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Thermodynamic Characteristics
of Brayton Cycles for Space Power

ARTHUR J. GLASSMAN* AND WARNER L. STEWART!
NASA Lewis Research Center, Cleveland, Ohio

The Brayton cycle merits strong consideration for space power systems in which low specific
weight is not a critical requirement. In this paper the results of a theoretical investigation
that was conducted in order to obtain an understanding of the thermodynamic characteristics
of Brayton cycles for space application are presented. It is shown that there are two inde-
pendent temperature variables, ratio of turbine exit to inlet temperature and ratio of com-
pressor inlet to turbine inlet temperature, which can be optimized on the basis of minimum
radiator area. Radiator area, aside from depending on the forementioned temperature
variables, depends on such design factors as turbine and compressor efficiencies, loss pressure
ratio, recuperator effectiveness, turbine inlet temperature, sink temperature, and gas heat-
transfer coefficient. All these factors are explored in the paper. The optimum values of the
cycle temperature variables depend upon the particular values of the design factors. For de-
sign factors in the range of those usually encountered in a system design, the optimum values
of turbine exit to inlet temperature ratio and compressor inlet to turbine inlet temperature
ratio are generally in the range of 0.70-0.80 and 0.25-0.35, respectively.

Nomenclature

A i = radiator internal heat-transfer area
AR = radiating area
cp = specific heat, Btu/lb-°R
E = recuperator effectiveness
hi = radiator gas film heat-transfer coefficient based on in-

ternal heat-transfer area, Btu/hr-f t2-°R
TiR = radiator gas film heat-transfer coefficient based on radiat-

ing area, Btu/hr-ft2-°R
Ah = enthalpy change, Btu/hr
P = shaft power, kw
p — pressure, psia
T = pressure ratio, > unity
T = temperature, °R
w — weight flow, Ib/hr
j — specific heat ratio
e = emissivity
77 = efficiency
a = Stefan-Boltzmann constant, 0.173 X 10~8 Btu/hr-ft2-°R4

Subscripts
C — compressor
cy = cycle
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id = ideal
s = sink
T = turbine
w = wall
1 = heat source exit or turbine inlet
2 = turbine exit or recuperator inlet
3 = recuperator exit or radiator inlet
4 = radiator exit or compressor inlet
5 = compressor exit or recuperator inlet
6 = recuperator exit or heat source inlet

Introduction

FOR a variety of space missions, both manned and un-
manned, there exists a need for systems capable of gen-

erating power for many thousands of hours of continuous
operation. Power requirements range from a few kilowatts
for auxiliary use in near space missions up to many megawatts
for manned missions utilizing electric propulsion to reach the
other planets of our solar system. Powerplant specific weight
(powerplant weight per kilowatt power output) for the high
power level systems must be kept low because of the large
inherent size of these systems and/or the strong dependence
of electric rocket performance upon the powerplant weight.

The most promising power generation system for near fu-
ture application to missions requiring power levels of several
kilowatts or more is the indirect conversion closed loop sys-
tem where heat is generated in a nuclear or solar source and
rejected by a radiator, with power being obtained from a tur-
bine located in the working fluid loop. The radiator has been
shown to be the largest component and a major weight con-
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Fig. 1 Brayton power cycle: a) schematic design; b)
temperature-entropy diagram.

tributor to the powerplant and may easily constitute half or
more of the total weight, especially at the high power levels.
Much attention has been given to the vapor-liquid (Rankine)
system using a metal working fluid, since this system has a
much better thermodynamic potential than a gas (Brayton)
system for obtaining the low radiator specific areas and
weights required for large power output applications. For
comparable turbine inlet temperatures, a Brayton cycle
radiator may require more than ten times the specific area
(square feet per kilowatt) required for a Rankine cycle radia-
tor.1. 2 However, for nonpropulsive power systems of several
hundred kilowatts or less, where low specific weight is not so
critical a requirement, the Brayton cycle merits consideration
because its use eliminates the problems associated with two-
phase flow in a zero gravity environment, the presence of a
severely corrosive working fluid, and the possibility of erosion
damage to the rotating components. Much of the required
equipment and technology for the Brayton cycle is presently
available, and this system has good potential for multiple
starts, as well as for achieving the required long-time re-
liability.

