shubdown is 385 kg
(846 1b) for the 40 sec ramp and approximately 618 kg (1360 1b) for the 200 sec
ramp,

The calculated power deposition in the fuel and neon circuit and the secondary
circuit are shown in Figs. 15 and 16, respectively. It may be noted that shortly
after shutdown (5 to 10 sec) the majority of the power deposited in these circuits
is due to fission product decay and induced radioactivity heating.
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The calculated temperature variations in the beryllium oxide moderator region
are shown in Fig. 17 for the two coolant flow schedules. If the propellant flow is
reduced to zero in 40 sec, the heating due to fission products and induced radio-
activity is higher than that which can be removed through the secondary cooling
circuit and the temperature rises to a value of about 1700 K (3060 R) which is
azbove the level allowable in the beryllium cxide (1500 K (2700 R)}). If the pro-
pellant flow is continued at 1.97 kg/sec (4.32 1b/sec) from 36 sec after shutdown
to 190 sec and then reduced to zero bhetween 190 and 200 sec, the maximum tempera-
ture in the beryllium oxide does not exceed 1500 X (2700 R).

The temperature levels in the graphite moderator during shutdown are shown in
Fig. 18. Maximum allowable temperatures in the graphite are not exceeded with
elther flow schedule so that the temperature levels in the beryliium oxide modera~
tor are the determining factor with regard to the desired flow schedule. The large
nmass of moderator material in the engine tends to keep the inbternal temperatbures
at a relatively constant level during the shutdown.

The engine operating pressure during shutdown shown in Fig. 19 was calculated
on the basis of the assumed propellant flow schedule (shovm in Fig. 14), the cal-
culated propellant exit temperabure,and a constant exhaust nozzle area equal to
the steady-state operating value. During the early phases of shutdown (0 to 2 sec),
when the fuel is still in vapor form, the pressure levels shown in Fig. 19 are
sufficiently high to insure conbainment of the fuel (PB6:>5F6). More debailed
information regarding fuel density during the later phases of shutdown are necessary
before the required containment parameters can be specified.

Design Modifications to Improve Accessibility and Reusability

Calculations of the estimated radiation dose rates in various components of
the engine were made to determine the effect of the activity levels on engine
accessibility and reusability. The factors which infiuence the dose rate in a
specific component are related to engine run time, cool-down time (time after
shutdown required to remove afterheat) and the locaticn of radiocactive fission
products after shutdown. The principal assumptions employed in the calculation
are:

1. After engine operation, & cool-down time of befween 5 x 105 sec (5.8 days)
and 2 x 106 sec (23.2 days) is necessary in order to remove fission product decay
heat before disassembly can begin.

2. The heat and radiation dosage from induced activity in'the moderator and

gtructure is negligible at times greater than 5 x 107 sec (Q<=lo‘7 kw, DR<10-1 r/hr
at 1 ft after 5 x 103 sec).
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3. The approximate distribution of fission products after engine operation
(based on data from Ref. 17) is: 58.7 percent will condense with the fuel, 20 per-
cent will condense in the H,-Ne heat exchanger (if no multiple stage condenser-
separator units are employed) and 21.3 percent will be in gaseous form and not
condense but be carried with the neon.

4, The energy deposition and dose rates are directly proportional to the
quantity of fission products in a locatlon so that the heat and radiation doses
in various regions will follow the same distribubion as assumed in 3 above.

5. The rate of burn-up of uraniuvm and production of fission products is
0.063 gm/sec of operating time.

6. Variations in the physical properties of fission products with time are .
not considered.

Three specific cases were investigated based on the assumption of (1) perfect
fuel separation, (2) 80 percent efficient fuel separation, and (3) a 5-A-thick
depogition of fuel and fission products on the cavity end walls and transparent
structure. In the first case, all of the fission products which condense with the
fuel are assumed to be in the fuel storage container. In case (2) fuel and fission
products which are not separated are assumed to condense in the heat exchanger. In
both cases (1) and (2) no plating of fuel or fission preoducts oceurs in the cavity
region so that there is no activation of the end walls or transparent structure.

The radiation dose rate from each component was calculated from a relation
between the decay energy and the dose rate. For an unshielded point source in air
the dose rate, DR, is

f2

DR = 6x103

(3)

where C is the specific activity in curies, Ep is the energy of the decay photon in
Mev, and f is the distance from the source in f4. &ince the gpecific activity and
decay photon energy for each radioisotope present is not accurately known, these
terms were related to the total energy release from all of the fission products.
The specific activity, C, can be expressed as:

5 -0.693 t
LIZ% 10~ M
C = e M (%)
(AA) t,,,
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where M; is the mass of the radioisotope present in grams, AA is the atomic weight in
grams, tl o is the radioactive half-life in sec, and t is the total elapsed time
after the production of the isctope. The total energy released by the radioisotope,

Qps is

)
Y22

7 -0.693 |
6.688x 10 M_E
ar - 1tP o tisz (5)

(AA) 15

Substituting Eq. (5) and Bq. (4) into Eq. (3) yields

DR = 05 =T (6)
fZ

where DR is in roentgens (r) per hour, Qp in kw and f in £t. The radiation dose
ratesg calculated for the three cases are shown in Table V.

In Case I of Table V, the dose rates in the neon gas heat exchanger and fuel
storage container are extremely high, and access to other parts of the engine would
require removal and storage of these components., It would be possible to reduce
the acbivity level in the heat exchanger by using a hot purge gas to vaporize and
remove the low-boiling-point fission products if desired. The fuel and neon could
be stored and replaced in the engine when accessibility was.no longer required.

In Case II of Table V, the only effect of imperfect fuel separation is the
deposition of high-boiling-point fission products in the heat exchanger which
increases the activity level and a corresponding decrease in the activity level
in the™fuel storage container. 1In this case a hot purge gas will not remove all
of the activity in the heat exchanger so that this component will have to be removed
if access to the internal regions of the engine ig desired.

In Case IIT ofOTable V, the activity level of the transparent structure and
end walls with a 5-A coabing of fuel and figsion products is shown. The activity
levels in the other components will be the same ag in Case T or II depending upon
the assumptions about fuel separation efficiency, The activity levels in the trans-
parent structure and end walls are much lower so that short-time inspection of these
components would be possible. They could be removed for cleaning or replacement
after an additional 15 to 30 dey ccol-down.

The results of these gtudies indicate that if a design modification to improve
accessibility is desired, some provision for simplifying the removal of the fuel
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storage container, hydrogen-neon heat exchanger and the neon gas conbtained in the
fuel and neon ecircuit is required. It should be nobted that the dependence of the
results of this sbudy on the location of fission products afber shubdowm would
indicate that further investigations of the types of fission products formed and
their distribution after shutdown should be conducted.
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RADTANT HEAT TRANSFER

Analytical Model

The analytical model used in fuel and buffer region radiant heat transfer
caleulations is shown in Fig, 20, In the nuclear light bulb concept a fissioning
gaseous uranium plasma is conbained in the fuel region within a vortex of neon
buifer gas. The nuclear fuel emits thermal radiation which must pass through the
surrounding neon buffer region. The region of analysis is defined to include the
outer section of a cylindrical fuel-containment region along with the neon buffer
region which extends to the inside edge of the transparent wall as shown in
Figs. 20{a) and 20(b). The partial pressure distributions of the nuclear fuel,
neon buffer gas, and NO/02 seed gas are shown in Fig. 21. The distributions showm
are for an engine (seeded with 10 atm of NO/02 seed gas) with a total engine power
of 4600 megw. The total pressure is 500 atm in the engine fuel cavity. The fuel
partial pressure distribution is assumed to be constant at 200 atm from the cavity
centerline out to one half the fuel cloud radius and then to decrease linearly to
zero gt the edge-of-fuel location. The neon and NO/02 seed (if present) then
account for the difference between the total pressure and the fuel partial pressure.

Source Description

The mechanism of radiation transport in the fuel region of the nuclear light
bulb engine ig by the absorption and re-emission of thermal energy. The radiation
transport problem can be solved by neutron btransport theory computer programs
(Refs. 18 and 19). Since scatbering is negligible, these are "source-sink" pro-
blems with the specification of the source being the vital requirement. The
emigsion of energy is characterized by the black-body spectrum at the local tempera-
Hure. The black-body spectral energy intensity is given by

27rCah !

(7)
5 ech/AkT_’

T(AT) =
b

where ¢ is the speed of light, h is Planck's constant, k is Bolbtzmann's constant,
A is the wavelength, and T is the temperature. Dividing by T and integrating over
AT, we have for constant temperature, T,

f I(N\T)

1
- d(xT)="—T-;fI(xT)d>\ (8)

21



K-910900-10

By definition, the total energy intensity is

e = fI(mdx = T2 (9)

TOT

where o is the Stefan-Boltzmann consbtant. Hence

TOT
J L TR (10)

T5

The total energy density (Ref. 20) is defined to be

4
4e 4T I
c - TOT _ f

ot d(AT) (11)
c c T

The wavelength spectrum is divided into any desired number of wavelength bands
or groups with which the "multi-group” method of solution is applied over the entire
wavelength range. Since the neutron transport theory equations are cast in a con-
servation-of-particle-form, it is desirable to convert the energy-density source
into a photon-density source. The photon source strength in the interval from
AT to AT + &(AT) can be represented by dividing the corresponding energy source
strength by the average energy of a photon of wavelength A. Using E = hc/ A, the
photon source is given by

AT+3(T)
474 I(\T) he
x[ AT = AT +8(xr)] = — f d(x1) /T (12)
C T T A
where
» = AT+ GTesom)]/ 2 (13)
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In Eqg. (12), X (AT—AT + &6(AT)) is expressed in units of photons per unit volume,
a time independent function. A source which is & time-rate function is required.
Fach photon moves with velocity ¢ cm/sec, and A is the mean free path for the
absorption process in the medium, that is, the average distance a photon will travel
from the time it is re-emitbed until it is absorbed. Then, on the average, c/)\mfp
iz the photon interaction probability per sec. If the photon density, i.e., the
number of photons per cubic centimeter of the beam is X(AT—AT + 6&(AT)), then

the number of photons absorbed is X (AT—AT + & (AT)) (C/}tmfp) per cmS per sec.
Since A = 1/a,w, where a,, is the spectral absorption coefficient, this can be
written a8 a ¢ X (AT—>AT + 6(AT)). When a system is in thermodynamic equilibrium,
the absorption rate is equal to the source strength., Hence, the photon source
strength as a time-rate function is given by

AT+80T) TOM) h
A C
x[ 3= ss0m] a0 T4 [ domy / —- (4)
¢ XT I A

x' (A\T—AT + & (AT)) is the photon source strength in the form to be used in the
neutron transport theory computer program (Ref. 18) and is in units of photons per
unit volume per unit tinme.

