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Abstract
Flow boiling within advanced microchannel heat sinks provides an efficient and attractive
method for the cooling of microelectronics chips. In this study, a series of porous
microchannels with �-shaped reentrant configurations were developed for application in heat
sink cooling. The reentrant porous microchannels were fabricated by using a solid-state
sintering method under the replication of specially designed sintering modules. Micro wire
electrical discharge machining was utilized to process the graphite-based sintering modules.
Two types of commonly used copper powder in heat transfer devices, i.e., spherical and
irregular powder, with three fractions of particle sizes respectively, were utilized to construct
the porous microchannel heat sinks. The effects of powder type and size on the flow boiling
performance of reentrant porous microchannels, i.e., two-phase heat transfer, pressure drop
and flow instabilities, were examined under boiling deionized water conditions. The test
results show that enhanced two-phase heat transfer was achieved with the increase of particle
size for the reentrant porous microchannels with spherical powder, while the reversed trend
existed for the counterparts with irregular powder. The reentrant porous microchannels with
irregular powder of the smallest particle size presented the best heat transfer performance and
lowest pressure drop.
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(Some figures may appear in colour only in the online journal)

Nomenclature

Ach total heat transfer area of microchannels, m2

At platform area of copper block, m2

d powder particle diameter, μm
Dh hydraulic diameter, mm
Hslot height of slot, mm
hfg latent heat of vaporization, kJ kg−1

htp local two-phase heat transfer coefficient, kW
m−2 K

3 Author to whom any correspondence should be addressed.

kCu thermal conductivity of copper block, W m−1 K
kpor thermal conductivity of reentrant porous mi-

crochannels, W m−1 K
Ks thermal conductivity of solder, W m−1 K
L length of heat sink, mm
Li distance from the inlet to thermocouple location

in the stream-wise direction, m
lCu distance between the thermocouple and the top

surface of copper block, m
lhs distance between heat sink bottom surface and the

bottom of circular portion of reentrant cavity, m
m fin parameter
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ṁ mass flow rate (kg s−1)
N number of reentrant microchannels
ONB onset of nucleation boiling
Pcir perimeter of circular portion of reentrant

microchannel, m
qeff effective heat power, W
Q total power input, W
q′′

eff effective heat flux based on platform area, kW m−2

Ra center-line average roughness, μm
Rz peak-to-valley roughness, μm
Ttci thermocouple reading (i = 1–5), ◦C
Tin inlet fluid temperature, ◦C
Tw,tci channel bottom wall temperature at thermocouple

location, ◦C
�Tsct,tci wall superheat, ◦C
�P pressure drop, kPa
�Pc inlet contraction pressure drop, kPa
�Pe outlet expansion pressure drop, kPa
Tsat, tci local saturation temperature of thermocouple

location, ◦C
W width of heat sink, mm
W fin width of fin between two reentrant microchannels,

mm
x thermodynamic quality

Greek symbols

ε porosity
η fin efficiency
ρ density of fluid, kg m−3

Subscripts

cir circular portion
Cu copper
hs heat sink
fin fin
tci thermocouple location
in inlet
por porous
sat saturation
slot slot
s solder
tp two-phase

1. Introduction

With their capacity to dissipate a large amount of heat from
compact high-heat-flux micro devices, microchannel heat
sinks have been extensively regarded to be an attractive choice
for the cooling of microelectronic and military systems [1,
2]. To date, silicon microchannel heat sinks [3–5] have been
widely explored due to their good compatibility with integrated
chips. However, it is a tedious and costly procedure to process
silicon microchannels using the etching method, because
the silicon material results in poor thermal and mechanical
properties [6]. While for the other solid microchannels heat
sinks to explore the above merits further, i.e., copper or
aluminum metal microchannel heat sinks [7, 8], despite their

