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Abstract

Boiling heat transfer on porous surfaces needs further research for augmentation. Analysis of the micro®lm
evaporation and two-phase ¯ow inside the microstructure was used to develop new microscale heat transfer model

for boiling heat transfer on porous surfaces. Simulation results were used to study in detail the e�ects of ¯uid
parameter and microstructure dimensions on the heat transfer performance during the bubble formation period. For
boiling on porous surfaces with such working ¯uids as R11, R22, R134a and water, optimum microstructure

dimensions were determined for the given conditions. The calculated results ®t previous experimental data well. An
experimental rig was developed to measure the pool boiling heat transfer to test the predictions of the optimization.
The experimental data veri®ed the optimization results. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Industrial demands for more e�cient boilers and

evaporators have spurred the development of methods
to increase boiling heat transfer performance. In ad-
dition, advanced technologies, such as microelectronics

and astronautics, require even better boiling heat
transfer performance.
Di�erent kinds of boiling heat transfer enhancement

technologies have been developed, among which,
sprayed porous layers or manufacture porous surfaces
are e�ective and widely used. As described by
Nakayama et al. [1], matrix of potential nucleation

sites can be produced by machining, poor welding, sin-
tering or brazing of particles, electrolytic deposition,
¯ame spraying, bonding of particles by plating, galva-

nizing or plasma spraying of a polymer, or metallic

coating of a foam substrate. Machined porous surfaces

(Fig. 1) may have stable high performance, low cost

and the microstructure dimensions can be accurately

controlled. The arti®cial microstructure provides stable

nucleation sites to trap vapor so that initial bubble for-

mation can occur at wall superheats even lower than

18C. Furthermore, these sites can promote heat trans-

fer rates 3±10 times higher than that on a smooth sur-

face.

As shown in Fig. 1, many rows of micropores

may be distributed on the surface and linked to

each other by microchannels under the surface.

When heated in liquid pool, the channels nucleate

®rst at very low wall superheat. Then, vapor pro-

duced in the channel ¯ows, facing the liquid out

through some active pores. Very thin ®lm will

adhere to the corners of the microchannels, forming

liquid meniscuses. Liquid in these meniscuses con-
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tinually evaporates, making the bubbles on the

active pores grow and depart over a very short

period. When the bubbles are expanding, the press-

ure inside the channel goes down, which makes the

liquid in the outer pool ¯ow into the channel

through inactive pores. This liquid ¯ows to supply

the liquid that has evaporated. This process is dri-

ven by capillary force produced by liquid±vapor

surface tension. The intensive evaporation not only

augments the evaporation heat transfer, but also

augments the convective heat transfer. This is the

so-called suction±evaporation mode. At still lower

superheats, most of the channel space is occupied

by liquid, and an active pore operates like an iso-

lated nucleation site. This is the ¯ooded mode. At

larger superheats, the increased number of active

sites and pressure inside the channels prevent liquid

from entering through the pores into the channels.

In this mode, called the dried mode, the porous

surfaces operate like a smooth surface. Both the

¯ooded mode and the dried mode are not desirable.

Boiling heat transfer on porous surfaces is a�ected

by many factors such as the working ¯uid, the wall

material, the shape and dimensions of the microstruc-

ture, the saturation conditions and so on. Various

researchers have experimentally investigated the boiling

and two-phase ¯ow mechanisms to determine how the

microstructure a�ects the heat transfer performance

[2±4]. Nakayama et al. [2] and Cai and Deng [3] estab-

lished the physical and mathematical models. However,

Nomenclature

A area (m2)
�A Hamaker constant
a0, a1, a2 constants in Eq. (17)

d diameter
f friction coe�cient
G mass ¯ow rate (kg/s)

g gravity accelerate
(m/s2)

h coe�cient of heat

¯ux (W/m2 K) or
enthalpy (J/kg)

k conduct coe�cient
(W/m K)

m mass (kg)
_m evaporating mass

¯ux (kg/m2 s)

M molecular weight
N number of pores (1/

cm2)

NA number of active
pores (1/cm2)

NL number of injecting

pores on one side of
active pore (1/cm2)

p pressure (Pa)
q heat ¯ux (W/m2)

R gas constant (kJ/kg
K)

T temperature (K)

u internal energy (J/
kg)

V volume (m3)

w velocity in z direc-
tion (m/s)

lt, d0, de, slid, ht, wt, swall (mm) dimensions (Fig. 1)

x, y, z coordinates (Fig. 2)
H, W, Lx dimensions (Fig. 3)
a accommodation

coe�cient
d ®lm thickness (m)
g half angle of the cor-

ner
m dynamic viscosity

(Pa s)

n kinematic viscosity
(m2/s)

y meniscus contact
angle

r density (kg/m3)
s surface tension (N/

m)

t time (s)
P disjoining pressure

(Pa)

