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Design Considerations When Using Edge-Mounted
Heat Pipes in Space Radiators
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An effort to create a design tool for the evaluation of potential heat-pipe � n designs, speci� cally for � at-plate
heat-pipe � ns used as space radiators, has been carried out. The axial temperature distribution along the � n
was derived using an energy balance. The solution to the differential equation for the temperature distribution
was found using the � nite difference method. From this solution, the heat transfer from the � n was found, and
the ef� ciency of the � n was calculated. The resulting ef� ciencies were then plotted as design charts based on the
critical parameters. When compared to experimental results of four different tests from the literature, the model
yielded good results. The � n model was also used to consider improvements to existing satellites. The Viking 1 and
2 orbiters, each with a SNAP-19 radioisotope thermal generator, were studied.

Nomenclature
A = conduction area
C® = heat absorbed by � n surface, W/m2

C" = radiation constant of � n, W/(m2 ¢ K4 )
h i = convection coef� cient, inside of � n, W/(m2 ¢ K)
k = thermal conductivity,W/(m ¢ K)
keff = effective thermal conductivityof wick, W/(m ¢ K)
L = position along axial length of � n, m
Lh = length of � n, m
Lw = � n width, m
n = numerical special index
q = � n heat transfer, W
T = � n temperature, K
Th = � n base temperature, K
Tv = vapor temperature within heat pipe, K
tw = wick thickness, m
Z = nondimensional temperature
Zv = nondimensionalvapor temperature
±h = thickness of � n, m
±v = thickness of vapor space, m
"a;b = emissivity of � n, sides a and b
³HP = pro� le number of � n
´ = � n ef� ciency
¾ = Stefan–Boltzmann constant,

5:87 £ 10¡8 W/(m2 ¢ K4 )
! = nondimensionalposition

Introduction

W ITH the increase in electronic capabilities has come an in-
crease in thermal management requirements for electronic

components. Rapid heat dissipation prevents overheating in the
components, ensuring that the electronics function according to
speci� cations in the design.Because of their high technologystatus
and inaccessibility on operation, satellites have been prime candi-
dates in the past for innovations in reliable thermal management
techniques. Heat pipes have been used as cooling devices in satel-
lites for decades; since their development in 1964 (Ref. 1), heat
pipes have found numerous applications in space systems.2¡7 Ter-
restrialapplicationshave also beendeveloped,with heat pipes being
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used as heat sinks in notebook computers, preheat heat exchangers
in combustion processes, temperature and humidity regulators in
heating, ventilation, and air conditioning systems, and permafrost
temperature regulators in pipelines.1;8¡10 Recent research has fo-
cused on heat-pipe penetration into areas previously dominated by
solid conduction thermal management devices.11;12

Currently, design methods exist that allow the thermal designer
to predict accurately the performance of heat pipes based on cri-
teria such as boiling limitations, sonic limitations, etc.1;8¡10 It has
been shown that, in many situations,heat-pipe� ns outperformstan-
dard cooling � ns in convective terrestrial environments.8;11¡13 Ad-
ditionally, other design methods have been developed that model
the performanceof solid standard � ns as radiators in an outer-space
environment.14 However, little empirical work has been reported
comparing heat pipe � ns and standard � ns in purely radiative en-
vironments. A design tool that could predict heat-pipe � n perfor-
mance in outer spacewould be a time- and money-savingasset to the
designer.

Mackay14 haswrittenextensivelyon standard� n radiatorsin outer
space.A solid, rectangularpro� le radiatorwas modeled,and the fol-
lowing assumptionswere made in the analysis:� rst, the temperature
along the hot edge of the extended surface is uniform and constant;
second, the � ow of heat is in straight lines from the hot to the cold
edge of the surface (these lines are normal to the hot edge); third,
heat leaves the surface by radiation from the two large surfacesonly
(no heat is radiated from the edges); fourth, the emissivity " of the
surfaces and the conductivity k of the � n material are independent
of variations in temperature; � fth, heat radiates from the surfaces in
accordancewith the Stefan–Boltzmann law; and sixth, steady-state
operation is assumed.

