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An experimental study has been done to define the capillary and wetting characteristics of a novel type of
copper metal foam which is to be used as a wick in flat heat pipes for electronic cooling. Unlike other
metal foams, a microstructure including micro scale particles and larger capillary paths can be observed
in this type of copper metal foam. Due to the significant importance of the capillary properties such as
permeability (K) and effective pore radius (reff) in defining the capillary limit of heat pipes, the rate of rise
method based on the measured mass was used to extract these parameters. Foams of different porosities
(68–85%) were fully characterized with multiple fluids (water, acetone, and ethanol). The ratio K/reff was
found to be almost 5 times larger than that reported for sintered copper powder, a common wicking
material in heat pipes. The impact of evaporation and walls sintered on one side or on both sides of foam
strips has been studied in open and partially saturated ambient. The evaporation rate during wicking was
measured by subtracting the stored mass of liquid in the foam from the total wicked mass. It was found
that the rate of evaporation while the liquid is rising is significantly lower than the evaporation rate of a
saturated sample with stationary liquid. It was also observed that sintering copper walls has almost no
effect on the capillary rise and on the evaporation rate. By combining measurements done with acetone
and water, the internal contact angle of water in hydrogen treated copper foams was found to be lower
than on a flat plate and varies from 10� to 37� depending on the foams porosity. This work therefore pro-
vides the first characterization of K, reff, and internal contact angle for these novel metal foams, but also
clarifies the conditions under which the rate of rise measurements should be done for proper parameter
extraction.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Wicking materials are the main part of two phase cooling de-
vices increasingly used for thermal management of electronics,
such as flat heat pipes and heat spreaders. Due to their capillarity
and open pore structure, they carry liquid from the condenser side
to the evaporator side in heat pipes or heat spreaders. When one
end of a heat pipe is connected to a heat source, such as a hot
microprocessor, heat is removed by the evaporation of the liquid
enclosed in the pipe. The vapor travels to the other end of the heat
pipe where it condenses [1]. The liquid is pumped back to the hot
end by the capillary action of the wicking material inserted in the
pipe or chamber. The operating range of heat pipes is subjected to
several physical limits. For the case of a flat heat pipe utilizing cop-
per metal foam as wicking material, the dominant limit will be
capillary limit [2]. This limit is reached when the capillary pump-
ing of the wicking material is not sufficient to supply the required
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rate of liquid to evaporator and hence, the evaporator will dry out.
Therefore, the pumping capacity of the wicking material is a key
parameter in the performance of heat pipes. Typical wicking mate-
rials include sintered copper powders, copper meshes and more re-
cently copper metal foams. These wicking materials are
characterized by their permeability, pore size, porosity, and ther-
mal conductivity. Copper metal foams used in this research (made
by Metafoam technologies Inc.) have shown promising results in
heat pipes [3] but their wicking performance has not yet been fully
characterized.

Capillary properties of a wicking material such as permeability
(K) and effective pore radius (reff) are critical in defining the capil-
lary limit of heat pipes, because their ratio (K/reff) is a measure of
pumping capacity of the wicking material [4]. Permeability can
be defined as the porous material resistance against the liquid
passing through it. A high permeability will result in a lower liquid
pressure drop. Permeability is a pure function of the porous mate-
rial microstructure and does not depend on the liquid used. Effec-
tive pore radius on the other hand, depends on the wetting
properties of the liquid in the porous structure. The meniscus pro-
file formed at the liquid–vapor interface of each pore is a function
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Nomenclature

g gravity, m/s2

h liquid height, m
K permeability, m2

m liquid mass, kg
_m liquid mass flow rate, kg/s
_me evaporation flux from the surface, kg/m2 s

mevp evaporated liquid mass, kg
mst stored liquid mass in the foam, kg
mtot total wicked liquid mass, kg
P periphery, m
r pore radius, m

reff effective pore radius, m
t time, s
T foam thickness, m
W foam width, m

Greek symbols
u porosity
l viscosity, Pa s
q liquid density, kg/m3

H contact angle, deg.
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of the pore structure and also liquid contact angle on the porous
material. Therefore, effective pore radius is rather used instead of
geometrical pore radius to account for the effect of liquid contact
angle. According to the definition of the effective pore radius, it
is related to the actual pore radius of a porous material, r, by the
liquid contact angle on that material:

reff ¼
r

cos h
ð1Þ

Effective pore radius is inversely proportional to the liquid contact
angle on the solid surface. Hence, a lower liquid contact angle will
result in a lower effective pore radius which in turn will increase
the K/reff. Wetting property of a liquid–solid system is defined by
measuring the contact angle of the liquid droplet on the solid sur-
face. In the case of water, wettability is expressed by hydrophilic
(contact angle less than 90�) and hydrophobic (contact angle more
than 90�). It can be concluded that in capillary driven systems such
as heat pipes and heat spreaders using water, a hydrophilic wick
system is necessary to transport water [5]. It is shown that low wet-
tability of the wicking material directly reduces the critical heat
load that can be carried by a heat pipe [6]. Therefore, a good knowl-
edge of these capillary and wetting parameters and a robust meth-
od to measure them is important.