Subscripts
b bubble

e evaporate or equiv-
alent

ex outside
l liquid

m meniscus
o pore
s saturation

t channel
v vapor
w wall

0 at z � 0
1 at z � NLlt
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these models could not explain how the microstructure
shape and size a�ect the heat transfer, and introduced

so many experimental coe�cients which strongly limit
their applicability. In short, previous research has
shown that:

1. The evaporating heat ¯ux on porous surfaces is the
predominant part of the total heat transfer and
intensi®es the convective heat transfer on porous

surfaces [2].
2. Porous surfaces with better heat transfer perform-

ance do not necessarily have more active pores, or

larger bubble formation frequency [3].
These two conclusions imply that enhancing the

heat transfer performance on porous surfaces

requires improvement of the evaporation of thin
®lm meniscuses inside the channels.

3. In the suction±evaporation mode [5], the radius of
the meniscus inside the channels, rm, is equivalent to

the capillary radius, rc: The gravitational e�ect can
be neglected. The liquid and vapor velocities are
very small. The vapor ¯ow, thereby, will be incom-

pressible and its boundary-layer can be approxi-
mated as one-dimensional, by which the liquid ¯ow
can be considered as quasi-one-dimensional [6].

These features are very similar to those for the heat
transfer and two-phase ¯ow inside the micro heat pipe
(MHP) [5]. The model established in this paper is

based on these assumptions.

2. Theoretical analysis and modeling

The sketch in Fig. 2 shows a typical channel section

used for the model. One bubble formation period can
be divided into two stages. The time from the previous
bubble departure to the moment the new one appeared

is the ®rst stage. This is the pressure build-up stage,
the vapor velocity is almost zero, which would be very

short and can be simpli®ed. The second stage begins
when the bubble diameter, db, is equal to the pore di-
ameter, d0, and ends when the bubble departs. During

this stage, vapor pressure inside the channel decreases,
so this is the pressure reduction stage [2]. Only the
bubble on the center active pore keeps growing, while

the bubbles on the other pores are suppressed. Vapor
produced in the channel ¯ows through the active pore.
Some pool liquid is sucked in through the inactive
pores and ¯ows along the channel corners driven by

capillary force.
The right-half section in Fig. 2 is to be studied as

below.

2.1. Mass conservation equation

�wl �

�
Al

wl dx dy

Al

�1�

�wv �

�
Av

wvdx dy

Av

�2�

For meniscus shown in Fig. 3:

W � rmsin

�
p
2
ÿ gÿ y

�
� rmcos�g� y� �3�

H �W=tan g, Lx �W=sin g �4�

Al � Nr 2m

�
cos�g� y�

sin g
� cos yÿ

�
p
2
ÿ gÿ y

��
�5�

Av � At ÿ Al �6�

Gl � rl � �wl � Al, Gv � rv � �wv � Av �7�

Fig. 2. Sketch map of liquid ®lm distribution and two-phase

¯ow inside tunnel.

Fig. 1. Sketch of machined porous surfaces microstructure.
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In di�erential form, the mass conservation equation is:

ÿ@Gl

@z
ÿ @ Gv

@z
� rl

@Al

@t
� rv

@Av

@t
1rl

@Al

@t
�8�

2.2. Momentum conservation equation for vapor

Because u, v 1 0, the vapor ¯ow is considered to be

one-dimensional. In microstructure, the momentum
conservation equation for vapor can be written as:

rv

�
@wv

@t
� wv

@wv

@z

�

� ÿdpv

dz
� mv

 
@ 2wv

@x 2
� @

2wv

@y 2
� @

2wv

@z 2

!
�9�

Using �wv or Gv and incompressible one-dimensional
boundary-layer approximation [6], Eq. (9) can be writ-
ten as:

rv

�
@ �wv

@t
� bv

@ �w 2
v

@z

�
� ÿdpv

dz
ÿ fv

2rv �w 2
v

De, v

, �10�

@ �Gv=Av �
@t

� bv

rv

@ �Gv=Av � 2
@z

� ÿdpv

dz
ÿ fv

2G 2
v

De, vrvAv

, �11�

where.

