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Experimental Study of Evaporative Heat Transfer
in Sintered Copper Bidispersed Wick Structures

X. L. Cao,¤ P. Cheng,† and T. S. Zhao‡

Hong Kong University of Science and Technology, Hong Kong, People’s Republic of China

An experiment has been carried out on evaporative heat transfer in rectangular bidispersed wick structures
heated by a groovedblock from the top. Three bidispersed wick structures, havinglarge/small pore-diameter ratios
of 200/80, 400/80, and 800/80 ¹m, were formed by sintering copper powder. For comparison, two monodispersed
wick structures having pore diameters of 80 and 800 ¹m, respectively, were also tested. It was found that the heat
transfer coef� cient and the critical heat � ux of a bidispersed wick are much higher than that of a monodispersed
wick having its pore diameter equal to the smaller pore diameter of the bidispersed wick. It is also found that for
bidispersed wicks with the same small-pore diameter there exists an optimal large-pore diameter that gives both
the highest heat transfer coef� cient and the highest critical heat � ux. Finally, the effect of the adverse hydrostatic
head on the heat transfer performance in the wick is shown.

Nomenclature
Ah = heating surface area, m2

a = length of heating block, m
h = heat transfer coef� cient, W/m2 K
K = permeability, m2

Pm = mass � ow rate, kg/m2 s
Q = heat power, W
Tl = temperature of the subcooled liquid water, ±C
Ts = saturation temperature, ±C
Tv = temperature of the exhaust vapor, ±C
TW = temperature of the heating block, ±C
1H = adverse hydrostatic head, mm
" = porosity

Subscripts

l = liquid
s = saturation
v = vapor
w = wall

Introduction

A CAPILLARY pumped loop (CPL) is a two-phase heat trans-
fer device capableof transportinga large heat load over a long

distance,with a small temperaturedifferenceacross the system.The
CPL is now the baseline design for thermal control of the Earth Ob-
serving System (EOS-AM), Mars Surveyor Program, and Hubble
Space Telescope. It is also a prime candidate for thermal control in
several future spacecraft.1;2 Much research in the past has been con-
ducted to improve the performance and reliability of CPL systems,
including component design modi� cation and upgrades, as well as
system performance enhancements.

The capillary evaporator, being a key component of a CPL, has
been modi� ed progressively, and the heat and mass transfer pro-
cesses in its wick have been investigated extensively. For example,

Received 14 August 2001; revision received 12 June 2002; accepted for
publication 17 June 2002. Copyright c° 2002 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved. Copies of this paper
may be made for personal or internal use, on condition that the copier pay
the $10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rose-
wood Drive, Danvers, MA 01923; include the code 0887-8722/02 $10.00 in
correspondence with the CCC.

¤Research Assistant, Department ofMechanical Engineering,Clear Water
Bay, Kowloon.

†Professor, Department of Mechanical Engineering, Clear Water Bay,
Kowloon. Associate Fellow AIAA.

‡Associate Professor, Department of Mechanical Engineering, Clear
Water Bay, Kowloon.

Deng et al.3 investigatedexperimentallythe heat transfer coef� cient
and the criticalheat � ux of invertedmeniscusevaporatorsconsisting
of steel screens with various mesh sizes. Cao and Faghri4;5 investi-
gated both analytically and numerically the � ow and heat transfer
in a porous structure with partial heating and evaporation on the
upper surface. Khrustalev and Faghri6 investigated heat and mass
transfer processes around a heated triangular solid � n penetrating
into a wetted porous structure. More recently, Liao and Zhao7 in-
vestigated experimentally capillary-driven heat and mass transfer
processesin a vertical rectangularcapillaryporousstructureof glass
beads with a groovedheatingboundaryat the top. The experimental
results showed that with an increase of the imposed heat � ux, the
heat transfer coef� cient increases to a maximum value and then de-
creases afterward. In another paper, Zhao and Liao8 analyzed heat
and mass transfer in such a capillary porous structure by simul-
taneously solving the problem of evaporating capillary meniscus
at the pore level and the problem of � uid � ow through a porous
medium. The results based on their model agreed well with their
experimental data. Subsequently, Liao and Zhao9 visually studied
the phase-change heat transfer in a two-dimensional porous struc-
ture with a partial-heatingboundary. Their results revealed that for
a small or moderate heat � ux, isolated bubbles formed, grew, and
collapsed beneath the heating � ns in a cyclic manner with a nearly
constant frequency. When the heat � ux was suf� ciently high, a va-
por � lm would form beneath the heating � n and the critical heat � ux
would occur.

