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Design Parameter for Assessing Wicking Capabilities
of Heat Pipes

F.C. Yip*
Communications Research Centre, Ottawa, Canada

The increasing use of heat pipes as efficient thermal power-transfer devices for the thermal control of high-
power communication satellites suggests that there is a need for some parametric index to compare the thermal
characteristics of different heat pipe structures. It is shown that the maximum heat-transfer rate sustainable by a
heat pipe with a given working fluid is proporticnal to a wick parameter V,,, which is a function of the wick
geometry and structural design alone. Expressions for V,, are derived and numerical values are tabulated for
various wick structures used in heat pipe applications. Validity of this parameter is confirmed by comparison
with over 70 measurements gathered from various sources. It is also shown that V,, may be evaluated for heat
pipes with composite wick structures, and an example is given.

Nomenclature

A, =cross-sectional ara of liquid-flow channel
b =width of grooves

D, =equivalent hydraulic diameter

D, =particle diameter

g =gravitational constant

hy, =latent heat of evaporation

ij =summation indices

K, =wick permeability

i1 =length

. =effective transport length

£, =total heat pipe length

L. =width of wick, or nomiral inside circumference of

heat pipe

M =number of wick sections

N =number of wick layers
‘N, =liquid parameter [Eq. (11)]

N,  =wick parameter (Fig. 3)

AP =gravitational pressure force
AP, =pressure drop in liquid phase

AP, =capillary pumping pressure
Q =heat-transfer rate

r. =equivalent minimum meniscus radius
t, =wick thickness

op =groove pitch ratio, pitch/b
o, =groove depth ratio, ¢, b

€ =porosity

e =liquid viscosity

00 =liquid density

g =surface tension

) =angle of inclinatsion
N} =contact angle

¥ =gravity factor [Eq. (9)]
Subscripts

a =adiabatic section

c =condenser end

e =evaporator end

ij =indices

max =maximum value
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I. Introduction

HE heat pipe has recently become one of the most versa-
tile devices in the field of thermal control.! In a heat pipe,
the thermal energy is absorbed at one end by a vaporization
process and is rejected at the other end by a condensation
process. The condensate is returned to the evaporator end by
means of capillary forces provided by some form of wick in-
side the heat pipe. Large thermal loads can be transported
over long distances with only a small temperature drop. The
heat pipe, therefore, provides a very low thermal impedance
between the heat source and the heat sink. Since the return of
the condensate requires no mechanical pump or other means
that may consume energy, a heat pipe may be operated for
long lifetimes with little mechanical wear and maintenance if
compatible materials and fluids are employed and a proper
wick is provided. In view of its low thermal impedance, ability
to transfer a high heat flux, low maintenance requirements,
high reliability,? and light weight, the heat pipe is particularly
suitable for space applications,3-6-27:30
At present there exists neither an easy method for assessing
the merit of the wicking materials or structures nor a general
guideline for the design of the wick structure. This makes it
difficult to select the proper wick structure of a heat pipe to
meet the design requirements. It is, therefore, the intent of the
present work to propose a simpler parameter by which the
merits of wicks can be characterized. Various wicking
materials and structures are considered here, namely: wire
cloths, metallic fibers, refrasil cloths, packed particles, and
covered and uncovered grooves of three different shapes. It
will be demonstrated that this new parameter can easily be ap-
plied to predict the heat-transfer capacity of a specific type of
composite wick heat pipe.

II. Heat-Transfer Limit

The general criterion for determining the heat-transfer limit
of a heat pipe is to equate the sum of pressure drops in the
liquid phase and vapor phase to the maximum capillary
pumping pressure and the pressure due to gravity, which may
aid or act against the flow of the liquid.

Fig. 1 presents the model for the present analysis. It shows a
single wick, which is saturated with liquid. Heat Q is being
added at one end and removed at the other. It is assumed that
there is a closed and continuous circulation of vapor between
the two ends and that the vapor passage is unrestricted. This
assumption makes it possible to neglect the pressure loss in the
vapor phase.
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Fig.1 Simple model for analyzing heat pipe wick.

