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ABSTRACT

Technology requirements for heat pipe radia-
tors, potentially among the 1ightest weight
systems for space power applications, include
flexible elements, and improved specific radia-
tor performance(kg/kk). For these applications
a flexible heat pipe capable of continuous oper-~
ation thro.gh an angle of 1800 has been dem-
onstrated. The effect of bend angle on the heat
pipe temperature distribution is reviewed. An
analysis of Tight weight membrane heat pipe ra-
diators that use surface tension forces for
fluid containment has been conducted. The de-
sign analysis of these lightweight heat pipes
is described and a potential application in
heat rejection systems for space nuclesr power
plents outlined.

INTPODUCTION

Current developmental programs for sprce nu-
clear power systems have generated renewed
interast in technology development for 1ight
wo1¢ht, large area, heat rejection radiators
with uperating temperatures of greater than
60C K. Prime power systems now under study
will require thermal rejection systems 1in the
2 to 10C megawatt range. Heat pipe radiators
are potentially the 1ightest weight closed
loop systems avaflable in this power and tem-
perature range and as such are baseline for
most current studies. Tecniology requirements
for the application of heat pi e raafators in
these systems include the development of de-
ployable structures in order to accomodate
larger heat rejection areas than can be trans-
ported in deployed configuration. In addi-
tion, a need exists for improvement i{n spe-
cific radiator performance (kg/kk] through
reduction in the weight uv the structure.

In radiator design for fuace application a pri-
mary concern is the provisijon for end-of-life
radiating area in the face of micrometeoroid
tamage threats, The conventional approach to
ensuring sufficient heat transfer aurface area
at end-of-1ife i3 Lo armor the exposed surface
of the radiator in order to ensure a reasonable
probability that there will be nc penetraticn
of the surface by the micrometeroids over the
11fe of the system, Optimization stud{es heve

shown that lighter weight, higher performance
radiator designs are possfb]e if tﬁe radiating
surface is subdivided into independent segments
before the required armor thickness is estab-
1ished. Improvements in performance by factors
of two or more are possible by segmentation at
realistic levels., This improvement in radiator
performance by segmentation is seen both in
tube and fin radiators where only the tube sur-
face is armored, and fn all-prime surface radi-
ators where the entire surface must be pro-
tected. In either case, the underlying assump-
tions in conventional radiator design are that
once a segment is penetrated by a micrometeroid,
however small, it ceases to function and 1s
Jost to the system as far as heat rejection
area is concerned. A primary advantage of

heat pipe radiators in conventional designs

of this type 1s that they lend themselves to
the use of a high degree of segmentation with
11ttle weight penalty. Pumped 1.,quid loop

and ?as loop radiators regiire additional
complexity in order to achicve the same degree
of segmentation.

Without segmentation the weight of armor re-
quired to ensure a (.99 probability of survi-
va)l in near earth orbit for a period of 10

years may be as much as 100 kg/m2 for a

radiator having an exposed area of 100 mé
and using stainless steel as the material of
construction (1) Subdividing the same 100
me into 100 fndividual 1.0 m segments wil)
reduce the armor requirement by about an
order of magnitude., This represents about
the limit for conventioral radiator tech-
nology, with a specific weight of 5.0 to 10.0
Fg/mé possible depending on the operating
temperature and the resulting material re-
quirements, Improvements {n performance of
conventional radiators are forseen in the
development of 1ighter materia), for use at
higher temperatures and in the development of
flexible heat transfer elements to permit
folding of large surfaces for transport to
their final operatfonal orbit. Potentially
higher gains in performance are possible
through the deve?opment of advanced radiator
concepts {n which the heat transfer aedium
13, at least partially, exposed to space. In
these concepts the penetration of the radiator
area by a micrometeordid {3 not assumed to



result 1n automatic loss of the affected seg-
ment. Instead the effect of the penetration
on the system is considered in terms of the
sire of the penetration and the resultant
loss of heat transport medium. Loss of mate-
rial to space {» dependent on the surface
aree of fluid exposed, the vapor pressure and
temperature of the working fluid, and on the
action of other forces, such as surface ten-
sion, in controlling the movement cf the mate-
rial. Examples of advanced radiator concepts
that are based on these concepts are the drop-
let and wetted belt radiators,{(2) in both of
which the entire quantity of heat transport
fiuid 1s exposed to space, and the rotating
film and membrane heat pipe concepts, wherein
the heat transport medium 13 exposed to gpace
on'y at the micrometeorord penetrations. The
rotating film radiator concept, first discus-
sed in Ref, (3), 1s the subject of another
paper in this proceedings,(4) The membrane
heat pipe is the subject of the present dis-
cussion,

