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Enhancement of the critical heat flux in pool boiling by the attachment of a honeycomb-structured por-
ous plate on a heated surface is investigated experimentally using water under saturated boiling condi-
tions. As the height of the honeycomb porous plate on the heated surface decreases, the CHF increases to
2.5 MW/m2, which is approximately 2.5 times that of a plain surface (1.0 MW/m2). Automatic liquid sup-
ply due to capillary action and reduction of the flow resistance for vapor escape due to the separation of
liquid and vapor flow paths by the honeycomb-structure are verified to play an important role in the
enhancement of the CHF. A simplified one-dimensional model for the capillary suction limit, in which
the pressure drops due to liquid and vapor flow in the honeycomb porous plate balances the capillary
force, is applied to predict the CHF. The calculated results are compared with the measured results.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Pool boiling has been used for cooling in numerous thermal en-
ergy dissipation systems because of its high heat removal capacity
and the liquid being supplied to the heated surface without a
pump. The enhancement of the heat-transfer coefficient and the
critical heat flux (CHF) under pool boiling conditions is still under
investigation. For example, various surface modifications, includ-
ing integrated surface structures such as channels and fins, and
the coating of a porous layer onto the heat transfer surface, have
been shown to effectively enhance the boiling heat transfer
(Bar-Cohen, 1993; Honda and Wei, 2004; Lienhard et al., 1973;
Coursey et al., 2005). The coating of a thin porous layer of uniform
thickness onto boiling surfaces has been experimentally proven to
be an effective technique to increase the CHF and reduce the
surface superheat for a given surface heat flux in comparison with
a plain surface (Webb, 1983; Mugha and Plumb, 1996; Chang and
You, 1997; Hwang and Kaviany, 2006; Arik et al., 2007). In general,
the CHF on the surface with a thin and uniform coating of a porous
layer is enhanced to approximately twice that of a plain surface
(Hwang and Kaviany, 2006; Liter and Kaviany, 2001). Boiling heat
transfer on porous layer coated surfaces may be augmented due to
nucleation from numerous sites, evaporation inside the pore struc-
ture, vapor ejection, and liquid suction from the top surface of the
porous layer. With the increase in the surface heat flux, the flow
rates of liquid and vapor through the porous layer increase. The in-
ll rights reserved.
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creased flow resistance inside the porous layer may cause the for-
mation and extension of a vapor layer near the heated surface,
which may result in the transition from nucleate to film boiling.

Several researchers have offered novel structures of the porous
media in which the liquid and vapor flow paths will be separated.
Such separation of the flow path may reduce flow resistance and,
as the result, increase the CHF.

Malyshenko (1991) was the first to experimentally investigate
the boiling curves for the surface on which the porous layer with
vapor escape channels is coated. Stubos and Buchlin (1999) exam-
ined analytically the effect of vapor channels traversing the porous
layer on the CHF. Semenic et al. (2008) dissipated 4.9 MW/m2 in
pool boiling at a superheat of 128 K using a bi-porous wick that
consists of clusters of fine powder. Micro-pores inside the clusters
continuously supply the working liquid to the surface of the clus-
ters where the evaporation takes place, while macro-pores be-
tween the clusters allow for easy escape of vapor. Note that the
geometric surface area of the bi-porous wick (2552 mm2) was
much larger than the heated surface area (71 mm2) (Semenic
et al., 2008). The effect of the porous layer on the CHF enhance-
ment may depend on the diameter of the porous layer relative to
that of the heated surface because liquid may be pumped toward
the center of the heated surface along the surface due to capillary
suction. Wu et al. (2002) showed experimentally the effects of the
size and density of vapor channels on pool boiling heat transfer.
The CHF, however, has not been enhanced more than the effect
of an extended surface area.

