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Flexible Heat Pipes for a Lightweight Spacecraft Radiator

David E. Glass,¤ Jonathan C. Stevens,† and V. V. Raman‡
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Flexible heat pipes utilizing ultra-high-molecular-weight (UHMW) � lm wicks and formed UHMW wicks with
Kapton® and aluminized Mylar® containers were designed, fabricated, and tested. Wick characterization was
performed on both wicks with acetone, methanol, freon, and ethanol. The thin-� lm UHMW wick had a larger
permeability and capillary radius. Burst tests were performed on the Mylar and Kapton heat-pipe containers
indicating suf� cient strength for the heat-pipe application. The heat pipes were charged with methanol as the
working � uid and successfully tested at steady-state conditions. Relatively uniform temperatures were obtained
during several days of testing.

Nomenclature
Gr = Grashof number
g = acceleration due to gravity
h = heat transfer coef� cient, W/m2K
K = permeability, cm2

k = thermal conductivity,W/mK
L = heat-pipe length, m
P = pressure, dynes/cm2 or kPa
Pr = Prandtl number
q = heat � ux, W
rp = capillary radius, ¹m
T = temperature, ±C or K
t = time, s
x = wicking height, cm
¯ = orientation relative to the horizontal, deg
" = porosity, %
µ = contact angle, deg
¹ = dynamic viscosity, kg/m-s
½ = density, g/m3

¾ = surface tension, N/m

Subscripts

boil = boiling limit for heat pipe
cap = capillary limit for heat pipe
e = exit
ent = entrainment limit for heat pipe
l = liquid
sonic = sonic limit for heat pipe

Introduction

R ADIATORS have been used for years in space to dissipate
waste heat. To improve the ef� ciency of the space radiators,

heat pipes are used to generate a nearly uniform temperature distri-
bution on the radiator surface. State-of-the-art heat pipes for space
radiators are made of a rigid aluminum container with ammonia as
the working � uid. The rigid heat pipes are then either bonded to
the radiator or embedded in the structure.The coef� cient of thermal
expansion (CTE) mismatch between the aluminum heat pipe and
the lightweightcomposite radiator panels has been problematic.An
alternative heat pipe is studied here that may eliminate the CTE
mismatch problems as well as reduce weight and thermal contact
resistance problems.
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Heat pipes have been used for thermal control in space for many
years and the literature has numerous references dealing with the
fabrication and testing of heat pipes for space use. A description of
several of the space heat pipes is given next.

A self-deploying membrane heat pipe was designed and fabri-
cated using a Mylar® container in the condenser and aluminum in
the evaporator, a polyester fabric wick, and R-11 (CCl3F) work-
ing � uid.1 The heat pipe would self-deploy when heat was ap-
plied and the pressure in the heat pipe increased and would retract
upon removal of the heat source. Mylar was chosen for the con-
tainer material due to its high strength and cyclic duty capacity. A
2.54-cm- diam Mylar tube with a 50-¹m wall thickness was fabri-
cated for the container.A � exibleepoxywas used to attach the fabric
wick to the container in both the evaporator and condenser. An ul-
tralight thermal radiator for lunar and Martian outposts has been
designed and fabricated.2 The heat-pipe container was constructed
of a four-ply laminate of Mylar, metal foil, Mylar, and polypropy-
lene that was heat sealed to form a thin walled vacuum tight tube.
The metal foil provided the vacuum barrier, and the polymer pro-
vided the structural support. The heat pipe was wickless and was
designed to operate in the gravity-assistmode on the lunar or Mar-
tian surface. Testing con� rmed that the radiator rejected a design
heat load of 33 W per cell to a heat sink of 50±C.

In most cases, the heat pipes for spacecraft radiators have been
rigid. However, in a few cases, heat pipes have been proposed with
� exible joints between two rigid portions of the heat pipe. One
of the � rst � exible heat pipes was fabricated with a � exible metal
bellows connecting a rigid condenser and evaporator.3 The heat-
pipe performance was degraded approximately 25% in the bent vs
straight mode. A second � exible heat pipe was built to carry heat to
the moving segment of a thermal switch.4 The � exible section was
made of stainless-steel tubing. A heat pipe with a � exible stainless-
steel bellows was fabricated for space radiators by Hwangbo and
Joost.5 The purpose of the � exible segment here was to enable the
heat pipe to unfold when deployed in space. Fleischman et al.6 also
designeda heat pipe with � exible joints to enable the heat pipes to be
deployedonce in space. A deployablespace radiatorwas developed
by Aerospatiale and the Centre National d’Etudes Spatiales using
heat pipes.7;8 The radiative panels were fabricatedout of aluminum
honeycomb and facesheets with � ve grooved heat pipes embedded
in the honeycomb sandwich structure. With a heat load of 245 W,
the average temperature drop between the facesheets and heat-pipe
vapor was 0.61±C. The temperature of the dissipative units was
between ¡10 and 30±C. The lifetime was designed for a minimum
of 10 years, including 3 years storage.