Flexible Radiator Elements

The use of hard surfaced radiators for systems
with reject heat loads in the megawatt range
will require folding of the radiator surface
for transport or assembly of the radiator
structure in space. ¢for unattended systems
or those requ1r1n? assembly in higher orbits
than are accessible to manned transpourtation
systems, a romote deployment mechanism will
be required. These deployment mechanisms
will in general require the use of flexible
elements in the hcat transport path, function-
ing at power densitities in the range of kilo-
watts per centimeter squared. Flexible heat
pipes, used for more than 15 years in lower
temperature applications, are logical choices
for this function. The technology require-
ments for fabrication of high power, flexible
heat pipes capable of deployment through
argles of up to 180 degrees, bnth cold and at
temperature, exist. As a demonstration of
this fact a flexible heat pipe employing so-
dium as 8 working fluid and using stainless
steel wick and shell material has been as-
sembled and tested. This device has been
flexed repeatedly through angles of 180 de-
grees, both at room temperature with the so-
dium working fluid frozen and at temperaturas
to 1000 K while radiating heat to a room tem-
perature environment. A cross section of the
test heat pipe {s shown in Fig. 1. The wick
structure is composed of three layers of 100
mesh stainless steel screen wrapped on a bias
in alternating directions. The corrugated
portion of the heat pipe 13 fabricated from a
standard high vacuum flexible 1ine section.
The heated ?evaporator) length is 15 cm,
flexible 1yngth 45 cm, and the remainder of
the condenser region 20 cm.

Lemonstration of Flexible Heat Pipe
Taitiu) “testing of the flexible Teat pipe
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Fig. Y. Cross section ot flexible heat pipe.

involved operstion at a temperature of 1000 X
in a horfzontal positinn, then elevation of
the condenser enu of the heat pipe upward
thrcugh an arc until a bend of 180 degrees in
the vertical plane was achieved. Heat pipe
operation through the bending operation and
in the flexed position was verified by visual
inspection. Following this operational dem-
onstration, instrumentation was installed to
determine the effective emissivity of the
radiating surface and the total power through-
put of the heat pipe. A single pass quart:z
calorimeter was placed around the heat pipe
and type X thermocounles welded to the pipe
surface at intervals to measur~ axial temper-
ature variation. Jnitially the heat pipe was
operated with the calorimeter evecuated.

Heat throughput was dete'mined from water
flow and temperature change measurements,
Surface emissivity of the heavily oxidized
stainless stee) heat pipe surface was deter-
mined to be 0.49 in there tests. Following
this determination the heat pine was removed
from the calorimeter and testing continu~d in
air. In these tests the heat losses from the
evaporator sectfon of the neat pipe were sub-
tracted from the calculated power in order Lo
arrive at power throughput, In tests to de-
terminre this effact of bend angle on the heat
pipe performance the heat pipe was operated
with the bend 1n the horizonta plane, Bend
tests were conducted in three stages, The
hra* pipe was operated in a streight and leve)
position and axia) temperatures were cecorded
as a functio. of power. hext the heat pioe
wat operated with a 90° bend at a bend ra-
diuy of 28 cm with temperatures recorded for
the same power lcvels, Finally the hest pipe
was bent through 180" with a bend radius of
14 cm and the process repeated. Figure 2
presents the results of ‘hese measurements as
s plot of the axial delta T of the heat pipe
fron the evaporator exit to the end of the
condenser as & function of the bernd angle for
power lev-1s of 1550 and 200U watts. While
these data fndicate a significant increase in
axia) ‘emperature dr~y due to the bending no
Tos» of heat pipe function was observed under
test power throughput to 1950 W/eme, In
additior- tne hoat pipe was repeatedly started
from belos the free?ing point of the sodium



result in automatic loss of the affected seg-
went. Instead the effect of the penetration
on the system is considered in terms of the
size of the penetration and the resultant
loss of heat transport medium. Loss of mate-
rial to space 1s dependent on the surface
area of fluid exposed, the vapor pressure and
temperature of the working fluid, and on the
action of other forces, such as surface ten-
sion, in controlling the movement of the mate-
rial. Examples of advanced radiater concepts
that are bated on these concepts are the drop-
let and wetted belt radiators,(2) 1n both of
which the entire quantity of heat transport
fluid is exposed to space, and the rotating
film and membrane heat pipe concepts, wherein
the heat transport medium 1s exposed to space
only at the micrometeroid penetrations. The
rotating film radiaxor concept, first discus-
sed In Ref. (3), 1s the subject of another
paper in this proceedings.(4) The membrane
heat pipe is the subject of the present dis-
cussion.