good thermal conductivities, the large wall superheat used to
trigger the flow boiling in microchannels may be problematic
for the safe operation of microchannel heat sink cooling
systems. To address this issue, researchers have attempted to
develop more sophisticated methods, such as adding sprayed
ABM coating [9], nanotube coating [10], diffusion-brazed
wire mesh coating [11] or sintered porous powder coating
[12] on the bottom wall of the microchannels. Since the
introduction of porous coating facilitates a significant increase
of nucleation site densities, a notable extension of surface
area, as well as the capillary-assistance for keeping the surface
wetted, enhanced flow boiling heat transfer has been reached in
such microchannel heat sinks. Furthermore, porous material-
based microchannels, other than just adding a porous layer on
the solid microchannel bottom surface, have been recently
proposed for constructing heat sinks to explore the above
merits further. Hakamada et al [13] developed a type of
copper powder-based metallic microchannel using the spacer
method, in which aluminum wire spacers were replicated
after sintering them together with the compaction of the
copper powder base. Cora [14, 15] fabricated porous copper
powder-based V-shaped microchannels utilizing two kinds of
warm compaction methods, i.e., compacted then sintered and
sintered then compacted. Pool boiling tests results showed
that these porous microchannels enhanced the critical heat
flux (CHF) significantly.

Besides the aforementioned porous methods, reentrant
cavities have been widely known to promote the boiling
nucleation as a vapor trap since the pioneering work
by Benjamin and Westwater in 1961 [16]. The superior
performance of reentrant cavities in pool boiling systems has
been demonstrated repeatedly [17, 18], and its implementation
in the outer finned tubes of heat exchangers promoted the
third-generation heat transfer enhancement in industry [19].
The merits of reentrant cavities have been also extended to
microchannel heat sinks, such as the reentrant cavity silicon
heat sink by Goyal et al [20], Boer et al [21] using buried
channel technology, and the rectangular silicon microchannels
with reentrant cavities on the side wall by Peles et al [22].
However, all of the above microchannels were fabricated by
complicated and costly MEMS procedures, as the fabrication
difficulties for the reentrant configurations may increase
significantly as compared to those of open microchannels. In
view of this, a different method was proposed to process the
reentrant microchannels by Deng et al [23], i.e., a novel kind of
reentrant porous powder microchannel has been preliminarily
developed using the solid-state sintering method. By the
replication of the convex configurations of a �-shaped module,
the reentrant porous microchannels were easily fabricated
with low cost. Flow boiling tests have demonstrated a drastic
decrease of wall superheat for onset of nucleate boiling
(ONB), a significant enhancement of flow boiling heat transfer
and mitigation of two-phase flow instabilities compared
to solid copper microchannels with the same reentrant
configurations.

In the boiling systems of porous coating surfaces, the
structural parameters of the porous base, such as the porous
particle shapes and sizes, played a vital role on the heat transfer
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(a)   (b)

Figure 1. Fabrication of the graphite �-shaped mold. (a) EDM fabrication, (b) final �-shaped mold.

performance, which has been demonstrated repeatedly in pool
boiling systems, such as those by Cora et al [14], Wu et al [24],
Weibel et al [25] and Hong et al [26]. Such structural effects
have also been highlighted in the flow boiling of heat sinks
with porous coating. Peterson and Chang [27] examined the
two-phase heat transfer performance of a rectangular channel
filled with various sintered copper powder sizes (0.97, 0.54,
0.39, and 0.33 mm). It was demonstrated that the porous
channels comprised of smaller diameter spheres presented a
larger heat transfer coefficient because of their larger heat
transfer area. However, the experimental results of a single
small copper rectangular channel with sintered copper porous
coatings by Sun et al [12, 28] revealed that there was an
optimum medium spherical copper particle size to reach the
maximum heat transfer performance, which was true for two
liquid tests (water [12], FC-72 [28]) and two sets of particle
sizes. Similar results were found in the flow boiling tests of
ethanol in parallel rectangular microchannels with sintered
dendrite copper powder coatings by Bai et al [29], in which
three average particle sizes of 30, 55, and 90 μm were
utilized and the medium one exhibited the best heat transfer
performance. In addition, Sarwar et al [30] found that the
critical heat flux (CHF) of water flow boiling in steel tubes
with painted Al2O3 nano-porous coatings can be improved
by using coatings with larger micro-particles. As enumerated
above, the current efforts were all devoted to solid metal-
based channels with porous coatings on the channel surface.
However, to the best of the authors’ knowledge, the effects of
structural parameters on the flow boiling behavior of porous-
based microchannels heat sinks have not yet been understood.
Such studies are required to provide critical information
for the design optimization as well as the fabrication and
implementation of porous microchannel heat sinks.

