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Optimization of Micro Heat Pipe Radiators
in a Radiation Environment

Y. X. Wang* and G. P. Peterson’
Rensselaer Polytechnic Institute, Troy, New York 12180

A combined numerical and experimental investigation was conducted to predict, measure, and optimize the heat
transfer performance of a novel micro heat pipe radiator design that utilized an array of metal wires sandwiched
between two thin sheets. The numerical model indicated that the maximum heat transport capacity for a single
micro heat pipe increases proportionally to the square of the wire diameter, that the optimal charge volume
decreased with increasing heat flux, that the maximum heat transport capacity increases with increases in the wire
spacing, and that the overall maximum heat transport capacity of the radiator is strongly governed by the spacing
of the wires, the length of the radiator, and the radiation capacity of the radiator surface. These numerical results
are consistent with the experimental results, which indicated that the uniformity of the temperature distribution
and the radiation efficiency both increased with increasing wire diameter, resulting in a maximum heat transport
capacity for radiators utilizing a wire diameter of 0.635 mm of 15.2 W. Additional experimental tests conducted
on radiators utilizing wire diameters of 0.813 and 1.016 mm illustrated similar trends; however, for micro heat
pipes with wire diameters larger than 0.813 mm, the maximum heat transport capacity was not reached within the
operating temperature of the acetone working fluid. Comparison of the proposed micro heat pipe radiators with
solid conductors and uncharged versions indicated significant improvements in the temperature uniformity and

overall radiation efficiency. A maximum radiation efficiency of 0.95 was observed.

Nomenclature

A = surface area of the radiator, m>
Ay = liquid-phase cross-sectional area, m>
Acy = vapor-phase cross-sectional area, m>
A, = surface area of the radiator, m>
d, = wire diameter, m
F = view factor
g = gravitational acceleration, m/s?
he, = heat transfer coefficient outside

of the condenser, J/m? K
h = latent heat of vaporization,J/kg

¢ = average heat transfer coefficient

in the condenser,J/m> K
L = length of the micro heat pipe, m
m; = liquid mass flow rate, kg/s
m, = vapor mass flow rate, kg/s
P, = capillary pressure, Pa
P, = liquid-phasepressure, Pa
P, = saturated pressure, Pa
P, = vapor-phase pressure, Pa
p = perimeter, m
Omax = maximum heat transport capacity, W
O max.r maximum radiation transport capacity, W
q” = heat flux per unit area, W/m?
Re = Reynolds number
R, = radius of the wire, m
T = radius of the liquid meniscus, m
T = temperature, K
Teink = sink temperature, K
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T, = vapor temperature, K

Ty.o = outside temperature of the wall, K

u = liquid velocity in the x-direction, m/s
u, = vapor velocity in the x-direction, m/s
vy = liquid velocity at the interface, m/s
Uy i = vapor velocity at the interface, m/s

w = width of a single heat pipe, m

o = contactangle, deg

£ = emissivity

Mrad = radiation efficiency, %

0 = inclination angle, deg

ol = liquid density, kg/m?

Ou = vapor density, kg/m?

o = surface tension, N/m

0y = radiation constant, 5.67 x 107 W/(m? - K*)
T = shear stress, N/m?

Subscripts

c = condenser

e = evaporator

i = interface

) = liquid phase

m = meniscus

max = maximum

sink = heat sink

v = vapor phase

Introduction

N an effort to develop a flexible, lightweight radiator for long-

term manned missions, a wire-bonded micro heat pipe radiator
was proposed to improve the radiation efficiency and, therefore, re-
duce the weight of the spacecraft.! This micro heat pipe radiator
was fabricated by bonding an array of parallel aluminum wires be-
tween two thin aluminum sheets or laminates. The sharp corners
formed at the intersection of the wires and the sheets serve as lig-
uid arteries and “pump” the working fluid from the condenser to
the evaporator. The vapor flows in the channels formed between
the individual wires as illustrated in Fig. 1. In addition to providing
capillary pumping, the presence of the wires also assists in freeze
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Fig. 1 Micro heat pipe radiator fabrication.

prevention and recovery. Acetone was used as the working fluid in
the current research work, although ammonia may be more suitable
for higher-power spacecraft applications.