Flexible Radiator Flements

The use of hard surfaced radiators for systems
with reject heat loads in the megawatt range
will require folding of the radfator surface
for transport or assembly of the radiator
structure in space. For unattended systems
or those requ1r1n? assembly 1in higher orbits
than are accessible to manned transportation
systems, & remote deployment mechanism will
be required. These deployment mechanisms
will in general require the use of flexible
elements 1n the heat transport path, function-
ing at power densitities in the renge of kilc-
witts per centimeter squared. Flexible heat
pipes, used for more than 15 years in lower
temperature applications, are logical choices
for this function. The technology require-
ments for fabrication of high power, flexible
heat pipes capable of deployment through
angles of up to 180 degrees, both cold and at
temperature, exists, As a demonstration of
this fact a {lexible heat pipe emp1oy1n? $0~-
dium as a working flutd and using stainles
steel wick and shel) material has been as-
sembled and tested. This device nas been
flexed repeatedly through angles of 180 de-
grees, both at room temperature with the so-
dium working fluid frozen and at temperatures
to 100U K while radiating heat to s room tem-
perature environment, A cross section of the
test heat pipe 15 shown in Fig. 1. The wick
structure 1s composed of three layers of 100
mesh stafnless steel screen wrapped on & bias
in alternating directions. The corrugated
portion of the heat pipe i3 fabricated from a
standard high vacuum flexible 1ine section.
The heated (evaporator) Yength 13 15 cm,
flexible length 45 cm, and the remainder of
the condenser region 20 cm.

Demonstration of Flexible Heat Pi
Tnitial “testing of the Nexible Teat plpe
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Fig. 1. Cross secticn of flexible heat pipe.

involved operation at @ temﬁerature of 100 K
in a horizontal position, then elevation of
the condenser end of the heat pipe upward
through an arc until a bend of 180 degrees in
the vertical plane was achieved. Heat pipe
operation through the bending operation and
in the flexed position was verified by visual
inspection. Following this operational dem-
onstration, instrumentati>n was installed to
determine the effective enissivity of the
radiating surface and the total power through-
put of the heat pipe. A single pass quartz
calorimeter was placed around the heat pipe
and type K thermocouples welded to the pipe
surface at intervals to measure axial temper-
ature variation. Initially the heat pipe was
operated with the calorimeter evacuated.

Heat throughput was determined from water
flow and temperature change measurements.
Surface emissivity of the heavily oxidized
stainless steel heat pipe surface was deter-
mined to be 0.49 in these tests, Following
this determination the heat pipe was removed
from the calorimeter and testing continued {n
air, In these tests the heat losses from the
evaporator section of the heat pipe were sub-
tracted from the calculated power 1.1 order to
arrive at power throughput, [nr tests to de-
termine this effect of bend angle on the heat
pipe performance the heat pipe was operated
with the bend 1in the horizontal plane. Bend
tests were conducted fn three stages. The
heat pipe was operated 1n a straight and leve)
position and axfal temperatures were recorded
as a function of power, Next the heat pipe
was operated with a 90° bend at a bend ra-
dius of 28 cm with temperatures recorded for
the same power levels. Finally the heat pipe
was bent through 180° with a bend redius of
14 cm and the process repeated. Figure 2
presents the results of these measurements as
4 plot of the axial delta T of the heat ﬁipe
from the evaporator e¢xit to the end of the
condenser as a function nf the bend angle for
power levels of 1550 and 2000 watts. While
these data indicatc a significant increase in
axial temperature drop due to the bending no
loss of heat pipe function was observed under
test power throughput to 1950 W/ecm¢, In
addition the heat pipe was repeatedly started
from below th, freezing point of the sodium



working fluid without any apparent adverse
effects due to bend angle.