Mackay’s14 results yield heat transfer, � n effectiveness,optimum
weight con� gurations, and design curves. Finally, a step-by-step
design procedure is given for rapid evaluation of design options.
This comprehensivemethod will be expanded for the proposed� at-
plate heat-pipe� n model and will provide a basis for comparisonof
a standard � n with results from the new model.

Thus, a � at-plate heat-pipe � n (FPHPF) as a radiator in an outer-
space environment will be studied, culminating in the creation of
a design tool to aid in conceptual heat-pipe � n development and
analysis. Results will yield the following information: temperature
distribution, � n ef� ciency, and results from case studies. The � nal
thrust of the project involves experimental validation of the design
tool, comparing experimental data from the literature with theoret-
ical performance.

Governing Equations
Models have been developed that characterize the behavior of

heat-pipe � ns based on � n geometry and material properties in
a convection environment.15 That analysis was based on assump-
tions of 1) a straight � n with uniform cross section along the axial
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Fig. 1 Schematic of energy equation for FPHPF.

length of the � n, 2) an adiabatic tip condition, 3) an interior convec-
tion coef� cient hi being constant, 4) a constant vapor temperature,
5) constantmaterial properties,6) evaporationfrom the base area of
the heat pipe neglected, and 7) steady-state conditions.

The present analysis is also based on the additional assumptions
of 1) an outer-space irradiation environment and 2) a known solar
� ux (radiant solar energy incident on the FPHPF).

Notation throughoutthis work re� ects the same terminologyused
in Mackay’s work.14 This convention was chosen to allow ease of
comparison between established work in the � eld and the present
research.

Figure1 gives a schematicof the controlvolumeandenergy terms
crossing the control surface applied to the FPHPF. The term on the
left of Fig. 1 is energy entering the control surface via conduction.
On the far right of Fig. 1 is the term representing energy leaving
the control surface by conduction. The topmost term is the energy
convected to the vapor space. This term is positive where vapor
evaporates due to axial conduction of heat from the heat source
from the base of the � n. It changes to negative farther along the
� n, where the wall temperature is lower than the vapor temperature.
After the vapor condenses, it is assumed to return to the evaporator
by capillary action to complete the cycle. A model of the liquid
returnprocess is not included.The two terms on the bottomof Fig. 1
representenergy leavingthe control surface as emitted radiationand
energy entering the control surface as environmental radiation.

When combining the Fig. 1 equations on a differential length
basis, it can be shown that
£
¾."a C "b/T 4 C2hi .T ¡Tv/ ¡C®

¤
dL D k

d
dL

µ
.±h ¡ ±v/

dT

dL

¶
dL

(1)

where ±v is the thickness of vapor space of the FPHPF; k is the
thermal conductivityof � n material; and Tv is the vapor temperature
within heat pipe, h i D keff=tw . C® is the environmental radiation
incident on the � n from the sun and re� ected planetary radiation.14

The internal convection coef� cient hi was assumed to be constant
along the � n, both in the evaporator and in the condenser. It is felt
that this is a valid assumption because the coef� cient is dominated
by the thermal resistance through the heat-pipewick. For a heat pipe
with a uniform wick thickness, this thermal resistance will also be
uniform.

With Mackay’s terminology,

C" D ¾."a C "b/; Z D T=Th ; ! D L=Lh (2)

Equation (1) can be simpli� ed to

d2 Z

d!2
¡ ³HP[Z 4 C HPP.Z /] D ¡³HP[HPP.Zv/ C EP] (3)

where the heat pipe parameter (HPP) is

HPP D 2h i

¯
C"T 3

h (4)

the pro� le number is

³HP D
C"T 3

h L2
h

k.±h ¡ ±v/
(5)

and the environmental parameter (EP) is

EP D C®

¯
C"T

3
h (6)

Equation (3) can be solved to obtain the axial temperature dis-
tribution along the heat pipe. HPP includes convection within the
vapor space (due to evaporation) and heat radiated away as waste
heat from the surface of the � n and ³HP is the ratio of emitted ra-
diation to axial conduction along the � n. EP represents the ratio of
environmentalirradiationinto the � n to the heat radiatedaway from
the surface of the � n.14

The equation was solved using � nite difference methods. The
� nite difference form of the Eq. (3) is

.Zn C 1 ¡ 2Zn C Zn ¡ 1/
¯

1!2 ¡ ³HP Z4
n ¡ ³HPHPPZn

D ¡³HP[HPP.Zv/ C EP] (7)

When Eq. (7) is solved for Zn , it yields the nondimensional � n
temperatureat the nth nodein the network.The boundaryconditions
used were T .0/ D Th and dZ=d!.1/ D 0.