To predict the heat transfer performance and operational lim-
itations, as well as optimize the micro heat pipe radiator in ra-
diation environments, a detailed analytical model was developed.
Once the model was completed, an experimental test facility was
developed and an experimental investigation conducted to verify
the veracity of this new concept and the numerical model. In most
of the relevant studies, theoretical and/or experimental investiga-
tions have been conducted to better understand the effect of con-
tinued size reductions of micro heat pipes, determine the effective
thermal conductivity, and examine the transient operational char-
acteristics and performance limitations. These studies included a
combined steady-state analytical and experimental investigation of
aheat pipe approximately 1 mm? in cross-sectionalarea,’ a transient
numerical investigation of a similar device,’ a transient investiga-
tion of micro-heat-pipes specifically designed for the cooling of
ceramic chip carriers* and the evaluation of individual micro heat
pipes etched or otherwise fabricated into silicon wafers.> Ma and
Peterson® experimentally studied the maximum unit effective area
heat transport capacity in triangular grooves based on the capillary
limit. The experimentalresultsindicatedthatincreasingthetiltangle
and wetted length resulted in a significant decrease in heat transport
and unit effective area heat transport. Longtin et al.” studied micro
heat pipes with triangular grooves using a one-dimensionalmodel to

predict the transport limitation. However, the analysis did not con-
sider the fluid flow in the condenser section,renderingit of little use
in applicationssuch as the current one, where the condenser section
is very long compared to the combined length of the evaporatorand
adiabatic sections. In addition, determination of the initial radius of
the liquid meniscus at the evaporatorcannot be determined directly.
Althoughthere have been many investigationsof micro heat pipes
in convection environments, there is little information as to how
these devices will function in a radiation environment. In the cur-
rent application, the performance of the radiator will be strongly
affected by the sink temperature and radiator surface characteris-
tics. Furthermore, because the condenser section is exposed to a
radiation environment, the heat flux and the temperature may not
be uniform. Based on the physical characteristicsof the micro heat
pipe, a detailed one-dimensionalanalytical model, which takes into
consideration the variation of the cross-sectional area of the liquid
and vapor phase and the influence of the vapor phase on the lig-
uid friction factor has been established to predictthe maximum heat
transportcapacity, optimum charging volume, and effective thermal
conductivity of the micro heat pipes in a radiation environment.

Experimental Test Program

The operation of a micro heat pipe in a radiation environment is
different from that occurring in a convection environment' in that
1) the operating temperature of the micro heat pipe depends on the
sink temperature and 2) the heat flux in the condenser section is
not uniform and depends on the temperature of the radiator surface.
As a result, the maximum heat transport capacity and operational
behavior may be different from that occurring in a convective en-
vironment. To determine the maximum heat transport capacity, a
series of experimental test articles, shown in Fig. 1, was developed.
Heat was added to the evaporator section uniformly using an elec-
trical resistance heater and dissipated to the environment from the
condensersection by radiation. Power inputto the evaporatorand the
temperature distributionson the outer surface of the micro heat pipe
were measured to determine the maximum heat transport capacity
and radiation efficiency. To determine the effect of the geometric
parameters of the channels on the maximum capillary transport ca-
pacity, micro heat pipe radiators with different wire diameters and
channel widths were fabricated and tested.

The micro heat pipe radiators were fabricated by brazing a par-
allel array of aluminum wires between two thin aluminum sheets.
The sharp corner regions formed between the wires and the sheets
serve as liquid arteries to pump the working fluid, acetone, from
the condenser section to the evaporator section. The vapor flows in
the channels formed between the individual wires. In addition to
providing capillary pumping, the solid wires were also helpful in
assisting in freeze preventionand recovery. Several micro heat pipe
radiators with different wire diameters were fabricated. The details
of these various test articles are listed in Table 1.

The experimental test facility, shown in Fig. 2, was developed
to conduct a series of experiments designed to determine the max-
imum heat transport capacity and temperature distribution of the
micro heat pipe radiators under various test conditions. This system
consisted of a vacuum chamber, a vacuum system, a cooling sys-
tem, two copper cold plates, a power supply and a measuring unit,
a data acquisition system, and a computer. The experiments were
conducted in a closed, round stainless steel vacuum chamber with
dimensions of 720 x 240 mm. The chamber was evacuated with a
mechanical vacuum pump that was used to maintain a vacuum of
1072 torr to reduce the convection heat loss to the test environment.
The cooling system consisted of a cooling bath and a liquid nitrogen
Dewar. Cooling fluid flowing through the cold plates provided the
low-temperature radiative environment. With this system, the tem-
perature on the surface of the cold plate could reach a temperature
as low as 200 K, and a uniform temperature distribution could be
maintained to within +1.0°C. The cold plates were made of square
copper sheets 457.2 x 457.2 mm and 0.5 mm thick onto which a
series of parallel copper cooling tubes had been silver soldered. The
plates were painted with a “black” paint to improve the absorptivity
of the surface. A high-quality insulation and one layer of highly