bv � 1:33ÿ 0:0075Re 2r ,

fv �
ÿ
16� 0:25Re 2r

�
=Rer

�12�

2.3. Momentum conservation equation for liquid

For the liquid inside the channel:

rl

�
@wl

@t
� wl

@wl

@z

�

� ÿdpl

dz
� ml

 
@ 2wl

@x 2
� @

2wl

@y 2
� @

2wl

@z 2

!
: �13�

Using �wl and an incompressible quasi one-dimensional
¯ow approximation, Eq. (13) can be written as:

rl

�
@ �wl

@t
� �wl

@ �wl

@z

�

� ÿdpl

dz
� ml

 
@ 2 �wl

@x 2
� @

2 �wl

@y 2
� @

2 �wl

@z 2

!
: �14�

This equation was solved by Khrustalev and Faghri [4]
with the Ritz method in terms of rm functions. They
de®ned:

V�g, y, F� �
� �

Al

wl�x, y�ml

HW 3

�
dpl

dz
� rl

�
@ �wl

@t
� �wl

@ �wl

@z

��dx dy,

�15�

where

F � ÿ fvrv �w 2
v

2W

�
dpl

dz
� rl

�
@ �wl

@t
� �wl

@ �wl

@z

�� : �16�

For relatively small values of �wv, the results can be
approximated as:

V�g, y, F� �
ÿ
a0 � a1y� a2y

2
�
eF, �17�

where y is in degrees. a0, a1 and a2 are constants re-
lated to g, whose values are given in the table in Ref.

[8] for F � 0: The relationship between V here and �w
in Ref. [8] is:

V � �W
L 2
xAl

HW 3
�18�

For example, when g � 308 (triangle channel),

a0 � 0:0241, a1 � 9:05� 10ÿ4, a2 � 8:75� 10ÿ6: When
g � 458 (square channel), a0 � 0:01253,
a1 � 1:506� 10ÿ4, a2 � 6:5� 10ÿ5: Therefore,

@ �Gl=Al �
@t

� 1

2Alrl

@

@z

�
G 2

l

Al

�
� ÿdpl

d z
� mlGl

W 3HVrl

�19�
Fig. 3. Dimensions in a ®lm meniscus.

Y.Y. Jiang et al. / Int. J. Heat Mass Transfer 44 (2001) 443±456446



2.4. Energy conservation equation

The energy equation is established as:

�Q� Glhl � Gvhv � ÿ
�
Glhl � Gvhv � d�Glhl �

� d�Gvhv �
�

� @ �mlul �
@t

� @ �mvuv �
@t

�20�

or:

qpbt ÿ @ �Glhl �
@z

ÿ @ �Gvhv �
@z

� @
ÿ
rlAlul

�
@t

� @
ÿ
rvAvuv

�
@t

�21�

2.5. Additional equations

Eqs. (8), (11), (19) and (21) have ®ve unknowns: Gl,

Gv, pl, pv�Tv�, rm: Additional equations are needed to
close the model.
Augmented Young±Laplace equation [5]: At the

liquid±vapor interface inside the channel,

pl ÿ pv � ÿ s
rm

ÿP, �22�

where P � ÿ �A=d30 is the disjoining pressure and �A is
Hamaker constant, which re¯ect the e�ects on the

pressure di�erence due to intermolecular forces in the
microliquid ®lm. When d0 > 0:1 mm, this term can be
neglected.

Kelvin±Clapeyron equation: Wayner et al. [16]
expanded the Kelvin±Clapeyron equation to account
for the variation in the equilibrium vapor pressure

with superheat and disjoining pressure in the thin ®lm
as:

_m � a�Tw ÿ Tv � � b�pl ÿ pv �
1� klhlva=d

�23�

where

a �
�

2a
2ÿ a

��
M

2pR

� 1
2 Vlhlv

TlvTvR
,

b �
�

2a
2ÿ a

��
M

2pR

� 1
2 Vlpl

TlvR

�24�

According to Eq. (23), evaporation is promoted by
superheat and hindered by low liquid ®lm pressure.

For a thick ®lm, the second term can be neglected and
Eq. (23) becomes the conventional heat transfer
equation.

In a liquid ®lm meniscus A:

Tw ÿ Tv �

�
Ax

_mhlv dAx�
Ax

�Tw ÿ Tv � dAx

�25�

So,

q � _mhlv � �he � �Tw ÿ Tv � �26�
CFD analysis showed that the heat ¯ux was mostly

in the radial direction. The ®lm thickness can be writ-
ten as a function of x (Fig. 2):

d �
h
�xÿ bt=2� Lx � 2�r 2m ÿ 2rm�xÿ bt=2

� Lx �cos�p=2� y�
i 1
2ÿrm �27�

Therefore, the solution of the governing equations,
Eqs. (8), (11), (19), (21)±(23), describes the heat trans-

fer and two-phase ¯ow inside the channel. The basic
assumptions are:

1. The vapor ¯ow is considered to be incompressible

and one-dimensional. The liquid ¯ow is viscous and
quasi-one-dimensional.