The dimensionless vapor temperature Zv is assumed to be con-
stant for any speci� c heat pipe. It is, however, a function of the
dimensionless� n temperature Z for the speci� c heat pipe.Bowman
et al.15 have shown that, for a constant convectioncoef� cient inside
the heat pipe, the average temperaturedifferencebetween the vapor
and the wall must be equal zero. This satis� es the conservation of
energy applied to the vapor space. The energy added to the vapor
space in the evaporatorwhere the wall is hotter than the vapor must
equal the energy removed in the condenserwhere the wall is cooler
than the vapor. Expressed in terms of the dimensionless variables,
the dimensionless vapor temperature is the average of the dimen-
sionless � n wall temperature over the length of the � n:

Zv D
Z 1

0

Z d! (8)

Written in � nite difference form using the trapezoidal method of
integration, Eq. (8) becomes

Zv D 1!

³
Z1

2
C

n max ¡ 1X

n D 2

Zn C
Zn max

2

´
(9)

Equations (7) and (9) were solved for Zn.!/.
Once theaxial temperaturedistributionis known, the heat transfer

from the � n can be determined. Two methods will be discussed.
The � rst method involves taking the base of the FPHPF as a control
surface and examining the energy conductedacross the surface.The
second method consists of determining the net energy leaving the
entire � n surface due to radiation.

The � rst method is simply Fourier’s law of conduction at the
control surface, as follows:

q D ¡k A
dT

dL

­­­­
L D 0

D
¡kLw .±h ¡ ±v/Th

Lh

dZ

d!

­­­­
! D 0

(10)

or, in � nite difference form,

q D
¡kLw .±h ¡ ±v/Th

Lh

Z2 ¡ Z1

1!
(11)

where Z1 and Z2 are nondimensional temperatures of the � rst and
second nodes in the network, from the base.

The second method involves integrating the radiation loss over
the surface of the � n, thus giving heat rejected by the � n. However,
the environmental solar � ux is a heat in term (from the sun, for
example) and must be accounted for in the net heat transfer:
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q D C" Lw

Z L

0
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D C" Lw Lh T 4
h
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In � nite difference form, again using the trapezoidal integration
method, the yield is

q D C" Lw Lh T 4
h 1!

³
Z4

1

2
C
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n D 2

Z 4
n C

Z 4
n max

2

´
¡C® Lw Lh (13)

Regardless of the method used to determine heat transfer, the
ef� ciency of any � n is the actual heat transfer from the � n divided
by the maximum heat transfer if the entire � n were at the � n’s base
temperature, or

´ D q=qmax (14)

The maximum heat transfer is

qmax D C" Lw LhT 4
h (15)

For theconductionthroughthebasemethod [Eq. (11)], theef� ciency
may be simpli� ed to

´ D ¡.1=³HP/[.Z2 ¡ Z1/=1!] (16)

For the ef� ciency of the � n by the integration of the radiation loss
[Eq. (13)],

´ D 1!

³
Z4

1

2
C
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n D 2

Z 4
n C

Z 4
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2

´
¡ EP (17)

With the ef� ciencies from both methods known, it becomes nec-
essary to determine the size of the nodal network to be used and the
degree of error to which the numerical solution deviates from the
exact solution. One method of quantifying the error is comparing
ef� ciency for various nodal network sizes. For this study, cases at
pro� le number ³HP D 0:5 and 3 were examined at EP of 0–0.9.

Dozens of studies were conducted to determine convergence of
the two ef� ciency methods. Because all of the results led to the
same conclusion,only a small sampling of the results is given. The
following descriptions summarize the error analysis.