The wetting property of a material is commonly determined by
measuring the external contact angle of a droplet of liquid on that
material (Sessile drop test). This method is not suitable for porous
materials since the liquid wicks and disappears under the surface.
Furthermore, relating the contact angle on a flat surface to a porous
media of the same material can be misleading [7]. The meniscus in-
side the porous media experiences a complicated 3-D structure
which is significantly different from the uniform roughness
assumption done in the Sessile drop test. For porous media, a series
of methods are available to measure capillary parameters, such as
pressure drop measurement for permeability [8,9], or bubble test
and rising meniscus for the effective pore radius [4]. One major
drawback in these methods is their inability to deliver both K
and reff parameters at the same time and in one test [10].

A potentially more informative method is based on measuring
the transient rate of rise of a liquid in a porous medium by measur-
ing its height visually or the increasing mass with a balance [11].
Unlike the rising meniscus which is a static method based on mea-
suring the maximum height of the liquid in a sample, rate of rise
method is a dynamic and time dependent method. By fitting a suit-
able mathematical model to the rate of rise measurements, one can
extract both permeability and effective pore radius, or their ratio.
This method can also be used to characterize wetting properties
of a porous material (internal contact angle) by doing this test with
liquids of different surface tension [7,12,13]. The rate of rise meth-
od will therefore be used in this work to extract the permeability,
effective pore radius and internal contact angle.
When dealing with the transient movement of a liquid in a por-
ous media rising against gravity (vertical sample), a balance be-
tween capillary forces wicking the liquid upwards and the
opposing inertial, gravity, viscosity and evaporation-induced forces
should be considered. Given the complexity of the physics in-
volved, simplified models were initially developed to characterize
wicking properties of porous media. By only balancing the viscous
pressure drop with the capillary force, and neglecting the other ef-
fects, the widely used Lucas–Washburn equation will be obtained
[14]. With this method, K and reff will be obtained as a ratio. To find
the values of K and reff independently, one needs to find the max-
imum attainable height or mass. This requires fabrication of long
samples which may be impractical in many cases. By adding grav-
itational effects to the Lucas–Washburn equation, Holley and Fag-
hri [10] developed a different equation which permits the
extraction of both K and reff directly (without finding the maximum
height or mass). Evaporation taking place on the surface of the por-
ous material will lead to a higher liquid flow rate to accommodate
for the evaporated liquid. By assuming a uniform rate of evapora-
tion over the wetted area of their samples, Fries et al. [15] devel-
oped a fully implicit solution for all the effects except for inertia,
but their experimental results show a 20% difference from their
modeling results. Rogacs et al. [16] considered the effects of capil-
larity, viscosity and evaporation for their thin (�10 lm) silicon
nanowire array and obtained the K/reff ratio and internal contact
angle for this porous structure. Ideally, a suitable model should in-
clude the effects of capillarity, viscosity, gravity to extract K, reff,
and internal contact angle, but may also need to account for evap-
oration in realistic conditions.

Although ignoring the evaporation is useful to simplify the
extraction of K and reff, its omission or the uncertainty on evapora-
tion rate measurements can falsify the results. Understanding the
role of evaporation in the rate of rise method is specifically impor-
tant while dealing with highly volatile liquids like acetone and eth-
anol. These liquids, due to their low surface tensions, rise easily in
copper metal foams in room ambient without the need for any sur-
face treatment. This can alleviate the problem of rapid loss of
hydrophilicity in copper-based porous materials when exposed
to room ambient. Our tests show that leaving the samples more
than 3 min in ambient air has quantifiable effects on the rate of rise
of water in these foams. To restore the hydrophilicity, a high tem-
perature hydrogen treatment that may take up to 7 h should be
done on the samples, which is not necessary with acetone and
ethanol.

Another overlooked aspect is the role of attached walls in the
capillary behavior of the porous materials. In practical applications,
wicking materials are not used alone and are sintered to a wall to
form a two-phase cooling device such as a heat pipe or a heat
spreader. A wall can change the flow pattern in the adjacent foams
and hence affect the values of permeability. Moreover, the sintered
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Mass uptake rate for four limiting cases.
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wall effectively covers the foam surfaces and can alter the evapo-
ration rate from the foam.

Due to the novelty of these copper metal foams, capillary and
wicking properties have not been fully understood. This work
therefore aims to characterize K, reff, and internal contact angle of
these foams as a measure of their wicking capacity. However, we
first need to clarify the role of evaporation and the presence of
adjacent walls to ensure the measurement accuracy with the rate
of rise method. In this work, copper metal foams with porosities
of 68%, 75% and 82%, using DI water, ethanol and acetone as test
fluids will be used. To evaluate the effect of adjacent walls, the rate
of rise tests have been performed on bare foam strips (no walls) as
well as samples with walls sintered on one side or on both sides of
the foam strip. To clarify the evaporation effect, high volatility liq-
uids (acetone and ethanol) were used in the open air ambient and
in a nearly saturated ambient. Although the rate of evaporation is
much lower in a saturated ambient, results will show that the cap-
illary rise behavior is not significantly affected by evaporation, sim-
plifying the extraction of K and reff. In fact, our results will show
that the evaporation rate of a rising liquid in copper metal foams
is lower than stationary liquid inside a saturated sample. The
method developed herein will be used to fully characterize these
novel copper foams including K, reff, and their internal contact an-
gle with water.