In the present study, the influences of structural
parameters on the flow boiling performance of reentrant
porous microchannels are explored. It is aimed to provide
the critical information for the design optimization of such
porous microchannel heat sinks, which favors for the efficient
cooling of high-heat-flux microelectronic devices. Meanwhile,
an in-depth insight into the fabrication process of the reentrant
porous microchannels is also provided.

2. Fabrication of reentrant porous microchannels

2.1. Preparation of the sintering replication module

The porous microchannels with reentrant configurations were
fabricated by using a solid-state sintering method. The most
critical part of the processing procedure was the fabrication
of the sintering module, as the reentrant configuration was
replicated by a convex �-shaped module. In the preliminary
trials, two common materials, i.e., stainless steel and graphite,
were utilized to process the sintering module. They were both
fabricated to the convex � shape by using micro wire electrical
discharge machining (EDM). Due to the good metal hardness,
stainless steel was easy to process into the complex shape
by EDM wire cut. However, when the stainless steel was
utilized as the sintering module, it was found that the sintered
copper powder matrix was too hard to demold from the convex
module, as the adhesion force between the copper particles and
the stainless steel surface was so large that they were hard to
separate from each other after the high temperature sintering,
especially when the length of the porous microchannels was as
long as 45 mm. On the other side, though the graphite was of
poor hardness, which was unfavorable for the EDM process,
the convex � shape was successfully formed on the graphite
plate by carefully choosing the processing parameters. A
molybdenum electrode with diameter of 100 μm was utilized;
multipass cut with low speed was performed in the wire cut
process, and the machining parameters were also optimized
after several trials as follows: pulse width of 6 μs, pulse interval
of 60 μs, short-circuit current of 2.5 A, open-circuit voltage
of 105 V, and wire speed of 5.2 mm2 min−1. The fabricated
graphite mold is shown in figure 1. Since the graphite was
inactive with copper powders at high sintering temperatures,
and the carbon material of the graphite module surface can
serve as a lubrication layer, it can facilitate the demolding
of porous microchannels from the convex �-shaped mold.
Therefore, the graphite mold was finally chosen for the solid-
state sintering.

2.2. Sintering and demolding

The porous microchannel matrix was fabricated by the solid-
state sintering of copper powder on top of the graphite mold,
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Figure 2. Schematic of the sintering and demolding process of reentrant sintered porous microchannels. (a) Power filling and sintering,
(b) demolding, (c) final reentrant porous microchannels.

as depicted in figure 2. Firstly, the graphite mold was located
in the center of graphite housing. There was a gap between the
height of the mold and the top surface of the housing, which
was designed to form the base of the porous channels with a
given thickness after filling copper powder to the top surface
level of the graphite housing. A cover and base plate were
also used to ensure that the backside of the sintered porous
channels was flat, which plays a critical role in minimizing
the thermal resistance between the heat source and porous
microchannels. It should be pointed out that no pressure was
applied on the cover plate, and the loose sintering method was
utilized to maximize the porosity of the final porous channel
matrix. Subsequently, the assembly was sintered in a box-
type furnace with a programmable temperature controller for
30–60 min at 950 ± 10 ◦C. We used the stage heating method
to optimize the heating rate in the sintering process. When the
temperature was below 850 ◦C, the heating rate was kept at
300 ◦C h–1; and when the temperature was above 850 ◦C, the
heating rate was reduced to 200 ◦C h–1. The furnace chamber
was purged by nitrogen to get rid of the air and then filled with
hydrogen to maintain a reductive atmosphere. The pressure of
the hydrogen in the furnace chamber was kept at 0.15 MPa.
After the sintering was complete, the assembly was taken out
and cooled to room temperature.

During the demolding procedure, care should be taken
to force the porous matrix with reentrant microchannels to
separate from the convex mold. Intermittent pushing force
was applied on the base part of the cross-section area of porous
matrix, by which the porous microchannels were pushed out
from the graphite mold little by little. Thanks to no adhesion
between the copper particle and graphite, the porous reentrant
microchannels were finally separated from the graphite
mold.