CONCEPT DESCRIPTION
MEMBRANE HEAT PIPE RADIATOR

An alternative to the combination of arwmor and
segmentation used to ensure end-of-11fe heat
transport capability 1n conventional heat pipe
radiators is to abandon the use of armor en-
tirely and Yet the material thicknesses w:ed
in the heat pipe assembly be determined by
strength and fabrication considerations only.
In this scheme preservation of end-of-life
ared requirements 1s accomplished through &
high degree of segmentation with the segment
area determined by the size of the largest
micrometeoroid penetration expected over the
1i1fe of the system. If this maximum hole

size is such as to contain the working fluid
at 1ts operating conditions through the action
of surface tensicn, then the loss of fluid
from the system will be a result of evapora-
tion from the area of the punctures only.
Segments that suffer a penetration larger

than this surface tensfon limit determined
value will lose their working fluid by 1ts
being forced through the opening and into
space nnder the infiuence of the {nternal
pressure, corresponding to the equilibrium
vapor pressure of the working fluid at the
operating temperature of the radiator.

This concept has a number of benefits in ad-
dition to the basic concern for reduced weight
per unit area. Loss of working fluid from
the radiator assembly will be much lower than
for those advanced radiator concepts in which
the entire quantity of working fluid 1s ex-
posed to space, This will reduce the weight
of fluid that must be carried in the system
for make-up but more importantly 1t will re-
duce the hazards of contamination of the re-
mainder of the space craft by the escaping
fluid. A second important consideration will
be that the thin materia, sections required
for containment of the working fluid {n the

"

T i R v T 1

a0
L]
.

wi o
} 1550 WATlS

Ca :
G‘ Py

;' / / -
= S 7 20 waTs

.
\\

\

-
-
-
-

-l -l .
- 1. J e . ne
BIND ANGLE (DLW

Fig. “. 0T between cvaporator exit and end
of condenser versus bend angle of
heat pipe.

unarmored configuration will lend themselves
to the development of flexible structures,
inherently capable of compact storage and
deployment in space. In the 1imit one may
consider structures that are passively de-
ployed by the internal pressure developed as
the working fluid is brought to the operatirg
temperature and thus requiring no 1inkages,
actuators, or special purpose elements for
deployment. Such a concept is shown in Fig.
3, where a flat array of membrane heat pipes,
Joined to form a sheet structure, is rolled
into a cylindrical configuration for transport
aboard the launch vehicle and unrolled in
space to form the radfator surface. The
analysis that follows assumes that the radi-
ator surface fs exposed throughout the 11ife
of the system. However, for {ntermittently
operated systems it would be possible to main-
tain the radiating surface in its stowed con-
figuration when the system 1s not operating
and greatly reduce the effects of the micro-
meteoroid environment.

RADIATOR “OLLED
UNTIL VSE

P’ INDIVIDUAL
HEAT PIPE
SEGMENTS

Fig. 3. Self deployed membrane heat pipe
radiator concept.

MEMBRAM'E RADIATOR ANALYSIS

The Natfonal Aeronautics and Space Adninis-
tration (NASA] Near Earth tc Lunar Surface
Meteoroid Environment Model(5) was chosen for
use in this analysis. In this model the near-
Earth average total meteoroid {(average spor-
adic plus average strcam) mass-flux 1s given
by:

Togip Nt = -~ 14.37 - 1.213 Tog1go M,
for 10-6 <m < 1. ()

where: Nt = number of part1c1e§ of mass
m or greater per m¢-s and
m = particle mass (g).

The assumed average particle density and vel-
ocfty for this model are 0.5 g/cm3 and 20
km/s. Correction for the Earths gravitational
effect ts accomplished by multiplying N¢ by

a defocusing factor, Ge, vhich ranges from
1.0 at the [arth's sur?ece to about 0.57 at
infinity. The shielding effect of the earth



is similarly accounted for by & shielding

factor E, defined by E = (1+c0s6)/2, where

26 = the angle subtended by the Earth as

viewad from the spacecraft. For this analysis
is taken as 1.0 and E as 0.75, corres-

ponding to the case of a 700 to 800 km orbit.

The probability of impact of the radfator by
n particles of mass m or greater is determined
from the Poisson distribution equation,

r=n
N, AL r
. t (NAC)
P(xgn) 2 e . t . (2)
rav °
where
P(x <n) = probability of 1mpact:by n
- meteoroids or less,
ng = particle flux
(particIes/mZ-s%
A = exposed area (m<), and
L = exposure time,

This expression may be used with the area of
an individual radiator segment to determine
the maximum hole size expected at some prob-
abi1ity at end-of-1ife. For this analysis an
0.99 probability of no larger punctures in a
7-year period {s assumed, resulting in the
variation of maximum hole diameter with seg-
ment area given in Fig. 4, The two curves
represent an upper limit based or a hemisphe-
rical cavity with radius equal to the semi-
irfinite penetration thickness rf a particle
and a lower 1imit at the diameter .~ the im-
pacting particle, For very thin material
sections the values will approach the lower
curve,

in order to determine what hole diameter 1s
tolerable for containment of the heat pipe
working fluid by surface tension forces the
internal pressure §s set equal to the surface
force developed at the hole,
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Fig. 4, Maximum micrometeoroid penetration
dicmeter as a function of radiator
segment area.