2. Governing equations and models

A complete momentum equation for rise of liquid in a wick
should include the capillary pressure, hydrostatic force of the li-
quid column, viscous friction force in the porous media, inertia of
the liquid and the effect of evaporation. Applying force balance
on the volume averaged flow, the momentum equation can be
written as [15]:

2r
reff
¼ g

TW/
�mþ l

K/ðTWqÞ2
�m � dm

dt
þ 1

qð/TWÞ2
d
dt
ðm � _mÞ

þ l _meðW þ TÞ
Kq3ðTWÞ3/2

�m2 ð2Þ

The term on the left-hand side is the capillary pressure in which
r is the surface tension (N/m) and reff is the effective pore radius
(m) of the porous material. Capillary pressure is generated by the
curvature of the meniscus formed in the pore at the liquid–vapor
interface. On the right-hand side, the first term is the hydrostatic
pressure of the liquid column in the foam strip in which g is the
gravity (m/s2), T is the foam thickness (m), W is foam width (m),
u is foam porosity, and m is liquid mass in the foam (kg). Friction
in the form of a pressure drop is expressed by Darcy’s law, as
shown by the second term, expressed here in terms of mass. It is
a function of viscosity, l (Pa s), liquid density, q (kg/m3), perme-
ability, K (m2), and time, t (s). The third term represents the inertial
force, expressed in terms of the liquid mass flow rate, _m (kg/s). It is
generally accepted that inertial effects can be ignored compared to
other effects [10,15]. Evaporation from the foam surface requires
an additional mass flow rate through the foam that should be con-
sidered in the governing equation. This extra mass flow rate due to
evaporation will induce an additional pressure drop along the foam
due to the viscous friction forces. To consider this effect of evapo-
ration, the last term on the right-hand side is added which acts as
an extra pressure drop term. The complete derivation of this term
was presented by Fries et al. [15], but briefly, it accounts for a non-
uniform pressure drop along the foam, assuming a uniform and
constant evaporation rate _me over the wetted surface. This evapo-
ration rate per unit area (kg/m2 s) should be measured separately
for each combination of porous material, liquid and surrounding
ambient.
Ignoring the inertial effects and solving for the rate of change in
mass will lead to the following equation:

dm
dt
¼ 2rK/ðTWqÞ2

lreff
� 1
m
�

_meðW þ TÞ
qTW/

�m� KgTWq2

l
ð3Þ

which can be expressed in the simplified form:

dm
dt
¼ A

m
� B �m� D ð4Þ

where:

A ¼ 2rK/ðTWqÞ2

lreff
; B ¼

_meðW þ TÞ
qTW/

; D ¼ KgTWq2

l

Fries et al. [15] have presented a fully implicit solution for this
equation when it is a function of height h(t). Solution for other lim-
iting cases as a function of h(t) are also available in literature
[14,16,17]. By relating mass to the wicking height according to
the following equation

m ¼ hTW/q ð5Þ

one can readily obtain all the solutions for the mass case (Eq. (4)).
Table 1 shows these solutions for the four limiting cases. It can be
seen that only models 2 and 4 can directly lead to two parameters
K and reff separately, as opposed to their ratio. If it can be shown that
the effect of evaporation is negligible, model 2 may be more appro-
priate because it is simpler and there is no need to know the rate of
evaporation.

3. Materials and methods

The copper metal foams used in this study consist of
16 � 160 � 0.7 mm strips with 68%, 75% and 82% porosity, pro-
vided by Metafoam Technologies, Inc. (Fig. 1a). As it can be seen
in Fig. 1b and c, the foams have a spherical cluster structure
(SCS) with the approximate particle diameter of 10–50 lm, and
unlike other types of metal foams, no ligaments can be observed.
This morphology is also different than other types of foams which
usually have cells shaped as polygons. Instead, the small particles
join each other to form clusters that are separated from each other
to provide a large-scale porosity in the foam. Within the clusters,
we can observe a second smaller scale porosity formed between
the particles. The microstructure formed by the small particles
and their clusters is therefore characterized by two pore scales
and a high surface area.

As a working fluid, water is a logical choice because of its inter-
esting thermal and fluid properties and since it is commonly used
in real heat pipes. To better characterize the effect of evaporation
and to check the repeatability of the results, acetone and ethanol
were also used as test fluids. Copper based porous materials
become hydrophobic when exposed to ambient air and a time



Fig. 1. Morphology of the 75% porosity copper metal foams: (a) A macroscopic view
of the copper metal foam (b) capillary paths made by clusters of the spherical
particles; (c) small scale porosities formed between the spherical particles.

Table 2
Properties of the liquids used in the experiments, 20 �C [18].

Acetone Ethanol Water

Viscosity (Pa s) 0.32e-3 1.17e-3 1e-3
Surface tension (N/m) 0.023 0.022 0.072
Density (kg/m3) 791.2 788.8 1002
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consuming hydrogen treatment is required to make them hydro-
philic again. But unlike water, a low surface energy liquid like ace-
tone (with almost zero contact angle on copper), allows the rate of
rise tests to be done without hydrogen treatment because it al-
ready imbibes the copper foam samples easily. Moreover, its high-
er rate of evaporation compared to water makes it easier to
characterize the effect of evaporation. Table 2 shows the properties
of the liquids used in the experiments.

No cleaning process was performed on the copper foam sam-
ples. In order to restore the lost hydrophilicity of copper metal
foams, a hydrogen reduction process is however done on the foam
samples. A gas mixture of 7% Hydrogen (99.9999% purity) and 93%
nitrogen (99.9999% purity) with a total volume flow rate of
150 mL/min is injected into a tube furnace. The heating process
is composed of a ramp from room temperature to 600 �C in 2 h
and followed by a 2 h plateau at 600 �C. Then the heat is shut off
and the sample is left to cool gradually under the gas mixture. This
method was found to be very effective to make the foams hydro-
philic and therefore, water was absorbed and could rise in the
foams very well.