In the present study, two kinds of commercial copper
powder of purity over 99.5% were employed with all the
sizes smaller than 150 μm, the range of which are normally
used in two-phase heat transfer devices such as two-phase
heat sinks [28, 29] and heat pipes [26]. One kind is of the
irregular morphology produced by water atomization, and the
other is the spherical type produced by gas atomization. For
the purpose of design optimization, the two kinds of powder
were sieved into four fractions: <50, 50–75, 75–110 and
110–150 μm. However, for the powder of the smallest size
<50 μm, the small particles bonded together very firmly, as
their tiny surface area facilitated the accumulation between
adjacent particles and formation of particle clusters under
high temperature sintering, and the adhesion force between
the particles and the graphite mold increased significantly.
Considering the convex � shape and the pool strength of the
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Broken graphite convex

Figure 3. Illustration of the failed demolding samples with the spherical powder of <50 μm.

(i)                              
(a)

 (iv)                   

(b)

(ii) (iii)

(vi)(v) 

Figure 4. SEM images of the six reentrant porous microchannels samples with (a) spherical powder, (b) irregular powder. (i) RPM-S1;
(ii) RPM-S2; (iii) RPM-S3; (iv) RPM-I1; (v) RPM-I2; (vi) RPM-I3.

Table 1. Specification of reentrant porous microchannels samples.

Powder particle Dimension, Hydraulic diameter, Porosity of
Sample Powder type size, d (μm) W × H × L (mm) Dh (μm) porous matrix, ε

RPM-S1 Spherical 50–75 20 × 2 × 45 775 0.39
RPM-S2 Spherical 75–110 20 × 2 × 45 786 0.39
RPM-S3 Spherical 110–150 20 × 2 × 45 782 0.39
RPM-I1 Irregular 50–75 20 × 2 × 45 792 0.39
RPM-I2 Irregular 75–110 20 × 2 × 45 798 0.39
RPM-I3 Irregular 110–150 20 × 2 × 45 782 0.39

graphite mold, it was found during repeated trials that some
of the graphite convex broke down from the mold during the
demolding process, as illustrated in figure 3. For other samples
with three large particle sizes, the decrease of the contact
between particles and the mold surface and the increase of
large pores in the porous matrix resulted in much smaller
adhesion forces than that of <50 μm particles. They were
easy to demold from the graphite mold and no cracks in
graphite module occurred. Besides, due to the good strength
of sintered copper powder matrix and the large flat top surface

of the microchannels, it was found that the reentrant porous
microchannels were strong enough to assemble with screws
in the test section, as described in the subsequent section,
and no cracks in the porous wall occurred during repeated
tests. They were then utilized for tests in the flow boiling
systems, as described in the following sections. Figure 4 shows
SEM images of the reentrant porous microchannels with both
powder types and three particle sizes, i.e., 50–75, 75–110
and 110–150 μm, respectively. The parameters of these six
samples are listed in table 1.
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(a)                                              

(d)                                         

(b)  (c) 

 ( e)   (f) 

Figure 5. Surface profiles of the six reentrant porous microchannels samples. (a) RPM-S1; (b) RPM-S2; (c) RPM-S3; (d) RPM-I1; (e)
RPM-I2; ( f ) RPM-I3.

Table 2. Surface roughness measurement of porous matrix of the
reentrant porous microchannels.

Sample Ra, μm Rz, μm

RPM-S1 8.5 46.8
RPM-S2 9.9 49.1
RPM-S3 11.9 59.9
RPM-I1 8.4 51.8
RPM-I2 11.5 59.8
RPM-I3 10.3 56.7

2.3. Characterizations of the surface roughness of the porous
channel

The surface roughness of the porous reentrant microchannels
was measured using a surface profilometer (Talysurf CLI 1000,
Taylor Hobson precision Corp., USA). Three areas of the flat
surface of the porous channels were randomly selected and
measured on each sample, and these three values of the center-
line average roughness (Ra) and peak-to-valley roughness (Rz)
were averaged. The surface profiles of the six samples are
shown in figure 5. Table 2 summarizes the measured roughness
of porous matrix for these samples. One can note that it exhibits
a larger roughness with an increase of particle size for the
porous samples with spherical powder, as there were more
distinctive peaks and valleys among the porous matrix with
the larger particle size. However, this monotonic increase in
roughness was not true for those with irregular powder, which
was attributed to the special topography of irregular powder.
The surface roughness of porous channels was larger than the
copper metal microchannels fabricated by the EDM process,
e.g., 3.9 and 6.7 μm in the work of Jones and Garimella
[31]. They were much larger than the silicon microchannels
fabricated by the etching method, which were normally below
1 μm [32]. This large surface roughness as well as the tiny
pores may facilitate nucleate boiling, which will be discussed
later.