The thermodynamic characteristics of Brayton cycle space
power systems have been discussed to a limited extent by a
number of investigators (e.g., Refs. 1-4). Each of these
studies, however, was made for certain idealized or specific
conditions and none of them considered all the pertinent sys-
tem parameters. In view of these considerations, an analyti-
cal investigation was conducted in order to supplement the
previous studies and obtain a better understanding of the
thermodynamic characteristics of Brayton cycles for space
application. The results of the investigation are presented.

Cycle Analysis

A schematic diagram of a Brayton cycle configuration is
shown in Fig. la and the corresponding temperature-entropy
diagram in Fig. Ib. The circled numbers correspond to the
state point designations used in the analysis. The heat source
exit gas at point 1 expands through the turbine to point 2,
thereby producing the mechanical work necessary to drive the
compressor and alternator. From the turbine, the gas enters
the recuperator where it is cooled to point 3 as it transfers
heat to the gas from the compressor. Final cooling of the gas
to point 4 takes place in the radiator, where the excess heat
is rejected to space. The gas leaving the radiator is then com-
pressed to point 5, heated in the recuperator to point 6, and
further heated back to point 1 in the heat source. Alternate

configurations can include a liquid heating loop and/or a
liquid cooling loop. However, the gas loop remains the same
as described in the foregoing except that heat exchangers re-
place the heat source and/or radiator.

The purpose of the cycle analysis was twofold: to deter-
mine cycle performance, denoted by cycle efficiency, for any
chosen set of cycle conditions, and to select a set of cycle
temperatures that is somehow advantageous to the system.
Therefore, before the cycle analysis was started, some cri-
terion had to be chosen to serve as a guide for the selection of
desirable cycle temperatures. The most logical criterion
seemed to be minimum system size and/or weight; however,
such a minimization procedure would require an effort well
beyond the scope of a preliminary study. Experience has
shown that the radiator is the largest component, by far, in a
nuclear-powered system, one of the two largest components
in a solar-powered system, and a major contributor to power-
plant weight in both nuclear and solar systems. In addition,
the size and weight of the radiator are greatly affected by
cycle temperature selection. In a nuclear system, the weight
of the reactor, the other major weight contributor, is affected
to a much smaller extent than is the radiator by the selected
cycle temperatures because the size of the reactor is deter-
mined primarily by nucleonics considerations. In a solar
system, however, the size and weight of the collector, the
other large component, are affected to large extent by cycle
temperature selection, but not to the same extent as that of
the radiator. Consequently, some aspect of radiator size
appeared to be a logical criterion for cycle temperature selec-
tion. Experience has further shown that the size and weight
of a fin and tube radiator are minimized at approximately the
same cycle temperatures as are required to minimize the
radiating surface of a prime area radiator. A prime area
radiator, for the purposes of this study, can be defined as
either a tubular radiator without fins or a tube and fin radia-
tor with a 100% fin efficiency. Since prime radiating area is
an indicator of both size and weight of the radiator, it was
chosen as the criterion for cycle temperature selection. The
cycle temperatures selected in this manner will be very near
the optimum ones for nuclear systems and will deviate only
slightly from the optimum ones for solar systems.

A. Cycle Efficiency

The cycle analysis was made using mechanical shaft power
to the alternator as the basis. Computation of cycle ef-
ficiency was performed using the following assumptions.