Liquid Pressure Drop

a) Porous materials: The steady-state pressure drop in the
liquid phase may be approximated by

AP&’=: _l"lQL’m/Kppfegwtwht’v ¢))

with uniform heating and cooling,” where ¢, is the effective
transport length, which is equivalent to (£,+£.) 2 for the
evaporator and condenser sections. For the adiabatic section,
i.e., the thermally insulated portion of the heat pipe, the ef-

fective length will be taken to be the total length of the sec--

tion. Equation (1) also assumes that Darcy’s law applies,
which may be justified if the flow considered is laminar.??
This is the case for most heat pipe applications. Note that the
effective permeability was used in Ref. 22, which is simply a
product of eand K ,..

b) Grooves or channels Under the same flow condition as
stated earlier, the expression for the pressure drop in the
liquid phase may be derived, based on the simple hydraulic
consideration, 13 and is given by

APy= —~32004Q1,, foeho,ADF (22)
with
D,=4A,/wetted perimeter v (2b)

where D, is the equivalent hydraulic diameter and A, is the
cross-sectional area of the flow passage.

Maximum Capillary Pumping Pressure

The capillary pressure force is generally described by means
of Young’s equation in the following form

AP =2a[ (cosb;/ry) — (cos8,/F ;)] 3)

where 6, and 8, are the contact angles, and r; and r_, are the
meniscus radii of the vapor-liquid interfact at the extreme
ends of the evaporator and condenser respectively. The
meniscus radius is largest at the condenser end and smallest at
the evaporator end. The contact angle § approaches zero if ex-
cellent wetting of the wick by the liquid is obtained.

The capillary pressure force given by Eq. (3) is the primary
driving force available for returning the condensed working
fluid to the evaporator end. It approaches a maximum value
when #; =0 deg and 6, =90 deg, r_; becomes minimum and
r., becomes infinitely large. Hence, from Eq. (3) the
- maximum capillary pressure force becomes

(AP ) max =20/7 @

where r, is the effective minimum meniscus radius, which has
been found to depend primarily on the mesh size and pore
" radius of the wicking material,’® or on the dimension of the
flow channel for the case of grooved heat pipes.For porous
wick, r. can be approximated by the effective pore radius of
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Fig. 2 Heat pipe at inclined position.

the wick.!® For the case of grooves heat pipes, 7. is given by
the following equation °

r.=2A,/(wetted périmeter —b) tS)
where b is the width of the grooves.

Gravitational Pressure Force

However, if the heat pipe is inclined at an angle ¢, as shown
in Fig. 2 and is subject to the influence of gravity, it is
necessary to account for the effect of gravity. The
gravitational pressure force exerted on the workmg fluid is
given by

AP;=1,p,g sin ¢ (©)

This equation does not account for the component of the
gravitational force acting around the circumference of a
wrapped structure.

Heat-Transfer Capacity

By balancing the available pumping pressure, the
gravitational pressure force as given by Eq. (4) and (6),
respectively and the pressure loss in the liquid phase, as
described by Eq. (1) or (2a), one obtains the following result:

Omax =¥ (hyop/pe) (2Kpet, /1) (6,/0,) Q)]
for porous wick and

Qumax =¥ By /1) (AD7/168,1.) (8,/8,) ®)
for grooves or channel wick

where

Yy=1—(rl,pgsing 20) ®

is a correction factor for the gravity effect. It becomes unity
when the heat pipe is operated in zero gravity or at zero t11t in
a terrestial environment.

Equations (7) and (8) represent the heat-transfer capacity of
the heat pipe wick which must not be exceeded in the
operation of a heat pipe; otherwise, burnout of the evaporator
could occur.