2. Gravitational force can be neglected.

3. The dissipation heat produced by friction is not
included.

4. The radiative heat transfer is negligible.

5. Pure material.
6. The evaporation takes place only along the liquid

meniscus.

The six unknowns are Gl, Gv, pl, pv�Tv�, rm and Tw:
Once the wall superheat Tw ÿ Tv is determined, the
averaged heat transfer coe�cient �he can be calculated
by Eq. (26).

2.6. Simpli®ed pressure build-up stage

The pressure build-up stage begins at the end of the
pressure-reduction stage. For the microchannel system
in consideration, the time Dt can be determined as:

qFtDt � �mlul �mvuv �jt�0 ÿ �mlul �mvuv �jt�tend
�28�

2.7. Initial and boundary conditions

For a round pore, the friction coe�cient, including
the inlet e�ect for the liquid ¯owing through the pore

is [15]:

f 0v � 0:115
d0
slid

� 17:31

Re
�29�
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The values for pores of other shapes are given by
Rohsenow et al. [13]. Note that Eq. (29) is for large

channels and that the friction characteristics of micro-
channels di�er from those of conventional channels.
However, there is no reliable method for calculating

the friction coe�cients of the microchannels. Exper-
imental results suggest that f 0v should be increased to
fv � 1:76f 0v, therefore,

Gl, ex�i� � �ps ÿ pl � pd30
8fvslidrl

i � 1, 2, . . . ,Nl �30�

The suction liquid mass ¯ux, G�i �l, ex of inactive

pore, i, can then be calculated from Eq. (30).
The boundary conditions at z � 0 are: Gvjz�0 � 0,

Gljz�0 � G�0�l, ex=2:
Cai and Deng [3] used the following equation to cal-

culate the vapor pressure at z � ltNL:

pv,1 ÿ ps � 4s=db ÿHsrl � Dpvf � Dpli, �31�
where Dpvf is the friction loss for vapor ¯ow through
the active pore and Dpli is the inertia force term of the

liquid phase surrounding the growing bubble. Hsrl10:
db can be calculated from:

Vb �
�t
0

2
ÿ
Gv,l=rv

�
dt �32�

db �
�
8

c1

� 1
3 �2
�
3Vb

4p

� 1
3

, �33�

where, c1��1� cos y��sin 2y� �1� cos y� 2�
Dpvf can be calculated from:

Dpvf � 4fv
slid

d0
� 1
2
rv �uv �34�

According to Ayyaswamy et al. [7],

Dpli � 0:0011847c 2=31 rldb

"
1

rvV
2=3
b

@Gv

@t

ÿ 4

3V5=3
b

�
Gv

rv

� 2
#
: �35�

At t � 0, Nakayama et al. [2] show that:

Gv � 0, Gl � 0, Gex, i � 0, pv�z�jt�0 � ps � 4s=d0,

pl�z�jt�0 � ps:

2.8. Determination of NL and NA

The distribution of number of active pores, NA, on
porous surfaces are irregular. However, the arti®cial

nucleation sites may be regular, so the active pores
should be distributed on the surface equably and the

number of inactive pores, NL, for either side of every
active pore should be uniform.
Suppose the number of inactive pores on one side of

a active pore is NL: During the pressure-reduction
stage, vapor ¯ow along the channel towards the center
active pore produces a pressure drop. Therefore, inac-

tive pores that are farther from the center have higher
vapor pressures pA, with less liquid injected through
the pores. If for a given inactive pore, during the

whole stage:

pv ÿ �ps � 4s=d0 �r0 �36�
Then, this pore cannot receive any liquid. Since this

would violate the suction±evaporation mode condition,
this pore must be the one farthest away. Khrustalev
and Faghri [4] provided a simpli®ed equation to calcu-

late the pressure drop along the evaporating micro-
channel,

pv, 0 ÿ pv, 1 � cfrv

�
4jRerj � 4

3
Re 2r

� 
4zuv

d 2
e, v

! 2

�37�

We use it with cf � 16:4 and Rer1 q
hlvrv

de; v

uv
to deter-

mine zmax: Then, the number of pores, N �
NA � 2NL ÿ 1:

3. Simulation results and discussion

3.1. Computational ¯ow

The equations were solved numerically in ®nite

di�erence form by iteration with over-relaxation in

Fig. 4. Boiling curves in R11.
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recessive Euler method. The calculation ¯ow is as fol-
lowing:

1. Compute Vdp, and NL and determine initial values
of all variables.

2. Derive Vb and pv, 1 using Eq. (31) at t � t� Dt:
3. Calculate pv�z�, pl�z� and rm�z� in the reverse z direc-

tion.
4. Calculate Gl, ex�i �, Gv�z�, Gl�z� and Tw�z� in the for-

ward z direction. Then, use these new values to
compute pv�z� iteratively again.
Repeat Steps 3 and 4 with over-relaxation form

until the new values of pv�z� converge.
5. Solve the average wall superheat and heat transfer

coe�cient. Repeat Steps 2, 3 and 4 until Vb > Vdp:

3.2. Model veri®cation

The results were compared with the experiment data
of Nakayama et al. [1,2]. As shown in Fig. 4, for the
three surfaces, the values and trends predicted by the

model ®t well with the experimental data. At low heat
¯uxes, the predictions for the surface with pores of
d0 � 0:06 mm are somewhat higher than experimental

data. At high heat ¯uxes, the predictions for the sur-
face with pores of d0 � 0:04 mm are somewhat smaller
than experimental data. Some of these di�erences may

be due to experimental uncertainty. The experimental
data for the surface with d0 � 0:06 mm pores deviate
much from those for the other surfaces, and the exper-
imental data for the surface with d0 � 0:06 mm pores

are also much larger than those in Ref. [3].
The calculated results for the number of active pores

are compared with the experimental data in Nakayama

et al. [1,2] in Fig. 5. At moderate heat ¯uxes, the calcu-

lated results ®t the experimental data well. When heat
¯uxes becomes so large that NL � 129:85 1/cm2, and
NA=N � 1=2, i.e., there is only one inactive pore
between two nearby active pores. If heat ¯uxes

increases further, the system will change to the dried
mode.
The results for the bubble departure diameter, ddp,

and the bubble formation frequency, f, determined
from di�erent equations di�er greatly. Following Ref.
[4],

ddp �
"

6d0s

�rl ÿ rv �g

#1=3

�38�

We have the calculated values of the frequency less
than the experimental data in Ref. [1] but agree well
with data given by Ref. [2], as shown in Fig. 6.

3.3. Investigation of some parameters

The proposed analytical model was used to perform

a systemic survey for the heat transfer and two-phase
¯ow mechanism inside the channels and the variation
of some parameters during the bubble formation

period for the porous surfaces with microstructure
dimensions listed in Table 1. The temporal variations
of several important parameters at z � 0:56 mm are

given in Fig. 7.

Fig. 6. Averaged bubble formation frequency.

Table 1

Microstructure dimensions being investigated

d0 (mm) de (mm) ht=wt lt (mm) slid=d0

0.1 0.3 1 0.7 2
Fig. 5. Number of active pores.
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During the pressure build-up stage, some liquid
¯ows into the channel through inactive pores, which

causes the liquid meniscus radius, rm, to increase
(Fig. 7). The data in Fig. 8 veri®ed the basic assump-
tion that the vapor pressure decreases during the press-
ure-reduction stage.

As shown in Fig. 9, the meniscus liquid pressure, pl,
as a function of the vapor pressure, pv, and the menis-
cus radius, rm, may either increase or decrease. The in-

itial conditions assume that the vapor is not moving,
that is, pv, 1 ÿ ps � 4s=db: However, at t � t0 � Dt, the
vapor suddenly has a velocity, then pv; 1 ÿ ps�4s=db�
Dpvf � Dpli, and a jump occurs in Figs. 8 and 9. Of
course, the vapor velocity would not be exactly zero.
Actually, the injected liquid may ¯ood the channel,
when boiling takes place on porous surfaces with d0 >
0:2 mm pores in water. In this case, pv will increase

very rapidly in the direction opposite to the ¯ow.
When pl becomes larger than ps, the liquid inside the
channel will be ejected.

For liquid ®lms with conventional dimensions,
increasing the ®lm thickness increase the heat transfer
resistance. However, for microliquid ®lm, Eq. (23)

shows that evaporation in the micromeniscus increase
with wall superheat and is hindered by low liquid ®lm
pressure. Neither thick nor thin micro®lm is favorable
for heat transfer. Comparing the values of rm in Fig. 7

with the values of h in Fig. 10 shows this result. There-
fore, there is an optimal micro®lm thickness for a
given heat ¯ux. The heat transfer performance of por-

ous surfaces can be enhanced by optimizing the micro-
structure so that the liquid meniscus thickness inside
the channel maximizes the evaporation.

Fig. 7. Liquid meniscus radius variation (R11).

Fig. 8. Vapor pressure inside channel (R11).

Fig. 9. Meniscus liquid pressure (R11).

Fig. 10. Heat transfer coe�cient.
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As shown in Fig. 10, the convective heat ¯ux due to
the liquid ¯ow is only a small part of the total heat

¯ux, that is hl=h < 10%: However, Deng et al. [3]
found that the ratio is hl=h � 30±40%, further exper-
iments are needed to clarify this.