A composite material heat-pipe radiator, where a thin walled ti-
tanium tube was wrapped with braided carbon � bers, in� ltrated
with an epoxy resin (resin transfer molding), and cured has been
evaluated.9 The epoxy bonded the liner to the compositepreventing
the liner from collapsing under external pressure. The composite
material carried the heat-pipe pressure loads, and the titanium liner
provided the leak tight container. The heat pipe was 1.4 m long
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with a 24-mm diameter with a mass of 0.165 kg, includingan initial
charge of 20 g of water for the working � uid. The heat pipe used a
sintered titanium powder wick in the evaporatorwith a thickness of
2 mm, a pore radius of 20 ¹m, and a permeability of 7 £ 10¡8 m2.
No wick was used in the condenser.The heat load dissipatedranged
from 10 to 60 W at temperatures ranging from 278 to 403 K. In a
separateproject,a 4.57-m-longcomposite-linedtitaniumtubingwas
fabricated for use as a heat pipe.10 An aluminum foil covered with
graphite/epoxy(Gr/Ep)designwas used to fabricatea loopheat-pipe
radiator as an alternative to axially grooved heat pipes.11 The heat
pipe used ammonia as the working � uid and had a porous polyethy-
lene wick in the evaporator with a pore radius of 60 ¹m and a
permeability of 6:3 £ 10¡12m2. Circumferential and axial grooves
were also machined in the wick. The heat pipe, 3.96 m long, was
capable of transferring 500 W when at a 2.3-m adverse inclination
and 1500 W when horizontal.

Lightweight deployable composite radiators have also been
evalauted.12 These results indicate that high conductivity polymer
matrix composites (K1100/Ep) yields dramatic weight savingsover
aluminumand accommodateshigh-power-densitycomponents.The
developmentof an optimum deployable radiator involves resolving
issues related with materials and processing of thermal structural
polymer matrix composites (PMCs), bonding heat pipes to PMCs,
high-conductance thermal straps, and reliable deployment mecha-
nisms.

An integrated radiator system (IRS) using heat pipes was used to
maintain electronicspackages within a speci� ed temperature range
on the Spacelab Astro-1 payload.13 The IRS rejected between 308
and 372 W and maintained the radiator surface, which consisted
of two orthogonal planes, between ¡10 and 35±C. In addition, the
radiator was designed to maintain surface temperatures within 5±C
of each other. The heat pipes, spaced 15.2 cm apart, were fabricated
out of aluminum and used ammonia (99.997% pure) as the working
� uid. Heat pipeswere placedon both sides of the radiator panel, and
the heat pipes on the back surface were perpendicular to those on
the outside surface. This arrangement allowed all of the heat pipes
to be thermally connected. The radiating surface was covered with
silver-coated clear Te� on® tape giving a solar absorptivity of 0.09
(silver re� ecting at solar wavelengths) and an infrared (IR) emis-
sivity of 0.75 (Te� on radiating at IR wavelengths). The heat pipes
had maximum leak rates of 3 £ 10¡8 standard cubic centimetersper
second (sccs), ensuringa lifetime of several hundredyears based on
leakage alone.

Two 1.8-m-long heat pipes for the space station were fabricated
and tested.One heat pipe used ammonia and one used acetone as the
working � uid.14 In addition, a 6.1-m-long ammonia heat pipe was
fabricated and tested. The length of the radiator panels on the space
station will be from 7.6 to 15.2 m. The long length limits the use of
conventional heat pipe’s transport ability. The manufacturers used
both a monogrooveand a dual-slotheat-pipeconstruction.A 4.6-m,
proof-of-concept,dual-slot heat pipe was fabricatedout of stainless
steel and used ammonia as the working � uid. The heat pipe attained
a heat capacity of 600 W with a tilt of 1 cm. The design transport
capacity of the 1.83-m-long heat pipes was 3 kW with ammonia.
The heat-pipe operation was found to be very sensitive to test con-
ditions and startup procedures, resulting in dry out, depriming, or
unsteady behavior.Several 14.6 m long by 30 cm wide monogroove
heat-pipe radiatorswere also fabricated and tested.15 The heat pipes
were made of 6061-T6 aluminumand chargedwith ammonia. At an
adverse tilt of 0.64 cm, the maximum heat load was between 3000
and 3600 W at 38±C.

The heatpipeevaluatedhere is madeentirelyof � exiblepolymeric
materials.The recentgrowth in the numberof moderate temperature
polymeric materials makes the � exible heat pipe feasible. When
operational,theheat pipe will pressurizeandconformto the shapeof
the channel formed by the webs and facesheetsof the radiatorpanel.
The heat-pipe container can be thought of as an impermeable liner,
similar to an inner tube on a bicycle tire. The heat pipe � lls the entire
region between the top and bottom facesheets, thus signi� cantly
increasing the through-the-thickness conductivity when compared
to a circular heat pipe embedded in a high conductivitymaterial.