P, < (3)
where, '

pv = equilibrium vapor presgure of the
werking fluid (dyne/cm<)

o = surface tension (dyne/cm’. and

D = maximum penetration diameter (cm),

with all properties evaluated at the radfator
operating temperature. A plot of the recult-
ing maximum allowable penetration diameter is
given in Fig. 5. These data establish a
practical upper operating temperature limit
for the c2se considered at the point where
the area of an individua) segment becomes
impractically small. The lower temperature
1imit for operation with a particular heat
pipe working fluid will be established by the
sonic 1imit criteria.(6) That s, the cross
sectional area aveilable for vapor flow in
the heat pipe must be greater than that re-
quired to transport the design heat load at
the sonic velocity 1imit in the vapor. The
maximum axial flux density is shown in Fig., 6
for various 1iquid metal working fluids based
on the sonic limit.

1f cylindrical geometry 1s assumed the heat
pipe proportions may be determined from an
assumed surface emssivity, the operating
temperature, and the allowable axial flux
density. If we neglect the wick area the
limiting heat flux into the radiating section
of the heat pipe will be,

Qin * (as) T D2/4, (4)
and the radiated energy will be

Qr=ocTDL T, (5)
where: q; = sonic power 1imit (w/cm2)

= heat pipe diameter (cm)
L = heat pipe lengtn (cm)

100

ALLOWABLE HOLE DIAMETER (mm)

'R

TEMPERATURE (K}

Fig. 5. Allowable penetration diameter for
surface tension containment of heat
pipe working fluid,



SOMIC POWER LART (W/enl)
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Fig. 6. Sonic power 1imit for alkali metal
heat pipe fluids.

€ = surface emissivity
o - Stefan-Boltsznn constant
(5.6686 x 10-1¢ w/em T4),

Equating input and output,

4
D deoT
 emem—— B (6)
r q

determines the heat pipe proportions.

An additional concern in *he design of heat
pipe radiator elements for tnese applications
will be the quantity of fluid lost from the
heat pipes over the 1ife of the system. This
is determined by calculating the total area
of the meteroid punctures per unit area of
surface for those radiator elements whose
maximum meteoroid hole §s within the range
where surface tension will contain the fluid.
The range of hole sizes will vary from this
upper value to a minimum established by the
heat pipe conta . nment thickness and type of
material, The Charters and Summers (C-$)(7)
equation 1s used to predict the minimum par-
ticle size for penetration.

o (% 2\,
t
wher e Pe = penetration in a semi-
infinite solid (mm)
mp = meteoroid mass (kg)
U * meteoroid velocity
(20 km/s)
Pp = meteoroid density
(0.5 g/cm3)
ot - targe& miterial density
(g/emd)
sy 1/3 . targes Taserial factor
(J/mm3)1/

The materis) property factor in the C-$ equa-
tion, S¢1/3 {s determined experimentally, with
values }n the range of 3 to 4 for beryllium,
titanium, and stainless steels at temperatures

to 775 K,{8-9) The total penetration thickness

(TPT) defined as that thickness of material
that will just prevent penetration oi a given
size of particle, is taken as 1.5 p, based

on the previously cited hypervelocity impact
studies. When the range of penetrating meteo-
roid masses has been determined the total

area of the resulting holes may be determined
from the assumed particle density and the
meteoroid mass flux model.

Figure 7 presents the total wmeteoroid hole
area as a function of surface sheet thickness
for a 316 stainless steel radiator surface at
end-of-1ife for a 7-year exposure in a 700 to
800 km orbit.

The fluid loss from a heat pipe 1s given by

1/2
-2 M
6 = 5.833x107¢ P, (}) (8)

where

G = mass loss rate (g/cmzs)

py = vapor pressure of the working
fluid (mm Hg)

m = molecular mass of the working
fluid (g)

T = temperature (K)

The amount of working fluid lost from a heat
pipe over the 11fe of the system will be

M = GAt

where A = heat pipe surface area (cm2)
t = exposure time (s)

The heat pipe must be designed to function
with this quantity of surplus fluid at
beginning-of-11fe.