3.4. Optimization of the microstructure

The model was used to optimize the porous surfaces
structure for boiling in R11, R22, R134a and water.

For industrial conditions, the surface tension of R11 is
twice that of R22 while their other properties are simi-
lar. Water is polar ¯uid with much larger surface ten-

sion and heat of vaporization. The di�erent optimized
dimensions, Table 2, shows the e�ects of these proper-
ties.

3.4.1. Pore diameter d0
Among all the dimensions, d0 a�ects the heat trans-

fer performance the most. It determines the friction of

liquid or vapor ¯owing through the micropore. The
results derived here are consistent with the data in

Nakayama et al. [1] and Deng et al. [3] (for R11,
d0, opt � 0:1 mm, for water, d0, opt � 0:14 mm), as

shown in Fig. 11. The optimized d0 of working ¯uids
with large surface tensions and heats of vaporization
are also large. Eq. (22) shows that the vapor pressure

inside the channel of the ¯uid with larger surface ten-
sion is also larger, which is not favorable for liquid
suction. Therefore, larger pore, which reduces the ¯ow

friction, is preferable.

3.4.2. Channel hydraulic diameter de

The equivalent channel diameter, de, determines the

channel's two-phase ¯ow performance and the liquid
®lm distribution. Like d0, the optimized de of working
¯uids with large surface tensions and heats of vapor-

ization are also large (Fig. 12). For ¯uids with larger
surface tensions, Eqs. (22) and (23) show that the
liquid±vapor pressure di�erence at the interface a�ects

the heat resistance more and thicker liquid ®lm is bet-
ter for evaporation. Larger de is favorable for reducing
vapor pressure inside the channel that causes more
liquid to ¯ow in during the pressure-reduction stage.

For some conditions, more than one optimum de was
found for water. This interesting phenomena cannot be
explained by this model.

3.4.3. Channel height to width ratio, ht=wt

Channels with di�erent channel height to width
ratio, ht=wt, would have di�erent ¯ow resistance, and

hence, the ratio a�ects the heat transfer performances
as shown in Fig. 13. For organic ¯uids, the best ratio
is around 1±2, while, for water, 2±4 is better.

Table 2

Optimized porous surfaces of microstructure

d0 (mm) de (mm) ht/bt lt (mm) slid=d0

R11 0.09 0.35 1 0.6 2.5

Water 0.15 0.40 3 0.50 1

R22 0.07 0.30 1 0.60 1.5

R134a 0.08 0.40 1 0.55 1

Fig. 11. Heat transfer performance of porous surfaces with

di�erent d0:
Fig. 12. Boiling heat transfer performance of porous surfaces

with di�erent de:
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3.4.4. Space between two pores lt
The space between two pores determines how many

inactive pores can absorb liquid per active pore. The
optimized distance is strongly a�ected by the heat ¯ux.
For liquids with low surface tension, thinner ®lms
favor evaporation, and larger lt would be preferable

(Fig. 14).

3.4.5. Channel lid thickness to pore diameter, slid=d0
During the pressure-reduction stage, the vapor press-

ure varies rapidly if the liquid has larger surface ten-
sion. For this kind of media, a larger ratio would be
better (Fig. 15).

3.4.6. Channel shape

This model can be conveniently applied to analyze
the boiling heat transfer of porous surfaces with other
polygon cross sections. Fig. 16 shows that the hexag-
onal channels with the same de (listed in Table 3) is

the best one for moderate heat ¯uxes among the three
shapes. However, at high heat ¯uxes, the hexagonal
channel tends to dry out, and the heat transfer rate de-

teriorates very rapidly.

4. Experiments

Of the microstructure parameters optimized using
the model, only the results of the pore diameter d0

Fig. 13. Heat transfer performance of porous surfaces with

di�erent ht=wt:

Fig. 14. Boiling heat transfer performance of porous surfaces

with di�erent lt:

Fig. 15. Boiling heat transfer performance of porous surfaces

with di�erent slid=d0

Fig. 16. Boiling heat transfer rate of porous surfaces with

di�erent channel's cross sections.
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were veri®ed by experimental data in open literature.
However, the results discussed show that the micro-
channel hydraulic diameter, de, and the channel height

to width ratio, ht=wt can also strongly a�ect the boiling
heat transfer performance of the porous surfaces. A
pool boiling heat transfer experimental rig was built to
check the e�ects of de and ht=wt:

4.1. Experiment setup

The experiment system (Figs. 17 and 18) consists of

a experiment setup, a data acquisition unit, a DC regu-
lator, an AC manostat, a precise manometer and a
water cooling system.
A working liquid pool is contained in the space

formed by a glass tube and two covers. Boiling occurs
on a porous surfaces heater heated by a heating unit
with constant power supplied by the DC regulator.