Liter and Kaviany (2001) showed that modulated (periodically
non-uniform thickness) porous layer coating enhances the pool
boiling critical heat flux of pentane by nearly three times
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Fig. 1. Schematic diagram of the experimental apparatus.
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(0.76 MW/m2) that of a plain surface (0.25 MW/m2). Two possible
liquid choking limits, that is, the hydrodynamic limit and the vis-
cous-drag limit were proposed as mechanisms by which to deter-
mine the CHF. For the tested surface coating and fluid system, the
measured CHFs were in good agreement with the predicted CHFs
based on the hydrodynamic limit, where Zuber’s hydrodynamic
theory is modified to account for the effect of the coating modula-
tion wavelength on the development of the stable vapor layer
above the coated surface.

Based on the studies mentioned above, the mechanism of the
CHF enhancement by use of porous media will be explained by
combinations of the capillary suction effect, the extended surface
area effect, and the effect of the decrease in the flow-critical length
scale or the decrease in the distance between the vapor columns,
which is regulated by the modulation of the porous layer as sug-
gested by Liter and Kaviany (2001).

In most experimental studies, the porous layer was prepared on
the test surface by spraying or sintering metal particles of the order
of several dozen to hundreds of microns, which may provide rela-
tively large micro-pores that are not small enough to cause large
capillary suction. In addition, it will be difficult to evaluate each
of the effects of the capillary suction and the extended surface area
on the CHF enhancement.

We focus on the effect of the capillary suction on the enhance-
ment of the CHF and its intensification. A honeycomb-structured
ceramic porous plate, which is commercially available as a filter
for purifying exhaust gases from combustion engines, was selected
as the porous material. This honeycomb porous plate has consider-
ably small micro-pores on the order of 0.1 lm, as compared with
those of sintered metal powders and is simply attached to the test
surface without any treatment, such as spraying or sintering. As
mentioned above, the keys for the CHF enhancement by the porous
layer will be the automatic liquid supply due to capillary action
and the reduction of the vapor escape flow resistance due to the
separation of the liquid and vapor flow paths. Macro-pores of the
honeycomb porous plate serve as the channels for vapor to escape
from the heated surface, and suppress the pressure increase in the
porous layer due to vapor generation. Since the thermal conductiv-
ity of ceramic material is much lower than that of the porous layer
made of metal, the capillary suction effect on the CHF enhance-
ment will be evaluated appropriately using this ceramic porous
plate. As a result of the experiment, the CHF of water under the sat-
urated pool boiling conditions at atmospheric pressure is shown to
increase to 2.5 MW/m2, which is approximately 2.5 times that of a
plain surface (1.0 MW/m2). A simplified one-dimensional model
for the capillary limit, in which the pressure drops caused by liquid
and vapor flow through the honeycomb porous plate balance the
capillary force, is applied to predict the CHF. The calculated results
are compared with the observed results.
2. Experimental apparatus and procedure

2.1. Experimental apparatus

A schematic diagram of the pool boiling test facility is shown in
Fig. 1. The main vessel made of Pyrex glass has an inner diameter of
87 mm and a height of 200 mm. The pool container was filled with
distilled water to a height above the heated surface of approxi-
mately 60 mm. The heater component was a copper cylinder hav-
ing a diameter of 32 mm and a height of 100 mm. The heat flux was
supplied to the boiling surface through a copper cylinder using a
cartridge electric heater, which was inserted into the copper cylin-
der and was controlled by an AC voltage regulator. The heat loss
from the sides and bottom of the copper cylinder was reduced
using a ceramic fiber insulation material.
The top horizontal surface of the copper cylinder with a diame-
ter of 30 mm is smooth and is used as the heat transfer surface in
the experiments. Two sheathed thermocouples with an outer
diameter of 0.5 mm were inserted horizontally to the center line
of the copper cylinder. The thermocouples (TC1 and TC2 shown
in Fig. 1) in the copper cylinder were set apart axially by 6.0 mm.
The closest thermocouple to the surface was located 5.4 mm below
the boiling surface. These thermocouples were calibrated using a
platinum resistance thermometer. The wall temperature and the
wall heat flux were calculated by applying the Fourier’s Law, where
the thermal conductivity of the copper was evaluated at the arith-
metic averaged temperature between TC1 and TC2.