WANG AND PETERSON

539

Table 1 Configurations for the tested micro heat pipe radiators
Prototype TA1? TA2? TA3? TA4*
Material Aluminum Aluminum Aluminum Aluminum
Working fluid Acetone Acetone Acetone No
Total dimension, mm 152.4x 152.4 152.4x 1524 1524 x152.4 1524 x 152.4
Thickness of sheet, mm 0.406 0.406 0.406 0.406
Diameter of wire, mm 0.635 0.813 1.016 0.635
Number of wires 77 84 73 77
W, mm 2.0 1.8 2.1 2.0
Evaporator size, mm 25.4 254 254 25.4
Condenser size, mm 127.0 127.0 127.0 127.0
Charging volume, ml 2.0 2.9 4.3 No
Thermocouples 27 27 27 27

*As presented in Ref. 12.
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Fig. 2 Schematic of the test facility.

reflective material were applied to the top of the plates to prevent
parasitic heat losses and obtain a more uniform temperature distri-
bution. The test article was then placed horizontally between the
two cold plates.

Four thin film electric heaters (76.2 x 25.4 mm) were attached
to both sides of the evaporator section of the heat pipe, as shown
in Fig. 1, and the power added to the heaters was measured and
recorded by the data acquisition system. The radiator was held in
position by insulating clamps designed to allow the distance be-
tween the radiator and cold plates to be adjusted and controlled.
Insulation material was placed between the clamp and the radiator
to prevent heat loss by conduction. Attached to the outer surface of
the micro heat pipe radiatorto measure the temperature distribution,
using highly conductivesilverepoxy, were 27 T-type thermocouples
(AWG-40). In addition, another 10 thermocouples were attached
to the surfaces of the cold plates to monitor the temperatures and
5 thermocouples were located on the walls of the vacuum chamber.

Experimental Procedure

Before each set of tests, the vacuum chamber was evacuated and
maintained at a constant vacuum environment. Throughout the en-
tire test program, the vacuum pressure was maintained at less than
1073 torr, and the temperature of the cooling system was maintained
at a constant value.

In the test procedure, the heat pipe radiator was placed between
the two cold plates, and the space between the radiator and the cold

plates, along with the orientation of the heat pipe, was checked and
verified. The chamber was then evacuated and the coolantturned on.
Once the systemhad reachedequilibrium(i.e., the chamberhad been
evacuated and the temperature on the two cold plates was uniform),
the power supply was activated and the power input was increased
slightly. Throughoutthe tests, the temperatures on the radiator sur-
face were observed and recorded. When the system reached steady
state, defined as the point where the temperatures on the radiator
surface did not vary more than 0.5 deg in 10 min (approximately
30-50min), the inputpower and temperatureson the micro heatpipe
radiator, cold plates, and vacuum chamber were recorded and the
power incremented. The power input was continuously increased
until the temperature at the end of the evaporator section increased
sharply and dryout occurred. The coolant temperature was then re-
set, and the preceding steps were repeated to obtain another set of
data.

Throughout the test program, the operating temperature of the
micro heat pipe radiator was maintained at a value of less than 80°C
to protect the heat pipe from overpressurizing. Because the tests
were conducted in a vacuum environment, the pressure difference
between the inside and outside of the heat pipe was 1 bar higher
than that obtained for the convection environment.

Data Reduction

It is helpful at this point to introduce the concept of radiation effi-
ciency to determine the effectivenessof the radiators. The radiation
efficiency is defined here as the actual radiation heat transportrate
divided by the maximum possible heat radiation transport rate at
the same evaporating (source) temperature. The maximum possible
radiation transport rate of a radiator is reached when the radiator
has a uniform temperature, that is, the radiator has an infinite ther-
mal conductivity. This means that the more uniform the temperature
distribution, the higher the radiation efficiency. This definition can
be expressed as

Nrad = Qacl/Qmax.r (1)
where
Qact = UO/ FS(T4 - Ts‘i‘nk) dA (2)
A
Qmax,r = UO/ Fs(Tn‘:ax - Ts‘i‘nk) dA (3)
A

Substituting Eqs. (2) and (3) into Eq. (1) yields

Qact
Qmax.r

Nrad

1
T a(rs - )/(T4_T*?"k)dA @
7/,

max sin k
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If the temperature across the radiator is uniform, the radiation
efficiency becomes

1 (= (T*-T%
o (

L T£ax - Ts?nk)

&)

For solid radiators, that is, metal or carbon fiber radiators, the
higher the thermal conductivity, the more uniform the temperature
and, therefore, the higher the radiation efficiency. When the temper-
ature on the radiatoris completely uniform, the radiation efficiency
of the radiator is unity.