Equations (7) and (8) can be further s1mp11fled to the
following form:

Qmax=¢Ner(fw/fnz) (10)

where N, is the liquid parameter given by
Ne=hg0p, i (11)
and is a measure of the merit of the working fluid.”!>1617 The

liquid parameter as defined by Eq. (11) depends on the ther-
mophysical properties of the working fluid and is, therefore,
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Table1 Values of IV, for various wick structures

K, ty re N;, Refer-
Type (10°8£12) € (in.) (in.) 1081t2) ence Supplier
Copper 210-5 2.80 0.945 0.018 0.018 5.28 8 Astro Met Associates Inc.
Foam 220-5 3.00 0.912 0.102 0.019 29.4 8 Astro Met Associates Inc.
Nickel  210.5 3.95 0.944 0.102 0.018 42.3 8 Astro Met Associates Inc.
Foam 220-5 5.00 0.960 0.100 0.019 50.5 8 Astro Met Associates Inc.
Copper 1.25 0.895 0.100 0.019 11.8 8 Astro Met Associates Inc.
Felt 1005 0.0464 0.59 0.065 0.0016 2.24 24 Huyck Metals Co.
0.196 0.80 0.125 0.0036 10.9 25 Huyck Metals Co.
(0.20)¢ (11.1)
Nickel 0.60 0.891 0.101 0.013 8.31 8 Astro Met Associates Inc.
Felt 1210 0.0650 0.82 0.076 0.0017 7.43 24 Huyck Metals Co.
1212 0.0089 0.61 0.083 0.00085 1.05 24 Huyck Metals Co.
0.122 0.85 0.125 0.0026 9.97 25 Huyck Metals Co.
(0.120)° : (9.81)
0.067 0.80 0.125 6.38 25 Huyck Metals Co.
(0.069) 6.57)
0.017 0.70 0.125 - 0.0015 1.98 25 Huyck Metals Co.
(0.023) (2.68) :
Stain- 1306 0.642 0.89 0.120 0.0073- 18.79 24 Huyck Metals Co.
less 1307 0.290 0.80 0.128 0.0041 14.42 24 Huyck Metals Co.
steel '
Felt 1308 0.0592 0.58 0.128 0.0019 4.58 24 Huyck Metals Co.
Sintered HI1 0.0472 0.868 0.0825  0.0014 4.83 7
Nickel H2 0.0362 0.825 0.0825 0.0014 3.52 7
Fiber H3 0.0163 0.689 0.0825 0.0014 1.32 7
H6 0.0332 0.880 0.0825 0.0014 3.44 7
Sintered HI11 0.59 0.916 0.0991  0.0037 29.0 7
Steel H12 0.21 0.808 0.0991  0.0025 13.5 7
Fiber H13 1.25 0.822 0.0991 0.0043 47.4 7
Sintered M2 0.294 0.658 0.0873 0.0023 14.7 7
Nickel M4 0.087 0.540 0.540 0.0014 5.86 7
Powder M6 0.323 0.696 0.0873 0.0033 11.9 7
Sintered 1845-137 0.00515 0.62 0.031 0.00057 0.347 24 Huyck Metals Co.
Copper 1845-138 0.00643 0.70 0.030 0.00060 0.450 24 Huyck Metals Co.
Powder 1845-139 0.00608 0.57 0.051 0.00058 0.609 24 Huyck Metals Co.
Sintered 3M-2M 0.00534 0.32 0.112 0.00048 0.797 24 Huyck Metals Co.
Steel 3M-3M 0.0177 0.47 0.111 0.00092  2.01 24 Huyck Metals Co.
Powder 3M-4MX 0.0460 0.57 0.118 0.0016 3.87 24 Huyck Metals Co.
Packed particles
K, t, e N,
Type (10°8£t2) € (@in.) (in.) (10°8£t2) Reference Supplier
20-30mesh  1.04 0.43 0.467°  0.0051 82.1 24
30-40 mesh  0.758 0.40 0.467 0.0037 - 76.3 24
Glass 40-50 mesh  0.321 0.41 0.467 0.0026 47.6 24
beads 60-70 mesh  0.119 0.39 0.467 0.0015  28.3 24
70-80 mesh  0.108 0.38 0.467 0.0014 27.0 24
80-100 mesh 0.0754 0.40 0.467 0.0011  26.8 24
Covered grooves
) . b r. N, Refer-
Type @, oy (in.) (in.) = (10%ft2) ence
Rectangular 2.50 3.52 0.0063 0.0032 4.92 11
2.50 2.81 0.0079 0.0032 12.1 11
1.25 3.17 0.0158  0.0032 . 26.0 11
2.50 4.73 0.0047 0.0032 1.52 11