3. Flow boiling experiments

3.1. Experimental setup

The experimental setup, as shown in figure 6, consists of a
liquid circulation system (including a water tank, a magnetic
gear pump, a 7 μm filter and valves), a micro turbine
type flowmeter, inlet temperature adjusting parts (constant
temperature water bath and heat exchanger), a test section
and heating module, a flow visualization system, and a
data acquisition system. Deionized water, which was fully
degassed before each experiment run, was utilized as the
working fluid. The test section, as shown in figure 7, was
composed of the sintered porous microchannels sample,
inlet and outlet plenums, a Pyrex 7740 glass cover plate,
fiberglass flow housing, a copper block heating module and
insulating components. All six porous microchannel samples
were 45 mm long, 20 mm wide and 2 mm high, and contained
14 parallel reentrant microchannels. The geometry of the
sample is shown in figure 2(c). It was soldered on top of
the copper block heat module using a 0.1 mm thick layer of
solder (Pb-Sn-Ag-Sb, ks = 50 W m–1 · K–1). The top surface
dimension of the copper block was the same as the base of
the microchannel sample. Four slots were cut along the height
direction of the copper block to reduce heat spread within the
copper block and supply more uniform heat flux distribution.
The copper block was heated by ten cartridge heaters with a
maximum total power of 1000 W. Five type-K thermocouples
were embedded in the copper block at a location 1.8 mm
under the heating surface to measure the wall temperature
distribution in the flow direction. The interval between each
thermocouple was 10 mm, and the first and last thermocouples
were located at a distance of 2.5 mm to the inlet or outlet
plenum. Horizontal inlet and outlet manifold arrangements
were utilized for the liquid flow, and no deep inlet and outlet
reservoirs were adopted to reduce the compressive upstream
volume. Pressure port spaces were left in the inlet and outlet
plenum for the measurement of inlet/outlet pressure by two
pressure transducers with a response time of 3 ms. Two type-
K thermocouples were set at about 5 mm before or after the
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Figure 6. Schematic of the flow boiling test system.
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Cover plate 
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Cartridge Heaters 

Inlet Outlet 
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Outlet plenum 

Top plate 

Rubber plate 

Figure 7. Schematic of the cross-section of the test section.

microchannel sample to measure the inlet/outlet temperature.
The pressure at the outlet plenum is estimated to be about
1 atm as the loop was open to the ambient air. A Bakelite
insulating block, in which the bottom part of the copper block
was located, was used to ensure insulation and support for the
flow housing. Moreover, to minimize heat loss, the assembly
of the test section was insulated with glass fiber, except for
the top surface for flow visualization. Flow visualization was
conducted using a microscope and a high-speed camera (Fastec
HiSpec DVR 2F), and the frame rate was typically set at 500–
1000 frame s−1 for the test samples.

In the present study, all the porous microchannel samples
were tested under an inlet temperature of 90 ◦C, namely, the
subcooling of 10 ◦C. The flow rate was the same for all samples

for ease of comparison. The electrical power was supplied by
the variac to the test section in small increments of 15–30 W.
All measurements of temperature and pressure were collected
at steady-state with 1s intervals for 2 min.

3.2. Data reduction

Mass flux is referred to as G and defined as

G = V̇ρ/Ac (1)

in which V̇ is the volumetric flow rate, ρ is the fluid density,
Ac is the cross-section area of the microchannels.

The efficient heat flux was given by

q′′
eff = qeff/At (2)
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in which At is the top platform area of the copper block,
qeff = ϕQ/At , where Q is the total heating power, ϕ is the
heat transfer ratio, which is defined as the effective enthalpy
increment across the test section divided by the total heating
power. ϕ was determined from a set of single-phase heat
transfer experiments prior to boiling tests. In the present study,
it was found to be in the range of 0.76–0.84. Therefore, the
average value of 0.8 was used to calculate the efficient heat
flux.