Fuel Region Temperabure Iteration Technique

A discussion of the flux equations used in the two compubter programs, AWISH
(Ref. 18) and TAXSI, which iterates on a temperature distribution, is given in
APPENDIX A. Also ineluded in APPENDIX A ig a method of weighting absorption
coefficients. The radiation transport problem solved in one-dimensional cylindri-
cal geometry for the nuclear light bulb engine requires that the product of the
radiation heat flux and the cylindrical surface area remain comnstant throughout
the portion of the fuel region in the region of analysls. This is consistent with
the assumption of no fission sources in the region of analysis. A spectral heat
flux boundary condition is specified at the inner cylindrical surface of the
region of analysis, along with an initial temperature distribution. Since the
total energy across any cylindrical surface mast be constant, a balance between
energy sources (reradiated) and the energy absorbed is required in each different
temperature interval, The initial temperature distribution must be perturbed
until the energy absorbed and reradiated becomes equal., This can be accomplished
by singularly modifying the temperature in one interval in which the following
pérturbation is applied.
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Energy Source - Energy Absorbed = O

(51 4s AT) -((Z; $v), - d(Zoev) AT) =0

dT -dT (15)
If AT =Ty ~ Tyqq, then rewriting and combining ternms we have
s, -(Zg qbV)!
PR ‘ (16)
[d(Zadw) ds
dT dT

In the above eguation, the terms apply for the ith interval and Ty, Sy, and CZQﬁV%
are the temperature, energy source, and energy absorbed in the gth iteration;

Tpy1 is the new interval temperature for the {+l iteration; dS/dT and dA(Z$V)/dT
are the derivatives of the energy source and energy absorpbtion with respect to
temperature. The convergence procedure starts at the innermost interval and pro-
ceeds oubtward toward the edge-of-fuel requiring convergence to a degree € in each
interval before proceeding out to the next interval., When the cutermost fuel
interval and all inner intervals satisfy convergence within a level €, then e

is reduced to €/2 and the iteration returnd to the immermost fuel interval and

the iteration procedure is resumed. After convergence of a temperature disbtribu-
tion has been achieved in TAXSI, the sources and opacities of the converged
temperature distribution are used in ANISN to compute in more detail, and with
more accuracy, the flux distributions. If the resulting agreement between ANISN
and TAXSI flux distributions is not satisfactory, the updated transport propertiles
from ANISN are introduced into TAXST and the iteration of the temperature distiribu-
tion iz resumed. This sequence conbinues until the convergence is satisfactory

in both ANISN and TAXSI.

Convection Region Temperature I{eration Technigue

A discussion of the equations used in the convection analysis is given in
APPENDIX A, As in the fuel region, tpé buffer-gas region was divided into small
radial inbtervals. The assumed buffer-gas flow patbern is shown in Fig. 22, The
buffer gas enters the region by tangential injection at the transparent walil. ihe
flow moves radially inward and grédually'turns until it is moving axially such that
at the stagnation surface there is no net radial buffer weight flow. The flow is
assumed to travel in stream tubes as indicated in Fig. 22. In the solution of the
one-dimensional problem, each interval represents a stream tube in the application
of a finite-difference method of calculation where the temperature, velocity, and
density of the gas are assumed constant over the interval. Initially, a piecewise
linear temperature distribubtion is assumed in the buffer-gas region as shown in
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Fig. 23. Properties are evaluated at the midpoint of each interval and the flux
caleulation is performed. The sum of the convected energy and the energy re-emitted
must equal the energy absorbed in each interval for a converged temperature distri-
bution. In practice each interval is required to satisfy convergence of the energy
balance to a degree €. When convergence is not satisfied in the buffer region, a
new temperature disbribution in the buffer gas is calculated such that a linear
temperature gradient across each interval will correct the energy imbalance between
the energy absorbed and the energy reradiated for the current temperature in each
reglon, Perbturbations of the temperature in esach interval are made when the con-
vergence parameter,. e, is not sabisfied, Convergence on a temperature distribution
results when the imbalance between energy absorbed and energy reradiated and con-
vectbed becomes essentially zero. The sequence of events which typically results

as the temperature distribution converges in each buffer region interval is
illustrated in Fig. 23 (progressing from iteration 1 to iteration 2 and finally
iteration 3 which would represent the final temperature distribution converged to
degree, €). A further constraint is the requirement that the temperature at the
edge of the transparent wall must be approximately-1100 K. This constraint imposes
another level in the buffer region temperature convergence; since a different con-
verged temperature distribution exists f£or each axial pressure drop assumed in the
buffer région.

Bstablishment of the Spectral Heat Flux Boundary Condition

The radiant heat transfer calculation for the nuclear light bulb engine need
only be performed for the narrow ocuter layer of the fuel region. This occurs because
the absorption coefficients for the mixture of buffer gas and nuclear fuel near the
edge-of-fuel region are sufficlently high to cause the optical depth, 7, , to be
generally greater than 1.0 over the wavelength range of inbterest in an annular
region approximately l-cm thick at the edge of the fuel cloud. Furthermore, it
is assumed that the uranium mass density near the edge-of-fuel location ig low,
therefore, fission energy deposition near the edge-of-fuel location is negligible
compared to the radiant energy passing through the region. On this basis, the
presence of a fission source is neglected in the reglon of analysis. Since the
caleulation does not encompass the enbire fuel region, but rather a narrow sectlon
near the edge-of-fuel location, a boundary condition must be specified at the inner
boundary of the region of analysis. The present method employed 1s to impose a
black-body spectral energy heat flux calculated at The tempersture of the inner
boundary and normalized to the desired edge-of-fuel total heat fiux. This satisfies
the constraint of constant total energy at any cylindrical surface in the outer
layer of the fuel region when a converged temperature distribution is obtained.
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Discusgion of Results

Femperature Distribution in Fuel Region

Fuel region temperature distributions for radiant heat fluxes of 1, 5, 10,
and 100 times the reference engine heat flux (qo =2.73 x 1041 erg/ cme-sec) are
shown in Fig. 24 for the outer layer of the fuel region. Unseeded neon buffer gas
was present in the buffer region, and there was assumed to be no back radiation
from the propellant stream or from wall reflections. The tobtal engine pressures
of 500, 750, 880, and 1850 atm correspond to the 1, 5, 10, and 100 gq, power levels,
respectively, and are taken from Ref. 14 assuming a constant average fuel density
in the fuel region. The edge-of-fuel temperatures for these cases are 6400, 9540,
11,850, and 20,400 K, respectively, and the effective black-body radiating tempera-
tures for these power levels are 8330, 12,460, 14,820, and 26,350 K, respectively.
The corresponding values of Te/T* are 0.77, 0.77, 0.80, and 0.77 for the specified
power levels; Te/T* would be egual %o 0.84 if the gas opacities at a given tempera-
ture were independent of wavelength.

Caleulated Flux Distribution

The spectral heat flux distribubion at the edge-of-Tuel location for total heat
fluxes from 1 to 100 times the reference engine heat flux are shown in Fig. 25 as
a function of wave number. The wave number band of interest (ZLO6 to 103 emrl) was
divided into 80 wave number groups, the widths of which varied as indicated on the
spectral plots. The peaks in the spectra at approximately. 75,000 and 120,000 e+
are persistent at 1, 5, and 10 d, with the tendency for the spectra to fill in the
valleys in the wave number range between 20,000 to 70,000 emd with increasing
heat flux for these cases. At 100 g, the spectrai valleys are essentially filled.
The corresponding fractional heat flux variations as a function of wave number are
given in Fig. 26. The half energy fraction shifts from a wave number of 20,000 P
for the 1 g, (reference engine) caleulation, to 28,000 cm“l, 32,000 e and
68,000 cm-! for the 5, 10, and 100 g, calculations, respectively., In view of the
significant fractions of uv energy reaching the transparent walls, a NO/02 seed
gas with high uv absorption coefficients was inbroduced into the fuel and buffer
gas to reduce the uv radiation content.

The thickness at the outer fuel region which influences the spectral radiation
flux at the edge-of-fuel location is determined by the opbtical depth variation with
wave number. The optical depth at a given wave number, w, is given by

AR
Tw = f a, dR (a7
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where AR is the distance measured from the edge-of-fuel, R is the radius, and
a,, is the spectral absorption coefficient as a function of w and R. Figure 27
contains plots of optical depth, 7, for the reference engine calculation in the
wave nunmber intervals as indicated. Optical depths are also shown in Fig, 28 for
the 10 q, calculation over the same wavelength bands., These optical depth plots
correspond to fuel and neon mixtures in the fuel region with temperature distribu-
tions as shovm in Fig. 2k,

The effective spectral black-body radisting temperature distribution, T“Fgﬁ
for 1, 5, and 10 times the reference engine heat flux is shown in Fig. 29. T,
ig defined as that temperature for which the spectral hedt flux at the edge-of-fuel
location, g, is equal to & black-body spectral heat flux, q,PP. The effective
black-body radiating temperatures, T*, for the 1, 5, and 10 times q, calculations
are 8330, 12,460, and 14,820 K, respectively. These results clearly show that the
fuel region is not radiating as a black body at the same temperature over all wave-
lengths. However, the effective black-body radiating temperature, T*, for each
multiple of reference engine heat flux is shown to pass through each of the spectral
black-body radiating temperature distributions.

Ultraviolet Cutoffs of Transparent Walls and Buffer (as Cooling Capability

Two of the more promising candidate materials for use as transparent wall
structures for the nuclear light hwlb engine are fused silica and single-crystal
beryllium oxide, Fused gilica becomes opague Lo uv radiation at wave numbers
grezter than 55,500 em L (wavelengths less than 0.18 microns) while beryllium
oxide becomes opague to uv radiation at wave numbers greater than 80,000 et
(wevelengths less than 0.125 microns). TIn this study it is assumed that radiant
energy at wave numbers greater than the uv cutoffs of the transparent wall materials
under consideration is absorbed totally by the transparent structure.

Studies of the characteristics of the reference engine described previously
have shown that the transparent wall structure should be maintained at temperatures
less than approximately 1100 K (2000 R). In addition, it has been shown that the
mixbure of fuel and buffer gas ejected from each unit cell of the engine into a
fuel recirculation system should bhe cooled to a temperature of approximetely 1100 K
to insure condensaftion of gaseous fuel prior to separation and recirculation.