The heater wall surface and pool temperatures are
measured by type-T thermocouples, and recorded by
the data acquisition unit. Saturation occurs only if the

vapor pressure measured by the manometer is equal to
the saturation pressure at the measured pool tempera-
ture. The AC manostat is connected to the assistant

heater in the pool. A manual valve is mounted in the
water cooling loop. The assistant heater and the loop
are used to regulate the saturation temperature of the
pool.

The whole heating unit is well insulated. As shown

in Fig. 18, a rectangular steel block (0.5% carbon),

whose conductivity, kFe is known, lies between the
heating plate and the porous surfaces heater. A 3 � 4
(row distance Dz � 10 mm) of thermocouples is

attached to the block. The temperature di�erences
when the heat ¯ows through the block is used to calcu-
late the heat ¯ux, i.e.

qi, j � Ti, 1�j ÿ Ti, 1

jDz
kFe i � 1, 2, 3, 4, j � 1, 2 �39�

The heat unit is considered as stable only if this heat
¯ux value is equal to that measured from the heater.
The steel block is attached to the porous surfaces
heater by silicon rubber glue and the temperature

di�erence of the joint is less than 58C.
The porous surfaces heating unit (Fig. 19), is manu-

factured by welding (solder melting point = 2008C) a
copper block with ®ve parallel rectangular micro-
grooves and a copper tinsel (0.05 mm) with ®ve rows
of pores. The microgrooves are machined by electrical

incision and their width and height are changed sys-
temically as listed in Table 4. The precision for the

Table 3

The microstructures with di�erent channel's shapes

d0 (mm) de (mm) lt (mm) pt (mm) slid (mm)

0.1 0.3 0.55 0.55 0.2

Fig. 17. System layout.

Fig. 18. Photograph of the experiment rig.

Fig. 19. Diagram of porous surfaces heating unit.
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dimensions and spacing are within 21 mm. The pores
on the plate, with a diameter 0.1 mm, are made by a

highly precise laser boring device with precision of 22
mm and21 mm for spacing precision. The row pitch of
the plate and the block are the same. The solder is

very thin, so the thermal contact resistance between
the plate and the block is negligible. Four thermo-
couples to measure the heating wall surface tempera-

ture are not embedded in the upper surface but on the
section 5 mm below the surface, so that the boiling
liquid ®eld is not disturbed. The wall temperature, Tw,

can be calculated from the section temperatures, the
heat ¯ux and the copper block's thermal conductivity.
The four copper blocks in each column of Table 4

have the same hydraulic diameters, de, but di�erent

ratios, ht=wt: The four in each row have the same ht=wt

with di�erent de: So, comparison of the heat transfer
rates of those porous surfaces will illustrate the e�ects

of ht=wt or de:
Technical limitations requested the use of a micro-

channel pitch (4 mm) that is much larger than the opti-

mum (0.5±1.00 mm), which results in lower heat
transfer coe�cients in the tested units than in normal
commercial products. However, the relative values

from the experiment are still useful.
The testing unit is cleaned by acetone and soaked in

acetone for 24 h to remove the dirt and oil. The con-
tainer is also cleaned. After installation, the experiment

rig is exposed to a vacuum for 40 min, followed by ®ll-
ing with the working ¯uid, R11. Tests are carried out
half a day later.

When heating began, the presence of non-condens-
able gases is detected if the indicated vapor pressure is
larger than the saturation pressure related to the pool

temperature. Such non-condensable gases are then dis-
charged.
The unit is heated with the heat ¯ux decreasing in

step to avoid the e�ects of boiling hysteresis. The

heating power is ®rst increased to the highest (2 W/
cm2) and then decreased to the lowest (0.2 W/cm2).
Steady state is required for about halt an hour (that

the heat ¯ux value calculated from the heating power
equals to that measured by the thermocouple matrix

on the steel block). The boiling conditions are also
recorded.

4.2. Experiment results and discussion

The smooth surface boiling heat transfer coe�cient

data for this experiment are very close to that of
Nakayama et al. [1] (Fig. 20), The di�erences between
the simulation results and the experimental data for

the porous surfaces unit with de � 0:35 mm and
ht=wt � 1 are also shown in Fig. 20 for illustration.