The CTE mismatch between the heat pipe and the radiator is a
major problem in state-of-the-artradiators. This problem arises due

to the use of different materials for the heat pipe and the radia-
tor and the need for intimate thermal contact. Without a � exible,
low-modulus material, this can be an insurmountable requirement,
i.e., intimate thermal contact between two different high-modulus
materials. The use of a � exible heat pipe eliminates the CTE prob-
lems and at the same time providesgood thermal contact.The � exi-
ble heat pipe does not need to be attached to the radiator like a non-
� exible heat pipe does. Using conventionalheat pipes, the heat pipe
must be attached to the radiator to minimize the contact resistance
between the heat pipe and the radiator. With a � exible heat pipe, the
heat pipe can be insertedinto the spacemade for theheat pipe.When
theheatpipe is operational,it will pressurizeandobtaingoodcontact
with the radiator surfaces. The heat pipes can be used with carbon/
carbon, Gr/Ep, or metallic radiators. Unlike many other heat pipes,
the CTE of the radiator material is not a major concern when us-
ing the � exible heat pipes, and thus the radiator material can be
optimized without using the CTE as a constraint.

The heat-pipe application addressed here is for radiators dis-
sipating heat from electronic components that will require the
heat pipes to operate in the range of 50±C. This report details
the effort to design, fabricate, and test a � exible polymeric heat
pipe for space radiators.Two different ultra-high-molecular-weight
(UHMW) polyethylene wicks were used and the porosity and per-
meability were experimentally determined. Mylar, Kapton®, and
Te� on were used to fabricate the heat-pipe containers.The test heat
pipe was designed and successfully tested.

Discussion of Results
Several tasks were performed during the course of this work and

are discussed in this section. The � rst task was the selection of the
materials to be used for the working � uid, wick, and heat-pipe con-
tainer. Subsequent tasks included the characterization of the heat-
pipe wick, sealing the heat pipe, attaching the wick to the container,
heat-pipe design, and heat-pipe testing.

Material Selection and Compatibility
The materials selection and compatibility consisted primarily of

a literature and vendor survey of potential working � uid, container,
and wick materials. Long-term (on the order of 10 years) material
compatibility between all three components is essential.

Working Fluid
The heat-pipe application chosen for this study operates in

the 50±C temperature range. Potential working � uids considered
are shown in Table 1 along with their operating range and vapor
pressure at 50±C. Ammonia is the working � uid that is used in
many space radiator applications,but due to its high vapor pressure
at 50±C and toxicity, it was not evaluated in this preliminary study.
The vapor pressure of water is very low at 50±C, and thus acetone,
freon-11, methanol, and ethanolwere the only working � uids used.
Though ammonia and water are not used, they were considered in
regards to compatibility with the wick and container.

Container
An extensive vendor and literature survey was undertaken to � nd

containermaterials that were 1) compatible with one or more of the
working � uids for long term exposure at 50±C, 2) impermeable to
the vapor phase of the working � uid, 3) � exible, and 4) able to carry
the pressure loads. The last requirement, able to carry the pressure
loads, is not a � rm requirementbecausein the actual application,the
heat pipe would be embeddedin a radiatorpanel that would carry the

Table 1 Approximate useful range and vapor pressure of several
heat-pipe working � uids

Working � uid Range, ±C Vapor pressure at 50±C, kPa (psi)

Acetone 0–120 79.3 (11.5)
Ammonia ¡60–100 2027 (294)
Ethanol 0–130 40.9 (5.93)
Freon 11 ¡40–120 236.5 (34.3)
Methanol 10–130 52.3 (7.58)
Water 30–200 12.2 (1.77)
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loads. A � nal requirementwas that the containermaterial be readily
availableand couldbe made into a heat-pipecontainerwith minimal
development, i.e., in a short amount of time and at a low cost.

An extensive set of design handbooks for plastics16 was used to
assist in the compatibility evaluations. The Plastics Design Library
ratingis a weightedvalueof a materialsresistanceafterexposureto a
speci� c environment.The factors that are consideredare changes in
the weight, diameteror length, thickness,volume,mechanicalprop-
erties, and visual appearance. Values from 1 to 9 are given to each
material, with a 9 meaning the materials are extremely compatible.

Though Te� on, Kapton, and Mylar meet several of the listed
requirements,none meets all of the requirements.None of the poly-
meric � lms has the desired impermeability.Strength is also a prob-
lem for Te� on, having a tensile strength of 20.6 MPa (3,000 psi),
compared to Mylar and Kapton at 200 MPa (29,000 psi) and
231 MPa (33,500 psi), respectively. It was determined that a lami-
nate would provide the optimal properties.Te� on, the most inert of
the polymers, should be on the inside for compatibility, a thin � lm
of a metallic foil should next be used to reduce vapor permeability,
and Mylar or Kapton should be used as an outer layer for strength.

The tubesweremadeby spiralwrapping the severalpliesarounda
mandrel.The inner ply, thus, had a seam that may be a problemfrom
the material compatibility point of view. The plies were staggered
by approximately 25% of a ply width. The � rst tube, and the most
standardproductline,was a four-plytube,with thepliesbeingTe� on
coated Kapton. DuPont, the manufacturer of Kapton, Mylar, and
Te� on, laminates Te� on on Kapton but not on Mylar. The purpose
of laminating Te� on on Kapton is so that the Kapton can be heat
sealed.The heat sealing temperatureof the Te� on is above the reuse
temperatureof Mylar, and, thus,Mylar is not laminatedwith Te� on.
The inside lamina was Kapton laminated on both sides with Te� on,
referred to as TKT. Three plies of TKT were used. Thus the tube
was constructed as

TKT C TKT C TKT

Each ply was 51 ¹m thick, with the Kapton being 25 ¹m thick and
the Te� on layers being 13 ¹m thick. The total thickness of the tube
was, thus, 152 ¹m. The Te� on layers were heat sealed together,
resulting in a tube with Te� on on the inside and Kapton on the
outside.The � nal material cross section is given by TKTKTKT. The
tube was thicker than is likely to be required for a space radiator,but
for the benchtop tests, a thicker tube was used for safety purposes.
In the benchtop tests, the heat-pipe container was not supported by
another structure as it would be in the space radiator, where the
radiator facesheets and webs support the heat pipe.