These constraints require that energy absorbed by the buffer gas and the transparent
wall structures be rejected to a working fiuvid at temperabures less than 1100 X,

The low temperature heat sink for rejected energy is the primaxy propellant. The
propeliant leaves a storage tank at approximately 100 K, passes through heat
exchangers to absorb energy deposited in the fuel recirculation gystem and various
structural components, ineluding the transparent walls., Within these constraints,
it was determined that for the reference engine power level of L4600 megw, the
primary propellant would be capable of absorbing & combined heat load %o the
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transparent walls and buffer gas of approximately 3 percent of the total reference
engine power, Heat loads to these two components above the 3 percent level must

be rejected by either increasing primary propellant weight flow or by employing
space radiators. Increasing primary propeliant weight flow will result in an
inerease in engine thrust-to-weight ratio and a decrease in specific impulge., The
addition of space radiators cauvses a decrease in engine thrust-to-weight ratio
while maintaining the specific impulse constant. These space radiators have been
estimated to weigh 1500 kg for each percent of reference engine power rejected.
Another Iimiting factor in the cooling of transparent-wall structures is the ability
to conduct heat through the internally-cooled walls, a property related directly

to the material thermal conductivity and the maximum allowable temperature gradient
through the wall. Any additional constraint on the abiliby to remove heat from

the buffer gas region is based on a limiting axial pressure drop resulting from

the buffer-gas flow' rate required to convect away absorbed energy. This axial
pressure drop was chosen to be 1,0 atm on the basis of assumed structural properties
of the transparent wall.

The fractions of energy below the uv cutoffs for both BeO and 8i0, tra.ns;pa.rent
walls for engine power levels in the range from 1 to 100 times that of the reference
engine are shown in Fig. 30. The opacity of neon buffer gas without NO/02 seed is
very low in the wave number range of interest in the buffer-gas region and, theve-
fore, the fraction of energy absorbed in the buffer gas is a relatively small
convection load. Also shown on Fig. 30 are the temperature drops across the two.
transparent-wall materials required to conduct the absorbed uv energy into the
coolant stream. Due to the relatively low thermal conductivity of 5i0,, wall
temperature differences. in excess of 600 K (1080 R) across a wall 0.0127-cm
(0.005-in.) thick are required to remove the uv energy absorbed at all engine power
levels. BeO however, has a thermal conductivity ten times that of 8i0, and absorbed
uv energy can be removed for power levels up to 13.5 times the reference engine
power level with a temperature difference of 600 K (1080 R) across a wall 0.0127-cm
(0.005-in.) thick. In all cases, some of the uv energy absorbed by the transparent
walls would have to be rejected either by increasing primary propellant weight flow

such that the propellant exit temperabure wa,s less than 0.8 times the equivalent
black-body radiating temperature (T <0.8 T') or by employing space radiators and
maintaining Tp = 0.8 7.

Temperature Distribution in Seeded Buffer Gas

In order -to reduce the uv heat load on the transparent wall, an NO/O seed
mixture was introduced into the buffer-gas and fuel regions., The temperature
distributions in the buffer-gas region which result from adding 0.01, 0.10, and
1.0 atm of ].\IO/O2 seed are shown in Fig. 3L. These calculations were limited to
the special case in which the temperature at the edge of the fuel with buffer seed
is set approximately equal to the calculated edge-of-fuel temperature without
buffer seed, the nuclear fuel partial pressure distribution within the nominal
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edge-of-fuel region is fixed, and convection takes place in the buffer-gas region
bounded by the transparent wall and the nominal edge-of-fuel region. The tempera-
ture distributions vary from approximately 6400 X at the edge of fuel to approxi-
mately 1100 K at the transparent wall. The temperature of 1100 K at the transparent
wall was a constraint required for each different NO/02 seed partial pressure.
Except for small variations in the edge-of-fuel tempersbure, Tg, the temperature
digtribution in the fuel region for all NO/OE seed pressures is essentially the

same as that of the reference engine, 1 q,, shown in Fig, 2k, The effects of
varying the nuclear fuel partial pressure distribution or the thickness of the
convection region on these results were not investigated.

Spectral Flux With NO/O2 Seed

The reference engine spectral flux at the edge-of-fuel location for NO/02 seed
pressures of 0.0, 0.10, and 1.0 atm are indicated in Fig. 32. The corresponding
fractional heat flux variations as a function of wave number are shown in Fig. 33.
The effect of the seed is to reduce the fraction of energy radiated at wave numbers
greater than approximately 100,000 emt for seed pressures of 0.10 and 1.0 atm. The
gpectrum a3t the edge-of-fuel location with 0.0l atm of seed is nearly identical %o
that for no seed. The peak at 120,000 cmfl wave numbers has been greatly reduced
as the seed pressure is varied from nc seed to 1.0 atm. However, the spectral peak
at approximately 75,000 em™! wave numbers is not gignificantly altered by the seed
system. The optical depths, 7, , for N0/02 seed partial pressures of 0.0, 0.01,
0.10, and 1.0 atm are given in Fig. 34 for the wave number interval 120,500 to
119,500 em-1, Figures 35 and 36 show the optical depth at seed pressures of 0.0
and 1.0 atm for the wave number intervals 75,000 to 72,500 et and 32,500 to
30,000 cmfl, respectively. The small effect on the opacity at wave numbers less
than 100,000 cm~1 (wavelengths greater than 0,10 microns) with the addition of
NO/OQ seed pressures ranging from 0.0 to 1,0 atm is indicated by resulls shown in
Figs. 35 and 36. This accounts for the spectral flux results shown in Fig. 32.

The effective spectral black-body radiating temperature distribution, ngb,
for the reference engine heat flux with 0.01, 0,10, and 1.0 atm of NO/02 seed
added to the fuel and buffer regions is shown on Fig. 37. The distributions begin
to significantly diverge at a wave number of approximately 100,000 ey, The effect
of adding seed results in a lower effective radiating temperature in the wave number
range above approximately 100,000 cm-i.

Attenuation of UV Energy by NO/Og Seeds in Buffer Region

The fractional attenuation of the reference engine energy in the uv portion
of the spectrum with N0/02 seed partial pressures of 0.01, 0.10, and 1.0 atm as a
function of radius in the seeded buffer-gas region is indicated in Fig. 38. The
fractions shown are relative to the tobal heat filux at the edge-of-fuel location.
The variation of energy above the single-crystal Be0 and fused silica uv cutoffs
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of 0,125 and 0.18 miecrons, respectively, are shown for the N0/02 seed pressures
nmentioned. The resulbs indicate that the uv energy emitted from the fuel region

can be effectively blocked before this energy can reach and be absorbed by either

BeO or 8i0, transparent walls. TFor example, the uv energy reaching either trans-
parent wall is effectively reduced to zerc with the addition of 1.0 atm of 1\]'0/02
seed, For BSil0, transparent walls (wavelengths less than 0.18 microns), the uv

energy emitted from the fuel region is shown to be reduced from 0.135 to 0.1205

to 0.1135 for the seed pressures of 0.01, 0.10, and 1.0 atm, respectively. Corres-
pondingly, for the BeO transparent walls (wavelengbth less than 0.125 microns), the
fraction of uv energy is reduced from 0.053L to 0.0375 to 0.031 for the same NO/02
seed partial pressures. A summayy of the uv energy fractions at the edge-of-fuel
location for Si02 and BeQ transparent-wall wavelength cutoffs are tabulated at
various engine power levels and various NO/02 seed partial pressures for the
reference engine in Table VI. As the seed pressure was varied in the reference engine,
the temperature distribution in the fuel region was held constant out to 0.10 em from
the edge-of-fuel location, The temperature in this region was allowed to change so
that imbalances in energy source and energy absorption could adjust. This resulted
in small changes in the temperature, the greatest of which was approximstely 50 K.

Convection Parameters in Seeded Buffer Region

Figures 39, 4O, and 41 show the variation of buffer-gas weight flow, convected
energy, and axial velocity with radius in the buffer region for NO/Og seed partial
pressures of 0.01, 0.10, and 1.0 atm, respectively. These distributions correspond
to the buffer-gas-region temperature distributions showm in Fig. 31. For sesed
pressures of 0.01, 0.10, and 1.0 atm, respectively, total neon buffer weight flows
" per cell of 25,6, 272, and 1510 kg/sec were caleculated; botal power convected per
cell of 40.8, 69.6, and 75.5 megw were calculated; and axial velocities at the edge-
of-fuel location were 16.8, 116, and 632 m/sec, respectively. Figure 42 shows the
variation of buffer weight flow per cm of cell length with the buffer-gas bempera-
ture at the edge of the transparent wall for NO/02 seed partial pressures of 0.01,
0.10, and 1.0 atm. In all cases, a small change in the buffer flow rate results in
a larger change in the buffer-gas temperature at the edge of the transparent wall.
For a 10 percent change in total buffer weight flow, approximately 67, 27, and
21 percent changes in buffer-gas temperature at the transparent wall occur for seed
pressures of 0.01, 0.10, and 1.0 atm, respectively.

As has been previously stated, for the reference engine a limiting axial pressure
drop of 1.0 atm in the buffer region was assumed baséd on assumed structural limits
on the transparent wall, Figure 43 shows the variation of ‘axial dynamic pressure
in the buffer-gas region as the NO/02 seed partial pressure ig increased over the
range from 0.0l to 200.0 atm. As the seed pressure is increased, energy is absorbed
at locations nearer the edge-of-fuel boundary. When this occurs, steep temperature
gradients occur in the imner layer of the buffer gas located near the edge-of-fuel
location. Figure 31 shows the steepening of the temperature gradient in the buffer
region as NO/02 seed pressure is increased, and the tendency of the convected energy
in the buffer region to be preferentially convected in the layer near the edgé-of-fuel
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locaticn as seed pressure is increased from 0.Cl to 1,0 atm is shown in Figs. 39,
40, and b1, As more NO/O, seed is added, less uv energy is emitted from the fuel
region as indicated in Table VI, and therefore, there is less uv energy which can
be absorbed in the seeded buffer region. However, there is a tendency for the
seeded buffer gas to absorb more energy from the visible portion of the spectrum
as more seed is added, These two competing effects result in the expectation of
a2 local minimum occurring in the bhuffer gas convected energy prior to the onset
of massive absorption in the visible portion of the spectrum. This results in the
decrease in the axial pressure drop (see Fig, 43) in changing the seed pressure
from 10.0 to 200.0 atm. The detailed shape of the axial pressure drop between
seed pressures of 1.0 and 200.0 atm is not complebely debermined, but it is reason-
ably certain that an axial pressure drop less than 1.0 atm does not exist between
NO/O2 gseed pressures-of 1.0 and 200.0 atm, The reascon for the steepness of the
temperature gradient in the huffer region near the edge-of-fuel location is given
in Fig. 44, where the convected energy density or the volumetric convected energy
rate is shown as a function of NO/O2 seed pressure in that region. The greater
the amount of radiant energy which is absorbed in a given volume of buffer gas,
which in turn must be partially removed by convection, the greater is the tempera-
ture drop across that volume, Since a constant axial dynamic pressure is assumed,
extremely high axial wvelocities result near the edge-of-fuel location along with
high buffer weight flows.