The working fluid is an ideal gas, and, consequently,
specific heat is a constant independent of temperature; and
no heat losses result from the system. Cycle efficiency is de-
fined as

_ net shaft power _ heat supplied — heat rejected
cy heat supplied heat supplied

Symbolically, since cp is constant,
_ rri \ _ / rn

(Ti - n) (1)

For a closed cycle using an ideal gas as working fluid, recu-
perator effectiveness is expressed as

E = - T,
- T*

(2)

Combining Eq. (2) with Eq. (1) yields

r, - (3)

Division of both the numerator and the denominator by
and expression of T,/T, as (T^/T^Tt/T^ yields
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- CZV7V)]
k (4)/cy 1 - E(T,/T,) - (1 -

Equation (4) shows cycle efficiency to be a function of re-
cuperator effectiveness and the following temperature ratios:
turbine exit to inlet, compressor exit to inlet, and compressor
inlet to turbine inlet.

Compressor temperature ratio T5/T± can be expressed as a
function of turbine temperature ratio, turbine efficiency,
compressor efficiency, and the pressure losses in the heat-
transfer components. The enthalpy change of the fluid in
the compressor is

= wcp(T5 - T,) = wcp(Ts,ld - (5)

Cancellation of wcp and rearrangement of Eq. (5) yields

¥4
 = 1 + n (irf ~ 0 (5a)

The compressor pressure ratio can be expressed as

>
P*

ps p p2 \rT/rc
(6)

As seen from Eq. (6), the factor TT/TC is equal to the ratio of
turbine inlet to exit pressure divided by the ratio of compres-
sor exit to inlet pressure and is also equal to the product of the
ratios of exit to inlet pressure for all the heat-transfer com-
ponents. Consequently, TT/TC represents the fraction of com-
pressor pressure ratio that can be recovered to do work in the
turbine and is an indicator of the heat-transfer component
pressure drops. For the purpose of brevity, rT/rc will be
subsequently referred to as the loss pressure ratio.

The isentropic state equation is

(7)

and substitution of Eqs. (6) and (7) into Eq. (5a) yields

^* = 1 + (8)

The enthalpy change of the fluid in the turbine is

from which, with the isentropic equation of state,
V (7-D/7

(10)

Substitution of Eq. (10) into Eq. (8), and rearranging, yields

rMl - (TV/IT,)] 1 (11)
Equation (11) can now be substituted into Eq. (4) to give the
desired expression for cycle efficiency.

Fluid specific capacity rate, wcp/P, which is another indica-
tor of cycle performance, is required for the computation of
specific radiator area and is herein derived. The required
flow rate for the working fluid can be expressed as

net shaft power

wcp

net work per pound of fluid

______3415P_____
^[(Ti- Tz) - (T6-

3415
- (T,/Tl)[(T,/T,} - 1]} (12)

Substitution of Eq. (11) into Eq. (12) yields the desired
expression for specific capacity rate. The working fluid was
assumed to be a monatomic gas with a specific heat ratio 7
of 1.67.

B. Radiator Area

The radiator is considered to be a tube or series of tubes
either without fins or with fins of 100% effectiveness (no re-
sistance to heat transfer). Consequently, all radiating area
is prime area. The following assumptions are made for this
computation.

1) Sink temperature is constant for any given radiator.
The sink temperature can be defined as the equilibrium tem-
perature that a body in space will attain if there are no
thermal influences other than the radiant heat absorbed from
and emitted to space. Sink temperature, consequently, de-
pends on such controllable factors as the absorptivity-emis-
sivity characteristics of the radiating surface and the orienta-
tion of the radiator with respect to the space radiant energy
sources.

2) The gas film heat-transfer coefficient is constant
throughout the radiator.

3) The temperature drop through the tube wall is negligi-
ble.