Analytical Model

As presented previously by Wang and Peterson,® an analytical
model was developed to predict the heat transfer performance and
optimize the physical parameters of the micro heat pipe radiator.
With this model, the capillary limitation was found to be the dom-
inant limitation for moderate or low-temperature heat pipes,-$~'2
and, hence, the two-phase flow and heat transfer occurring in the
micro channels of the heat pipe radiator are governed by mass, mo-
mentum, and energy conservation:

dmy,

d_ — pipig =0 (6)
X

dm,

d_ — PViyPiv = 0 (7)
X

. du/ dm, dP/ .
- ml_x tu—| —Aci— + piti — go1Acysinf =0 (8)

d dx dx
duy + dr, +A dP + +gp,A.,sinf =0 (9)
v d_x v d_x c,v d_x pLTL gpb c,v Sln

where m; = pju;A.,; and m, = p,u, A, ,. In this expression, both
the liquid and vapor flows are assumed to be fully developed. The
capillary pressure produced at the liquid—vapor interface in the mi-
cro channels can be calculated by the Laplace—Young differential
equation,

dpP, dp, o dr
— === (10)
dx dx r2 dx

For the present situation, in which the condenser section is ex-
posed to a radiation environment as opposed to a convective envi-
ronment, the energy conservation equation of the liquid phase can
be simplified as

2q)w .

_— evaporator section
piDih fg
v = _

: zwhc.a(Tv — Tsink)(l + hc.a/hc)il .

condenser section
pipLihsg
(D

where ¢!’ is assumed to be the uniform heat flux added to the evap-
orator section and /., is the radiation heat transfer coefficient on
the outer surface, which can be expressed as

hey = 00(Ty o + Tant) (T2, + T2,,) (12)

Similarly, the energy conservation equation for the vapor phase is
given as follows:

2q)w .
_— evaporator section
) Pv pi.uhfg
" zwhc.a(Tv - Tsink)(l + hc.a/ﬁc)il .
condenser section
/Ovpi.uhfg
(13)

Because the heat transfer resistance of the outer surface of the
radiator is much larger than the heat transfer resistance through the

Table2 Comparison of heat transfer coefficients

Tsinks Tvs hc.as hc (Ref 1)’ _

Case K K W/m2K W/m2K heo/he

1 273 293 5.15 >5000 <0.0010
2 273 313 5.73 >5000 <0.0011
3 273 353 7.07 >5000 <0.0014
4 0 293 1.43 >5000 <0.0003
5 0 313 1.74 >5000 <0.0004
6 0 353 2.49 >5000 <0.0005

interface, that is, ., /h. < 1, as shown in Table 2, this term can be
neglected.

The geometric parameters in Egs. (6—13) can be obtained by as-
suming a constant liquid meniscus radius in the microchannel as
presented in Ref. 8. As was the case for the convective environ-
ment, the liquid- and vapor-phase frictional factors in a radiation
environmentare similar to those presented by Wang and Peterson

Numerical Treatment

The boundary conditions required to solve the five first-order,
nonlinear, coupled ordinary differential equations along with the
treatmentof these boundaryconditionsare similar to those presented
in Ref. 8. Atthe end of the condensersection (x = L,), the boundary
conditions can be expressed as

uy=u, =0 (14)
T = Fomax (15)
P, = Py (T,) (16)
P =P, — 0/t max 17)

If there is no extra working fluid present in the condenser, the
maximum meniscus radius occurs in the microchannels at the end
of the condenser, where the film condensatemeets at the midpoint of
the wire. The radius for this particularconfigurationcan be estimated
as

Tomax = Ry /(cosa — sinw) (18)

A fourth-order Runge—Kutta method was used to solve the five
first-order differential equations with the boundary conditions de-
scribed in Eqs. (14-17). The environment for this particular ap-
plication is such that the condenser is exposed to a pure radiation
environment, where neither the heat flux nor the temperature is
constant. The heat flux depends on the outer surface temperature of
the heat pipe, and the initial temperature or pressure at the end of
the condenser is not known. Therefore, an initial temperature must
be assumed, and the correspondingpressure, velocity, liquid profile,
and heat transfer coefficient calculated. The total radiation power
must then be compared to the powerinputin the evaporationsection.
A FORTRAN program was written to calculate all of the parameters
needed by using the Runge—Kutta method and the bisectionmethod.
The main procedures are listed hereafter:

1) Estimate the initial temperature of vapor at the end of
condenser.

2) Find the initial pressure of the vapor by correlation of the
temperatureand pressureof the saturated vapor, maximummeniscus
radius of the liquid surface, and liquid pressure using Eqs. (14-17).