To evaluate the effect of a wall and evaporation barriers, copper
plates (99.9% purity, 0.8 mm thickness) are sintered once on one
side and then on the both sides of copper foam samples. Before
the sintering process, copper plates are washed with acetone,
methanol and IPA to remove all organic contamination. External
pressure is applied on the foam and copper plate by a fixture made
of two stainless steel plates held by nuts and bolts. Then, the whole
package is heated with the same procedure explained above except
for the hydrogen concentration which is increased to 20%. This
concentration increase is necessary so that hydrogen can better
penetrate through the external fixture and reach all the foam
pores.

The measurement setups for the rate of rise test based on mass
are depicted in Fig. 2. A high precision analytical balance (A&D�

model HR-120) with a precision of 0.1 mg is connected to a com-
puter and is used to measure liquid mass uptake in the foam. To
measure the stored mass of the liquid (mst) as a function of time
(configuration I), the balance is placed on a support so that the
foam sample can be mounted vertically from the hook under the
balance (Fig. 2a and b). The liquid container placed on the moving
stage under the foam sample is raised gradually until the tip of the
sample touches the liquid surface. The mass increase is measured
in 0.5 s intervals and the measurement is stopped when the mea-
sured mass becomes constant (a plateau in the rising liquid graph
above �100 s). In all tests, this plateau is reached when the wetted
height is less than the maximum height of the sample (160 mm).
The time period between taking out the sample from furnace and
starting the test is less than 3 min for all tests with water. For tests
with acetone and ethanol, the same procedure but without the
hydrogen treatment was employed since their surface energy is
low and they easily imbibe the foams.

To evaluate the effect of evaporation of acetone and ethanol,
tests were also done under a partially saturated ambient created
by a semi-closed transparent container (30 cm height). A small
opening (7 mm diameter) was made at the top of the container
to attach the samples to the balance. A partially saturated ambient
was created by allowing some of the volatile liquid inside the con-
tainer to evaporate and displace the air, since the vapor density of
both acetone and ethanol are greater than that of air. As will be dis-
cussed later, this will act as a partially saturated atmosphere and
consequently decrease the evaporation rate of acetone and ethanol
at the surface of the foam during rate of rise tests. By observing the
liquid rise of a test sample, it was found that waiting more than
30 min has no quantifiable effect on the rate of liquid rise and
hence, all tests were performed after 30 min of leaving a sample
in the container.

In order to measure the total wicked mass of liquid in the foam
(mtot), the configuration in Fig. 2c is used (configuration II). Total
wicked mass is the sum of the stored mass (mst) and the mass
evaporated from the foam surface (mevp). In this configuration,
the liquid container is placed directly on the balance and the sam-
ple is connected directly to the moving stage. Therefore, the
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measured liquid mass at each moment is the sum of stored mass
due to capillary and also evaporation from the foam (mtot = mst +
mevp). To minimize the errors resulting from the evaporation of
the liquid in the container, its top is covered and only a slot large
enough to insert the sample is left open to ambient. The liquid level
inside the container is kept to the maximum so that only the tip of
the foam (�2 mm) needs to enter the container. This will ensure
that the exposed foam surface is the same as the first configuration
(Fig. 2a and b), with minimal impact on the evaporation rate. For
configuration II, only ethanol was used as the test liquid because
of a stability problem of the balance due to high rate of acetone
evaporation. In fact, acetone evaporated so fast from the liquid sur-
face in the container that the balance could not stabilize to provide
a starting point. To measure the evaporation rate from saturated
suspended foam strips (16 � 50 � 0.7 mm), a number of bare sam-
ples and samples with walls sintered to one side (backed) or both
sides (double backed) of the strip were tested. They were brought
in contact with the liquid, left to become saturated and then de-
tached from the liquid surface. Weight decrease due to evaporation
is then recorded in 3 s intervals until the sample is fully dry.
3.1. Corrections on the raw data

3.1.1. Side meniscus effect
As the foam sample touches the liquid surface, a macroscopic

meniscus is formed around the end of the sample. This meniscus
applies a pulling force to the samples due to the liquid surface ten-
sion. The weight measured by the balance is therefore the sum of
the actual weight of liquid inside the foam and this pulling force.
A simple estimate of this pulling force can be done based on the
equation F = r�P, where r is the liquid surface tension and P sample
perimeter. For water at 20 �C, a pulling force up to 0.24 g can be ex-
pected, which is 20–25% of the whole mass uptake of the foams.
Such a significant effect cannot be neglected in the analysis of
the results and should be subtracted from the mass uptake. This
is done by detaching the sample from the liquid surface after each
test (once the sample weight has reached a plateau) and then sub-
tracting the new weight from the weight with the meniscus. This
will provide a measurement of the side meniscus force, which is
assumed to be constant throughout the whole test. It will be sub-
tracted from all the data points to correct the measured mass. To
evaluate the dynamic effect of this meniscus and the possible er-
rors that it may cause, the time required to form this meniscus
was measured by a high speed camera. It was �0.02 s which is
much smaller than the first data points in our tests (0.5 s). This
effect is present in both test configurations and an example of
ecnalaBecnalaB

Test liquid 

Foam 
sample Computer C

(b) 

Moving stage 

Z 

(a) 

Fig. 2. Different configurations of the experimental setup to measure the rate of rise of a
atmosphere; (b) open container for free convection with the ambient; (c) container direc
the foam.
the effect of this correction on the measured raw data for the total
wicked mass measurement (configuration II) can be seen in Fig. 3.