Figure 2 simulates a condition similar to a satellite’s FPHPF,
where environmentalradiation incidenton the � n may be neglected.
When the integrationmethodwas used(� nding the radiationleaving
the � n surface), the difference between the ef� ciency using 40 and
480 nodes was 0.29%. The conduction energy transfer through the
base of the � n was more dependent on the numerical grid, as can be
seen from Fig. 2.

Figure3 includesadditionaleffectsof environmentalradiationin-
cident on the � n, re� ected in an environmentalparameter of 0.9 (or
the incident environmental radiation equal to 90% of the radiation
rejectedby the � n). At this low ef� ciency, the differencebetween40
and 320 nodes results using the integration method for � nding en-
ergy rejection was 4.89%, although the magnitude of the difference
is similar to the precedingcase (Fig. 2). Once again, the conduction
method was more grid dependent.

In all of the cases evaluated in the grid study, the ef� ciency from
the integralmethod for � nding � n heat transfer [Eq. (17)] was found
to be insensitiveto numericalgrid size (less than5% variationfor the
worst case). Additionally, the ef� ciency from the base conduction
method [Eq. (16)] was low at 40 nodes and convergedto the integral
method results as nodal network size increased.The results suggest
that the integral method may be used as an accurate way to � nd the
ef� ciency of a � n with a network of 40 nodes.

Fig. 2 Error comparison for HPP = 900, ³HP = 0.5, and EP = 0.

Fig. 3 Error comparison for HPP = 900, ³HP = 3, and EP = 0.9.

Numerical Results
This section explores the effect of critical parameters in the nu-

merical solution on the calculated results. This section also reports
the resultsof the numericalsolutionand compares these resultswith
previous work for standard � ns. The design charts (Figs. 4–8) com-
pare ef� ciencies for various combinations of pro� le numbers ³HP,
EP, and HPP. An additional chart is included to illustrate trends oc-
curring across the series of design charts on a consolidated graph
(Fig. 9).

Results of the numerical solution were found for the following
ranges of critical parameters: HPP at 0, 200, 600, 1000, and 5000;
EP at 0–0.9 in increments of 0.1; and ³HP 0–3.5.

Figure 4 represents the standard � n case where HPP D 0. With
HPP D 0, the relevant equations reduce the FPHPF to a solid � n
with no vapor space. Mackay14 has previously solved the equations
for this condition, and so this chart was used as an initial test chart
to verify that the results of this numerical derivation matched the
previous work. Mackay’s design chart has been plotted in Fig. 4 to
show the correlation between the two models. It appears that slight
deviations occur between the two plots; the largest difference was
calculated to be 5%. This may be a result of manual data entry of
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Fig. 4 Ef� ciency atHPP = 0 for Mackay’s work14 (– – –)and numerical
solution (——).

Fig. 5 Ef� ciency for HPP = 200.

Mackay’s plot into the graphing software. Overall, the agreement
between the two models is very good.

The next four plots (Figs. 5–8) show trends in ef� ciency as HPP
and ³HP are increased. In general, as the HPP is increased, the ef� -
ciency increases. Additionally, as ³HP increases, the ef� ciency de-
creases.Another item of interest is the effect of EP on ef� ciency: as
EP increases, the ef� ciency drops by a correspondingpercentage.

These charts have been provided to help the designer predict
FPHPF performance.The added HPP factor calls for a third dimen-
sion in plotting, hence the multiple charts for the same values of
³HP and EP. Visual interpolations between charts are necessary for
HPP values not plotted. The charts enable the FPHPF designer to
determine rapidly the heat transfer capability of a proposed design
by � nding the factors ³HP, HPP, and EP. Figure 4 can be used to
predict the standard � n performancebased on the same parameters.

Figure 9 represents a new twist on the design curves. Figure 9
shows ef� ciency at various pro� le numbers, as in the other charts.
This chart, however, holds the environmental parameter constant
at EP D 0 and shows the effect of the various values of HPP. For

Fig. 6 Ef� ciency for HPP = 600.

Fig. 7 Ef� ciency for HPP = 1000.

comparison, another series of plots at EP D 0.9 is placed on the
graph. This chart clearly shows that increases in HPP give increas-
ingly smaller incremental increases in ef� ciency, although an in-
crease always occurs.