Table 1 continued on page 240
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Shallow channel
Type K, t, re N, Refer- )
(108£t2) (in.) (in.) (10°8£t2) erence Supplier
200 mesh 0.0800 0.733 0.0035 0.0022 0.187 8 Michigan Wire Cloth Co.
200 mesh 0.0834 0.676 0.0044 0.0025 0.198 7
150 mesh 0.110¢ 0.678 0.0060 0.0033 0.271 7
100 mesh 0.164 0.679 0.0090 0.393 7
Wire 50 mesh 0.715 0.625 0.0180 0.0119 1.35 7 )
Cloths  200mesh  0.0587 0.69 0.0035¢ 0.0025  0.113 24 Gerard Daniel and Co.
150 mesh 0.0865 0.68 0.0060¢ 0.0035 0.202 24 Gerard Daniel and Co.
100 mesh 0.222 0.63 0.0090¢ 0.0045  0.559 24 Gerard Daniel and Co.
40 mesh 0.397 0.69 0.0180¢ 0.0091 1.08 24 Gerard Daniel and Co.
125 mesh 0.154 0.60 0.1259  0.0046 5.02 25
(0.105%) (3.42)
200 mesh 0.0493 0.67 0.0033 0.00125 0.174 29
325 mesh 0.0316 0.67 0.0028  0.00084 0.141 29
Porous materials
) K, t, . N, Refer-
Type (108£2) € (in.) (in.) 108f2 ence Supplier
Refrasil bl/2 0.255 0.40 0.032 0.0064 1.02 9 Hitco
sleeving ]
Refrasil C100-28 0.014 0.238° 21 Hitco
cloth .
Grooves
Type a,, a, b re N, Refer-
@n.) " (in.) 10-8£t2) erence Supplier
1.17 1.70 0.0300 52.8 12 French Tubing Co.
2.50 3.52 0.0063 3.40 11 French Tubing Co.
2.50 4.73 0.0047 1.41 11
2.50 2.81 0.0079 6.69 11
1.25 3.17 0.0158 8.72 11
Rectangular 1.60 1.60 0.0098 9.68 14
1.50 2.00 0.0158 18.3 14
1.16 1.44 0.0302 62.3 4 French Tubing Co.
5.30 2.00 0.0129 63.9 13
3.84 2.00 0.0135 47.6 13
2.94 2.00 0.0160 47.7 13
2.38 2.00 0.0201 57.0 13
2.03 2.00 0.0260 76.7 13
1.54 1.84 0.0260 56.1 27 French Tubing Co.
Triangular 2.22 2.78 0.0045 0.534 30 Grumman Aerospace Corp.
Packed particles
Type K, t, re N, Refer-
108 t2) € (in.) (in.) 10°8£12) ence Supplier
0.0297¢ 0.40 0.467 4.3 10
Monel 0.0363¢ 0.40 0.467 0.0084 15.8 10
beads 0.128¢ 0.40 0.467 0.0016  29.6 10
0.249¢ 0.40 0.467 0.0022 41.3 10
20-30 mesh  1.20 0.39 0.4679 0.0054 80.4 24
30-40mesh  0.792 0.42 0.467 0.0038  81.8 24
40-50 mesh  0.434 0.60 0.467 0.0031 79.0 24
50-60 mesh  0.182 0.50 0.467 0.0019 43.8 24
Monel 0.136 0.47 0.467 0.0016  40.1 24
beads 70-80 mesh  0.0924 0.68 0.467 0.0015 39.4 24
80-100 mesh  0.0716 0.67 0.467 0.0012 36.4 24
100-140 mesh 0.0441 0.61 0.467 0.00091 27.6 24
140-200 mesh 0.0277 0.56 0.467 0.00074 19.6 24