3) Calculate the liquid pressure, vapor pressure, liquid velocity,
vapor velocity, and liquid meniscus radius using Eqs. (6-10) for a
given step size.

4) Calculate the radiation heat transfer coefficient and outside
temperature using Eq. (12).

5) Integratethe radiationheattransferalong the condensersection
and compare the total radiation heat out and heat input from the
evaporator.

6) Use the bisectionmethod and iterate until the difference of the
radiationheattransferand the powerinputis small enoughto achieve
the desired accuracy to obtain an accurate temperature distribution.
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Fig. 3 Two-dimensional temperature distributions on the micro heat pipe radiator with a) d,, =0.635 mm, b) d,, = 0.813 mm, ¢) d,, =1.016 mm, and

d) uncharged version at P,, =12.0 W and T, =253 K.

Results and Discussion

The results from the experimental program are presented first,
followed by the analytical and numerical results. A comparison
of these results is then presented to determine the accuracy of the
modeling techniques presented.

Experimental Results
Temperature Distribution

The temperature distribution on the surfaces of the micro heat
pipe radiators were obtained under various conditions. The two-
dimensional temperature distributionsfor TA1, TA2, TA3, and TA4
are illustratedin Figs. 3a-3d, respectively, at the given sink temper-
ature (Tgnk = 253 K) and power input (P, =12.0 W). It was clear
from the resultsthatthe temperatureson the evaporatorwere slightly
higher, with a nearly uniform temperature in the center area and a
small temperature decrease at the end of the condenser. In addition,
the isotherms are evenly distributed in the center region and a little
lower at the edges. The highest temperature measured occurred at
the end of the evaporator. However, for TA4 (without working fluid)
the temperature decreased linearly, as would be expected, from the
evaporator to the end of the condenser. The temperature gradient
was much higher than for the case of the fully charged radiators. It
is apparentthat the charged micro heat piperadiatorshad a more uni-
form temperaturedistributionthan the versions withoutany working

fluid before dryout. Furthermore, the micro heat pipe radiator with
a larger wire diameter exhibited a more uniform temperature distri-
bution than those with smaller wire diameters. The temperatures on
the condenser section were evenly distributed and a little lower at
the edge and the end of the condenser.

The maximum temperature, minimum temperature, and mean
temperature for TA1 were 326.9,314.7,and 320.1 K; for TA2 were
323.1, 314.8, and 318.2 K; and for TA3 were 321.7, 314.7, and
318.6 K, respectively. The maximum temperature, minimum tem-
perature, and mean temperature for the version without working
fluid (TA4) were 334.8,305.3, and 319.3 K, respectively.

As observed in the two-dimensional temperature distributions,
the micro heat pipe radiators investigated here exhibited an approx-
imately one-dimensional temperature distribution along the wire
direction, although the temperatures on the test articles were not ab-
solutelyidentical.Itis more meaningfulto use the average transverse
temperatures of the heat pipe radiator to compare the overall heat
transfer performance. The average temperature distributions along
the micro heat pipe radiators investigated earlier are presented in
Fig.4at T, =253 Kand P, = 12.0 W. The temperaturedifferences
from the evaporatorto the condenserdecreased with increasingwire
diameter.

Comparing the three charged micro heat pipe radiators with the
version without any working fluid demonstrates that TA3 reaches
a much more uniform temperature distribution than the others and
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that the micro heat pipe radiators could significantly reduce the
temperature difference along the radiators, thereby increasing the
radiation efficiency. The maximum temperature differences were
12.2,9.3,7.0,and 28.5 K, respectively,for TA1, TA2, TA3, and TA4
in the studied case. Note that, althoughthe radiationpower cannotbe
evaluated exactly by the mean temperature, the measured average
temperatures were close to average value at the same conditions.
This is consistent with the understanding that the radiation heat
transfer depends only on sink temperature and the environmental
conditions for a given radiator surface.
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Fig. 4 Comparison of the average temperature distributions on micro
heat pipe radiators at T;,x =253 K and P,, =12.0 W.
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Radiation Efficiency

The concept of radiation efficiency is very useful for the design
of radiator fins with micro heat pipes used in a space environment.
The heat output and heat source temperatures are typically known,
making it possible to determine the required heat transfer area. To
determine the heat transfer rate of the micro heat pipe array for a
given maximum source temperature, the radiation heat transfer at
different evaporating temperatures was investigated.