The second tube consisted of Mylar and aluminized Mylar (AM)
in addition to an inner ply of Te� on-laminated Kapton. Because
the Mylar (polyester) cannot be heat sealed, it was bonded with an
isocynate polyester adhesive. The tube was constructed as

TK C AM C AM C M C KT

The TK was 38 ¹m thick and the Mylar and AM layers were 25 ¹m
thick. The adhesive was used between each layer, and no heat seal-
ing was performed. The total thickness of the components prior to
fabrication was 178 ¹m.

Wick
Two different materials were utilized for the wick. One wick ma-

terial was a porous UHMW polyethylene � lm with available thick-
nesses ranging from 0.013 to 0.318 cm. The � lm wicks, which are
produced by sintering powders, have a porosity of approximately
30%. The porous � lms were plasma treated to render them hy-
drophilic, producing an excellent wicking material. The � lms can
also be treated with a surfactant,which is less costly than the plasma
treatment.

Several formed UHMW polyethylene wicks were also obtained
for evaluation.The wicks were 0.7–0.8 m long with a 2.54-cm outer
diameter and 1.6-cm inner diameter. The porosity was estimated by
the manufacturer to be 25% with an average pore size (diameter,
though the pores are not circular) of 20 ¹m. The 0.8-m-long formed
wick, with an outer diameter of 2.54 cm and an inner diameter of

1.6 cm, had a mass of 150 g. The resin used to make the wick had a
speci� c gravity of 0.93. If the wick was full density, the total mass
would be 233 g. With a mass of 150 g, the void space is 36%.

Preventing Collapse of the Wick
The heat-pipewick needs to remain locatednext to the outer con-

tainer during operation. A thin gap between the wick and the con-
tainer is acceptable. However, a large gap is not. As a result, care
must be taken to ensure that the wick and the container remain close
to each other during operation. If the wick and container are not
attached, it is possible that the external pressure on the heat pipe
may collapse the heat-pipe container prior to operation (when there
is vacuum inside). If this occurs, it is essential that the wick follows
the container back to the original shape when pressurized.Because
the wick is porous, it will not necessarily take its original shape
merely by pressurizationof the heat pipe.

Several alternatives exist for maintaining the wick in close prox-
imity to the container.The � rst is to have a wick that is structurally
capable of maintaining its shape with a vacuum on the inside. The
formed wicks, with a 0.48-cm-thickwall, have the required rigidity
to withstandatmosphericpressureon the outsideand vacuumon the
inside without collapsing.However, for a lightweight space radiator
application, the formed wick used here may be too heavy.

A secondtechniqueto maintain the wick in closeproximity to the
container is to attach the wick to the container.A 2.54-cm-wide roll
of porous UHMW � lm was used as the � rst layer wrapped around
a mandrel, thus forming the inside layer of the tube. The Mylar and
Kapton strips were wrapped and bonded over the porous UHMW
� lm. The wick was bonded to the tube because the UHMW cannot
withstand the high temperatures required for heat sealing.The � nal
product was a Mylar/Kapton tube with the porous UHMW wick
bonded to the inside.

The third technique is to insert a support structure, such as a
spring, in the heat pipe. The primary disadvantageof this technique
is the weight penalty and potential compatibility problems.

Property Characterization
Several properties of the wick and container were determined

to assist in characterizationof the heat pipe. The permeability and
capillary radius of several wicks were determined, as was the burst
pressure of the containers. Water was not included as one of the
working � uids tested because the currently used wicks did not wick
water.

Permeability and Capillary Radius
The wick effective capillary radius and permeability were de-

termined by measuring the rate of rise of liquid in the wick. The
equation governing the rate of rise of the liquid is given by

dx

dt
D

K

"¹l

2¾ cos µ

r p

1
x

¡
K

"¹l
½l g sin ¯ (1)

A plot of dx /dt vs 1/x should be a straight line with the permeability
determined from the intercept and r p determined from the slope.

The apparatus shown in Fig. 1 was used to determine the per-
meability and effective capillary radius. On the left-hand side of
Fig. 1 is the wick inside of a glass cylinder. A transparent ruler was
attached to the cylinder to help record the wicking height. An ad-
ditional ruler was used to eliminate parallax. The short cylinder on
the right contained the working � uid. Between the two cylindersare
the valves and lines to pull a vacuum on the long cylinder and to put
the liquid into the large cylinder.