2.2. Experimental procedure

Experiments were carried out using distilled water as a working
fluid under saturated conditions at atmospheric pressure. A
sheathed heater was installed above the heated surface in the
liquid bath in order to keep the liquid temperature at the satura-
tion temperature. At each run, the heat flux was increased in incre-
ments of approximately 0.1 MW/m2 until burnout occurred. All of
the measurements were performed at the steady state. The steady
state was regarded as being reached when the temperatures did
not change more than 0.25 K for at least 10 min. When burnout oc-
curred, the heating was immediately stopped in order to prevent
the heater and the thermocouples from being damaged. The last
quasi-steady state heat flux was then measured before the transi-
tion to film boiling was taken as the CHF. All of the measurements
were taken only for increasing heat flux, and the effects of hyster-
esis were not examined.

2.3. Honeycomb porous plates

Fig. 2 shows the honeycomb porous plate used in the present
study, and a micrograph of its structure is shown on the right-hand
side of the figure. The honeycomb porous plate, which is commer-
cially available, was used as a filter for purifying exhaust gases
from combustion engines. The constituting ingredients consist of
CaO�Al2O3 (30–50 wt.%), fused SiO2 (40–60 wt.%), and TiO2 (5–
20 wt.%). The wall thickness ds of the grid, the vapor escape channel
width dv, and the diameter of the honeycomb porous plate are
0.4 mm, 1.3 mm, and 30 mm, respectively. Therefore, the aperture
rate is 0.55. Boling heat transfer experiments were conducted



Fig. 2. Shape of the honeycomb porous plate.
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using honeycomb porous plates having heights dh of 1.2 mm,
5.0 mm, and 10.0 mm, respectively. These wicks were attached to
the top of boiling surface by pushing against the surface using a
stainless steel wire net (mesh size: 10) without thermally conduc-
tive grease. The pore radius distribution of the honeycomb porous
plates was measured by the mercury penetration porosimetry,
which peaked at approximately 0.17 lm, as shown in Fig. 3. The
average pore radius, the median pore radius, and the porosity of
the honeycomb porous plates measured by porosimetry are
0.037 lm, 0.13 lm, and 24.8%, respectively.

2.4. Uncertainty analysis

The individual standard uncertainties are combined to obtain
the estimated standard deviation of the results, which is calculated
using the law of propagation of uncertainty (Taylor and Kuyatt
(1993)).

The uncertainties of heat flux q, superheat DTsat, and heat-trans-
fer coefficient h are evaluated in the following equations, respec-
tively.
Dq¼
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Fig. 3. Pore radius distribution of test porous media.
where T1 and T2 are the temperatures at TC1 and TC2, respectively,
k is the thermal conductivity of the copper evaluated at the arith-
metic mean value of T1 and T2, d1 is the distance between TC1 and
TC2, and d2 is the distance between TC1 and boiling surface.

Table 1 shows the example of results in the relative uncertain-
ties calculated from Eqs. (1) to (3). As shown in the table, relative
uncertainties depend on the experimental conditions, and the rel-
ative uncertainties tend to become smaller with the increase in the
heat flux.

3. Experimental results and discussion

3.1. Effect of micro-pores and vapor escape channels on the CHF

Fig. 4 shows the boiling curves for different structures of porous
plates, i.e., a honeycomb porous plate, a honeycomb solid plate
without micro-pores, which was fabricated by impregnating a hon-
eycomb porous plate with adhesive, and a solid porous plate with-
out vapor escape channels, having a height of 5.0 mm. Experiments
using a honeycomb solid plate without micro-pores and a solid
porous plate without vapor escape channels was carried out in or-
der to clarify the effect of a capillary suction and the effect of vapor
channels to avoid an excessive pressure increase in the porous
structure on the CHF, respectively. The arrows indicated in Fig. 4
correspond to the CHF condition. As clearly seen from Fig. 4, the
CHF for honeycomb porous plate is 1.4 MW/m2, which is approxi-
mately 1.6 times and four times that of the honeycomb solid plate
(0.88 MW/m2) and solid porous plate (0.36 MW/m2), respectively.
These results signify that micro-pores provide strong capillary suc-
tion and vapor escape channels are necessary to improve the CHF.
That is, the CHF enhancement is attributed to the automatic liquid
supply due to capillary action and the reduction of the liquid–va-
por counter-flow resistance adjacent to the heated surface due to
the separation of the liquid and vapor flow by the honeycomb
structure.