From the definition given by Eq. (4), and employing the exper-
imental data obtained here, the radiation efficiencies for the four
test radiators are presented in Fig. 5. As expected, the radiation
efficiency of the micro heat pipe radiator without any working
fluid is much lower than any of the other micro heat pipe radia-
tors, especially at higher source temperatures. The radiation effi-
ciency decreases with the increasing source temperature regard-
less of the sink temperature for the uncharged radiator (TA4).
However, this is not the case for the micro heat pipe radiators.
When the source temperature increases, the radiation efficiency in-
creases before dryout occurs. The maximum radiation efficiency
of the micro heat pipe radiator reached a level of 0.95 in the test
environment.

Maximum Heat Transport Capacity

The maximum heat transport capacity is the operating limitation
of amicro heat pipe radiator that is reached when the capillary force
is not large enough to pump sufficient working fluid back to the
evaporator. The maximum heat transport capacity depends on the
length of the evaporator and condenser sections, the sink tempera-
ture, the space between the wires, and the wire diameter. Determi-
nation of the maximum heat transport capacity can be accomplished
by observing the temperature variation on the evaporator surface.
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Fig. 5 Radiation efficiencies of the micro heat pipe radiator with a) d,, =0.635 mm, b) d,, = 0.813 mm, ¢) d,, =1.016 mm, and d) uncharged version.
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Table 3 Configurations for the studied micro heat pipe radiators

Prototype Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Material Aluminum  Aluminum  Aluminum  Aluminum  Aluminum  Aluminum
Working fluid Acetone Acetone Acetone Acetone Acetone Acetone
Dimension, mm 152.4 % 152.4 152.4 x 152.4 152.4 x 152.4 152.4 x 152.4 152.4 x 152.4 152.4 x 152.4
Thickness of sheet, mm 0.41 0.41 0.41 0.41 0.41 0.41
Diameter of wire, mm 0.330 0.406 0.635 0.813 1.016 1.270
Number of wires 108 96 77 84 73 59
W, mm 1.40 1.60 2.00 1.80 2.10 2.6
Evaporator size, mm 254 25.4 254 25.4 254 25.4
Condenser size, mm 127.0 127.0 127.0 127.0 127.0 127.0
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Fig. 6 Liquid distributions in a single channel of the micro heat pipe
with d,, =1.016 mm.

The temperature at the end of the evaporatorincreasesrapidly when
dryout occurs.

The maximum heat transportcapacity, as determinedin this fash-
ion, was found to increase with increasing wire diameter. In the op-
erating temperature range of acetone, that is, 0-90°C, the observed
maximum heat transport capacity for the micro heat pipe radiator
with a wire diameter of 0.635 mm was approximately 15.2 W and
decreasedwith decreasing sink temperature. No obvious dryout was
observed for the micro heat pipe radiators with wire diameters of
0.813 and 1.016 mm, presumably due to input power limitations.

Modeling Results

By the use of the analytical model, the maximum heat transport
capacity of the micro heat pipe radiators was predicted, and the
mass distributionand optimum charging volume were estimated. In
addition, the optimum design parameters have been obtained in a
radiation environment. The configurations of the micro heat pipe
radiators studied here are presented in Table 3.

Mass Distributions and Optimum Charging Volume

The distribution of working fluid in the microchannels depends
on the geometry of the channel, the heat transport, and the properties
of the working fluid. The liquid meniscusradius varies continuously
from the condenser to the evaporator due to the frictional pressure
drop. The cross-sectionalarea of the liquid strongly depends on the
liquid meniscus radius and the evaporatorheat flux. The liquid mass
distribution in the microchannel of the micro heat pipe with a wire
diameterof 1.016 mm is presentedin Fig. 6 as an example. The liquid
distribution decreases from the condenser to the evaporator due to
the receding of the liquid meniscus and decreases with increasing
power input due to increases in the pressure drop.

Note that the amount of working fluid required for proper oper-
ation of the micro heat pipe varies due to this change. The ideal
operating state of a heat pipe is to have no extra working fluid in
the condenser section to block the effective condenser length. The
optimum charging quantity can be determined based on this ideal

0 800 1600 2400 3200 4000 4800 5600
Heat flux, Wit

Fig. 7 Optimum charging volume for a single channel in the micro
heat pipe radiators.

state, and the calculated optimum charging volume of the micro
heat pipes are presented in Fig. 7. Because the meniscus radius
changes evenly in the condenser section and the length was much
longer than the evaporator section, the optimum charging volume
changedevenly with increasesin the heat flux. The optimum charg-
ing ratio, which is defined as the ratio of optimum charge volume
and total volume of the channel, varies from 31.8 to 33.9% for
micro heat pipes with wire diameters of 1.27 mm, from 28.0 to
31.7% for 1.016 mm, and from 23.7 to 27.5% for 0.813 mm. Note
that the penalty for a slight overcharge is a reduction in opera-
tional efficiency, whereas the penalty for undercharge is complete
failure.