The formed UHMW wick was tested with acetone as the working
� uid. Acetone was put into the cylinderwith the wick, and the clock
was started.The acetonewickedup about5 cm almost immediately.
The � rst datum point obtained was at 6.4 cm at 15 s. The time was
recorded at 1.3-cm wicking height increments. The data were then
plotted as already mentioned and curve � t linearly.The linear curve
� t for the data is

dx

dt
D a0 C a1

³
1
x

´
(2)
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Fig. 1 Photograph of apparatus used for determination of permeabil-
ity and pore radius.

where a0 D ¡3:243 £ 10¡3 cm/s and a1 D 1:436£ 10¡2 cm2/s. The
permeability and capillary radius were obtained from

¡.K="¹l/½l g sin ¯ D ¡3:243 £ 10¡3cm=s (3)

K

"¹l

2¾ cosµ

r p
D 1:436 £ 10¡2 cm2/s (4)

Becausethe wickwas vertical,sin¯ D 1. The porositywas estimated
by the manufacturer to be »25%. Weight and density calculations
estimated the porosity to be 36%. However, to be conservative, the
25% value was used. The liquid kinematic viscosity of acetone at
the test temperature of 18±C is 0:4612£ 10¡6 m2/s, and the density
is 0:7874£103 kg/m3. The permeabilitywas, thus, 2:24£10¡8 cm2.

The determination of the capillary radius requires the contact
angle.The contactangle is extremelydif� cult to measureaccurately,
andwith a value0 < µ < 15deg; cosµ is between1 > cos µ > 0:966:
In a 1957 study by Zisman,17 the cosineof the contact angle is given
as a function of the surface tension. For each of the working � uids
studied here, the surface tension is in the range of 0.02–0.025 N/m,
giving a value of cos µ very near 1.0. A value of cosµ D 0:98 is used
here, giving an error of <2%. The surface tension is 0.02301 N/m,
and the dynamic viscosity is 3:2984£ 10¡4 kg/m-s. The capillary
radius is then 20.45 ¹m, compared with the average pore size of
20 ¹m estimated by the manufacturer. The pumping is determined
by the largest pore size. It is, thus, expected that capillary radius
will be larger than the average pore size. Three more wicking tests
were performed on the same wick, again with acetone.

The permeabilityand capillary radiuswere also calculatedfor the
formedUHMW wick with ethanoland methanol.There appearedto
be less scatter in the methanol and ethanol data than in the acetone
data. Freon 11 was also tested with the formed UHMW wick. The
freon caused major swelling of the wick, validating the incompati-
bilityof these two materials.As a result,onlyone testwas performed
with this wick and freon. The capillary radius and permeabilityval-
ues are summarized in Table 2 for each working � uid.

A UWMW � lm wick (D/W 472P) was also evaluated. It was a
� at sheet of porous material with a thickness of 0.075 cm. Two
different surface treatments, referred to as A and B, were tested.

Table 2 Average experimentally determined permeability and
capillary radius values

Fluid Film wick Formed wick

Acetone
Permeability, cm2 5:61 £ 10¡8 3:70 £ 10¡8

Capillary radius, ¹m 22.58 20.91
Ethanol

Permeability, cm2 1:56 £ 10¡7 7:52 £ 10¡8

Capillary radius, ¹m 32.90 27.1
Freon 11

Permeability, cm2 8:37 £ 10¡8 3:01 £ 10¡8

Capillary radius, ¹m 23.65 17.65
Methanol

Permeability, cm2 1:13 £ 10¡7 5:16 £ 10¡8

Capillary radius, ¹m 28.14 24.12

Fig. 2 Plot of wicking height data used for permeability and capillary
radius calculation for � lm wick with surface treatments A and B and
with acetone as the working � uid.

Both treatments were a plasma treatment that is proprietary to the
manufacturer. A plot of the wicking height data is shown in Fig. 2
for both surface treatments. The wick with the standard surface
treatment was also tested and is also shown in Fig. 2. From an
analysis of the data, it is evident that surface treatment A wicked
better than surface treatment B or the original wick. The � lm wick
was also evaluatedwith freon11, ethanol,and methanol.As with the
formed wick, signi� cant swelling was noticed with freon 11. The
capillary radius and permeability values are summarized in Table 2
for each working � uid.

Capillary Radius
The capillaryradius in the wicks was also determinedby a bubble

test, where the wick was pressurized and the pressure causing bub-
bles to emerge from the wick was related to the capillary radius.The
apparatusused to measure the permeabilitywas invertedon its side,
and a few minor modi� cationswere made to performthebubbletest.
The pressurecorrespondingto the � rst bubble to emerge from of the
wick can be related to the largest capillary radius, and the pressure
correspondingto a constant stream of bubbles all over the wick can
be related to an averagecapillaryradius.A photographof theappara-
tus used for thebubble test is shown in Fig. 3. A mercurymanometer,
not shown in the photograph,was used to determine the pressure.