Additionally, the plot at EP D 0.9 in Fig. 9 shows that increases
in EP tend to compress the spread between different values of HPP.
For example, the ef� ciency difference between HPP D 0 and 1000
at EP D 0 (upper plot) is roughly 52%, whereas the ef� ciency dif-
ference between HPP D 0 and 1000 at EP D 0.9 (lower plot) is only
about 6%. Also note that the slope of the ef� ciency curve always
increases gradually from highly negative values toward zero as the
pro� le number increases.As the slope of the curve approacheszero,
changes in pro� le number no longer affect the ef� ciency. When
Eq. (5) is examined, the physical signi� cance emerges; changes
in length, thickness, temperature, radiative properties, and thermal
conductivity no longer adversely affect the ef� ciency. This � nding
implies that, at higher values of ³HP and HPP, the preceding phys-
ical parameters may be altered without causing a large change in
ef� ciency of the FPHPF.
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Table 1 Summary of critical parameters for each test

Uncharged test Charged test 1 Charged test 2 Charged test 3

Parameter he hc he hc he hc he hc

Effective thickess, mm 0.856 0.856 0.856 0.856 0.942 0.942 0.856 0.856
Number of wires 43 43 43 43 43 43 95 95
Wire o.d., mm 0.5 0.5 0.5 0.5 0.8 0.8 0.5 0.5
Number of grooves 4 4 4 4 4 4 4 4
Groove depth ±, mm NA NA 0.05 0.4 0.05 0.7 0.05 0.4
Land thickness, mm NA NA 0.4 0.05 0.7 0.05 0.4 0.05
Vapor radius, mm NA NA 1.78 1.43 1.80 1.15 0.80 0.45
Internal convection 0 0 715 2329 705 2545 1595 7445

coef� cient, W/(m2 ¢ K)
Pro� le number 0.346 0.346 0.346 0.346 0.314 0.314 0.321 0.321
Heat transfer, W 54.2 54.2 48.4 48.8 50.0 50.4 48.1 48.3
Ef� ciency, % 74.9 74.9 97.3 98.8 96.7 98.2 98.6 99.5

Fig. 8 Ef� ciency for HPP = 5000.

Comparison to Experimental Data
Wang et al.16 studied the temperature distribution of radiator

� ns with embedded micro heat pipes. The � ns were constructed
by sintering an array of aluminum wires (0.5-mm o.d.) between
two aluminum sheets (0.4 mm thick each), creating a � n measuring
152 mm2 (see Fig. 10). Acetone was used as the working � uid.

To predict the temperature distribution using the new FPHPF
model for the � n with micro heat pipes, it was necessary to input
equivalentconditions.Table 1 summarizes the values of critical pa-
rameters used in the model for the different cases studied.Addition-
ally, computed values of heat transfer and ef� ciency are presented
for the different arrangements.

The results from the model for the uncharged � n are shown in
Fig. 11. The topmost curve represents the FPHPF model results.
Closely following this curve are the experimental data of the un-
charged micro heat-pipe� n in the test environmentby Wang et al.16

The results closely correlate with each other. Just below the Wang
et al. experimentaldata, the numericalmodel by Wang et al. follows
the same trend as the previous two curves. The close agreement be-
tween the test data from Wang et al. and the FPHPF model is a good
indication that the proposed model is valid for the uncharged case.

Figure 12 shows that the FPHPF model does not follow the exper-
imental temperaturedistributionas closely as does the Wang et al.16

model for the charged � n. Although the variance with the experi-
mental data is relatively small, it is noteworthy that the temperature
distributionpredicted by the FPHPF model is more isothermal than
the experimental data.

Fig. 9 Ef� ciency for EP = 0 and 0.9.

Fig. 10 Micro heat-pipe array with sintered wires.16

The second charged � n test of Wang et al.16 was a micro heat-
pipe � n with a wall thickness of 0.4 mm, an interior wire diameter
of 0.8 mm, and a total of 43 wires. The results of the model are
displayed in Fig. 13. The FPHPF model continues the trend seen in
chargedtest1 in that it is more isothermal than the experimentaldata
would suggest.The differencebetween charged test 2 and test 1 was
the wire diameter size (0.5 and 0.8 mm), and so this could be a factor
in model inaccuracieswhen calculatingthe evaporationheat transfer
coef� cient hi in the FPHPF model. Another possibility could be
suboptimal � lling of the test � n with working � uid, allowing for
puddling in the � n on one extreme, or wick dry-out on the other
extreme. If the � lling conditions in the test are different from the
assumptions used in the FPHPF model, a disparity will occur.