4) Heat conduction along the tube axis is negligible.
For an element of tube length, the heat transferred from

the fluid to the tube wall must equal the heat radiated:

- Tw)dAi = (13)
A gas film heat-transfer coefficient related to radiating area
can be defined as

hR = ht(dAi/dAB) (14)
Substituting Eq. (14) into Eq. (13) and solving for T yields

T = Tw + <re(7V - T9*)/hB (15)
For the element of tube length under consideration, the de-
crease in fluid sensible heat must also equal the heat radiated:

-wcpdT = (16)

Differentiation of Eq. (15) and substitution of the differen-
tiated expression into Eq. (16) yields

-wcp (^ TV + 1 ) dTw = o-e(2V - T*)dAR\hR J (17)

Rearrangement of Eq. (17) in order to separate the variables
results in dividing both sides by P and integrating between
the limits of 0 to AR and T/w,3 to T/W)4: yields

AR wcp (JL^
~P = T\hBT

1 In m 4
•L wl —

X In
T.) - 2 X

f Tw,$ T,arctan -^~ — arctan %')]} (18)

where Tw is related to T7 by Eq. (15) and wcp/P is obtained
from Eq. (12).

Results of Analysis

The developed equations showed that cycle efficiency and
specific prime radiator area are functions of several system
design factors and two independent temperature variables,
turbine exit to inlet temperature ratio and compressor inlet to
turbine inlet temperature ratio. Cycle efficiency, per Eqs.
(5) and (11), depends on such design factors as turbine and
compressor efficiencies, loss pressure ratio, and recuperator
effectiveness. Specific prime radiator area [see Eq. (18)] also
depends on the forementioned design factors, as well as on the
additional factors of turbine inlet temperature, sink tempera-
ture, radiating surface emissivity, and gas heat-transfer co-
efficient.
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Table 1 Typical design factors

Design factor Value

Turbine inlet temperature, °R
Sink temperature, °R
Turbine efficiency
Compressor efficiency
Loss pressure ratio
Recuperator effectiveness
Radiator surface emissivity
Gas heat-transfer coefficient,

Btu/hr(-ft2 rad area)-°R

2160
400

0.85
0.80
0.90
0.80
0.86

The results of the analysis are discussed first with respect
to the effects of the cycle temperature variables and design
factors on cycle efficiency and then with respect to the effects
of these same factors on specific radiator area. Except where
otherwise indicated, the design factors in Table 1 were used
to compute the cycle efficiencies and prime radiator areas.

A. Cycle Efficiency

For a given set of system design factors, cycle efficiency
is shown in Fig. 2 plotted against compressor inlet to turbine
inlet temperature ratio T^/Ti for several values of turbine
exit to inlet temperature ratio Tz/Ti. Note in Fig. 2 the
rapid decrease in cycle efficiency as T*/Ti increases, and
the fact that at each value of T^/Ti there is one particular
value of Tz/Ti that maximizes cycle efficiency. As TiJT\ in-
creases from 0.20-0.35, maximum attainable cycle efficiency
decreases by more than a factor of 2.

For a given set of cycle temperature variables, the change
in cycle efficiency with turbomachinery efficiency, loss pres-
sure ratio, and recuperator effectiveness are presented in
Figs. 3a, b, and c, respectively. It is seen from Figs. 3a
and b that cycle efficiency rapidly deteriorates as the turbine
and compressor efficiencies or the loss pressure ratio decrease.
Reductions in the turbine and compressor efficiencies from
0.90-0.80 and 0.80-0.70 result in cycle efficiency decreasing
by 30 and 65%, respectively, whereas similar reductions in
loss pressure ratio cause cycle efficiency to decrease by 20 and
30%, respectively. The need for high turbomachinery
efficiency and low pressure drops in a Brayton cycle power
system is clearly evident. Figure 3c shows that cycle ef-
ficiency can be significantly increased by increasing recupera-
tor effectiveness and, for the typical case presented, an ef-
fectiveness factor of 0.86 results in a cycle efficiency double
that obtainable without a recuperator (E = 0). The increase
in cycle efficiency with increasing effectiveness occurs because
as more heat is supplied to the gas in the recuperator, less heat
must be supplied by the heat source. Recuperator weight, of
course, increases with effectiveness and approaches infinity
as the effectiveness approaches 1. The choice of a design

Fig. 2 Effect of
cycle temperature
variables on cycle

efficiency.
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Fig. 3 Effect of system design factors on cycle efficiency:
T2/Ti = 0.75, T4/Ti = 0.25.

effectiveness factor depends to a great extent on total system
weight; this will be discussed in the next section.