The bubble tests were performed with methanol in the cylinder
and argon as the pressurizationgas. The argon was supplied from a
high-pressuregas bottle, and the pressuredifferentialwas measured
with a mercury manometer. The formed UHMW wick was tested,
but the � lm wick was not tested because it was a � at sheet. At a
pressure of 16-mm Hg, no bubbles were present.At 17–18-mm Hg,
bubbles started, and at 32-mm Hg, bubbles were emerging over the
entire wick. The capillary radius can be determined from

r p D 2¾ cosµ

P
(5)

Again takingcos µ D 0:98 and usinga surface tensionof 0.2246N/m
at 295 K, the capillary radius corresponding to 17-mm Hg was
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Table 3 Results of heat-pipe container burst tests

Tube Environment Burst pressure, kPa (psi)

AM Atmospheric air 1241 (180)
AM 50±C water 965 (140)
AM 50±C water 931 (135)
Kapton Atmospheric air 689 (100)
Kapton 50±C water 724 (105)

Fig. 3 Photograph of the apparatus used for the bubble test to deter-
mine wick capillary radius.

19.4¹m.This representsthe largestcapillaryradiusandcorresponds
quite well to the capillary radius obtained from the permeability
tests.The capillaryradiuscorrespondingto 32-mmHg was 10.3¹m.

Burst Pressure
The AM tube and the Kapton tube were burst tested to determine

the strengthof the spirallywoundand bondedtubing,with the results
listed in Table 3. In each case, aluminum plugs were bonded in the
ends of the tube and held in place with hose clamps. The length
of the tube between the plugs was 12.7 cm. The tubes were tested
both in atmospheric air and in 50±C water. The 50±C water tests
were performed to see if the strength was signi� cantly changed at
an elevated temperature.

From the results of the tests, it appeared that the AM tube was
strongerthan theKaptontubeeventhoughKaptonis knownto havea
slightlygreater strengththan Mylar. The Kapton tube was fabricated
by heat sealing Te� on. Thus, Te� on was the adhesive in the Kapton
tube. Te� on has a much lower strength than either Kapton or Mylar.
The AM tube was bonded togetherwith a polyesteradhesive (Mylar
is a polyester). The section of tube split openat the seams, indicating
that the material strength was stronger than the bond.

Heat-Pipe Design
The heat-pipe concepts evaluated in this effort can be utilized in

nearly any moderate temperatureheat pipe. However, for evaluation
purposes,a current space radiator applicationwas chosen for which
the heat-pipe effort is directed. The experimental effort attempted
to validate the concept of using a � exible polymeric heat pipe and
not to demonstrate a design for the radiator application. The heat
pipe tested used a 0.76-m-long formed UHMW polyethylenewick.
The wick was stated by the manufacturer to have an average pore
size of 20 ¹m and a porosity of 25%. Experimental tests estab-
lished a capillary radius, but were not attempted for the porosity.
The outer diameter of the wick was 2.54 cm, and the inner diameter
was 1.59 cm, giving a wall thickness of 0.48 cm.

The heat-pipe design code HTPIPE was used for the design
work.18 The wick geometry and properties are input into HTPIPE
alongwith the evaporatorand condenser lengths.The working-� uid
propertiesare calculatedin the program.An exampleof the program
output is given in Tables 4 and 5 for evaporator exit temperatures
Te ranging from 300 to 350 K. The capillary pressure is the total
pressure generated in the wick and is equal to the sum of all of the
other pressure drops. All of the pressure values are given in units
of dynes per square centimeter. The capillary pressure is equal to
2¾=r p . The liquid-pressuredrop is the pressuredrop in thewick, and
the hydrostatic-pressuredrop is the liquid-pressuredrop due to in-

Table 4 HTPIPE output: pressure drops

Liquid, dynes/cm2 Vapor, dynes/cm2

Te Capillary Liquid Evaporator Condenser

300 21,071 21,060 3 7
310 19,982 19,975 2 5
320 18,860 18,856 1 4
330 17,711 17,707 1 3
340 16,537 16,534 1 2
350 15,345 15,342 1 2

Table 5 HTPIPE output: temperature and power limits

Temperature, K Power limits, W

Tbe Tbeson Tbc Tbcson qsonic qent qcap

300 318 300 300 2,375 1,683 5
310 329 310 310 3,424 1,917 5
320 341 320 320 4,836 2,155 5
330 352 330 330 6,702 2,396 4
340 364 340 340 9,116 2,637 4
350 376 350 350 12,171 2,872 4

clination of the heat pipe. In Table 4 liquid-pressuredrops are given
� rst. The hydrostatic-pressuredrops are all zero and are not shown.
Vapor-pressuredrops are given in the evaporator and condenser re-
gions. Vapor-pressuredrops in the adiabatic regions (which are not
shown) are all zero. In Table 5, temperatures are the temperatures
at the beginning of the evaporator (Tbe) and condenser (Tbc ) and at
the beginningof the evaporator (Tbeson) and condenser (Tbcson ) at the
sonic limit and are given in units of Kelvin.

The four heat � ux power limits are also given in Table 5. The
sonic, entrainment, and capillary limits are all axial limits, whereas
the boiling limit (not shown) is a radial limit. With an input heat
� ux of 220 W, the sonic, entrainment, capillary, and boiling limits
are all satis� ed if they are greater than 220 W.