3.2. Effects of the heights in honeycomb porous plates dh on the CHF
and heat-transfer coefficient h

The saturated boiling curves of the honeycomb porous plates at
different heights and that of a plain surface are compared in Fig. 5.
As shown clearly in the figure, the CHF is increased dramatically
with the decrease of heights in the honeycomb porous plates. In
particular, a honeycomb porous plate for a height of 1.2 mm can
remove the heat flux of 2.5 MW/m2, which is approximately 2.5
times that of a plain surface (1.0 MW/m2).

Fig. 6 shows the relationship between the CHF and heights of
honeycomb porous plates. The solid line and the dash-dotted line
in this figure indicate the viscous-drag limit predicted by Eq. (9)
and the hydrodynamic limit calculated by the model proposed by
Liter and Kaviany (2001), respectively. Comparison of these results
will be discussed later. As seen in this figure, the measured CHF in-
creases with the decrease of the height in the honeycomb porous
plates.

Comparing measured heat-transfer coefficients for different
heights of honeycomb porous plates with that of a plain surface,
as shown in Fig. 7, the difference in the values of heat-transfer
Table 1
The relative uncertainties of the experimental measurements.

q (MW/m2) DT (K) h (W/(m2K)) Dq/q (%) DTsat/Tsat (%) Dh/h (%)

0.5 17 28,000 13.2 6.0 14.5
1.2 28 41,000 5.6 3.7 6.7
1.7 36 46,000 4.1 3.1 5.1
2.3 47 49,000 3.1 2.4 3.9
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coefficients between different heights (dh = 1.2 mm, 5.0 mm, and
10.0 mm) of honeycomb porous plates are not obvious, although
they are just slightly larger than that of a plain surface.

As mentioned above, the three possible CHF enhancement
mechanisms for the use of porous media have been considered.
The first is the capillary suction effect. The second is an extended
surface area effect, and the third is the effect of a decrease in the
flow-critical length scale, or the distance between vapor columns,
which is regulated by the modulation in a porous layer, corre-
sponding to Rayleigh-Tayer wavelength in Zuber’s hydrodynamic
model, as suggested by Liter and Kaviany (2001).

As shown in Fig. 6, the CHF increases significantly as the height
of the honeycomb porous plate decreases, which indicates the de-
crease in the extended surface area. Moreover, considering the low
thermal conductivity in the honeycomb porous plates and the
thermal contact resistance between a honeycomb porous plate
and a heated surface, the CHF enhancement mechanism in the
present phenomena is not related to the extended surface area ef-
fect. The hydrodynamic liquid choking limit for the case less than
the honeycomb porous plates height dh of approximately 1.2 mm
is smaller than the calculated value by the present model as shown
in Fig. 6. However, the hydrodynamic limit also may be unrelated
to the mechanism in the CHF presented herein even in the case of
the honeycomb porous plates height dh of 1.2 mm. The reason is
discussed in detail in the next section. As a result, the CHF may
be governed by the capillary suction effect. Therefore, it is assumed
that the CHF occurs within the porous layer when the viscous drag
surpasses the available capillary pumping.

In order to clarify the CHF mechanism, a simplified one-dimen-
sional model, which is similar to the capillary limit model for a
conventional heat pipe, applied to the phenomenon, and the calcu-
lated results are compared with the observed results.

3.3. The CHF model based on capillary limit

Fig. 8 shows a schematic diagram of the steam and water flows
in a honeycomb porous plate. As shown in the figure, liquid is
transported toward the heated surface within the porous medium
by capillary force, and vapor generated in close vicinity to the
heated surface escapes upward through the vapor channels. It is
assumed that dryout inside the porous material in close to the
heated surface does not occur, that is, the inside of the porous
material is completely filled with water in order to simplify the
model.