Buffer Convection and Transparent-Wall Heat Loads

The effect on the convective and transparent wall heat loads are shown in
Fig. L5 for ].\IO/02 seed pressures ranging from 0.0 to 1.0 atm. For a 3102 trans-
parent wall, the combined convectbion and transparent wall heat loads expressed as
a fraction of the total radiated power (upper plot in Fig. L45) decrease from
0.135 %o 0.115 as seed partial pressure 1s varied from 0.0 to 1,0 abtm., However,
for a Be0 transparent wall heat load increases from 0.053 to 0.115 over the range
of seed partial pressures. This is because N‘O/O2 seeds absorb uv radiation below
the uv cutoff for BeO causing absorption of energy by the seeded buffer gas which
is not necessary for probection of the wall. Thus, the NO/O2 is a very poor seed
mixbture when BeO is used for the transparent wall. A qualitative desired behavior
of an unspecified seed gas with combined convection and transparent wall heat
loads is shown in the upper plot of Fig. 45 as dashed curves for both BeO and SiO2
transparent walls, The variation with the absclute magnitude of seed partial
pressure is uncertain; however, the desire to reduce the combined fraction of both
heat loads to less than 0.0l at the relatively low seed pressures as depicted is
to be sought. In the lower plot of Fig. 45, the fraction of the transparent wall
heat load relative to the combined convection and transparent wall heat loads is
indicated for bhoth the SiO2 and BeO wall structures. It can be seen from Fig. 45
that the transparent wall can be protected from the uv portion of the energy by
addition of NO/02 seeds to the fuel and buffer-gas regions. In particular, the
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addition of 1 atm of seed essentially reduces the transparent wall heat load to
zero. However, the convection heat load in the buffer-gas region becomes approxi-
mately equal to the fraction of uv energy which is emitted above wave numbers
greater than 55,500 emt (wavelengths less than 0,18 microns) from the edge-of-fuel
location. The NO/O2 seed system does limit the fraction of uv energy deposited in
the transparent wall but does not effectively minimize the energy convected from
the buffer-gas region. It is important to use seeds which shift the spechtrum away
from the uv in the edge-of-fuel region, thereby blocking the uv from the buffer
gas. Studies must be continved to identify seeds with strong uv absorption
coefficients in the wave number range above 55,500 em-t (wavelengths less than
0.18 microns) for £i0, and in the wave number range above 80,000 em1 (wavelengths
lesg than 0.125 microns) for BeD. To block the uv radiation before reaching the
buffer gas, the strong absorption coefficients must persist at temperatures above
7000 K.

If I\TO/O2 was the only seed system available, the use of 0.1 atm of ].\TO/O2 seed
and space radistors would have the effect of reducing engine thrust-to-weight ratio
by about 30 percent, relative to the reference engine or would reguire an increase
in primary propellant flow such that specific impulse would be reduced to 1500 sec
and thrust-to-weight ratio would be increased to 103.percent'of that of the reference
engine,

Again, the effects of varying the nuclear fuel partial pressure distribution
or the thickness of the convection region on these results were not investigated.
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LIST OF SYMBOLS

A Element of area, em?
* 2
A Exhaust nozrle area, cm
Ap Fuel injection control valve area, cn®
AR Atomic weight, gm
a (hl—*hz, T) Averaged absorption coefficient between wavelengths Al and Ae at
temperature T, e
8 . Spectral absorption coefficient, cm1
§h) Averaged absorption coefficient, cwt
c Specific activity of radloisotope, curies
Cp Specific heat, ergs/gm - deg K
Cv Control proportionality constant
. 10 )
¢ Speed of light, 3 x 107 cm/sec
DR Dose Rate, mR/hr
da Differential area element, cm?
agn Differential element of solid angle, steradian
E Total heat release, kw-sec
B Average photon energy, ergs/photon
EFP Total heat release from fission produchts, kw-sec
EIR Total heat release from induced reactivity, kw-sec
EP Energy of decay photon, Mev
Crom Total black-body energy intensity, ergs/cm?-sec
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LIST OF SYMBOLS (Continued)

Engine thrust, 1b
Engine thrust-to-weight ratio
Distance from radiocactive &ocurce, %

Gravitational acceleration constant, 981 cm/se02

Planch's constant, 6,625 x lO_27 ergs-sec

Black-body spectral energy intensity, ergs/cm?—sec—cm
Specific jmpulse, sec

Boltzmann's congtant, 1.38 x 10'16

ergs/deg K

Photon leakage éut of an interval, photons/sec
Photon leakage into an interval, photons/sec

Mass of radioisotope, gm

Total engine weight, 1b

Instanftaneous value of neutron flux, neutrons/cm?-sec
Fhoton angular flux, photons/cm?-sec-unit golid angle
Order of Sn calculation

Pressure, atm

Fuel partial pressure, atm

Fuel injection pressure, atm

Neon partial pressure, atm

Seed partial pressure, atm

Total engine pressure, atm

Engine power, negw
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LIST OF SYMBOLS (Continued)

Energy convected by buffer gas, ergs/sec

Fission product power, kw

Power from induced reactivity, kw

Total radiant energy at edge-of-fuel location, ergs/sec
Total energy released by radiocactive isotope decay, kw
Energy absorbed at transparent wall below RCUTOFF’ ergs/ sec
Energy below wavelength, ACUTOFF’ ergs/ sec

Heat flux at edge-of-fuel location, ergs/cm®-sec
Spectral heat flux st edge-of-fuel location, ergs/ CH-sec
Black-vody spectral heat flux, ergs/cm-sec

Radius, cm

Inner radial boundary of region of analysis, cm

Immer radial boundary of transparent wall, cm

Radius of fuel region, cm

Photon source strength, photons/cmB-sec

Temperature, deg K or deg R

Effective black-body fuel radiating temwerature, deg K or deg R

Temperature in beryllium oxide moderator, deg K or deg R
Temperature at edge-of-fuel location, deg K or deg R
Average fuel reglon temperature, deg K or deg R

Temperature in graphite moderator, deg K or deg R
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LIST OF SYMBOLS (Continued)

Maximum moderator temperature, .deg K or deg R

Propellant exit temperature, deg X or deg R

Radiator inlet temperature, deg K or deg R

Radiator outlet temperature, deg K or deg R

Buffer-gas temperature at transparent wall, deg K or deg R
Effective spectral black-hody radiating temperature, deg XK or deg R
Time, sec

Engine run time, sec

Time after shubdowmn, sec

Radiocactive half-1ife, sec

Element of volume, cm3
Axial velocity in buffer region, em/ sec

Radial buffer weight flow, kg/sec

Axi:—:a,l buffer weight flow, kg/sec

Propellant flow rate, kg/sec

Secondary hydrogen coolant flow rate, kg/ sec

Total radiator weight, gm

Weight associabed with Sn discrete directions -
Distance, cm

Angular redistribution coefficient, enP-unit solid angle

Reciprocal of photon flux-weighted polar angle cosine
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AQ/Q
AQu/AY
AP

AP,

AR

AT

AT,

OA

A,
iy

b,

ok

ok
o

TIST OF SYMBOTS (Continued)

Power level change

Convected snergy density, ergs/ cm3-sec

Pressure loss in radiator, atm

Axial pressure drop in buffer region, atm

Distance from edge-of-fuel location, cm

Temperature drop across a buffer interval, deg K or deg R

Transparent wall temperature difference, deg K or deg R

Variation in fuel injection control valve area during time increment,
cm

Imposed change in fuel injection control valve area, on?

Ch%nge in fuel injection control valve area caused by control sysbem,
cm

Potal reactivity change
Reactivity required to compensate for loss of delayed neutrons
Tmposed reactivity change
Feedback reactivity change
Convergence parameter
Total black-body energy density, ergs/cm3
Wavelength of photon, microns
‘

Average photon wavelength, cm

Wavelength below which transparent wall material is considered highly
absorbing, microns
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LIST OF SYMBOLS (Continued)

Average photon mean free path, cm

Polar angle cosine with respect to X-axis or R-axis
Discrete polar angle cosine with respect to X-axis or R-axis
Dengity, gm/cm3

Buffer-gas density at injection, gm/cm3

Average fuel density at edge-of-fuel location, gm/cm3

Photon colligion probability, em+

Photon absorption probability, et

Power deposited in fuel and neon cireuilt, kw

Power deposited in secondary'hydr§gen cireuit, kw
Stefan-Boltzmann constant, 0.56686 x 10-t ergs/cm?—sec-deg K
Cptical depth, dimensionless

Photon angular flux, photons/cm?-sec-steradian

Total photon flux at interval midpoint, photons/cm?-sec

Photon angular flux in negative R direction at interval midpoint,
photons/cm®-sec-unit solid angle

Photon angular flux in positive R direction at interval midpoint,
photons/cm®-sec-unit solid angle

Photon angular flux in negative R direction at interval boundary,
photons/cm?~ sec-unit solid angle

Photon angular flux in positive R direction at interval boundary,
photons/cm®. sec-unit solid angle
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LIST OF SYMBOLS (Continued)

X Photon source density between AT and AT + GAT, photons/cm

X Photon source &ensity per unit time bebween AT and AT + 6AT,
photons/em3-sec

9} Unit direction vector

@ Wave number, cm'l

Subseripts

i ith region or interval

i ;zth temperature iteration

m mt? sn angular direction

0 Dencteg reference condition

Superscript

J jth wave number group or wavelength group

hi
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APPENDTX A
EQUATIONS USED TN RADIANT HEAT TRANSFER ANALYSES

Flux Equations

The radiant heat transfer problem is solved using the steady-state Boltzmann
transport equation. The generalized form of the transport equation is

v v Q v &
f fﬂ'qu(R.mdﬂ dv +ffZT(R)¢(R,mdn dv - ffs(R,n)da‘dv (a-1)

The techniques used in deriving the difference equations for Eg. (4-1) were developed
in the early 1950's and are referred to as the "Sn" method (Ref. 21). More recently,
digital computer solutions of Eq. (A-1l) have been extended by the "discrete ordinates
Sn' method. The digital computer program employed in the present study is the one-
dimengional code, AWISN (Ref. 18). The "discrete ordinates Sn” method used in the
transport code is described in detail in Ref., 19. The principal assumption made

in the method of discrete ordinates is that the integral of the flux over angle

can be approximated by a Gaussian quadrabure scheme.

+]

ANGLE Ao
fqb(xa,u) du= 2 ${ X,y )Wy (8-2)
-1

where ¢ is the particle flux, X is the position in space, M is the polar angle
cosine, pg is the discrete polar angle cosine, and Wy is the weight associated with
the direction whose cogine is g The quadrature scheme requires that the flux be
calculated only at discrete angles.

For each of a specified number of wavelength groups, ANISN calculates particle
angular fluxes, the directions of which are predetermined by an input set of con-
stants, Consider a unit sphere with vectors extending radially outward along the
"Sn" flux directions. In one-dimensional geometry, because of symmetry conditions,
only one quadrant of the unit sphere is required in the flux calculation., For a
given specified "Sn", the quadrant is divided into n (n + 4)/4 solid angles with
given weights, wj. The "Sn" cosines (p;) extend from the + X direction to the
~-X direction and the weights, Vg, are the fraction of the surface area of the sphere
which surrounds the point of intersection of the vector associated with the direc-
tion cosines and the unit sphere surface.