For thecase given in Tables4 and 5, thehydrostaticpressuredrops
are zero because the tilt angle is 0 deg. The adiabaticvapor pressure
drop is zero because the adiabatic length is 0 cm. The sonic and
entrainment limits are met at each temperature because the values
are greater that 220 W. The capillary limit (Table 5) is not met and
cannot be met for this particularcondition, i.e., wick, working � uid,
and heat � ux. Thus, further design would be necessary to fabricate
a heat pipe that would operate properly at these conditions. The
boiling limit is not met here and cannot be met with this wick and
a heat � ux of 220 W. However, the heat pipe can be run even if the
boiling limit is not met, though one would not want to design an
actual space radiator heat pipe that way. To meet and calculate the
boiling limit, a thinner wick is required as well as an accurate value
for the nucleation site radius.

The heat-pipe limits were checked for four different working
� uids: methanol, ammonia, acetone, and freon-11. For each of the
four working � uids, the sonicandentrainmentlimitswere easilysat-
is� ed. As with the example in Tables 4 and 5, the sonic and entrain-
ment limits were well above 220 W. The capillary limit, however,
was not satis� ed at 220 W for any of the working � uids. However,
as shown in Fig. 4, methanolpermits the highest heat � ux while still
satisfying the capillary limit. At an operating temperatureof 400 K,
a throughput of 60 W (de� ned as the axial heat � ux transferred by
the heat pipe) can be toleratedwithout exceedingthe capillary limit.
The suggestedmaximum use temperature for the UHMW wick was
80±C or 353 K. Therefore, a throughput of 45–50 W was the maxi-
mum throughputthat can be toleratedand satisfy the capillary limit.
As a result of this design, the heat pipes used methanol as the work-
ing � uid with a throughput of 45–50 W.

An attempt was made to fabricate a wick that would satisfy both
the capillary and boiling limits. A schematic drawing of the wick
is shown in Fig. 5. The shaded area is the porous wick material.
The three circles represent the liquid arteries, and the large open
space represents the vapor space. The wick has three arteries to help
increasethepumpingcapabilityand increasethe capillarylimit, thus
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enabling the heat pipe to operate without violating the capillary
limit. The way to satisfy the boiling limit is to have a very thin
wick and, thus, reduce the thermal resistance through the wall and
wick into the heat pipe. The wick design shown in Fig. 5 attempts
to minimize the wick thickness where heat is input. The quadrant
where there is no arterywas fabricatedas thin as reasonablypossible
without initiating a development effort. Though the wick shown in
Fig. 5 may not enable the heat pipe to operate within the capillary
and boiling limits, it did incorporate the required design features to
the maximum extent possible without more detailed manufacturing
studies.

The 45–50-W throughput must be removed from the condenser.
Natural convection from a vertical cylinder with a length of 0.64 m
and a diameter of 2.54 cm would remove »200 W. This value is
obtained from an empirical relation for the heat transfer coef� cient
from a vertical cylinder. The Grashof number was approximately
1:3 £ 109 , indicating the � ow was just turbulent. The heat transfer
coef� cient was then obtained from

hL=k D 0:1.Gr ¢ Pr /
1
3 (6)

The heat transfer coef� cient was calculated to be 4.1 W/m2K. With
a 1T of 25 K between the wall and the ambient temperatures, a
heat � ux of »200 W could be removed by natural convection.Thus,
natural convection was able to remove all of the heat from the heat
pipe without supplemental cooling. In addition, a small amount of
heat was radiated from the heat-pipesurface, further contributingto
the heat loss.

Fig. 4 Capillary limit as a function of temperature and working � uid.

Fig. 5 Schematic of wick with three arteries not at the heated surface. (All lengths are in centimeters.)

Heat-Pipe Test
Eight heat pipeswere fabricatedas alreadydiscussed.The sealing

technique was able to adequately seal several of the heat pipes, but
was not consistent enough or lightweight enough to be used on
actual radiator heat pipes. The heat pipes were made with different
combinationsof thecontainersand wicks as listedin Table6. Several
of the heat pipes did not hold a vacuum when they were evacuated
prior to charging with methanol. The 0.2-cm-thick wick with three
arteries collapsed several hours after a vacuum had been pulled on
the heat pipe. The wick failed in the quadrant with no artery, where
the wick was only 0.2 cm thick. Thus, any further tests with that
wick should be performed with the heat pipe in a vacuum until the
heat pipe is heated and the internal vapor pressure rises enough to
prevent failure of the wick. For a space application,with vacuumon
the outside,collapseof the wick would not be a problem.The 0.075-
cm-thick � lm wick that was bonded to the container � attened upon
pulling a vacuum in the heat pipe.However, on repressurization,the
heat pipe returned to its cylindrical shape.

After theheatpipeswere fabricated,methanolwas introducedinto
the heat pipes. The wick, with a 2.54-cm outer diameter, a 0.79-cm
inner diameter, and a 0.76-m length, had a volume of 0.88 cm3.
The wick porosity was estimated by the manufacturer to be 25%.
However, a weight estimate resulted in a porosity of 36%. To be
on the conservative side, 36% was used. That resulted in 5.17 in.3

(84.7 cm3 ) of methanol. With a room temperature density of 0.784
g/cm3, and a 10% excess, approximately 73 g of methanol, was
required. At the operating temperature of 323 K, the density of
methanol was reducedabout 2%, thus requiring the use of a portion
of the excess methanol. After the heat pipes were charged with the
methanol, they were returned to Analytical Services and Materials,
Inc., where they were tested.