The CHF is considered to be achieved under conditions such that
the maximum capillary pressure Dpc,max is equal to the sum of the
pressure losses along the vapor–liquid path in the following:

Dpc;max ¼ Dpl þ Dpv þ Dpa ð4Þ

where Dpl and Dpv are the frictional pressure drops caused by the
liquid flow in the porous medium and the vapor flow through the
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channels, respectively, and Dpa is the accelerational pressure drop
caused by phase change from liquid to vapor.

The maximum capillary pressure Dpc,max can be calculated by

Dpc;max ¼
2r
reff

ð5Þ

where reff is the effective pore radius, and r is the surface tension.
The pressure drop Dpl using Darcy’s law is expressed as

Dpl ¼
llQ maxdh

KAWqlhfg
ð6Þ

where ll is the viscosity of the liquid, Qmax is the maximum heat
transfer rate, dh is the height of the honeycomb porous plates, K is
the permeability, ql is the density of a liquid, Aw is the contacted
area of the honeycomb porous plate with the heated surface, and
hfg is the latent heat of vaporization.

The vapor pressure drop Dpv in a laminar incompressible flow
(Reynolds number for the vapor flow in the present work is less
than approximately 850) is given by

Dpv ¼
32lvdhQ max

qvnd4
vhfg

ð7Þ

where lv is the viscosity of the vapor, and n is the number of the
vapor escape channels on the heated surface.

The accelerational pressure drop can be obtained as
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The following CHF is obtained by substituting Eqs. (5)–(8) into Eq.
(4) and using the heated surface area A (approximately 7.07 cm2),
as follows:
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where the permeability K and the effective pore radius reff were
determined by experimental measurements (K = 2.4 � 10�14 m2,
reff = 1.6 lm).

As shown in Fig. 6, both the measured values and the values cal-
culated by Eq. (9) increase as the height of honeycomb porous
plate decreases. A measured value in Fig. 6, however, is smaller
than a calculated one for the case of honeycomb porous plate
height dh of 1.2 mm, which may be attributed to the assumption
that the dryout does not occur inside the porous material in the
vicinity of the heated surface. For the case of dryout occurrence in-
side the porous material, the frictional pressure drop caused by the
vapor flow through the thin porous wall should be added to right-
hand side of Eq. (4), resulting in the decrease of the CHF. Taking
into above discussion consideration, the limiting mechanism in
this case is also considered to be not the hydrodynamic limit but
capillary limit although CHFs predicted by the capillary limit and
hydrodynamic limit is almost the same for the honeycomb porous
plates height dh of 1.2 mm in Fig. 6, as pointed out in the previous
section. Moreover, considering the observed values, the CHF can be
explained roughly by the one-dimensional model, which means
two-dimensional effect is not significant on the CHF, the cooling
technology using honeycomb porous plates presented herein
may apply to large heated surface area cooling with high heat flux
in the saturated pool boiling.

3.4. Relationship between vapor escape channel widths dv and
predicted CHFs

The CHF performance using honeycomb porous plates depends
on the pore radius reff, the permeability K, the height of the porous
media dh, the vapor escape channel width dv, and the wall thick-
ness ds of the porous medium between vapor escape channels.
These parameters must be optimized in order to achieve the max-
imum CHF. In particular, the effect of the vapor escape channel
width dv on the CHF is examined in the following three cases,
i.e., (a) Dpc,max = Dpl + Dpv + Dpa, (b) Dpc,max = Dpl + Dpv, and (c)
Dpc,max = Dpl.