The wick structuresused in the aforementionedinvestigationsare
all monodispersedporous media that provideonly a modest amount
of heat transfer capacity. To develop evaporators capable of with-
standing high heat � uxes, the bidispersed wick structure, which is
characterized by two capillary radii (one large and one small), has
been used in heat pipes and looped heat pipes (LHPs).10;11 This
type of wick will also have promising applications in the evapo-
rator of CPLs.12;13 However, few investigations have been carried
out on heat and mass transfer in a bidispersed wick. North et al.14

studied the liquid � lm evaporationfrom bidispersedcapillarywicks
in heat pipe evaporators and found that a nearly constant wall-to-
vapor temperature difference is present over a large range of input
heat � uxes because of the formation of a high-density evaporating
thin � lm within this wick. Most recently, Chen et al.15 investigated
two-phase� ow and� ow boilingheat transferin a bidispersedporous
channel.They found that the permeabilityof the bidispersedporous
medium was almost the same as the monodispersedporous medium
when the macropore diameter of the bidispersed medium was the
same as the pore diameter of the monodispersedmedium. They also
found that the � ow boiling heat transfer coef� cient of bidispersed
porous media was higher than that of monodispersedmedia at high
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heat � ux when the pore diameter of monodispersed porous media
was the same as the macropore diameter of the bidispersed media.

In this paper, experiments were carried out to study capillary-
driven heat and mass transfer processes in bidispersedporous struc-
tures saturated with water, which were subjected to a grooved heat-
ing boundary from the top. For comparison, two monodispersed
porous wicks were also tested under the same conditions.As shown
in the experimental setup in Fig. 1, the capillary force generated at
the interface between the heated � n and the wick structure is bal-
anced by the � ow drag through the porous wick and the adverse
hydrostatic head. The effects of this adverse hydrostatic heads on
the porous samples are investigated.

Experimental Apparatus and Procedures
Figure 1 shows the experimentalapparatusused in the present in-

vestigation.It consistedof two major parts: the liquid supply system
and the test section. The liquid supply system consisted of a water
tank, a water-level controller,and an over� ow container.The deion-
ized water draining from the water tank was bifurcated into two
streams in the water-level controller: one stream directed toward
the test section, the other directed toward the over� ow container.
Thus, the water level in the water-level controller could be kept
constant during the experiments.The adverse hydrostatichead 1H
(the height difference between the top of the porous structure and
the water level)was controlledby the elevationof the platformlifter,
on which the water-level controller was placed.

The test section is illustrated at the left portion of Fig. 1. The
test sample was � xed in the middle of a Te� on® sheath, which was
placed in the upper portion of an aluminum container. A stainless
� lm (0.1mm in thickness)servingas a heater,a mica sheetservingas
an electrical insulator, and a Te� on cover serving as a heat insulator
were mounted on the top of the test sample.The lower portionof the
aluminum container served as a water pool, into which water was
directed from the water-level controller. Because of the capillary
force generatedat the liquid/vapor interfacenear the heated surface,
the subcooled liquid � owed upward from the bottom by overcom-
ing the gravity and the drag force in the porous medium. The inlet
temperature of the water was well controlled by a resistance tem-
peraturedetector (RTD) temperaturecontrollerwith a 100-W heater
located in the lower portion of the water pool. The space between
the aluminum container and the Pyrex® case was � lled with glass
� ber wool for thermal insulation.

As shown in Fig. 2, the tested wick samples were formed by
sintering copper powder and bonded to a grooved copper block.
Three bidispersed wicks having large/small pore diameter ratios
of 200/80, 400/80, and 800/80 ¹m, respectively, as well as two
monodispersed wicks having pore diameters of 80 and 800 ¹m,
respectively, were tested. The geometric factors of the � ve porous
samples are listed in Table 1, and their dimensions are shown in
Fig. 2. Other properties, including porosity and permeability of the
tested samples obtained by Chen et al.,15 are also listed in Table 1.

Seven T-type thermocoupleswere used to measure temperatures,
one inserted into the middle of the water pool, two beneath of the

Fig. 1 Schematic of the experimental apparatus.

wick, two insertedinto the middle of the copperblock, and the other
two at the outlet of the vapor. The bulk water temperature was kept
at 95±C during all of the experiments. It usually took about 0.5–1 h
for the system to be stabilized.All experimentaldata were collected
understeady-stateconditions.The physicalquantitiesmeasureddur-
ing the experiments included the temperatures of the heating block
TW , the subcooled liquid water Tl , and the exhausted vapor Tv ; the
mass � ow rate of water m; as well as the imposed heating load Q.
All of the temperatureswere recorded by a data acquisition system
(IMP3595, Solartron). The mass � ow rate of water was measured
by reading the change per unit time of the total mass of the wa-
ter tank and the over� ow container. The imposed heating load was
obtained by measuring the power supply to the � lm heater with a
power meter.