B. Radiator Area

The computed radiator areas are prime areas which can be
used to serve as a guide for the selection of a desirable set of
cycle temperature variables, and to show how the design
factors affect both radiator area and the choice of tempera-
tures. Radiator area is plotted against T±/Ti in Fig. 4 for
several values of T2/Ti. Examination of Fig. 4 shows that:
1) for each value of T2/Ti there results a curve which has a
minimum radiator area at some value of T±/Ti] 2) for each
value of Ti/Ti there is one value of T2/Ti that yields a mini-
mum radiator area; 3) an envelope curve (the dashed curve in
Fig. 4) drawn around the family of curves also shows a mini-
mum radiator area. Each curve shows a minimum because
radiated heat varies with T4

4, tending to decrease required
area, but cycle efficiency decreases with T4 (Fig. 2), tending to
raise the area again. Envelope curves, similar to that in
Fig. 4, will be used in what follows to represent radiator area.
The value of Tz/Ti which minimizes radiator area for any
given Ti/Ti will be subsequently called (T2/Ti)opi, and the
(T%/Ti)opt loci will be shown on the envelope curves.

The effect of turbine inlet temperature is shown in Fig. 5.
Increasing it from 1710°-2500°R reduces radiator area by a
factor of nearly 4. Such an area reduction is very significant
because hundreds or thousands of square feet of radiator area,
depending on turbine inlet temperature and system power
level, will be required for Brayton cycle power systems. The
reduction occurs because as TI is raised, T± (hence radiative

Fig. 4

.25 .30 .35 .40
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Effect of cycle temperature variables on prime
radiator area.
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Fig. 5 Effect of tur-
bine inlet temperature
on prime radiator area.
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TURBINE INLET TEMP
RATIO,

flux) can be raised without penalizing cycle efficiency. As
turbine inlet temperature increases, there is a small decrease
in the optimum values of T4/Ti and T%/Ti, and the choice of
Ti/Ti becomes less restricted.

Area increases with sink temperature due to a reduction in
the net radiative heat flux; the increase in area becomes quite
significant as sink temperature begins to approach compressor
inlet temperature. For the case shown in Fig. 6, an increase
in sink temperature from 0°~400°R results in a 13% increase
in radiator area, whereas further increase from 400°~600°R
results in a 30% increase in radiator area. The optimum
values of T^/Ti and Tz/Ti increase slightly and their proper
choice becomes more critical as sink temperature increases.

The combined effects of turbine inlet temperature and sink
temperature on radiator area are shown in Fig. 7. The
radiator areas presented in this figure are the minimum ob-
tainable (i.e., those areas corresponding to the optimum values
of Tz/Ti and T±/TI) for each combination of turbine inlet and
sink temperatures. Higher 7\, aside from reducing radia-
tor area, has the advantage of lessening operating fluctuations
due to a change in sink temperature with position in space.

A reduction in turbine and compressor efficiencies from
0.90-0.80 results in a twofold increase in radiator area (Fig. 8),
and a further reduction from 0.80-0.70 causes an additional
threefold increase in radiator area. This increase in radiator
area is due primarily to the decrease in cycle efficiency shown
in Fig. 3a. The optimum value of Ti/T\, as seen from Fig. 8,
decreases with decreasing turbomachinery efficiency in order
to offset the rapid deterioration of cycle efficiency; conse-
quently, radiator temperature decreases, and the combined
effects of low radiator temperature and cycle efficiency cause
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Fig. 7 Effect of turbine inlet and sink temperatures on
prime radiator area.
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Fig. 8 Effect of turbo-
machinery efficiency
on prime radiator area.

Fig. 6 Effect of sink temperature on prime radiator area.
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the large increase in radiator area. The optimum value of
Tz/Ti is seen to increase with a reduction in turbomachinery
efficiency.