Design Example
13 IUE Mdy radiator operating at 1000 K is

considercd. The heat pipe structures are
assumed to be formed of 0.1 mm, 316 stainless
stee) foil with wicking provided by surface
texturing and 11thium used as a working fiuid.
The radiator 1§ assumed to be segmented to a
level of 0.5 m“/heat pipe. The 0.99 prob-
ability maximum penetration diameter at end-
of-11fe, assuming & 7 ycar exposure, 1s

0.5 mm from Fig. 4. The maximum allowable
hole size for surface tension containment {s
10 mm from Fig. 5. The resulting diameter to
Yength ratio, from Eq. (6), wil) be 0.19,

For the assumed segment area this will cor-
respond to a heat pipe 0.17 m in diameter and
0.92 m in length.

Total area of meteoroid penetrations after 7
years exposure will be approximately 15 mme
from Fig. 7 and the fluid mass loss rate from
the heat pipe will be

Gy = 4.67 x10-3 gm/cm2 ¢
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at 1000 K. The normal 1ithiv fi11 quantity
for this size of heat pipe would be about 50
gn. It if is assumed that the heat pipe can
be operated initially with a 100% overfill,
then the working fluid reserve for evaporation
losses will be about 50 gm and tne correspond-
ing period of operation at 1000 K will be 8.9
x 10% s or about 24 hours. The heat pipes
could be operated for longer periods at lower
temperatures, however the sonic power 1imit
would impose a severe restriction. The more
promising approach to longer term operation
would be to shield the radiator surface in

jts transport corfiguration and deploy only
during periods of system operation.

Estimated weight for this design example will
be

Containment 388 gm
Wicking (arteries) 20 gm
Lithium working char?e 50 gm
Lithium evaporation loss 50 gm

Distribution 1ine/heat pipe 300
806 gm

Allowing a 20% design margin for array losses
by penetrations larger than the surface ten-
sion Vimit, the radiation specific weight
will be 1.8 kg/m or about 0.04 kg/kW at
1000 K. This compares favorably with other
advanced radiator concepts.

CONCLUSTONS
It has been demonstrated that flexible sodium/

stainless steel heat pipes can be fabricated
and operated at temperatures to 1100 K with

axial throughputs of 1950 W/cm2. It has

2150 been demonstrated that this type of heat
pipe can be flexed up to 180 degrees while at
temperature and under load. Start up ¢f these
heat pipes from below the freezing temperature
of sodium has peen demonstrated for bend posi-
tions u> to 180° in a nongravity assisted
mode of operation.

The membrane heat approach to space power
system radiator design has been examined and
found to be of potential value 1n systems
designed for intermittent operation. Radiator
performance levels of 0.04 kg/kW appear pos-
sible for integrated operating times of 24
hours st 1000 K after 7-years exposure to
near Earth meteoroid flux levels. Perhaps
the most attractive characteristic of the
membrane heat pipe radiator concept would be
its capability for use in flexible arrays
that may be compactly stowed for transport by
rolling or folding.

REFERENCES

1. D. G. Ell1ott, "External Flow Radiators
for Reduced Space Powerplant Tempera-
tures,” 1st Symposium on Space Nuclear
Power Systems,™ January 1984.

2. K. K. Knapp, "Lightweight Moving Radiators
for Heat Rejection in Space," AIAA 16th
Thermophysics Conference, June 1981.

3. F. C. Prenger and J. A. Sullivan, "Con-
ceptual Designs for 100 MW Space Radi-
ators," Nationa)l Academy of Sciences
Symposium on Advanced Compact Reaztors,
November 1982.

4. D. R. Koenig, “L1ght-we1?ht Rotating Film
Radiators," Proceedings lECEC 84.

5. B. G. Cour-Palais, "Meteoroid Environment
Model - 1969," NASA report NASA-SP-8013,
March 1969,

6. P. D. Dunn and D. A. Reay, “Heat Pipes,"
Pergamon Press, (xford, 1978.

7. E. Schneider, "Velocity Nependence of
Some Impact Phenomena," ESA Halley Comet
Micrometeoroid Hzzard Workshop, Nordwijk,
April 1973,

8. MN. Clough, S. Lieblein, and A. McMillan,
"Crater Characteristics of 11 Meta) Alloys
Under Hyper-Yelocity Impact,® NASA TN-D-
5135, Apri) 1969.

9. L. Lundberg, S. Bless, S. Girrens, J.
Green, “Hypervelocity Impact Studies on
Titanium, Titanium Alloys, and Beryl)ium,*
Los Alamos National Laboratory LA-9417-MS,
August 1982,