In the present study, h is de� ned as

h D Q=Ah.TW ¡ Ts/ (1)

where Ah can be described as the cross-sectionalarea of the copper
block(equalto 9 cm2 in this experiment).TW is themean temperature

Table 1 Properties of the wick samples

Sample

Parameter 1 2 3 4 5

Large-pore diameter, ¹m 80 800 200 400 800
Small-pore diameter, ¹m 80 800 80 80 80
Porosity ", % 46 49 52 54 57
Permeability K , £1010 m2 0.267 6.035 2.235 3.078 5.642

Fig. 2 Schematic of the bidispersed test sample (dimensions in mil-
limeters).
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of the heating block, which was obtained by averaging the readings
of the two thermocouples inserted into the middle of the copper
block. Ts is the saturation temperatureof water, which was obtained
approximately by averaging the readings of the two thermocouples
located at the outlet of vapor. Note that the temperature across the
copper block was rather uniform, re� ected by the temperature dif-
ference between the two measuring points being less than 0.1±C.
The thermocouples were calibrated to ensure the accuracy within
§0:2±C. By the use of the uncertainty estimation method of Kline
and McClintock,16 it was estimated that the uncertainty in the heat
transfer coef� cient was within 6.1%.

Results and Discussion
Figures 3 and 4 show the wall temperature variation and the heat

transfer coef� cient vs the imposed heat � ux for all � ve porous sam-
ples under the adversehydrostaticheadof 1H D 4:0 mm. As shown
in Fig. 3, the wall temperature increases with increasing heat � ux.
Moreover, at a given heat � ux, the wall temperature is the high-
est for sample 1 (monodispersedmedium with a pore diameters of
80 ¹m) and the lowest for sample 4 (bidispersed medium with a
pore diameter ratio of 400/80 ¹m. The reason for such a behavior
will be explained later in this paper.

Figure 4 shows that the heat transfer coef� cients of all of the
tested porous samples gradually increased, reached a peak value,

Fig. 3 Mean temperature of the heating block vs imposed heat � ux at D H = 4:0 mm.

Fig. 4 Heat transfer coef� cient vs imposed heat � ux at D H = 4:0 mm.

and dropped off thereafter, as the imposed heat � ux was increased.
The end of each curve representsthe criticalheat � ux corresponding
to each tested sample. Consider � rst the heat transfer performance
of the two monodispersedwicks, sample 1 (with a pore diameter of
80 ¹m) and sample 2 (with a pore diameter of 800 ¹m). As can be
seen from Fig. 4, both the heat transfer coef� cient and the critical
heat � ux of the monodispersed wick increased signi� cantly as the
pore diameter was increased from 80 to 800 ¹m. For the problem
under consideration, the subcooled liquid was pumped upward to
the heated surface by the capillary force that overcame the � ow
drag through the wick and the adverse hydrostatic head. Although
the capillary force for the small-pore-diameterwick (sample 1) was
larger than that for the large-pore-diameter wick (sample 2), the
corresponding� ow dragforcewas increasedwith the decreaseof the
pore diameter, resulting from the lower permeability, as is evident
from Table 1. The increase of the � ow resistancecaused a reduction
in the mass � ow rate of the subcooled liquid. Consequently, only
a small amount of liquid could be provided to the interface of the
heated surface. It follows that a smaller-pore-diameter wick leads
to a reduction in both the heat transfer coef� cient and the critical
heat � ux. For this reason, the wall temperature of sample 1 (having
a pore diameter of 80 ¹m) is higher than that of sample 2 (having a
pore diameter of 800 ¹m) at the same imposed heat � ux, as shown
in Fig. 3.
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We now turn our attention to the comparisonof heat transfercoef-
� cient between the monodispersedwicks and the bidispersedwicks,
as shown in Fig. 4. We � rst compare sample 1 (a monodispersed
wick having a pore diameter of 80 ¹m) and sample 3 (a bidispersed
wick having a pore-diameter ratio of 200/80 ¹m). As can be seen
fromFig. 4, thebidispersedwick havinga large/small pore-diameter
ratio of 200/80 ¹m (sample 3) has a higher heat transfer coef� cient
and critical heat � ux than that of the monodispersed wick having
a pore diameter of 80 ¹m (sample 1). The primary reason leading
to the improvement of the heat transfer performance by using the
bidispersed wick was because its large pores provided a low � ow
resistance for vapor to escape, even though the capillary forces pro-
vided by both wicks were similar because the small-pore diameter
of the bidispersed wick had the same value as the pore diameter of
the monodispersedwick. We now compare the performance of the
monodispersedwick having a pore diameter of 800 ¹m (sample 2)
and those of the bidispersed wick having a pore-diameter ratio of
800/80 ¹m (sample 5) in Fig. 4. It is seen from Fig. 4 that sample 5
exhibits higher heat transfer coef� cients and a higher critical heat
� ux thansample2. The improvementwas primarilybecausethecap-
illary force generated in the small pores (80 ¹m) of the bidispersed
wick is much larger than that generated by the monodispersedwick

Fig. 5 Mean temperature of the heating block vs imposed heat � ux at D H = 7:0 mm.