The third and � nal charged � n test was with a micro heat-pipe
� n with a wall thickness of 0.4 mm, an interior wire diameter of
0.5 mm, and a total of 95 wires inside the � n (Fig. 14). This test
had the closest correlation between the experimental data and the
FPHPF model. The closer correlationbetween the numerical results
and the experimental data could be explainedby better modeling of
the � lling conditions.

At � rst glance, it might appear that this new model is less accurate
than the Wang et al. model.16 That may be true, but one point related
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Fig. 11 Position vs temperature for Wang et al.16 and FPHPF for the
uncharged � n.

Fig. 12 Position vs temperature for Wang et al.16 test 1 and FPHPF
for the charged � n.

to the Wang et al. model must be considered.During the Wang et al.
numericalsimulations,theexperimental� n tip temperaturewas used
as a boundary condition to obtain the best � n parameters that gave
� n temperatures that matched at the � n base and tip. For the nu-
merical results presented by this new work, only the � n physicaldi-
mensions and base temperature were used for the numerical model.
Thus, though the results may appear to be less accurate, they were
obtained using less of the experimental data to � ne tune the results.

FPHPF Model vs the Viking Satellite
On 20 August and 9 September1975,NASA launchedthe Viking

1 and 2 satellite17 with a goal of studying the Martian surface via
an orbiter and a lander. The orbiter was powered by a radioisotope
thermoelectric generator capable of 683-W thermal at beginningof
life and included six cooling � ns (113.8 W/� n) to dissipate the gen-
erated heat. The root temperature of the � n was set not to exceed a
395-K maximum. The generator provided energy to orbiter instru-
ments for imaging, infrared thermal mapping, atmospheric water
detection, and radio wave detection.

Fig. 13 Position vs temperature for Wang et al.16 test 2 and FPHPF
for the charged � n.

Fig. 14 Position vs temperature for Wang et al.16 test 3 and FPHPF
for the charged � n.

How much better (or worse) would the cooling � ns have per-
formed if NASA had used a series of six FPHPFs instead of the
standard � ns? How much less would the satellite have weighed
using FPHPFs, enabling the satellite to carry additional instrumen-
tation? Could the RTG have been made more powerful because the
FPHPFs coulddissipatemore energy to theenvironment?To answer
these typesof questions,theFPHPF model was put to the test against
the standard � ns of the Viking satellite. It was postulated that use of
FPHPFs instead of the standard � ns would improve performance.

In performing the comparison, the following assumptions were
made, based on interpretations of Fig. 15 and on likely � n materi-
als: aluminum as the � n material [k D 237 W/(m ¢ K)], � n length of
28 cm, height of 20 cm; base thickness of 0.5 cm, tip thickness of
0.1 cm, average thickness of 0.3 cm, and emissivity " D 0:9.

To determine the heat transfer from the Viking � n, the parameters
were enteredinto theFPHPF model for a � n with a thicknessof 3 mm
(average of the Viking � n) and other dimensions as given earlier.
The model returnedan ef� ciencyof 59.9%at ³HP D 0:72.With Fig. 4
used for a standard� n, EP was found to be around 0.04.Under these
conditions, the heat transfer was calculated to be 83.6 W. For six
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Table 2 FPHPFs; same heat
transfer as Viking � ns

Parameter Values

EP 0.04 0.04 0.04
HPP 0 100 5000
³HP 0.719 <3.5 <3.5
Ef� ciency, % 60.0 62.0 91.0

Fig. 15 Graphic of Viking SNAP-19 RTG.17

� ns, this comes to only 518 W, whereas the total heat generated by
the RTG was 683 W. This difference can be attributed to radiation
from the cylindricalsurface of the RTG (Fig. 15), which had a high-
emissivity coating to enhanceheat transfer.17 Thus, for the purposes
of the following scenarios, the required heat transfer per � n was set
to 83.6 W.