4.2.1. E�ects of channel hydraulic diameter, de

The experimental results suggest that the heat trans-
fer performances of all the porous surfaces with de �
0:35 mm are better than the others with same ht=wt

but di�erent de: The di�erences are greater for ht=wt �
1 (Fig. 21). The data supports that the optimum de

will be 0.35 mm. The simulation results imply that for

moderate heat ¯uxes, the best diameter is 0.33 mm,

Fig. 20. Typical data for de � 0:35 mm, ht=wt � 1:

Fig. 21. Boiling heat transfer coe�cients of porous surfaces

with ht=wt � 1 and di�erent de:

Table 4

Dimensions and shapes of the channels

de (mm)

ht=wt 0.29 0.35 0.50 0.60

6.35 0.17� 1.06 0.20� 1.27 0.29� 1.84 0.35� 2.20

2.57 0.20� 0.51 0.24� 0.62 0.35� 0.89 0.42� 1.07

1.5 0.24� 0.36 0.29� 0.43 0.42� 0.62 0.50� 0.75

1.0 0.29� 0.29 0.35� 0.35 0.50� 0.50 0.60� 0.60
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which is very close to the experiment result. For larger
ht=wt, the heat transfer from the unit with channels of

de � 0:29 mm seems to be the worst because the chan-
nels are too narrow, resulting in a much larger ¯ow re-
sistance for the vapor and the liquid. The experiments

also showed that the heat transfer coe�cient for the
units with de of 0.60 mm is usually higher than that of
the unit with de of 0.50 mm, which is not re¯ected in

the calculation results. Consequently, the larger ®lm
surfaces of the channels with de of 0.60 mm allows
more liquid to evaporate, resulting in a higher heat

transfer coe�cient.

4.2.2. E�ects of channel height to channel width ratio,
ht=wt

As demonstrated in simulation results, the exper-
iments suggest that the heat transfer from each porous
surface with ht=wt � 1 should be better than the others

with the same de but di�erent ht=wt (Fig. 22), which
supposes that the best rectangular channel is square.
However, the e�ects of the aspect ratio are not as

obvious as those of the diameter, especially when de

becomes fairly large. As the e�ects of the aspect ratio
on the heat transfer are limited by the channel dimen-

sions, no useful results could be obtained by merely
optimizing the shape of the channels without optimiz-
ing the diameters. The results showed that the opti-
mum ht=wt ratio increases as de increases. The best

ht=wt ratio for the porous surfaces with de of 0.6 mm
was 2.57. The average liquid ®lm radius, rm, of this
porous surface with de � 0:6 mm is larger than 0.20

mm at a wall superheat of Tw ÿ Ts � 48C. So, all the
microchannels are covered with very thick liquid ®lms.
The longer sides of the channels with high aspect ratios

cause the ®lm to be thinner, which results in a smaller
heat resistance and consequently, makes the evapor-
ation heat transfer greater.

5. Conclusions

1. The heat transfer performance of porous surfaces is
augmented by enhancing the evaporation of the thin

liquid ®lms inside the microchannels. All the dimen-
sions of the microstructure markedly a�ect the heat
transfer performance. Therefore, the evaporation
can be enhanced by selecting the best shape and

dimensions of the microstructure so that the liquid
®lm has the smallest thermal resistance.

2. The surface tension and evaporation of the working

¯uids are the two most important properties. For
boiling on porous surfaces in ¯uids with large sur-
face tensions, it is suitable to choose larger pore di-

ameter, d0, thick lid, larger channel hydraulic
diameter, de, and smaller space between two pores,
lt: Some of these conclusions were proved by pre-

vious and present experiments and others will be
veri®ed by further experiment investigations.

3. A pool boiling heat transfer experimental rig was
built to research the e�ects on heat transfer of the

channel hydraulic diameter, de, and the channel
height and width ratio, ht=wt of the porous surfaces.
The experiment results show that the channel opti-

mum de depends on the ht=wt ratio and vice versa.
However, the e�ect of the ht=wt ratio is limited by
the diameter, de: The comprehensive optimum ht=wt

ratio and de are consistent with the simulation
results.

4. To enlarge the heat transfer area inside the chan-
nels, and to prevent the ®lm from becoming too

thick, the porous surfaces should have sharp chan-
nel corner angles, rough surfaces and crossed chan-
nels.

5. There is more than one optimum de for water for
some conditions. This interesting phenomenon
needs to be studied further.

6. The convective heat ¯ux due to liquid convection in
the channels is only a small part of the total heat
¯ux, which does not agree with the conclusion

drawn by Deng et al. [3]. Experiments are needed to
clarify this.

7. The calculated pressure jump at the beginning of
the pressure-reduction stage implies that at t � 0,

the vapor velocity is not actually zero. This velocity
should be measured experimentally.
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Fig. 22. Boiling heat transfer coe�cients for porous surfaces

with de � 0:35 mm and di�erent ht=wt:
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