2Value in bracket was determined by means of the Siphon method. Number of layers of screen was not reported. ?Measured value
based on Eq. (10). ®Calculated from Blake-Kozeny equation.  Estimated value based on Ref. (10). ¢ Approximate value.

temperature dependent. In general, metals have the highest
value of N,, ranging from 400 to 2,000 Btu-lbf-hr/ft*-lbm.
Among the nonmetallic fluids, which include organic and
inorganic liquids, water has the largest value of N,. Cryogenic
fluids have the lowest values.

N, is defined here as the wick parameter given as follows

for porous wick, and

N, =2K,et,/r,

N, =AD?/164,r,

for groove or channel wick.

(12)

13)
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Fig. 3 Expressions of IV, for various wick structures.

III. Wick Parameter

The wick parameter N,, which was introduced in Eq. (10),
is a measure of the heat;transfer capacity of the wick. Ex-
pressions of N,, are obtained, based on Eqgs. (7) and (8), and
are presented in Table 1 for other wick structures, which
represent most of the basic types commonly used in the design
of heat pipes. With the expressions of N,, presented herein, it
is possible to estimate the capacity of each wick structure. For
certain wick structures, however, the permeability and the
porosity of the wick are required to determine N, and they
must be determined experimentally.”32* Above all, one is
required also to determine the effective meniscus radius by
either experiments, or from Eq. (5), or the analytical model
proposed by Tien and Sun. '8

For comparison, Table 1 presents the analytical values of
N,,, based on expressions given in Fig. 3, for a wide range of
wick materials and structures which were used in the past in-
vestigations, % 714 21, 24. 25, 17. 29 Note that most of the wick
materials listed are commercially available. One may notice
also that certain wick materials or structures are superior to
others as regards their wicking capability. As an example,
grooved wicks have large values of N,, compared to most sim-

ple porous wick structures. On the other hand, grooves which.

are covered with wire mesh are shown to have a significantly
higher value of N, than those which are uncovered.
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Fig.4 Comparison of measured and predicted NV we

The validity of the proposed wick parameter can be
established here by comparison with test data currently
available. Based on the informations extracted from nine dif-
ferent sources, 101215242730 the values of N,, are determined
from Eq. (10). These are then compared with those calculated
from the analytical expressions in Fig. 4 for a sample of more
than 70 measurements taken on a variety of wick structures.

Good agreement is seen between the measurements and the
predictions, as shown in Fig. 4. This is in spite of many un-
certainties. associated with the quality of the working fluids
and the specimens, and the procedure in the measurement of
the heat-transfer limit. The present theory is particularly good
for the grooved heat pipes. Fig. 4 shows that only a small
amount of test data deviates from the prediction by more than
30%. These large discrepancies are caused by problems
associated with the manufacture of the wick, which could
result in looseness in the wick or in a nonuniform size of the
artery and flow channels. Improved quality control would at-
tenuate this scatter.

IV. Application

~ This section shows how the values of N,, can be extended to
arrive at an overall wicking capability of a composite wick
heat pipe.

Single Wick

By inspection, Eq. (10) is analogous to Ohm’s law, which
governs the electrical current flow in a conductor. Here, Q..
is analogous to the electric current, the product of y and N, is
analogous to the voltage difference, and the product of N,
and ¢, /1,, is analogous to the conductance.