Table 6 Description of the heat pipes fabricated

Container Wick Result

Kapton 0.48-cm wall, no artery Held moderate vacuum
Kapton 0.48-cm wall, no artery Held vacuum very well
AM 0.48-cm wall, no artery Did not hold vacuum
AM 0.48-cm wall, no artery Did not hold vacuum
Kapton 0.2-cm wall, artery Wick collapsed under pressure
Kapton 0.075-cm wall, bonded Wick collapsed, did not

to wall hold vacuum
AM 0.2-cm wall, artery Did not hold vacuum
AM 0.075-cm wall, bonded Wick � attened, did not

to wall hold vacuum
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Two heat pipes, 1 and 2, were tested.The heat pipeswere oriented
bothverticallyand horizontallyand heatedover the � rst 8 in. (20 cm)
of the heat pipe. The heat pipes were heated with resistanceheaters
that were wrapped around approximately 20 cm of the heat pipe.
Fibrous insulation was placed over the heaters. Approximately 35
W was output from the heaters based on a voltage (40 V) and heater
resistance.46:1Ä/. Thermocoupleswere bondedand strappedwith
tie wraps to the outer surface of the containers.The thermocouples
were located10 cm apart for most of the condenser length, but were
located 2.5 cm apart near the end of the heat pipe to evaluate any
effectof noncondensablegas (NCG). NCG canbe the resultof either
air in the heat pipe or the result of gas generation in the heat pipe
due to noncompatiblematerials.

Heatpipe1 heldavacuummoderatelywell butdidhavea leakand,
thus, had air in the heat pipe.As a result, the heat pipe operatedonly
overa portionof its length,as shownby the steady-statetemperatures
in Fig. 6. Two different steady-state temperature distributions are
shown, which are representative of the data taken at two times. In
most all cases, the second thermocouple (at x D 33 cm) indicated a
temperature 5–10±C lower than the neighboring thermocouples. A
short isothermal region was noticed, with a sharp temperature drop
to nearly ambient temperature in the NCG region. The temperature
distributionsshown here are consistentwith what one would expect
from a heat pipe that containedNCG. In this heat pipe, the NCG was
air that entered the heat pipe because it could not hold a vacuum.

Heat pipe 2 held a vacuumquitewell and operatednearly isother-
mally over the entire length of the heat pipe. Figure 7 shows repre-
sentative temperature distributions corrected for ambient tempera-
ture thermocoupledifferences.There was a 6±C differencebetween
the maximum and minimum ambient temperature readings.At each
thermocouple location, the differencebetween the ambient temper-
ature and the minimum ambient temperature was subtracted from
the operating temperature. For example, the ambient temperature at
the � rst thermocouple,x D 23 cm, was 18±C, whereas the minimum
ambient thermocouplereadingwas 12±C. Thus, 6±C was subtracted
fromthe thermocouplereadingat x D 23cm duringoperation(74±C)
to obtain a normalized temperature of 68±C. Thus, the temperature
distributionshown in Fig. 7 omits a portion of the wide variation in

Fig. 6 Representative steady-state temperature distributions in heat
pipe 1.

Fig. 7 Representative steady-state temperature distributions in heat
pipe 2.

ambient temperaturesresultingfromdifferentthermocouples.Three
different temperaturedistributionsare shown in Fig. 7. The � rst one,
from day 3, is shown by the circles and is relatively isothermal. By
day 5, the end of the heat pipe was cooler than the rest of the heat
pipe, most likely due to NCG or loss of working � uid. The NCG
couldbe due to gasgenerationin thepipe(due to chemicalincompat-
ibilities) or air leakage into the pipe.On day 6, the pipe was oriented
horizontally. At that time, two leaks were noticed in the heat pipe.
It is uncertain when the leaks occurred. The horizontal temperature
distribution is shown by the triangles and is relatively uniform until
it drops to ambient temperatures. It is uncertain whether the drop in
temperatures (nonisothermal operation) is due to 1) air in the heat
pipe, 2) NCG in the heat pipe, 3) insuf� cient supply of working
� uid, or 4) exceeding the capillary limit.

Conclusion
This study has demonstrated the feasibilityof fabricating� exible

polymeric heat pipes that may be used in spacecraft radiators. Two
UHMW polyethylene wicks were characterized regarding perme-
abilityandcapillaryradius.Heat-pipecontainerswere fabricatedout
of AM and Kapton laminates. In each case, thin plies were wrapped
around a mandrel and bonded together.Burst tests on the containers
indicateda burst pressurefar exceedingthe requiredvaporpressures
of the heat pipes. Three heat pipes were tested with varying degrees
of heat-pipe operation achieved.

The successful fabrication and operation of the heat pipes has
demonstrated that the � exible polymeric heat pipe is feasible. The
next step would be to optimize the heat pipe for use in a space
radiator. From preliminary design studies, it appears that the design
of a wick such that the capillary and boiling limits are satis� ed is
the primary challenge.
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