W2
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For each wavelength group, solid angle, and spatial mesh interval, ANISN solves
a finite difference equation of the type .

Qa a
mtl/2 m-i/2
pog Pt NNy = A NNj o)+ — P2 NNz meve = = = NNz mave
d d (4-3)
* ETVNNHI/Z,m:‘ SV

where m is a direction index, i is a spatial mesh index, W is the angular particle
flux, A is an ares element, V is a volume element, X, is the collision probability,
and § is the source. A linear spproximation for the flux at the interval midpoint
is assumed such that

-4
NN; o = 2NN (a-4)

by

- NN i FOR py<O

i+i/2,m i+l,m

or

NNjyym = 8NNjye = NNi s FOR gy >0 (A-5)

It is also assumed that the flux is linear over angle at the interval midpoint such
that

NN

i+l/2,m+1/2 " 2NN, - NN;

i+1/2,m i+t/2,m-1/2 (A-6)

During the process in which a particle traverses a curved mesh interval, the cosine,
K3, assoclated with the particle's direction of travel is constantly changing., The
terms containing the o coefficients in Eq., (A-3) account for the resulting angular
redistribution. The entire flux distribution is then determined by successively
sweeping over the spatial mesh, the discrete angular directions, and the wavelength
groups,

A second computer program, TAXSI (temperature and cross-section source iteration)
was writben to calculate temperature dependent group absorption coefficients which

L3
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are averaged over each wavelength band. This same computer program, TAXST, calculates
the black-body source as a function of wavelength band, temperature and composition.
The sources and absorption coefficients are required for the transport solution

using the ANISN code, Tteration bebtween the two. programs (ANISN and TAXSI) is
necessary to obtain a converged temperature distribution.

Tn addition to calculating sources and averaged absorption coefficients, TAXSI
iterates until an energy balance bhebtween tobtal energy source and total energy absorp-
tidn in each different temperature interval is produced. This is accomplished by
applying a perturbation technigue either singularly or collectively to the different
temperature intervals in the process of converging towards an energy balance., In
applying the perturbation technique, a flux calculation less refined than that done
by ANISN is done in TAXSI. The TAXSI flux calculation uses information calculated
by ANISN related to the average cosine of the flux as a function of radius, direction
and wavelength group. Whereas ANISN calculates the flux for many directions, TAXSI
calculates perturbation fluxes for only two directions; radially inward and radially
outward. ANISN also calculates the flux in a fine radial mesh while TAXST is
usuglly limited to calculating the flux in a more coarse spatial mesh. Simply
stated, TAXST imposes a less refined spatial and direction mesh than does ANISN
for the flux calculation.

To calculate fluxes in the TAXSI program, the transport eguation, Eg. (A-1),
is rewritten in the form

L, -L, + 2. ¢V = SV (8-7)

where Iy 1s the particle leakage out of an interval and L2 is the paxrticle leakage
into an interval. I’.‘L and L, are leakages associated with an inbterval's boundaries
and are the product of the flux, ¢, cosine of the polar angle, (% ), and surface
area, A, ©Since photons may traverse the interval in either direction, a set of
equations were formulated for both basic directions. For the 18 interval, the
outward directed flux, ¢>I 41> Was calculated from the equation

$ i Bin PRI (5.) 3 (4-8)
. .

where it is assumed the average outward flux of the yth interval, <}5-+, is linear
across the interval such that ) L

il



K-910900-10

;+i : (‘;iﬂ + 4’+i )/2 (8-9)

For the ith interval, the inward directed flux, (I);-L, was calculated from the equation

¢_i Ai ) ¢“|+| (z ) V. = S. V. | (A-10)

i i1
Bi BHE

where the average imward directed flux of the jth interval,h qF %, 1ls assumed linear
across the interval such that ¢3 = (p1, +&3)/2. The values Of B are functions
of wavelength group, radius and direction, and calculated from the detalled flux
calculation of ANISN where

e o Jetergn
B = %l——————— AND E “‘O (A-11)
fd’(#)#d!* fqb(#),udﬁ

0 . -l
$(p) is the angular flux as a function of polar angle, u.

The value of the total filux in the ith jntervel is then given as

¢, (4,  + )/2 (A-12)

Opacity Weighting Technique

Tn the solution of the radiant heat transfer problem using the equations
described herein, an inbegral mode of calculation is employed. The "multi-group"
method is applied where the entire wavelength range of interest is divided into
a finite number of smaller wavelength groups. In performing the flux calculation,
the fundamental quantities which must be predetermined are the radiant energy source

k5
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and the opacity. The source is calculated as an integral quantity over the particular
wavelength range of each wavelength group as discussed in a previous section. Note
that the radiation source is transformed into a photon source for the transport cal-
culation performed by ANISN., It is also necessary then to calculate opacities which
are representative of the absorption coefficient averaged over each wavelength group.
Three different averaging processes can be used for this purpose. The first is
called a constant-flux weighting process given by

X A

2 2

50,20 T) = [aandn/ [ (A-13)
. | - A,

where & (?\l—* ?L2,T) is the wavelength group averaged opacity, and a (A,T) is the
spectral absorption coefficient at temperature, T, as a function of wavelength, A .
This method is employed when the flux distribution is unknown for the interval in
which this opacity is used.

A second method is a spectral-energy-flux weighting process given by

Ay A

aln, — A, ,T) =f o(x,T)I(xT)dx/ T(XT)dx (A-1k)
X

>\l 1

where I (AT) is the black-body spectral energy intensity as a functicn of wavelerigth.
A similar weighting is a photon-number-flux weighting process given by

Ap
|
L[ aomzomd
c

_ A (A-15)
aln—=2x,,T) =

Ao

|
— [ 10T
he S
|

The last two weighting techniques are employed when it is known that the
spectral distribution in the interval in which this opacity is to be used, is
similar to black-body distributions at local temperatures. The spectral number
flux weighted opacity is used in the itransport calculation done by ANISN and
TAYXST because the sources are constructed as phobon rather than energy sources.

L6
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Convection Equations

A convection model was formulated to include the removal of radiant energy
absorbed in the buffer region in the energy bhalance. The principal assumption
emplcyed in the convection flow model is that of constant axial dynamic pressure
in the buffer region. This condition is expressed as .

2

v
AP, = 9.68x 10 L2
2g

T (4-16)

where p, V, and g are the local buffer-gas density, local gas axial velocity and
gravitational constant. The local gas density is obtained from the ideal gas law.
The axial buffer-gas weight flow is given by

Wgy = 2-n'f pV22 RAR (A-17)

where R2 and Rg are the radial boundaries of the buffer-gas region. From continuity
of mass relations, the total radial buffer-gas weight flow, Waps is equivalent to

the total axial buffer-gas weight flow. The energy convected by the buffer-gas flow
rate can then be evaluated from

where ¢ (T) is the specific heat as a function of temperature for the buffer gas
and AT is the radial temperature drop in the buffer-gas region.
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-TABLE I

REFERENCE ENGINE DESTGN CHARACTERTSTICS

The reference nuclear light bulb engine design has the following characteristics:

Cavity Configuration

Cavity Pressure
Specific Tmpulse

Total Propellant Flow (including seed and
nozzle transpiration coolant flow)

Thrust
Fugine Power
Engine Weight

Ratio of Average Density in Fuel-Containment
Region to Neon Densiby at Edge of Fuel

Bquivelent Axial-Flow Reynolds Number
in Neon Vortex

Seven separate, 6-ft-long
cgvities having a total
overall volume of 170 ft3
500 atm

1870 sec

49.3 1b/sec
92,000 1b
4600 megw

70,000 1b

0.7

5500
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TABLE TI

FULL-POWER, STEADY.STATE MODERATOR AND

STRUCTURE HEAT DEPOSITION RATES

Fuel - U-233

Reference Engine
Heat Deposition

Modificabioh I

Rate, Megw Heat Deposition
Region Mechanism of Heating (Ref. &) Rate, Megw

Pressure Vessel Weutron and Gamms 11,55% 11.55

Nozzles Neubron and CGammsa 0.08 0.08

Flow Divider Neutron and Gamma and T.15 T.15
Conducticn

Tie Rods WNeutron and Gamma and 5.39 5.39
Conduction

Cavity End Walls Thermal Radiation and 6.40 73.0
Conduction

Cavity Iiner Thermal Radiation and 81 112.0
Conduction

Transparent Structure Thermal Radiation and 119 65.5
Conduction

Fuel Recycle Sysbtem Removal of Heat from 64 70.7
Fuel

Upper and Lower End Neutron and Gamma 70.0 70.0

Moderator

Beryllium Oxide Neutron and CGamma 89.5 89.5

Moderator

Graphite Moderator Neutron and Gemmsa 48.6 48.6

Direct Hydrogen Heating Neutron and Gamma 58.9 58.0

TOTAL 561,57 612.37
PERCENT OF TOTAL POWER 12.2 13.3

*Total heating in pressure vessel is 16.5 megw.
total will be removed by the closed secondary hydrogen coolant circuit and the remain-
ing 1/3 will be removed by the hydrogen which is used for transpiration cooling of

the exhaust nozzles.