As seen in Fig. 9, a reduction in loss pressure ratio from
0.90-0.80 results in a 50% increase in radiator area; a further
reduction from 0.80-0.70 causes an additional 55% increase
in radiator area. The increase in radiator area and decrease
in optimum T±/Ti with decreasing loss pressure ratio occur
for the same reasons as explained previously for decreasing
turbomachinery efficiency. The optimum value of T2/T± de-
creases with a reduction in loss pressure ratio.

The effect of recuperator effectiveness on radiator area is
shown in Fig. 10. Area decreases with increasing E; the
area required for E = 1 is about 70% of that required for
E = 0. The reduction in radiator area with increasing effec-
tiveness is due to the increase in cycle efficiency, as shown in
Fig. 3c. Although cycle efficiency is more than doubled as
effectiveness increases from 0-1, the decrease in radiator area
is not proportionately as great because the area reduction
occurs at the high temperature end (the most efficient section)
of the radiator. Due to the inherently large size of the radia-
tor, even a 20 or 25% reduction in radiator area, as can be
achieved with recuperator effectivenesses of 0.8-0.9, can re-
sult in savings that can offset the additional weight and
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pressure drop attributable to a recuperator. The optimum
value of Tt/Ti increases only slightly with increasing effec-
tiveness; the optimum value of jP2/Ti, however, increases
significantly as effectiveness increases. This increase in
Tt/Ti is advantageous, since it results in a reduction in the
pressure ratio requirement for the turbomachinery.

The effect of gas heat-transfer coefficient on radiator area is
shown in Fig. 11. The Tin presented in this figure is the
coefficient relative to radiating area which, according to Eq.
(14), is equal to the coefficient relative to internal heat-transfer
area times the ratio of internal heat-transfer area to radiating
area. For meteoroid- protected tube- and fin-radiators, this
area ratio can be as low as 0.10-0.25 and, consequently, cause
the heat-transfer coefficient relative to radiating area to be
quite low. If hR falls from 20 to 5, there is a 40% increase
in radiator area. For those cases where the heat-transfer co
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Fig. 12 Effect of radi-
ator surface emissivity
on prime radiator area.
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efficient is quite low, the use of internal fins, which greatly
increase the ratio of internal to radiating area, can be bene-
ficial. The optimal values of T±/Ti and T2/Ti increase
slightly with increasing heat-transfer coefficient.

The effect of radiator surface emissivity on radiator area is
shown in Fig. 12, in which prime area is plotted against T±/T\
for emissivities of 0.6, 0.8, and 1.0. Radiator area increases
with decreasing emissivity, since the radiative heat flux is
directly proportional to emissivity. A reduction in emissivity
from 1.0-0.8 results in an 11% increase in radiator area; a
further reduction from 0.80-0.60 causes an additional 23% in-
crease in area. The optimum values of T4/Ti and T^/T\
appear to be nearly independent of emissivity.

Summary of Results

This analysis was conducted in order to obtain an under-
standing of the thermodynamic characteristics of Bray ton
cycles for space application. The characteristics of interest
are system performance, as denoted by cycle efficiency, and
a desirable set of cycle temperatures. Since the radiator is the
largest component and a major weight contributor to the
system, minimum prime radiator area was selected as the
criterion for cycle temperature selection.

At each ratio of compressor inlet to turbine inlet tempera-
ture there is one particular value of turbine exit to inlet
temperature ratio that maximizes cycle efficiency, and an in-
crease in compressor inlet to turbine inlet temperature ratio
results in a decrease in this maximum cycle efficiency. De-
creases in the turbine and compressor efficiencies and loss
pressure ratios result in a rapid deterioration of cycle ef-
ficiency. The use of a recuperator offers a potential twofold
increase in cycle efficiency.