3.1.2. Effect of evaporation from container
For the second experimental setup (configuration II in Fig. 2c),

the transient total wicked mass due to both liquid storage and
evaporation is measured. Hence, evaporation from the liquid in
the container should be subtracted from the results to obtain the
values for the foam only. To correct this additional evaporation,
the foam sample was detached from the ethanol surface after each
test and the mass decrease due to evaporation from the container
was recorded. This provides the ethanol evaporation rate from the
container. It is assumed constant throughout the test and is there-
fore subtracted from the balance recorded data (Fig. 3).
4. Results and discussion

4.1. Rate of rise experimental results

Using acetone, ethanol and water as the test liquid and the
stored mass measurement experimental setup (configuration I)
the rate of rise test has been performed on the foam samples of
68%, 75% and 82% porosity in both open and closed ambient with-
out any sintered wall, a wall sintered to one side (backed) and to
both sides (double backed). To account for measurement and foam
microstructure variations, tests were done on 2–3 different sam-
ples for each porosity and repeated 3 times on each sample.
Fig. 4 shows the average of the results for all 3 porosities for ace-
tone as the test liquid. For different foam porosities, the variations
seen in rate of rise test results can be attributed to either the sin-
tered wall or the surrounding ambient (open or closed). The capil-
lary effect of the walls can be isolated by analyzing the results in a
closed ambient, where evaporation effects are minimized. The re-
sults for bare, backed and double backed samples (Fig. 4b and c)
in a closed ambient are found to be almost the same for each foam
porosity. Although the nominal measurements suggest a slight in-
crease in mass uptake with the number of walls, this is negligible
considering the measurement uncertainty. This suggests that the
presence of walls adjacent to the foam has no significant effect
on the capillary wicking. In the open ambient, the presence of adja-
cent walls could affect the evaporation rate and therefore the mass
uptake. Although the mass uptakes for the open ambient in Fig. 4a
(68% porosity) are slightly different, they are practically identical
for 75% and 82% porosity foams (Fig. 4b and c). Even for the 68%
foam, the effect of this difference in the values of K and reff will be
shown to be negligible considering the measurement uncertainties
omputer

Moving stage 

Foam 
sample 

Computer

(c) 

Z 

Balance

liquid based on mass, done in: (a) semi-closed container for the partially saturated
tly on the balance to measure the sum of capillary forces and evaporated mass from



Initial  
Evaporation  

from  
container 

Correction for the effect of  
evaporation from container  

surface during the test 

Side meniscus correction effect

Fig. 3. Measured raw data correction due to side meniscus, evaporation from
container during the tests, and initial evaporation from the container before
beginning the test.

Fig. 4. Rate of rise results for 68%, 75% and 82% porosity foams with acetone in open
and closed environments, without any wall, a wall sintered to one side (backed) and
to both sides (double backed).

Table 3
Measured evaporation flux for bare samples, _me (kg/m2 s).

Open Closed

Acetone Ethanol Acetone Ethanol

68% 3.9e-4 1.1e-4 1.1e-5 2.2e-6
75% 2.9e-4 1.1e-4 1.1e-5 2.9e-6
82% 2.3e-4 1.7e-4 1.2e-5 3.3e-6
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(Table 4). It can be concluded that enclosing the samples with
walls does not change the capillary rate of rise and also is not able
to affect the evaporation rate effectively. Considering the almost
identical results for different wall configurations (bare, backed
and double backed) in each ambient, it can be concluded that doing
tests on bare foam samples is adequate to get reliable values for K
and reff by the rate of rise method. However, the mass uptake in the
closed ambient seems to be slightly higher than in the open ambi-
ent. It can be seen in Fig. 4a and b (68% and 75% porosities) that the
highest mass uptake for the closed ambient (partially saturated
container). It can be concluded that only by using a partially satu-
rated ambient (closed ambient) can the evaporation rate be suffi-
ciently suppressed to result in a slight change in mass uptake of
the foams.

4.2. Evaporation effect

4.2.1. Evaporation rate from stationary liquid
As it was discussed before, evaporation rate of a sample can be

measured by measuring the rate of weight loss of a suspended sat-
urated sample. In this case, liquid is stationary in the pores and no
fluid dynamics are involved. To investigate the effect of evapora-
tion, acetone and ethanol are used as the test liquids. Fig. 5 shows
the non-dimensional measured rate of evaporation of 75% porosity
foam samples (16 � 50 � 0.7 mm) without any sintered copper
wall, with one sintered wall (backed) and two sintered walls (double
backed) in an open and a closed (partially saturated) environment.
It should be noted that for the sake of clarity, Fig. 5 does not show
the complete drying curve. The results are non-dimensionalized
with respect to the maximum stored mass in the foams at the
beginning of each test.