The boiling heat transfer coefficient (htp) was calculated
as follows,

htp,tci = qeff

�Tsat,tciAch
(3)

and

�Tsat,tci = Tw,tci − Tsat,tci (4)

where,

Tw,tci = Ttci − qeff

(
lCu

kCuAt
+ lhs

kpor At
+ ts

ksAt

)
(5)

where �Tsat,tci is the local wall superheat, Tsat,tci is the liquid
saturation temperature. The wall temperature of the porous
microchannel (Tw,tci) was deduced from a thermal resistance
network (see [23] for details). The thermal conductivities
of porous matrix, kpor, were determined separately. Sintered
porous specimens were prepared using identical copper
powder and fabrication parameters as the present porous
microchannels, and their porosities were the same as the porous
microchannels. Instead these specimens were measured using
the steady-state axial heat flow technique in dry conditions,
which were conducted in a standard thermophysical property
test system (Quantum Design Model PPMS-9). Though there
may be small discrepancies between such measurements and
the working conditions of reentrant porous microchannels,
it is believed this can be thought to be negligible as the
penetration of water into porous matrix were very limited
as the permeability of porous matrix were in the order of
10−12 m2 [23]. The kpor of these samples with two kinds of
copper powder ranged from 39–48 W m–1 · K–1, the differences
of which were small and have negligible effects on the thermal
resistance of different porous microchannels. Ach is the total
heat transfer area of reentrant microchannels, which is given
by the fin analysis method as follows,

Ach = NL (Pcir + 2ηHslot) (6)

where Pcir is the perimeter of the circular portion of each
reentrant microchannel, Hslot is the height of the slot, N is the
total number of reentrant microchannels, η is the fin efficiency
as given by

η = tanh (mHslot)

mHslot
(7)

where m is the fin parameter, given by

m =
√

htp,tci · 2 (L + Wfin)

khsLWfin
(8)

where Wfin is the width of the fin between two adjacent
reentrant microchannels. htp can thus be evaluated employing
equations (3) and (6)–(8) with an iterative scheme.

The mass quality can be obtained as follows,

x = 1

h f g

(
qeff

ṁ
· Li

L
− Cp

(
Tsat,tci − Tin

))
where h f g is the latent heat of vaporization, Li is the distance
from the inlet to the thermocouple location.

The pressure drop across the microchannels was
calculated as follows,

�P = (Pin − �Pc) − (Pout + �Pe)

where �Pc denotes the inlet contraction pressure drop and �Pe

is the outlet expansion pressure loss. They were estimated by
the method detailed in Qu and Mudawar [33], and were found
to be only 1–5% of the total measured pressure drops, which
can be thought to be negligible. The obtained pressure drop
�P consisted of the one in the single-phase flow region and
the two-phase flow pressure drop including the accelerational
and frictional loss terms [33].

Uncertainties in individual temperature measurements are
± 0.3 ◦C for the type-K thermocouples. The measurement
errors for the flow meter and pressure transducer are 2% and
0.1% of full scale, respectively. The uncertainty associated
with the heat flux measurement is estimated to be 1%. The
uncertainties in the microchannel geometry dimension were
found to range from the smallest 7.6% to the largest 9.2%.
A standard error analysis method [34] revealed that the
uncertainties in the vapor quality and two-phase heat transfer
coefficient were in the range of 12.2–14.1%, 14.4–16.8%.

4. Results and discussion

4.1. Boiling curves

Figure 8 shows the boiling curves of six porous microchannels
at the same operation condition (G = 200 kg m−2 s–1, Tin =
90 ◦C). We focused on the local wall temperature overshoot
on the downstream thermocouple location near the exit (Ztc5).
At low heat fluxes, single-phase forced convection dominates
in the porous microchannels, and the wall superheat increases
quickly with a small heat flux increment. Boiling was initiated
with the heat flux increasing, where there is a radical change
in the slope of the curve q′′

eff–�Tsat, indicating the ONB. It can
be noted that all the porous microchannels samples can trigger
ONB at a very small wall temperature overshoot, i.e., smaller
than 1.5 ◦C. This was much smaller than that of other copper
and silicon microchannels [35, 36] thanks to the significant
increase of nucleation sites supplied by the porous matrix.