It is assumed that only 2/3 of the

*%Assumes seed material in fuel and buffer regions which blocks uv radiation.
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TABLE ITI

SHUTDOWIY SCHEDULE

Time After Initiation of Shutdowvn, t, = 0

1. s

1. Close Fuel Injection Control Valve, Wp = O

2. Begin Linear Decrease in Propellant Flow Rate, WP‘ = 18.6 - 465 tg kg/sec

3. Begin Linear Increase in Radiator Flow Rate, Wy = LU65 t, keg/sec

4, Maintain Secondary Circuit and Cavity Neon Flow at Full Power Value .
II. Time After Initiation of Shutdown, t4 = 6 sec

1. WNo Power (enerated Due to Fission in Fuel Region
ITI. Time After Initiation of Shutdowm, t4 = 36 sec

1. Hold Constant Value of Propellant Flow, Wp = 1.86 kg/sec

2. Hold Constant Value of Radiator Flow, W = 16.7h kg/sec
IV. Time After Initiation of Shutdown, ty = 200 sec

1. Reduce Propellant Flow Rate, Wp, to Zero

2. Increase Radiator Flow Rate, Wy, to 18.6 kg/sec

3. (Close Exhaust Nozzle to Maintain Engine Pressure at =~ 18 atm
Ve Time After Initiation of Shubtdown, o™ 200 sec

1. Continue to Remove Afterheat Through Neon and Secondary Cilrcuits and

Reject Through Heat Exchangers to Radiator
Power Variation with Time ‘ Fig. 11
Coolant Flow Schedule, Propellant and Radiator Fig. 12
Average Fuel Temperabure Variation with Time Fig, 13
| Beryliium Oxide Temperature Variation with Time Fig. 16

Graphite Temperature Variation with Time ) Fig. 17
Pressure Variation with Time Fig. 18
Afterheat Power Variation with Time Fig., T
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TABLE IV

HEAT REMOVAL REQUIREMENTS AFTER SHUTDOWIY

Heat Removal by Direct Net Hydrogen Coolant Flow Out of Engine, No Space Radiator

Moderator Sensible Heat, kw-sec (Bbu) 1.64 x 107 (1.55% % 107)
Tnduced Radicactivity Heat, kw-sec (Btu) 5.36 x 10° (5.09 x 107)
Fission Product Heat, kw-sec (Btu)
Engine Run Time, sec

1.82 x 107 (1.725 x 107)

100

300 4.35 x 107 (411 x 107)
500 : 6.46 x 107 (6 13 x 10 %
1000 1.098 x 10 (1.04 x 20°)
1500 1.5 x 108 (L.b2 x 108)

Total Hydrogen Required for all Heat Sources
Per Engine Run, kg (1b)
Engine Run Time, sec

100 3330 (7350)
300 5715 (12,620)
500 8065 (17,800)
1000 12,000 (26,400)
1500 17,600 (38,800)

Heat Removal by Space Radiator, No Net Hydrogen Flow

Required Rate of Sensible Heat Removal From

Moderator, kw (Btu/sec) 4050 (3860)
Maximum Power Due to Induced Radiocactivity,
kw (Btu/sec) 6017 {5700)

Maximum Power Due to Fission Products, kw (Btu/sec)
Engine Run Time, sec

100 1.045 x 10° (.99 x 10°)

300 1.37 x 10° (1.30 x 10°)
500 1.50 x 10% (1.h2 x 10°)
1000 1,65 x 102 (1.56 x 107)
1500 1.72 x 10° (1.63 x 10°)

Required Radiator System Weight, kg (1b)
Baged on Aluminum Radiator, Inlet Temperature
833 K (1500 R), Outlet Temperature 389 X (700 R)
Engine Run Time, sec

100 3340 (7350)
300 439¢ (9650)
500 4800 (10,500)
1000 5290 (11,600)
1500 5500 (12,100)
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TABIE V
RADIATION DOSE RATE AFTER ENGINE SHUTDOWIV
Values Shown are for -1000 sec Engine Run Time

Bach Component is Considered to Emit Radistion as an Unsghielded Point Source

CASE T

Assumptions: (1) Perfect Separation of Fuel and High Temperature Fission Products,
(2) No Plating of Fission Products or Fuel in Cavity Region

6
Time After Engine Shutdown, sec 0.5 x lO6 1.0 x 106 2.0 x 10
LOCATION
Dose Rate, r/hr at 1 ft: ¢ ¢ ¢
Neon Gas 1,92 x 10 l.52 x.106 0.720 1::-106
Heat Exchanger 1.80 x 10 .42 x 10 0.676 x 10
Fuel Storage 5.3 x 100 .19 x 10 1.99 x 10
CASE II1

Assumptions: (1) Separation of Fuel and Fission Products 80 Percent Efficient
Remainder of Fuel and Fission Products in Heat Exchanger,
(2) No Plating of Fission Products or Fuel in Cavity Region

Time After Engine ‘Shutdown, sec 0.5 x 10° 1.0 x 100 - 2.0 x 100

LOCATION
Dose Rate, r/hr at 1 f£t: ¢ P : ¢

Neon Gas 1.92 x 10 l.52 x 10 0.720 x 106=
Heat Exchanger 2,86 x 10 2.26 x 10 1.066 x I0
Fuel Storage boh x 109 3.35 x 10 1.60 x 10
CASE IIT

Asgumptions: (1) 5-11~Thick Coating of Fuel and Fission Products Plated on '

Transparent Structure and Fnd-Wall Surfaces
Time After Engine Shutdown, sec 0.5 x lO6 1.0 x 106 2.0 x lO6
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TABLE V (Continued)

LOCATTON

Dose Rate, r/hr at 1 £t;
Transparent Structure and End Walls 13.4 1C.6 5.0
Neon Gas fame as Case I or Case II
Heat Exchanger Depending on Assumptions Made
Fuel Storage Relative to Location of Fusl

Deposition
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VARTATION OF FRACTION OF RADIANT ENERGY AT EDGE
OF FUEL BELOW WAVELENGTH CUTOFFS OF BeO AND Si0,
WITH ENGINE POWER AND NO/O,° SEED.PRESSURE

TABLE VI

Relative Effective,

Power Radiating Energy Fraction Energy Fraction
Q Temperature NO/0, Seed Below BeD Below Si02
Q T, deg K Pressure - atm AcuTorr = +125 Acurorr = .18
1 8330 " 0.0 0.0531 6.135
i 8330 0.01 0.0531 0.135
1 8330 0.10 0.0375 0.1205
1 8330 1.0 0,031 0.1135
1 8330 10.0 0.022 0.092
1 8330 200.0 0.0018 0.0085
5 12460 0.0 0.0548 _0.138
10 14820 0.0 0.0812 0.188
100 26350 0.0 0.3h1 0.677
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SPECIFIC IMPULSE, Lsp — SEC

NUCLEAR LIGHT BULB PERFORMANCE CHARACTERISTICS

PROPELLANT EXI T TEMPERATURE EQUAL TO 0.8T*
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2 —

ENGINE THRUST, F - KG

VARIATION OF ENGINE -POWER, THRUST, WEIGHT, OPERATING PRESSURE
AND PROPELLANT WEIGHT FLOW WiTH FUEL :RADIATING TEMPERATURE
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FiG. 3

NUCLEAR LIGHT BULB FLOW DIAGRAM USED FOR ENGINE DYNAMICS STUDIES
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FLOW RATE= A
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{42.3 LB/SEC)
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]

NO SPACE RADIATOR USED
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BLOCK DIAGRAM OF ENGINE CONTROL SYSTEM
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POWER LEVEL RESPONSES OF CONTROLLED ENGINE
TO STEP CHANGES IN IMPOSED REACTIVITY

SEE TEXT FOR DESCRIPTION OF 8K, 5K, 8, AND CONTROL METHOD

, 3K 1= 9.7665 X 10~4
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POWER LEVEL RESPONSES OF CONTROLLED ENGINE TO STEP CHANGES
IN FUEL INJECTION CONTROL VALVE AREA
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SEE TEXT FOR DESCRIPTION OF aAF] ' 3A|=2 AND CONTROL METHOD
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(b} INITIAL STEP DECREASE IN CONTROL VALVE AREA
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K-910900-10 FIG. 7

POWER LEVEL RESPONSES OF CONTROLLED ENGINE TO STEP CHANGES
IN EXHAUST NOZZLE AREA:

A% =37.1 cm? (4.004 X 1072 FT7)

SEE TEXT FOR DESCRIPTION OF CONTROL METHOD

{(a) STEP INCREASE IN NOZZLE AREA
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Z .
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(b) STEP DECREASE IN NOZZLE AREA
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o
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QFP AND Qip —KW

POWER FROM FISSION PRODUCTS AND INDUCED RADIOACTIVITY .

VARIATION OF FISSION-PRODUCT AND INDUCED RADIOACTIVITY POWER WITH TIME AFTER ENGINE SHUTDOWN
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- KW-SEC

TOTAL HEAT RELEASE FROM FISSION PRODUCTS AND INDUCED RADICACTIVITY,

24

EFP AND E

VARIATION OF TOTAL HEAT RELEASE FROM FISSION PRODUCTS AND INDUCED RADIOACTIVITY

WITH TIME AFTER ENGINE SHUTDOWN

1.0 BTU = .1.055 KW-SEC

e- [ o

dt
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K-910900--10 FIG. 10

EFFECT OF RADIATOR COOLANT OUTLET TEMPERATURE
ON SPACE RADIATOR WEIGHT

HYDROGEN COOLANT
POWER REJECTED BY RADIATOR = 115 MEGW (2,5 PERCENT OF REFERENCE ENGINE TOTAL POWER)
TUBE ID= 0.51 CM {0.24 IN,} ,NUMBER OF TUBES = 6000

INLET TEMPERATURE BASED ON MAXIMUM ALLOWABLE TEMPERATURE FOR RADIATOR MATERIAL

TUBE WALL THICKNESS BASED ON TENSILE STRENGTH REQUIRED FOR INTERNAL PRESSURE OF 100 ATM

RADIATOR |[RADIATOR INLET TEMP—| TyBE WALL AND MATERIAL
SYMBOL | \aTERiAL |ERATURE, (TR), DEG K| FIN THICKNESS, CM [DENSITY.GM/CA
STEEL 1390 0.0795 7.85
— ——|  ALUMINUM 833 0.0795 2,72
— — | Tunesten 1945 0.0397° 19.05
25,000 —
10,000 _ _
20,000 |— u \
42} ‘\
| ) \
) ¥ 8000 Y
a )
2 . i A\ L TUNGSTEN
= 15000 — <« \
z =
= = 6000 N
== . \ EEL
5 £ _ 4
= 10,000 - 2 \ / \ LALUMINUM
& = 4000 AN N/
=
- o N ~
2 < B Q& T~ ~
< | 5 . ~ -
5000 = 8 Lo ~J 4
=4 . —
%\ - = — —_—— —_—
g0 0
300 400 500 600 700 800 900 1000 1100
RADIATOR OUTLET TEMPERATURE, (Tg)y, ¢ — DEG K '
| l | ’ |
500 1000 1500 2000
RADIATOR OUTLET TEMPERATURE, (TR.)O T DEG R
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K-910%00-10

EFFECT OF RADIATOR COOLANT OUTLET TEMPERATURE
ON PRESSURE LOSS IN SPACE RADIATOR

HYDROGEN COOLANT

FlG. 11

POWER REJECTED BY RADIATOR =115 MEGW (2.5 PERCENT OF REFERENCE ENGINE TOTAL POWER}

INLET TEMPERATURE BASED ON MAXIMUM ALLOWABLE TEMPERATURE FOR RADIATOR MATERIAL

TUBEID=0.61 CM (0.24 IN.}), NUMBER OF TUBES = 6000

MAXIMUM OPERATING PRESSURE = 100 ATM

TUBE WALL THICKNESS BASED ON TENSILE STRENGTH REQUIRED FOR INTERNAL PRESSURE OF 100 ATM

65
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RADIATOR |RADIATORINLCET TEMP-T  TUBE WALL AND MATERIAL
SYMBOL | WATERIAL {ERATURE, (TRl DEG K| giN THICKNESS, CM [DENSTTY.GM/CM
STEEL 1390 0,0795 7.85
—_———|  ALUMINUM 833 0.0795 2,72
e — —| TUNGSTEN. 1945 0.0397 19.05
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K-910900-10 FIG. 12