Fig. 9 shows the CHF values calculated as a function of the vapor
channel width dv, for the honeycomb porous plates height dh of
1.2 mm and 5.0 mm in the above cases (a) to (c), together with
the measured results. The wall thickness ds between the neighbor-
ing vapor channels was fixed to 0.4 mm, which is equal to that of
the tested plates. Taking the predicted values into consideration,
the CHFs in the above three cases ((a) to (c)) are almost the same
for the case of more than the channel width dv of 0.3 mm, it is obvi-
ous that the CHFs for the region is dominated by the frictional pres-
sure loss Dpl of liquid flow inside the porous medium. Moreover,
considering that the difference of the value between cases (a)
and (b) is small, accelerational pressure loss does not influence
dramatically on the CHF. The CHF increases significantly with the
decrease in the width of the vapor channel at larger widths and de-
creases markedly at smaller widths. The increase in the CHF with
the reduction of the channel width at large widths is due to the in-
crease in the contact area of the porous plate with the heat transfer
surface area. The increase in the contact area reduces the mass flux
and pressure drop of the liquid flow in the porous wall, resulting in
the higher allowable evaporation rate over the entire heat transfer
surface. Whereas, smaller channel widths cause a significant in-
crease in the pressure drop for the vapor flow in the escape chan-
nel, which results in a smaller CHF. Because of the difference in the
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limiting mechanisms, the calculated CHF shows the maximum val-
ues, which are approximately 8.0 MW/m2 and 2.0 MW/m2 at the
channel width dv of approximately 0.16 mm for the plate thick-
nesses dh of 1.2 mm and 5.0 mm, respectively. The calculated re-
sults suggest that the optimum width for maximizing the CHF
would be much smaller than that of the tested plates.

3.5. Generalization of the relationship between the CHF and the
specification of the honeycomb porous plate

The frictional pressure drops Dpl in Eq. (4) plays a significant
effect on the CHF for the case of more than the channel width dv

of 0.3 mm, as pointed out in the previous section. Therefore, the
universal relationship between the CHF and the specification of
the honeycomb porous plate (reff, K, dh, n, and dv) for the dominated
region by viscous force in liquid flow is discussed using the appro-
priate non-dimensional parameter.The non-dimensional CHF q�CHF

is defined as the ratio of viscous force in the liquid flow to surface
tension in the following:

q�CHF �
qCHFll

qlrhfg
ð10Þ

Eq. (4) is rewritten by substituting Eqs. (5)–(8) and (10) into (4), as
follows:

2
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2 ð11Þ

The non-dimensional CHF q�CHF is obtained by solving Eq. (11).
On the other hand, for the region governed by viscous force in

the liquid flow, q�CHF is expressed simply by neglecting second
and third terms in the right-hand side of Eq. (11) as

q�CHF ¼
2K

reff dh

AW

A

� �
ð12Þ

As seen clearly from Eq. (12), this equation indicates the non-
dimensional parameter of the specification in the honeycomb por-
ous plate.

Fig. 10 shows q�CHF as a function of non-dimensional parameter
2K

reff dh

AW
A

� �
of the specification in the honeycomb porous plate. The

solid line and the broken line are calculated from Eqs (11) and
(12), respectively.
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CHF as a function of 2K

reff dh

AW
A

� �
.

The agreement between solid and broken line in Fig. 10 means
the frictional pressure drop Dpl affects the CHF significantly. Fur-
thermore, it is possible to generalize the relation between qCHF

and the specifications of the honeycomb porous plate (reff, K, dh,
n, and dv) by using q�CHF and 2K

reff dh

AW
A

� �
as shown in Fig. 10.
4. Conclusions

Enhancement of the critical heat flux in pool boiling by the
attachment of a honeycomb-structured porous plate on the heated
surface was investigated experimentally using water under the
saturated boiling conditions. The following conclusions were
obtained:

1. The porous plate must have micro-pores with strong capillary
suction and vapor escape channels in order to enhance the CHF.

2. The saturated pool-boiling CHF is shown experimentally to
become approximately 2.5 times by the attachment of a
honeycomb porous plate, compared to that of a plain surface
(approximately 1.0 MW/m2) with 30 mm of heated surface
diameter, which is relatively large.

3. The CHF values predicted by the one-dimensional capillary-
limit model agree qualitatively with the measured values. The
arrangement of honeycomb porous plates on the heated surface
may remove the high heat flux over the large heated surface
area. According to the model, the optimum vapor channel width
for the CHF enhancement is approximately 0.16 mm, and the
predicted maximum CHF reaches approximately 8 MW/m2 for
the honeycomb porous plate having a height of 1.2 mm.
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