Maximum Heat Transport Capacity

The maximum heat transport capacity of the micro heat pipe
radiatoris affected by the sink temperature (through the evaporating
temperature), the wire diameter, the space between wires, and the
length of the micro heat pipe. Investigationof these effectscan result
in the optimum design of micro heat pipe radiators, thereby reducing
the total weight of the radiators.

As previous investigationsindicate the maximum heat
transport capacity varies with the operating temperature. The oper-
ating temperature in a convection environment is typically defined
as the average temperature in the adiabatic section; however, there
is no adiabatic section when the micro heat pipe is used as a radiator
in a space environment. Hence, in this case, the evaporating temper-
ature is used as the operating temperature to estimate the maximum
heat transport capacity in a radiation environment.

The predicted maximum heat transportcapacity of the micro heat
pipes is presented in Fig. 8. Note that the modeling maximum heat
transport capacity is just for one channel (single heat pipe). The
capacity of the heat piperadiatorshould be multiplied by the number
of channels in the radiator. The operating temperature of the micro
heat pipe in a radiation environment depends primarily on the sink
temperature. However, even when the sink temperature was assumed
tobe very low, the maximum heat transportcapacity was notreached

d,2'6'7' 11,12
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Fig. 9 Effect of wire diameter on the maximum heat transport
capacity.

for micro heat pipe radiators with larger wire diameters, such as
1.016 and 1.270 mm (length of 152.4 mm).

The available maximum heat transport capacity for a micro heat
pipe with a diameter of 0.813 mm is 0.458 W at 78.9°C and de-
creasesto 0.428 W at 92.4°C. This implies that when the micro heat
pipe operates within the temperature range 0-92°C, the radiation
heat transport capacity is less than 0.43 W at any sink temperature.
The maximum heat transport capacities were obtained for micro
heat pipes with wire diameters of 0.635, 0.406, and 0.330 mm. As
shown in Fig. 8, the maximum heat transport capacity increases
with increases in the evaporating temperature to a maximum value
and then decreases. The maximum value for the micro heat pipe
with 0.635-mm wires was 0.244 W at 64.4°C. The evaporatingtem-
perature corresponding to this maximum value increased with the
increases in the wire diameter. For the micro heat pipe with a wire
diameter of 0.330 mm, the optimum maximum heat transport ca-
pacity was 0.0252 W at 31.3°C. The maximum heat transport ca-
pacity increased rapidly with increasesin the wire diameter. Further
inspection shows that the relationship of the wire diameter to the
maximum heat transport capacity is proportional to the square of
the wire diameter as illustrated in Fig. 9.

Optimum Design Parameters

As mentioned earlier, the sink temperature, space between wires,
and the length of the micro heat pipe all have a significant effect
on the maximum heat transport capacity of the micro heat pipe
radiator. Therefore, to determine the design of the radiators, the heat
transportcapacity not only needs to be determined by the limitation
of the micro heat pipe, but also the radiation limitation. Increasing

b)

Fig. 10 Effect of the wire space on the maximum heat transport
capacity of a) single heat pipes and b) micro heat pipe radiators.

the space between the wires can reduce the frictional pressure drop,
thereforeincreasingthe maximum heat transportcapacity of asingle
heat pipe, as presented in Fig. 10a. However, the number of heat
pipes on the array is decreased. Clearly, there exists an optimum
wire spacing where the maximum heat transport capacity of the
radiator reaches a maximum value. The variation of the maximum
heat transport capacity with wire spacing for three micro heat pipe
radiators is shown in Fig. 10b, where the optimum design wire
spacing is 1.1, 1.5, and 1.8 mm, respectively, for micro heat pipe
radiators with wire diameters of 0.406, 0.635, and 0.813 mm.

In addition to the spacing distance, the total length of the micro
heat pipe has a significant effect on the maximum heat pipe capacity.
Increasing the length of the heat pipe radiatorresultsin a decreasein
the maximum heat transportcapacity,as shown in Fig. 11. However,
as mentioned earlier, the heat transport capacity of the micro heat
pipe radiatoris also limited by the radiation capacity of the surface.
At a given heat source temperature, the maximum possible heat
transportof a radiator is determined by

Qs = FAe00(TH . — T4

e,max smk) (19)
where T, ... is the maximum evaporating (heat source) temperature
on the evaporator section. This implies that at the given evaporating
temperature, the micro heat pipe radiator will not reach the capillary
limitation if the length of the radiator is less than the length at
which the maximum heat transportcapacityis equal to the maximum
possibleradiation. As a result, the optimum length of the micro heat
pipe radiator can be determined as illustrated in Fig. 11.