Fig. 6 Heat transfer coef� cients vs the imposed heat � ux at D H = 7:0 mm.

having large pores (800 ¹m), although there is not much difference
in the � ow resistance of both wicks.

We now examine the in� uence of the large-pore diameters on
the heat transfer performance of bidispersed wicks (samples 3–5)
having the same small diameter of 80 ¹m. It is seen from Fig. 4
that among these three bidispersed wicks, sample 4 (with a pore-
diameter ratio of 400/80 ¹m) exhibits both the highest heat transfer
coef� cient and the highest critical heat � ux. This implies that there
exists an optimal large-porediameter for a given small-pore diame-
ter. This can be explainedas follows: For a � xed size of small pores,
an increase of the large-pore diameters, on the one hand, will lead
to an increase in the effective permeability of the bidispersedwick,
resulting in a low � ow resistance for vapor to escape to the vapor
grooves. This helps to increase the mass � ow rate of the subcooled
liquid and, thus, may lead to the increase of both the heat transfer
coef� cient and the critical heat � ux (comparing samples 3 and 5).
On the other hand, an increase of the large-pore diameter causes a
reductionin the capillaryforce in the macropores.This effect causes
a decrease in the mass � ow rate of the subcooledliquid, leading to a
decreasein both the heat transfercoef� cientand the criticalheat � ux
(comparingsamples 4 and 5). Therefore, for bidispersedwicks hav-
ing a � xed small-pore diameter, there exists an optimal large-pore
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Fig. 7 Effects of the adverse hydrostatic head on the heat transfer performance for sample 4.

Fig. 8 Effects of the adverse hydrostatic head on the mean temperature of the heating block for sample 4.

diameter that gives both the highest heat transfer coef� cient and
the highest critical heat � ux. Also note from Fig. 3 that sample 4
gives the lowest heating block mean temperatures among the three
bidispersed porous samples.

Figures 5 and 6 show similar variations of the mean temperature
of the heating block and the heat transfer coef� cient vs the imposed
heat � ux at 1H D 7:0 mm. A comparison of Figs. 4 and 6 shows
that when the adverse hydrostatic head was increased from 4.0 to
7.0 mm, both the heat transfer coef� cient and the critical heat � ux
generallydecreased.The mean temperatureof the heatingblock for
1H D 7:0 mm presented in Fig. 5 is higher than that presented in
Fig. 3 for 1H D 4:0 mm.

To further examine the effect of the adverse hydrostatic head
(1H D 4:0, 5.0, and 7.0 mm) on the heat transfer performance,
the variation of the heat transfer coef� cient with the imposed heat
� ux for the bidispersed wick of sample 4 is presented in Fig. 7.
It is clear from Fig. 7 that both the transfer coef� cient and the
criticalheat � ux increasewith thedecreaseof theadversehydrostatic
head. This can be explained as follows: In the present problem, the
capillary force is the driving force that must overcome the adverse
hydraulicand the drag force to push the liquid risingup to the heated
surface. For a smaller adverse hydrostatic head, the net capillary
force becomes relatively larger, and, therefore, a larger amount of
liquid can be supplied to the upper layer. As a result, both the heat

transfer coef� cient and critical heat � ux increase with a decrease
of the adverse hydrostatic head. For the same reason, as shown in
Fig. 8, the mean temperature of the heating block decreases with a
decrease of the adverse hydrostatic head.

Conclusions
In this paper, we have presented the experimentalresults on evap-

orative heat transfer characteristics of sintered copper bidispersed
wicks heatedby a groovedblockat the top. The experimentalresults
show that, when a monodispersedwick is replaced by a bidispersed
wick whose small-pore diameter is the same as that of a monodis-
persed wick, both the heat transfer coef� cient and critical heat � ux
are increased substantially.For bidispersed wicks having the same
small-pore diameter, there exists an optimal large-pore diameter
that gives both the highest heat transfer coef� cient and the highest
critical heat � ux. It is also found that heat transfer performance of
bidispersed wicks is improved as the adverse hydrostatic head is
reduced.
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