Two scenarios were considered. The � rst compared the Viking
solid � ns on the RTG to an RTG with the same number of FPHPFs
with variable values of ³HP and HPP, as long as the heat transfer
and height remained the same and the length of the � n was less
than or equal to that of the Viking � n. The purpose of the test was
to determine the range of these values that would give ef� ciencies
greater than, or equal to, that of the Viking � n. The second scenario
assumed the same number of � ns and the same amount of heat
radiated as in the Viking case (86.3 W/� n) but with FPHPFs of
HPP D 5000, similar to those of Wang et al.16 The purpose of this
scenario was to determine the decrease in mass of the new � ns over
the Viking � ns, as well as the changed length.

Results from the scenarios are displayed in Table 2. The � rst
scenarioexaminedthe rangeof valuesof thethreecriticalparameters
(EP, HPP, and ³HP) for an FPHPF with HPP D 100 and 5000. When
these extreme endpointswere examined, it was hoped that trends in
³HP and ef� ciency would appear. As was stated earlier, EP D 0.04
was held constant for all � ns because the value is independent of
the presence of a heat pipe within the � n.

From Table 2, one can see that to achieve the same ef� ciency as
the Viking � n, the FPHPF may have a higher ³HP. For HPP D 100,
the ef� ciency is only slightly higher, implying that the length may

not be altered greatly to achieve the same heat transfer.On the other
hand, at HPP D 5000, similar to the Wang et al.16 � n, the minimum
ef� ciencygiven in thedesigncharts is 91% at ³HP D 3:5. This implies
that, at the same base temperature,this � n may be shorterand lighter.

The secondscenarioexamineda set of sixFPHPFs at HPP D 5000
and six Viking � ns on the basis of weight and length. The set of � ns
on the Viking orbiterweighed2.72 kg, whereas the FPHPF weighed
only 0.62 kg, or 77.2% less, while dissipating the same amount of
heat to the environment as the Viking � ns. The difference in mass
comes mainly from the vapor space and the liquid-saturatedwick,
which are less dense than solid aluminum.

Fin length for the same heat transfer was the second important
criterion for comparison. The Viking � n had a length of 28 cm,
whereas the FPHPF may dissipate the same thermal energy at a
length of only 18.4 cm, a 34.3% decrease in length. The reason
that the � n may be shortened is the increase in ef� ciency, which
allows for decreased surface area to dissipate the same amount of
energy.

Conclusions
This project has been an effort to create a design tool for the eval-

uation of potentialdesigns for FPHPFs used as space radiators.The
� n temperature distributionwas found from an energy balance.The
solution to the differentialequation for the temperature distribution
was found using the � nite difference method. From this solution,
the heat transfer from the � n was found. Once the heat transfer was
determined, the ef� ciency of the � n was calculated. The resulting
ef� ciencies were then plotted, based on the following three param-
eters: 1) pro� le number ³HP, 2) HPP, and 3) EP.

From the analysis, the following conclusions were reached con-
cerning the design of the FPHPF: 1) heat-pipe radiator � ns are, in
general, more ef� cient than standard radiator � ns for the same ³HP

and EP; 2) heat-pipe radiator � ns, in general, have less mass than
standard radiator� ns for the same amount of heat transferred;3) the
heat-pipe radiator � n is not necessarily superior to the standard ra-
diator � n in terms of heat transfer; and 4) as ³HP and HPP increase,
the change in ef� ciency decreases, meaning that the design is less
constrainedby the parameters and concessionsmay be made in the
design without loss of ef� ciency.

Possibilities for further research should be explored. Although
not exhaustive, the following is a list of suggestions:

1)Deriveequationsfor standard� n performancewith nonuniform
cross-sectionalareas.Study how performanceis affectedby varying
cross-sectionalarea.

2) Determine whether an optimal ef� ciency-to-pro�le number
ratio exists.

3) The ef� ciency curves appear to approachan asymptote as HPP
and ³HP increase. If this is actually the case, determine the impli-
cations for the FPHPF designer as far as critical constraints are
concerned.
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