It can be seen in Fig. 5a that the rate of evaporation from the
foam is significantly decreased by increasing the saturation level
of the surrounding ambient of the sample. It can be observed in
Fig. 5b that in the short time interval of the first 200 s, the sample
weight in the closed container is almost constant which implies a
very low rate of evaporation compared with the sample left in the
open environment. Given that the rate of rise test lasts around
100 s, it can be concluded that the closed container has success-
fully decreased the evaporation rate. On the other hand, the effect
of sintered walls on the evaporation rate is very small. Although
first one side and then the two sides of the foam sample are cov-
ered by the copper plate, only a very slight change in evaporation
rate can be observed. To make this effect more clear, Kapton� tape
was used to block the uncovered parts of the copper foam (edges
and top). Only in this case, the evaporation rate in the open ambi-
ent decreases significantly. This shows that in the case of high
porosity materials, liquid is trapped in the inner pores during the
evaporation and the vapor resulting from the evaporation of the
trapped liquid is able to diffuse through the pores and exit the
smallest free surface available. In this case, the mass diffusion



Fig. 5. Non-dimensional evaporated mass measurement of acetone for a 75% porosity foam in open and closed environments with one sintered wall (backed) and two
sintered walls (double backed) and covered edges by Kapton� tape, (b) with a close-up on the first 200 s.

Table 4
Permeability K and effective pore radius reff for foam samples of 68%, 75% and 82% porosities.

68% 75% 82%

K (lm2) reff (lm) K (lm2) reff (lm) K (lm2) reff (lm)

Mean STDV Mean STDV Mean STDV Mean STDV Mean STDV Mean STDV

Acetone Open 24 2 73.8 0.4 46 7 89.7 0.3 89 11 140.2 0.1
Closed 21 3 64.6 0.2 45 5 87.7 0.2 96 13 141.1 0.1
Open, backed 22 2 71.6 0.5 41 5 88.7 0.4 110 10 146.3 0.4
Closed, backed 20 2 56.0 0.7 42 6 79.6 0.3 127 13 137.5 0.2
Open, double backed 27 3 73.4 0.2 38 3 87.9 0.6 85 1 128.1 0.7
Closed, double backed 25 4 66.0 0.4 35 1 78.3 0.9 112 8 106.0 0.2

Ethanol Open 31 6 89.4 0.9 59 8 104.0 1.0 94 10 135.0 1.0
Closed 23 6 65.1 0.7 60 9 93.3 0.3 104 9 132.6 0.5
Open, backed 25 7 66.5 0.9 55 2 84.5 0.9 129 2 135.3 0.2
Closed, backed 20 3 52.3 0.3 52 1 77.4 1.0 139 11 132.2 0.8
Open, double backed 40 7 86.4 0.3 60 7 95.5 0.3 105 10 118.8 1.0
Closed, double backed 32 3 69.1 0.4 45 6 82.1 0.3 104 16 118.9 0.2

Water Open 19 5 74.8 18.9 51 24 102.0 18.1 74 42 176.0 8.9
Avg. 25 9 – – 48 13 – – 105 24
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resistance in the foam is lower than the free convection resistance
between the surface and the ambient. Only when the path length
required for diffusing the vapor is larger than a characteristic
length (the total length of the porous sample in the case of the Kap-
ton� covered sample), then the diffusion rate is affected and hence,
the evaporation rate is significantly decreased. Therefore, com-
pared to using a partially saturated ambient, using external walls
is not an effective method to decrease evaporation rate. Tests on
other foam porosities show the same trend and the results in the
form of _me (kg/m2 s) are presented in Table 3 for the open, and par-
tially saturated ambient.

Although the measured rates of evaporation in Table 3 are sig-
nificantly higher in the open ambient, the rates of rise of liquids be-
tween bare sample in open and closed ambient are the same
(Fig. 4). This is surprising because it is expected that the higher rate
of evaporation in the open ambient should lead to a lower liquid
rise rate compared to liquid rise rate in the closed ambient. This
suggests that the evaporation rate from a rising liquid may not
be the same as the evaporation rate measured from a stationary
saturated sample. If it can be shown that the evaporation rate is
lower in the dynamic case (rising liquid), then this will open path
to use model 2 (Negligible evaporation) for calculating K and reff.
This will be elaborated in the next section.

4.2.2. Evaporation rate from rising liquid during rate of rise test
In the stored mass setup (configuration I), the balance measures

the mass stored in foam at each moment (mst). By employing con-
figuration II, the sum of stored mass in the foam (mst) and evapo-
rated liquid from the foam surface (mevp) is measured. Therefore,
the difference between the measurements with configurations I
and II provides the evaporation from the foam surface during the
liquid rise (Fig. 6). However, a theoretical mass uptake can also
be calculated by using the measured evaporation flux of a sus-
pended saturated sample (Table 3) and liquid height. To calculate
this mass, the liquid height is visually measured at each moment,
multiplied by the evaporation flux in Table 3, and added to the
measured stored mass. It is expected that this predicted mass be
equal to the measured mass by the total wicked mass setup but
it can be seen in Fig. 6 that values of predicted mass are more than
the measured ones. This clearly shows that the evaporation fluxes
measured for a stationary liquid in a saturated sample (Table 3),
will lead to overestimation of the evaporation. In fact, it can be
seen that in the short periods of the rate of rise test (�100 s), re-
sults of configuration I and II are very close. This suggests that
evaporation for this time period can be ignored even for a volatile
liquid. Other authors [15] have used the evaporation rate found by
measuring the weight loss of a suspended saturated sample in
which liquid is stationary. They have found a 20% difference be-
tween their measured values and results of the full implicit model
with the evaporation term (Eq. (2)). This smaller evaporation rate
for a rising liquid compared with stationary liquid can explain this
difference.