Composite Wick

It is possible to extend this analogy, established for a single
wick, to the case of a composite wick structure adjacent to the
wall. Figure 5 shows the physical model of an arbitrary com-
posite wick structure, and its equivalent circuit is shown in
Fig. 6. The model is divided lengthwise into M sections, which
are physically connected but each of which may have a dif-
ferent material or structure. Within each section the wick is
further subdivided into N, wick components, where i=1, 2,
3, ...,M. Based on the equivalent circuit of Fig. 6, one can ob-
tain the following result

M Ni
Qmaxszr/[i E 1/ E (Nwiijij/?mi) ] (14)
i=] j=1

This equation is quite general and applies to a composite wick
structure. The values of N,,; may be obtained from Table 1
and Fig. 3.

Example

An example is given to illustrate how Eq. (14) can be ap-
plied to the design of a composite wick heat pipe. The heat
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Fig.5 Composite wick structure.

pipe is divided into three sections, i.e., evaporator, adiabatic,
and condenser sections; thus M =3. Suppose the heat pipe
wick is constructed using six layers of 200-mesh wire cloth. It
is secured to the heat pipe wall at the evaporator and the con-
denser ends by means of retaining rings. Let us assume that
there is a small amount of loosenesst in the wick, say 0.0013
in, In the adiabatic section an annular passage with a clear-
ance of 0.025 in. is provided between the wick and the heat
pipe wall.

Let other details of the heat pipe construction be: {,=2in., ¢,
=16 in., =2 in., K, =8.0x 10" 12, ¢=0.733, ¢, =0. 0035
in., r, =0.0022 in., radius of heat pipe wall =0.438 in., total
width of wire cloth =16,5 in.

Now we can determine the overall wicking capability and
the maximum heat-transfer limit of the heat pipe at no tilt
condition, assuming, say, methanol as the working fluid at
100°C.

Based on the information just given, the value of N, for
each wick component is calculated from the corresponding ex-
pression of Fig. 3., as

for wire cloth
Ny =N, =N,3;,=0.187x 108
for looseness
Nyi2 =Ny =N,z =0.173 x 108112
for annular passage
N3 =0.123 X 1012
The effective lengths are given as follows:
Gns =03 =0/2=1.01in.
6 =16.01in.
The widths of the wick components are £,,;; =0, =0y =02
={,3 =0,3,=16.5 in. and ¢,,; =2.75 in. Then, the overall

wicking capability of this heat pipe can be determined Eq.
(14) as follows

Nt /by =1 [E J/E (wafwu/fm,)]

where N;=2, N,=3, N;=2. Hence, N,{,/{,=2.97X
10 ~8ft2.

The liquid parameter N, for the methanol at 100°C is ap-
proximately 32 Btu-lIbf-hr/ft3-lbm.’ Since there is no tilt, §

+Looseness is defined here as the mean separation distance between
the adjacent layers of material.
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becomes 1.0. Thus, using Eq. (14), the limiting heat-transfer
rate of this heat pipe is calculated to be 122 w.

This example demonstrates how the heat-transfer limit of
the composite wick heat pipe can be determined when values
of N, for the individual wick structures are identified. This
method is easily adaptable to the use of a digital computer,
making it possible to calculate N, readily for various wick
structures, and to enable the selection of an optimal wick
design for any particular heat pipe application.

V. Conclusions

A wick parameter N,, has been derived which is useful for
comparing the wicking capabilities of various heat pipe struc-
tures. The use of this parameter as'a design tool is valid only if
the vapor pressure drop is small and the liquid flow is
laminar, which is usually the case.

Expressions and numerical values of N, have been
tabulated for various wick structures used in heat pipe ap-
plications. They show that wicks with rectangular grooves
generally have large values of N, compared to most simple
wick structures, and that these values are even higher when
the grooves are covered with wire cloths. The validity of N,,
has also been confirmed for a number of wick structures by
comparison with currently available measurements.

A formulation has been established to evaluate the overall
wick capabilities of composite wick structures, and an exam-
ple has been given to demonstrate the ease of its use.
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