4.2. Flow boiling heat transfer performance

In the present study, as the two-phase flow boiling was
conducted at a small inlet subcooling (10 ◦C), the flow
boiling of six porous microchannels samples was mostly in
the saturated boiling region, therefore the saturated boiling
performances were accessed. Figure 9 illustrates the local
heat transfer coefficient of the most downstream thermocouple
location (Ztc5) as a function of vapor quality. At the initial stage
of saturated boiling, all the samples presented a large htp. The
microscopic pores formed between adjacent particles in the
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Figure 8. Boiling curves of the reentrant porous microchannels at G = 200 kg m−2·s–1 and Tin = 90 ◦C: (a) spherical powder samples;
(b) irregular powder samples.

(a) (b)

Figure 9. Two-phase heat transfer performance of the reentrant porous microchannels: (a) spherical powder samples; (b) irregular powder
samples.

porous matrix wall provided lots of tiny cavities for bubble
embryos, which served as stable nucleate sites. A large amount
of nucleate sites were activated once the boiling commenced,
and induced a large bubble growth and departure frequency.
Latent heat was released quickly, and resulted in a large htp.
Following the finding of our previous study [23], this stage
was linked to the nucleate boiling dominant region. With
the increase of heat flux as well as vapor quality, the two-
phase heat transfer coefficient tended to decrease, implying
that the boiling mechanism may change. A transition from
nucleate boiling to forced convective boiling occurred as the
increase of heat flux played an adverse role on the htp, and
the heat transfer performance was strongly dependent on
vapor quality. Annular flow was found to be the dominant
flow pattern in porous microchannels with both spherical and
irregular powders, as illustrated in figure 10. Nucleate boiling
was suppressed at moderate to high heat fluxes, and the heat
was mainly dissipated by the thin film evaporation between

the vapor core and the microchannel wall. The same trend was
also observed in the flow boiling of rectangular microchannels
with porous coatings on the bottom surface [28], as well as
in the solid copper or silicon rectangular microchannels under
the water boiling conditions [22, 35].

For the porous reentrant microchannels with spherical
powders, one can note from figure 9(a) that superior heat
transfer performance can be reached with the increase of
powder size, which was especially pronounced at small heat
flux and vapor quality. There were notable differences of
htp at the initial boiling region, indicating that the particle
size of spherical powder played a significant role on the
htp at this stage. As aforementioned, the nucleate boiling
governed the two-phase heat transfer at small heat flux and
vapor quality. The number and geometry of nucleate sites
introduced by porous matrix determined the boiling heat
transfer performance. From the microscope images of the
porous wall of three samples, as presented in figure 11, it
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(a) (b)

Figure 10. Annular flow in two kinds of reentrant porous microchannels: (a) spherical powder sample RPM-S2 at Tin = 90 ◦C, G =
200 kg m−2·s–1, q′′

eff = 364 kW m−2; (b) irregular powder sample RPM-I2 at Tin = 90 ◦C, G = 200 kg m−2·s–1, q′′
eff = 373 kW m−2.

(a)                                                       (c) (b)  

Figure 11. SEM images of the top view of the three reentrant porous microchannels with spherical powder. The microscope pictures were
also inserted in each picture. (a) RPM-S1, (b) RPM-S2, (c) RPM-S3.

can be noted that more open and large pores formed easily in
the sample with a large particle size. Due to its large surface
area of large powder, it was hard to form the sintering necks
between adjacent particles during the sintering process, as the
driving force needed for enough mass propagation at the joint
point of adjacent particles was too large. As such, the porous
matrix with large size of powder provided a huge number of
opening pores and they were apt to interconnect with adjacent
ones, therefore it facilitated the bubble outflow and successive
liquid replenishment. Stable nucleation sites were maintained
easily, which promoted the heat transfer performance. On the
other side, though there may have been more tiny pores in
the matrix of the sample RPM-S1 as compared to the other
two samples, these pores tended to close due the much easier
sintering bonding in the sintering process. This can be also
found in the topography images in figure 5. It hinders the liquid
penetration into the microscopic pores of the microchannel
wall, and also introduces large resistance for the growth and
removal of vapor bubbles. Therefore, it was unfavorable for the
boiling nucleation. At moderate to high heat fluxes, the htp of
three porous microchannels with spherical powders changed
to become close, indicating that the effects of spherical particle
size on the htp tended to diminish with the increase of heat flux
and vapor quality. At this stage, nucleate boiling was intensely
suppressed and thin film evaporation governed the heat transfer
of microchannels. It seems that the spherical powder size may
exert a negligible influence on the thin film evaporation.