For any given set of design factors, a study of radiator area
reveals that: 1) for each value of the ratio of turbine exit to
inlet temperature there is one value of compressor inlet to
turbine inlet temperature ratio which yields a minimum radia-
tor area; 2) for each value of the ratio of compressor inlet to
turbine inlet temperature there is one value of turbine exit to
inlet temperature ratio that yields a minimum radiator area;
and 3) there is one combination of the two temperature
variables that yields a minimum radiator area with respect to
both variables. Required radiator area can be reduced by in-
creasing turbine inlet temperature, turbomachinery efficiency,
loss pressure ratio, recuperator effectiveness, gas heat-trans-
fer coefficient, and surface emissivity and decreasing sink
temperature.

The optimum values of the cycle temperature variables de-
pend upon the particular values of the design factors. For
design factors in the range of those usually encountered in a
system design, the optimum values of turbine exit to inlet
temperature ratio and compressor inlet to turbine inlet tem-
perature ratio are generally in the range of 0.70-0.80 and
0.25-0.35, respectively.
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Analytical Studies of Beryllium Ablation and Dispersion
during Re-Entry

ALEXANDER L. FEILD JR.*
Westinghouse Electric Corporation, Pittsburgh, Pa.

Analytical studies were conducted to determine 1) re-entry ablation of beryllium in SNAP-
10A reactor reflectors, and 2) toxic hazard produced at ground level by the resultant residue
dispersal. Studies concluded that varying degrees of ablation will occur, depending upon re-
entry attitude of reflector and point of release from the reactor. However, no ground level toxic
hazard will exist, even with a reflector completely ablated at the lowest possible ablation
altitude.

A
CD
CL
CP
c
D

h
AH
L
m
n
PS

R
R

S
T
t
TIDa
U
V
y

Nomenclature

cross-sectional area, ft2

drag coefficient
lift coefficient
specific heat, Btu/lb/°R
diffusion coefficient
drag force, Ib
distance, m
2.718
acceleration of gravity, ft/sec2

height, m
heat of fusion, vaporization, or combustion, Btu/lb
lift force, Ib
mass, Ib
stability parameter
surface pressure, psf
source strength, g
heat flux, Btu/ft2-sec
radius of re-entry body, ft
radius vector from center of earth to body, ft
distance from center of earth to body, ft
radius of droplet, ft (or /*)
surface tension, Ibf/ft
temperature, °R
time, sec
maximum total integrated dose, g-sec/m3

wind velocity, m
velocity, fps or cm/sec
altitude, ft
accommodation coefficient
emissivity
viscosity of air, g/cm-sec

Presented as Preprint 63-182 at the AIAA Summer Meeting, Los
Angeles, Calif., June 17-20, 1963; revision received October 7,
1963. The work described in this paper was sponsored by the Air
Force Special Weapons Center, Air Force Systems Command,
Kirtland Air Force Base, N. Mex. This presentation is a greatly
condensed version of the final report1 prepared under the Air Force
contract to which persons desiring complete details should refer.

* Fellow Engineer, Materials Department, Astronuclear
Laboratory.

p = density, lb/ft3 or slugs/ft3

4> = radius vector angle, rad
a — Stefan-Boltzmann constant
6 = re-entry angle, deg
& = concentration, g/m3

Subscripts
a = at given altitude
Be = beryllium
BeO = beryllium oxide
comb = combustion
conv = convection
D = drag
fus = fusion
L = lift
max = maximum
net = net
0 = initial condition
rad = radiation, radial
s = surface, stable
SC = Stokes-Cunningham
st = stagnation
trans = transverse
vap = vaporization

THE Air Force and the Atomic Energy Commission have
embarked recently on a joint program designed to launch

nuclear reactor auxiliary power generators into space. The
purpose of these generators is to furnish electric power to
instrumented payloads for extended time periods. One of the
major concerns is to assume that the reactor system will re-
enter from orbit without creating a radioactive hazard from
the fuel material, or a toxic hazard from atmospheric dis-
persion of beryllium contained in the reflector.

Analytical Procedure

Analytical studies1 have been performed to determine re-
entry ablation and ground toxic hazard resulting from at-
mospheric dispersion of beryllium contained in reflectors of
the SNAP-10, SNAP-10A, and SNAP-2 classes. The investi-