VARIATION OF ENGINE POWER LEVEL DURING SHUTDOWN

TIME TO ZERO POWER = 6 SEC
STEADY-STATE ENGINE POWER LEVEL, Q= 4600 MEGW

1.0

,Q/qg
%)
I

&
U‘ —
;

ENGINE POWER LEVEL
)
T

STEADY-STATE ENGINE POWER LEVEL

0.01 —

th
1

0.001

1 I | 1 1
0.01 2 5 0.10 2 5 1.0 2 5 10

TIME AFTER INITIATION OF SHUTDOWN, ts — SEC
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AVERAGE FUEL REGION TEMPERATURE, T — DEG K

AVERAGE FUEL TEMPERATURE DURING ENGINE SHUTDOWN

SEE FIG, 12 FOR SHUTDOWN POWER PROFILE
TIME TO ZERO FISSION POWER = 6 S5EC

SEE FIG, 14 FOR COOLANT FLOW SCHEDULES
STEADY-.STATE AVERAGE FUEL TEMPERATURE, T Fg= 25,000 K

5 |

4
10 ~

POWER DUE TO FISSION REDUCED T0O ZERO AT 6 SEC\\{
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HYDROGEN MASS FLOW RATE, Wy - KG/SEC

20

18

16

14

12

10

PROPELLANT AND RADIATOR HYDROGEN FLOW RATES DURING ENGINE SHUTDOWN

SPACE RADIATOR COOLING LOOP PASSES THROUGH H2 -~ Ne AND H2 - H 2

AND THEN TO SPACE RADIATOR - SEE FIG. 3 FOR HEAT EXCHANGER LOCATIONS

STEADY-STATE PROPELLANT FLOW RATE, WHO= 19.3 KG/SEC

HEAT EXCHANGERS

SECONDARY HYDROGEN COOLANT FLOW RATE CONSTANT DURING SHUTDOWN, WHS = 19.3 KG/SEC

PROPELLANT FLOW REDUCED TO ZERO IN 40 5EC

—=——=——PROPELLANT FL.OW EXTENDED TO 200 SEC

TIME AFTER INITIATION OF SHUTDOWN, t; — SEC

7
/_________ ________________ N 7
\ //—RADIATOR FLOW RATE
‘/ \/PROPELLANT FLOW RATE
e et e ——d = ———F e ea e e e e ==y
\
N
\
20 40 60 80 100. 120 140 160 180 200

OL—006016~A
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POWER DEPOSITED IN FUEL AND NEON CIRCUIT, 2Q . ~ KW

POWER DEPOSITION IN FUEL AND NEON CIRCUIT DURING ENGINE SHUTDOWN

TIME TO ZERO FISSION POWER = 6 SEC

SEE FIG. 3 FOR REFERENCE ENGINE FLOW DIAGRAM
SEE FiG. 13 FOR AVERAGE FUEL TEMPERATURE

SEE FIG, 12 FOR SHUTDOWN POWER PROFILE
SEE FIG. 8 FOR FISSION PRODUCT AND INDUCED RADIQACTIVITY POWER

106
"]
\ TOTAL POWER
5 —
2 - / |
FISSION PRODUCT AND INDUCED
RADIOACTIVITY POWER (20 PERCENT OF TOTAL) \ l
105 ™~
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5 REDUCED TO ZERO AT 6 SE_C\\{
104 l
5 - |
2 —
103 f 1 1 L 1 1 1 L 1 1
0.01 2 5 0.10 2 5 1.0 2 5 10 2 5 00 2 5 1000

TIME AFTER-INITIATION OF SHUTDOWN, t¢ ~ SEC

0L—006016—
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104

POWER DEFPOSITED IN SECONDARY HYDROGEN CIRCUIT, Q- KW

POWER DEPOSITED IN SECONDARY HYDROGEN CIRCUIT DURING ENGINE SHUTDOWN

SEE FIG. 8 FOR FISSION PRODUCT AND INDUCED RADIDACTIVITY POWER

TIME TO ZERO FISSION POWER =6 SEC
SEE FIG, 12 FOR SHUTDOWN POWER PROFILE
SEE FIG. 14 FOR FLOW SCHEDULES
SEE F1G. 3 FOR REFERENCE ENGINE FLOW DIAGRAM

N\

TOTAL POWER

108

2—/
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5
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01—0060L6™A
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BERYLLIUM OXIDE TEMPERATURE, Tpeg — DEG K

TEMPERATURES IN BERYLLIUM OXIDE REGION DURING ENGINE SHUTDOWN

SEE FIG. 3 FOR REFERENCE ENGINE FLOW DIAGRAM
SEE F1G, 14 FOR FLOW SCHEDULES

SEE FIG. 12FOR SHUTDOWN POWER PROFILE

10°
5 AVERAGE BERYLE._IUM OX1DE TEMPERATURE; )
PROPELLANT FLOWI REDUCED TQ ZERO IN 40 SEC
— e AVERAGE BERYLLIUM OXIDE TEMPER/}TURE;
PROPELLANT FLOW EXTENDED TO 200 SEC
2
______ COOLANT EXIT TEMPERATURE
104 .
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5 e
o -
102 I | I | ! 1 l i | :
0.1 5 1.0 2 5 10 2 5 100 2 5 1000 2 5 10,000

TIME AFTER INITIATION OF SHUTDOWN, t; — SEC

01-006016—4
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GRAPHITE TEMPERATURE, T, — DEG-K

SEE FIG, 14 FOR FLOW SCHEDULES

SEE F1G, 12 FOR SHUTDOWN POWER PROFILE

TEMPERATURES IN GRAPHITE REGION DURING .SHUTDOWN

SEE FIG. 3 FOR REFERENCE ENGINE FLOW DIAGRAM

105
S AVERAGE GRAPHITE TEMPERATURE;
PROPELLANT FLOW REDUCED TO ZERO IN 40 SEC
‘ —_— e AYERAGE GRAPHITE TEMPERATURE;
2 PROPELLANT FLOW EXTENDED TO 200 SEC
— — —— COOLANT EXIT TEMPERATURE‘
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102 l | | | 1 | 1 1
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ENGINE PRESSURE, P -ATM

100

f4]

o

—
L3

1.0

ENGINE PRESSURE VARIATION DURING SHUTDOWN

CAVITY PRESSURE WITH CONSTANT NOZZLE AREA (37.2 CM2) H

SEE FIG. 14 FOR FLOW SCHEDULES
SEE F{G, 12FOR SHUTDOWN POWER PROFILE

NOZZLES CLOSED AFTER tg= 200 SEC, P«s= 18 ATM
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0,10

2 5 1.0 2 5
TIME AFTER INITIATION OF SHUTDOWN, ts — SEC

10

100

01—006016—

6L "Old



K-910900-10 FIG. 20

MODEL OF NUCLEAR LIGHT BULB ENGINE UNIT CAVITY USED IN FUEL AND
BUFFER REGION RADIANT "HEAT TRANSFER CALCULATIONS

(a) AXIAL CROSS—SECTION
TRANSPARENT WALL

Ry = 24.45 CM J
BUFFER REGION REGION OF ANALYSIS
R 4= 20.75 CM ¥
—_————— R, =19.35 CM
FUEL REGION

/—VORTEX CENTERLINE

(b) CYLINDRICAL CROSS—SECTION

REGION OF ANALYS]S ~ FUEL-BUFFER INTERFACE

8UFFER REGION
FUEL REGION

TRANSPARENT
WALL

Rg =20.75 CM

Ry = 24,45 CM

Th



K-910900-10

FIG. 21

TYPICAL FUEL, SEED, AND NEON RADIAL PARTIAL PRESSURE DISTRIBUTIONS
USED FOR RADIANT HEAT TRANSFER CALCULATIONS

PARTIAL PRESSURE, P — ATM
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= P P
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N 7
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.
|
|
|
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K-910960-10

FIG. 22

BUFFER-GAS FLOW PATTERN ASSUMED IN ANALYSIS OF CONVECTION AND

TEMPERATURE DISTRIBUTIONS IN BUFFER REGION

SEE FIG. 20 FOR DIMENSIONS AND GEOMETRY OF REGION OF ANALYSIS

" SEE FIG. 21 FOR FUEL, BUFFER GAS, AND SEED RAPIAL PARTIAL
PRESSURE DISTRIBUTIONS IN REGION OF. ANALYS!IS -

TRANSPARENT WALL
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— —— r— ey st
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/s
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K-910900-10 FIG. 23

ILLUSTRATION OF CONVECTION REGION ITERATION TECHNIQUE

TEMPERATURE DISTRIBUTION, ITERATION 1
w— = —— TEMPERATURE DISTRIBUTION, ITERATION 2
=== == TEMPERATURE DISTRIBUTION, ITERATION 3

ENERGY ENERGY ENERGY < |¢|
ABSORBED ~ CONVECTED ~ RE-EMITTED

i d _A J d
Sl ¢ Vi E - () i(Ce) AT, -35; v, E = €]
i i

REGION i~ % REGIONT |[REGION i+ 1|REGION i + 2

w
ol
=2
e Ti
[« 4
w
& M
=
w
-
‘h-:
'ﬁ.:'——hu

RADIUS

i
Wgp)i =2 p;(vy),dA, WHERE (v2); IS SET BY THE CONDITION THAT AXIAL DYNAMIC
f=1 PRESSURE IS HELD CONSTANT IN BUFFER-GAS REGION,

. v. 2
AP, =p2 L = CONSTANT
g
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K-910900--10

FIG. 24

FUEL REGION TEMPERATURE DISTRIBUTIONS FOR RANGE '‘OF POWER LEVELS FROM 1
TO 100 TIMES REFERENCE ENGINE POWER LEVEL WITH UNSEEDED NEON BUFFER GAS

REFERENCE ENGINE POWER LEVEL, Q0=4600 MEGW
REFERENCE ENGINE RADIATION HEAT FLUX, q, = 2.73 X 1011 ERGS/CM2~ SEC AT EDGE OF FUEL
SEE FIG. 20 FOR GEOMETRY AND DIMENSIONS OF REGION OF ANALYSIS

TEMPERATURE, T - DEG R

SEE FIG, 21 FOR TYPICAL
PRESSURE DISTRI

FUEL AND BUFFER GAS RADIAL PARTIAL
BUTIONS N REGION OF ANALYSIS -

TOTAL PRESSURES CORRESPONDING TO EACH POWER LEVEL TAKEN FROM F16,16 OF REF.14
ASSUMING CONSTANT AVERAGE FUEL DENSITY IN FUEL REGION
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K-%10%00-10