Increasing the length of the radiator can result in a reduction in
the number of loop transport tubes required, thereby reducing the
total weight of the radiator, as shown in Fig. 12.
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Comparison of Results

To verify the validity of the model, the predicted maximum heat
transport capacity of a micro heat pipe with a wire diameter of
0.635 mm was compared with the measured experimentalresults. As
presentedin Fig. 13, the predicted maximum heat transportcapacity
is somewhat larger than the measured experimental results. The
maximum deviation was 19.62%. Further tests were conducted to
compare the radiation heat transfer of micro heat pipes at various
evaporating temperatures. These results are presented in Fig. 14a,
14b, and 14c for wire diameters of 0.635,0.813,and 1.016 mm. The
predicted results were quite close to the experimental results for a
wire diameter of 0.813 and 1.016 mm, and the experimental results
for the radiator with a wire diameter of 0.635 mm were lower than
the predicted results.
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Conclusions

A series of wire-bonded micro heat pipe radiators designed for
use in lightweight, flexible radiators for long-term spacecraft mis-
sionshave beendevelopedand investigated,both experimentallyand
analytically. A detailed experimental investigation was conducted,
and the results indicated that the maximum heat transport capacity
and radiation efficiency both increased with increasing wire diam-
eter. The maximum heat transport capacity of the radiator utilizing
a wire diameter of 0.635 mm was approximately 15.2 W. Radia-
tors utilizing a wire diameter of 0.813 and 1.016 mm never reached
the maximum heat transport capacities for the given test conditions
due to the length of the radiator. Sink temperatures determined the
evaporating temperature of the micro heat pipe radiator and were
also shown to affect the maximum heat transportcapacity. In the ex-
perimental tests, temperature distributions were recorded for several
sink temperaturesand indicated that, as the sink temperature was re-
duced, the maximum heat transportcapacity and radiationefficiency
also decreased. Comparison of the micro heat pipe radiators with
and without working fluid indicatedthatsignificantimprovementsin
temperature uniformity and radiationefficiencies could be obtained,
especially at higher heat fluxes. A maximum radiation efficiency of
0.95 was observed. In general, although some variation was ob-
served, all three micro heat pipe radiators were found to be capable
of meeting the thermal requirement of long-term space missions.

In addition to the experimental evaluation, a one-dimensionalan-
alyticalmodel was developedto study the heat transfer performance
and optimize the design parameters of the micro heat pipe radiator
in a radiation environment. Distribution of working fluid, optimum
charging quantity, and the maximum heat transport capacity were
obtained in a radiation environment. In addition, the eftects of op-
erating temperature, wire diameter, spacing between the wire, and
length of the radiator were also investigated. The optimum charging
volume of the micro heat pipe radiator was shown to be affected by
the operating condition and decreased slightly with increasing heat
flux. The predicted results indicated that maximum heat transport
capacity increased with increases in wire diameter and was propor-
tional to the square of the wire diameter in radiation environments.
‘When the wire diameter is less than 0.330 mm, the maximum heat
transfer capacity is less than 0.025 W and will not be capable of
meeting the thermal requirements of spacecraftas described earlier.
In addition, the maximum heat transport capacity increased with in-
creases in the evaporator temperature to a maximum value and then
decreased within the temperature range of acetone. That is, there
exists an optimum evaporator temperature at the point where the
maximum heat transport capacity reaches a maximum value. This
optimum evaporating temperature increases with increases in wire
diameter. For micro heat pipe radiators with larger wire diameters,
such as 0.813 mm, the maximum heat transport capacity may not
be reached in a radiation environment.

The spacing between the wires has a significant effect on the max-
imum heat transport capacity. Increasing the spacing can increase
the maximum heat transport capacity of a single micro heat pipe;

however, at some point, this improvement is overshadowed by the
decrease in the number of heat pipes in the array, and the maxi-
mum heat transportcapacity becomes limited. This implies that the
maximum heat transportcapacity of the micro heat pipe radiator de-
pends not only on the maximum heat transport capacity of a single
micro heat pipe, but also on the total number of the micro heat pipes
in the array. The optimum spacing distance between two wires for
micro heat pipe radiators with wire diameters of 0.813, 0.635, and
0.406 mm were 1.8, 1.5, and 1.1 mm, respectively. The radiative
limitation of the radiator surface can be used to optimize the length
of micro heat pipe radiator, and, therefore, to reduce the total weight
of the radiator assembly.

Overall, the comparison of the predicted results with experimen-
tal results shows that the model exhibits good agreement with the
experimental results for maximum heat transport capacity.
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