A possible reason for the lower evaporation rate of the rising li-
quid compared with stationary liquid can be the difference in the
capillary and disjoining pressure in the thin film interface in these
two cases. The equilibrium vapor pressure at the liquid–vapor
interface of a curved thin film is lower compared with a flat surface
at the same saturation temperature due to the disjoining and cap-
illary pressure effect [4]. This will lead to a lower evaporation rate
from the vapor–liquid interface. However, Wang et al. [19] show



Fig. 6. Rate of rise results for the two setup configurations: stored mass setup
(configuration I), total wicked mass setup (configuration II) and predicted mass
based on the stationary liquid evaporation rate and measured height for a 68%
porosity foam strip.
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that for the length scales (or wick dimensions) more than 100 lm
this effect is negligible. Given the two pore scales of the foam used
in this study, evaporation may occur mainly from the small scale
meniscuses formed on the small scale pores (less than 100 lm)
in the rising liquid. When the foam is saturated and the liquid is
stationary, the bigger pores contribute to the evaporation and the
evaporation rate is increased. It should be noted that in a real oper-
ating heat pipe, higher evaporation rate and increased temperature
may change the meniscus configuration, so this explanation may
need to be revisited.

5. Data analysis and parameter extraction

5.1. Permeability and effective pore radius

In order to extract permeability K and effective pore radius reff,
model 2 (negligible evaporation effect) [10] will be used along with
measurements from the stored mass setup (configuration I) for the
first 100 s of test. Neglecting the evaporation term, Eq. (2) will lead
to an ordinary differential equation with two unknowns: perme-
ability and effective pore radius. Solving this simplified equation
will lead to the following expression:

� 2r
r

ln 1� gr
2rA/

m
� �

þ g
A/

m
� �

¼ Kq2g2

/l
t ð6Þ

It can be seen in Eq. (6) that t can be expressed explicitly as a
function of m, liquid properties, sample geometry (assumed con-
stant) and two unknowns: permeability K and effective pore radius
reff. These unknowns can be defined by fitting Eq. (6) to the exper-
imental data. After measuring liquid mass uptake versus time, test
liquid properties such as surface tension, viscosity and density and
Table 5
Values of K/reff (lm) for different conditions and configurations.

68% 75%

Acetone Ethanol Water Acetone

Open 0.32 0.35 0.25 0.52
Open, backed 0.31 0.37 – 0.46
Open, double backed 0.37 0.46 – 0.43
foam sample geometry (width and thickness) are inserted in Eq.
(6). The time can then be predicted for a range of K and reff values.
The most representative value of K and reff is then defined as the
pair that minimizes the error, in a least squares sense, between
the experimental data (time for a given mass) and predicted time
using Eq. (6). The optimization is done over a broad range of K
and reff values to identify the minimum.

Using this approach with acetone, ethanol and water as test liq-
uids, permeability K and effective pore radius reff are extracted. Re-
sults for open and closed ambient and with bare, backed and
double backed samples are presented in Table 4. It can be seen
that, generally, the results for permeability from acetone, ethanol
and water as test liquids are in good agreement. This is expected
because permeability is a function of the microstructure of the
foams and not the liquid used. The results for effective pore radius
between water, ethanol and acetone are different because, as it is
shown in Eq. (1), effective pore radius includes the contact angle
of the liquid, which is different for different liquids. In fact, unlike
permeability, effective pore radius depends on the combination of
the liquid and the microstructure. The highest permeability and
effective pore radius belong to 82% porosity and the lowest values
to 68% porosity foam samples. The impact of the lower evaporation
rate in the closed ambient, on the K and reff can also be seen in this
table. Due to the rather small effect of evaporation in the liquid up-
take of the foams, the values of K and reff are generally close in the
partially saturated and open ambient. This validates the hypothesis
of neglecting the evaporation effect and will confirm the use of
model 2 in Table 1.

Table 5 presents the values of K/reff for different foam samples.
As discussed before, unlike permeability (K), effective pore radius
depends on the liquid used for the rate of rise test therefore, the
values obtained for K/reff also depend on the liquid. It can be seen
that using acetone and ethanol as test fluid, the highest K/reff ratio
belongs to 82% porosity foam which suggests that this foam should
have the highest capillary pumping. But in the case of water, 75%
foam is more effective for liquid pumping. This can be validated
by results presented in Fig. 7 in which mass uptakes of three foam
porosities for different test liquids are compared with each other. It
can be seen that for acetone and ethanol, the slope of mass uptake
of the 82% foam is the highest while for water, the 75% porosity
foam can deliver the highest pumping rate (highest slope). It shows
that for water as the working fluid, 75% foam is possibly the best
foam to attain the highest capillary limit in a heat pipe. For the case
of 82% foam, it should be noted that due to its bigger pores the
maximum capillary pressure is smaller compared with other
foams. However, due to higher permeability (less pressure drop),
the initial rate of rise in the first seconds may be quicker than other
foam porosities depending on the working liquid. This can be seen
clearly in the case of 82% foam with acetone where the slope in the
first period of the test (�10 s) is sharper, representing the capillary
pumping rate of this porous material with acetone.

Although values of K/reff depend on parameters such as particle
size and porosity, an example in the open literature for sintered
copper powder wick with 52% porosity (K/reff = 0.096 lm with
water) [4] can be chosen for comparison. These results show a
5 times increase in K/reff for 75% porosity foam using water
82%

Ethanol Water Acetone Ethanol Water

0.56 0.50 0.63 0.70 0.42
0.65 – 0.75 0.96 –
0.62 – 0.66 0.89 –



Fig. 7. Mass uptake values for different foam porosities in a closed container with
acetone, ethanol and water.