SPECTRAL FLUX EMITTED FROM NUCLEAR FUEL FOR 1;%5,10 AND 100 TIMES

REFERENCE ENGINE RADIATION HEAT FLUX WITH UNSEEDED BUFFER GAS

REFERENCE ENGINE RADIATION HEAT FLUX AT EDGE OF FUEL, 9,,=2.73X 10

SPECTRAL FLUX, 94 ~ERG/CM — SEC

ERGS/CM? — SEC

SEE FIG. 24 FOR TEMPERATURE DISTRIBUTIONS IN EDGE-OF~FUEL REGION
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K~910900-10 , : FIG. 26
FRACTIONAL -HEAT FLUX DISTRIBUTIONS EMITTED FROM NUCLEAR FUEL FOR 1,5, 10 AND
100 TIMES REFERENCE ENGINE RADIATION HEAT FLUX WITH UNSEEDED BUFFER GAS

REFERENCE ENGINE RADIATION HEAT FLUX AT EDGE OF FUEL, 1, =2.73 X 10! ERG5/cM? — sEC

SEE FIG. 24 FOR TEMPERATURE DISTRIBUTIONS IN EDGE—OF~FUEL REGION
SEE FIG. 25 FOR CORRESPONDING SPECTRAL HEAT FLUXES

10° |10
5 —
=100 g,
2 ]
- .[[‘)-'-.i ]0-—-1
o
~ |
3 T
= 3
& o
3 5 - 5
=3 -
= >
wd =
w -l
o 2 — i
= ]
=) z
f!’G' g
< O
& 102 1072 &
, &
o
Gl |
I l
2 —J _|
i
1073 ’ 10°

0 40,000 80,000 120,000 160,000 200,000
WAVE NUMBER, & — CM™} _ :
| | I |
1.00 0.25 0.10 . 0.05
WAVELENGTH, A = 10*/6 — MICRONS

80



8

OPTICAL DEPTH DISTRIBUTIONS FOR DIFFERENT WAVE NUMBER INTERVALS FOR REFERENCE
ENGINE RADIATION HEAT FLUX
qa_=273X1011 ERGS/CM ? - SEC
SEE FIG. 24 FOR TEMPERATURE DISTRIBUTION IN EDGE~OF-FUEL REGION
SEE FIG. 25 FOR CORRESPONDING SPECTRAL HEAT FLUX ’

0L-006016—A
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K~910900-170

FiG. 28

OPTICAL DEPTH DISTRIBUTIONS FOR DIFFERENT .WAVE NUMBER INTERVALS
FOR 10 TIMES -REFERENCE ENGINE RADIATION HEAT FLUX

OPTICAL DEPTH, 7, - DIMENSIONLESS

3.0

2 .‘0

1.0

10 a = 2,73X1012 ERGS/CM2 ~ SEC

SEE FIG. 24 FOR TEMPERATU'RE DlSTRlBU'I:ION IN EDGE-OF-FUEL REGION

SEE FIG. 25 FOR CORRESPONDING SPECTRAL HEAT FLUX
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bb
w

EFFECTIVE SPECTRAL BLACK BODY RADIATING TEMPERATURE, T

-9 1090010 FIG. 29

VARIATION OF EFFECTIVE SPECTRAL BLACK BODY RADIATING TEMPERATURE
WITH WAVE NUMBER FOR 1, 5 AND 10 TIMES REFERENCE

ENGINE HEAT FLUX

REFERENCE ENGINE RADIATION HEAT FLUX, g, =2.73 X 10| ERGS/CH > ~ SEC

SEE FIG, 24 FOR TEMPERATURE DISTRIBUTIONS IN EDGE-OF—FUEL REGION

SEE FIG.'25 FOR CORRESPONDING SPECTRAL HEAT ' FLUXES
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K~-910900-10 FIG. 30

FRACTION OF RADIATED ENERGY IN UV AT TRANSPARENT WALL FOR POWER
LEVELS FROM I TO 100 TIMES REFERENCE ENGINE POWER
LEVEL WITH UNSEEDED NEON BUFFER GAS
TRANSPARENT WALL THICKNESS = 0.0127 CM (0,005 IN.)
REFERENCE ENGINE POWER LEVEL, Q = 4600 MEGW

FOR BeO, ACUTOFF = 0,125 MICRONS

FOR Sioz; A,CUTOFF"—" 0.180 MICRONS
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TEMPERATURE, T - DEG

K-210900-10 FIG. 31
BUFFER REGION TEMPERATURE DISTRIBUTIONS FOR REFERENCE ENGINE POWER

LEVEL FOR VARIOUS NO/0; SEED PRESSURES

REFERENCE ENGINE POWER LEVEL, Q= 4600 MEGW

W eres/em? - sec

REFERENCE ENGINE RADIATION HEAT FLUX AT EDGE OF FUEL, 9,=2.73X 10
FUEL REGION TEMPERATURE DISTRIBUTION SHOWN IN FIG, 24 USED FOR ALL. CASES WITH NO/0, SEED
SEE FIG.20' FOR GEOMETRY AND DIMENSIONS OF REGION OF ANALYSIS

SEE FIG. 21 FOR FUEL, SEED, AND NEON RADIAL PARTIAL PRESSURE DISTRIBUTIONS IN REGION OF ANALYSIS
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FIG. 32

SPECTRAL. FLUX-EMITTED FROM NUCLEAR FUEL REGION FOR REFERENCE ENGINE

WITH 0.01, 0.10, 1.0 ATM OF NO/0, SEED IN FUEL AND BUFFER-GAS REGIONS

SPECTRAL FLUX, 949~ ERG/CM — SEC

107

To¢

103

104

103

SEE FIG, 20 FOR GEOMETRY AND DIMENSIONS OF REGION OF ANALYSIS
SEE FIG, 21 FOR FUEL, SEED, AND NEON RADIAL PARTIAL PRESSURE DISTRIBUTIONS IN REGION OF ANALYSIS

SEE FIGS. 24 AND 31 FOR TEMPERATURE DISTRIBUTIONS IN REGION OF ANALYSIS
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FRACTIONAL HEAT FLUX DISTRIBUTIONS EMITTED FROM NUCLEAR FUEL REGION
OF REFERENCE ENGINE WITH 0,01, 0.10, 1.0 ATM OF NO/0, SEED iN FUEL

4 AND BUFFER-GAS REGION
SEE FIG, 32 FOR CORRESPONDING SPECTRAL FLUXES

SEE TABLEXYI FOR FRACTIONAL FLUXES IN WAVE NUMBER RANGES BELOW UV CUTOFFS FOR BeD AND S:O
TRANSPARENT WALLS FOR 0.01, 0,0, 1.0, 10 AND 200 ATM OF NO/O SEED
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OPTICAL DEPTH, 7, — DIMENSIONLESS

K-910900-10 FiG. 34

OPTICAL vcrin wiarmioUTIONS OF FUEL REGION FOR WAVE NUMBER INTERVAL 120,500
TO 119,500 C' AT VARIOUS NO/0, SEED PRESSURES FOR REFERENCE ENGINE
RADIATION HEAT FLUX

11 2
9,= 2,73 X 10 ERGS/CM - SEC
SEE FIGS, 24 AND 31 FOR TEMPERATURE DISTRIBUTIONS IN REGION OF ANALYSIS

SEE FIG. 32 FOR CORRESPONDING SPECTRAL HEAT FLUXES
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K—910900~10 FIG. 35

OPTICAL DEPTH DISTRIBUTIONS OF FUEL REGION FOR WAVE NUMBER INTERVAL
75,000 TO 72,500 CH-1 AT VARIOUS NO/O; SEED PRESSURES

FOR REFERENCE ENGINE RADIATION HEAT FLUX

q,=2.73 X 10' ' ERGs/CM’ ~ SEC
SEE FIGS, 24 AND 31 FOR TEMPERATURE DISTRIBUTIONS IN REGION OF ANALYSIS

SEE FiG, 32 FOR CORRESPONDING SPECTRAL HEAT FLUXES
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OPTICAL DEPTH DISTRIBUTIONS OF FUEL REGION FOR WAVE NUMBER INTERVAL
32,500 ~ 30,000 cu-! AT VARIOUS NO/0, SEED PRESSURES

FOR REFERENCE ENGINE RADIATION HEAT FLUX

8o=2.73 X 10} ERGS/CM? - SEC
SEE FIGS, 24 AND 31 FOR TEMPERATURE DISTRIBUTIONS IN REGION OF ANALYSIS
SEE FIG, 32 FOR CORRESPONDING SPECTRAL HEAT FLUX
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SEE FI1GS. 24 AND 31 FOR TEMPERATURE DISTRIBUTIONS IN REGION OF ANALYSIS

SEE FIG. 32 FOR CORRESPONDING SPECTRAL HEAT FLUXES
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FiG. 39

RADIAL WEIGHT FLOW, CONVECTED ENERGY AND AXIAL VELOCITY DISTRIBUTIONS
IN BUFFER REGION FOR REFERENCE ENGINE SEEDED WITH 0.0 ATM NO/0;
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FIG. 40

RADIAL WEIGHT FLOW, CONVECTED ENERGY AND AXIAL VELOCITY DISTRIBUTIONS

IN BUFFER REGION FOR REFERENCE ENGINE SEEDED WITH 0.I ATM NO/O;
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FIG. 41

RADIAL WEIGHT FLOW, CONVECTED ENERGY AND AXIAL VELOCITY DISTRIBUTIONS IN

BUFFER REGION FOR REFERENCE ENGINE SEEDED WITH 1.0 ATM NO/O,
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FIG. 42

VARIATION OF TOTAL BUFFER GAS WEIGHT FLOW WITH TEMPERATURE AT EDGE
OF TRANSPARENT WALL FOR VARIOUS NG/O, SEED PARTIAL PRESSURES

SEE FIG. 31 FOR CORRESPONDING BUFFER REGION TEMPERATURE DISTRIBUTIONS WHEN T\, = 1100 DEG K

SEE F1GS. 39, 40, AND 4T FOR CORRESPONDING RADIAL WEIGHT FLOW, CONVECTED ENERGIES, AND AXIAL
VELOCITY DISTRIBUTIONS WHEN Ty = 1100 DEG K
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AXJAL DYNAMIC PRESSURE, APz - ATM

1

FIG. 43
VARIATION OF R_EQUIRED AXIAL. DYNAMIC PRESSURE IN BUFFER REGION
TO REMOVE RADIANT ENERGY ABSORBED IN BUFFER GAS
WITH VARIOUS NO/02 SEED PARTIAL PRESSURES
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FIG. 44

VARIATION OF CONVECTED ENERGY DENSITY IN BUFFER REGION NEAR EDGE

OF FUEL WITH NO/0, SEED PARTIAL PRESSURE
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K-910900-10 FIG, 45

VARIATION OF ENERGY FRACTIONS WITH NO/0; SEED PARTIAL PRESSURE FOR
RADIANT HEAT LOADS IN BUFFER REGION AND BeQ AND $i0z TRANSPARENT WALLS
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