Table 6
Internal contact angle of water in an open ambient.

Porosity reff, acetone (lm) reff, water (lm) hwater,int

68% 73.8 74.8 �9
75% 89.7 102 �28
82% 140.2 176 �37
Copper flat surface – – �47
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(K/reff = 0.5 lm) compared to the sintered copper powder wick.
While other parameters such as thermal conductivity, wick thick-
ness and wall contact quality are also important, this clearly shows
the potential enhancement in the capillary pumping that can be
obtained by using these foams.

5.2. Internal contact angle

Water is the typical working liquid for heat pipes and knowing
its internal contact angle can provide insight on the wicking behav-
iour. Contact angle measurements show a value of 47� for water on
a hydrogen treated (hydrophilic) copper plate sample, but these
may be different in porous structures. Reducing this value could
potentially increase the heat pipe performance by increasing K/reff.
The approach to extract the internal contact angle is to use a low
surface energy liquid (near zero contact angle) to measure the
effective pore radius and then calculating r in Eq. (1). The use of
ethanol for this comparison was ruled out because the contact an-
gle of 95% ethanol (employed in this study) is higher than zero. Col-
lier and Thome [20] present the values of contact angle of 14–19�
for ethanol on a copper surface. Moreover, Fan et al. [21] measure a
contact angle of 10–15� for 85% ethanol in atmospheric conditions
on a copper surface. Our tests in the laboratory show the same
non-zero contact angle for ethanol on a copper plate. Therefore,
the ‘near zero’ contact angle assumption would be violated. How-
ever, our measurements show that acetone has a zero contact an-
gle on a flat copper surface, making it a good reference fluid to
extract r. The cosine of the internal contact angle for water is there-
fore simply the ratio of the effective pore radius of acetone and
water. It can be seen in Table 6 that these values are smaller than
the water contact angle on a flat copper surface. This is due to the
morphology of the pores and the interactions of the liquid with the
microstructure. Moreover, as the porosity increases, internal con-
tact angle increases also. This can be attributed to the close to zero
contact angle of the liquid in small pores [22]. As the porosity in-
creases, the pores become larger and the effect of the microstruc-
ture becomes less dominant. It can be seen that although the
hydrogen treatment is obviously able to render the surfaces hydro-
philic, this hydrophilicity is not perfect (zero contact angle). Devel-
oping more effective methods for making the copper hydrophilic
can increase the capillary pumping, especially for higher porosity
foams (in this case 82% foam). A combination of high porosity
and low liquid contact angle could increase the operating limit of
the heat pipes by providing bigger paths for vapor to escape, less
pressure drop and better capillary pumping.
6. Conclusion

Permeability, effective pore radius and internal contact angle of
copper metal foams are obtained by measuring the rate of mass
uptake with acetone, ethanol, and water as test liquids. Specific
attention was given to the role of evaporation and the presence
of walls to evaluate their importance on the vertical rising of a li-
quid in a porous material. The following conclusions can be drawn
from this study:

(1) Permeability and effective pore radius are obtained by doing
the measurements in the open ambient and using model 2 in
Table 1 (negligible evaporation) for the foam porosities of
68%, 75% and 82%. The highest permeability and effective
pore radius were found for the 82% porosity and the lowest
values for 68% porosity foam samples. Using acetone and
ethanol as test fluids, the highest K/reff ratio belongs to 82%
porosity foam which suggests that this foam should have
the highest capillary pumping. But in the case of water,
75% porosity foam is more effective for liquid pumping. Its
K/reff ratio is almost 5 times bigger than sintered copper
powder, which makes it a very promising wicking material.

(2) The rate of evaporation of acetone and ethanol from the ris-
ing liquid is significantly lower than that measured for sta-
tionary liquid in a saturated foam sample. For a rising
liquid, this may be due to lower evaporation rate from the
meniscuses formed on the smaller scale pores (less than
100 lm) caused by higher disjoining and capillary pressures.
This allows evaporation effects to be neglected in the rate of
rise test even for highly volatile liquids like acetone. This
way, permeability and effective pore radius can be extracted
directly by using model 2 in Table 1, which ignores the evap-
oration effect.

(3) Sintering copper walls to the copper metal foams has almost
no effect on the capillary rise behavior and the evaporation
rate. Hence, covering most of the foam surfaces does not hin-
der the evaporation rate. Only by putting the samples in a
semi saturated ambient can a significant change in evapora-
tion rate be observed. This suggests that the foams are very
efficient mass transport media with low internal mass diffu-
sion resistance.

(4) The non-zero internal contact angle of water in the copper
porous foams is seen to be smaller than the water contact
angle on a flat piece of copper. It is caused by the morphol-
ogy of the foams and the interactions of the liquid and
microstructure. Decreasing the internal contact angle can
change the ratio of K/reff which would favor more porous
foams.

This work has therefore not only provided capillary properties
of copper metal foams for the first time, but also clarified the con-
ditions under which the rate of rise method should be conducted to
properly extract these properties. Although the effects of evapora-
tion and the presence of an adjacent wall were found to have a
negligible impact on the rate of rise measurement, these effects
may be different at high heat rates typically seen in heat pipes.
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In particular, evaporation during the operation of a heat pipe may
be a function of its pumping rate, since this work has shown the
evaporation rate to be different for wicking versus saturated foams.
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