On the other side, for the three porous samples with
irregular powders, the particle size played an adverse role on
the two-phase heat transfer performance as compared to those
with spherical powders, i.e., with the increase of particle size,
the porous microchannels presented an decreasing trend in htp.
Obvious differences of htp can be also found at small heat
flux and vapor quality, which can be related to the nucleation
characteristics introduced by the different porous matrix with
irregular powder. Unlike the spherical powder, it was hard to
form close pores in the irregular porous microchannel walls
due to the irregular shape of the powder, as illustrated in
figure 12. The large surface area and special shape of irregular
particles facilitated the formation of numerous interconnected
cavities and gaps. The cavities between adjacent powders
served as bubble embryos, and the gaps supplied paths for the
vapor bubble growth and removal. The number of these cavities
and gaps increased with the decrease of powder size, which
promoted the nucleate site densities when the nucleate boiling
initiated. Enhanced two-phase heat transfer performance can
thus be expected for the sample with smaller irregular powder
size. With the increase of heat flux and vapor quality, the
difference in htp of three irregular powder samples was also
found to decrease, but did not diminish in the same way as
the aforementioned spherical samples. Since the thin film
evaporation dominated at this period, the film thickness may be
altered by different wall topographies of the irregular powder
porous samples with three particle sizes, therefore different
convective boiling heat transfer performances were obtained.
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(a)                                                       (c) (b)  

Figure 12. SEM images of the top view of the three reentrant porous microchannels with irregular powder. The microscope pictures were
also inserted in each picture. (a) RPM-I1, (b) RPM-I2, (c) RPM-I3.

(a) (b)

Figure 13. Two-phase pressure drop of the reentrant porous microchannels: (a) spherical powder samples; (b) irregular powder samples.

4.3. Two-phase pressure drop and flow instabilities

Figure 13 shows the two-phase pressure drop characteristics as
a function of efficient heat fluxes for all porous microchannels
samples. With the increase of heat fluxes, the pressure
drop showed an overall increasing tendency for all samples.
Nevertheless, there existed a region where the �P changed
to flatten out or drop slightly, after which it increased
monotonically. This trend was especially pronounced for the
three samples with irregular powder, as shown in the plots of
figure 14(b). Such behaviors can be related to the transition of
flow pattern in the microchannels as follows: firstly the bubbles
flow dominated in the microchannels, which increased the gas
superficial velocity and amplified the pressure drop [37]. Then,
with the heat flux and vapor quality increasing, the bubbles
tended to collapse together, and the bubbly flow transited
to an elongated bubbly flow, in which the gas superficial
velocity decreased, therefore inducing a decrease of pressure
drop. Finally, with the vapor quality increasing further, the
rapid annular flow governed in the microchannels, and the
gas superficial velocity increased again, thus the pressure drop
increased significantly. The above flow pattern transition was
detailed in our previous study [23] and is not presented here
again. Similar results were found during the water boiling

tests on the glass microchannels by Choi et al [38], and the
FC-77 liquid tests on the copper microchannels by Chen and
Garimella [39].

For the three porous microchannel samples with spherical
powder, there was no distinctive difference of �P for samples
RPM-S1 and RPM-S3 at the early stage after the initiation of
boiling. Two-phase instabilities accompanied by oscillation of
the inlet pressure occurred for these two samples, as shown in
figure 14(a). This was attributed to the rapid bubble collapse
and sometimes the vapor flowed back into the inlet plenum.
However, the flow reversal was not observed for sample RPM-
S2, and the inlet pressure kept nearly constant even at the early
stage of boiling at low heat fluxes. The pressure drop of sample
RPM-S2 was also smaller than the other two samples. With the
heat flux and vapor quality increasing, the �P of sample RPM-
S1 with the smallest powder size 50–75 μm increased rapidly,
and outperformed that of sample RPM-S3. It has reached a
very high value (>35 kPa) when it approached to the situation
of CHF. Sample RPM-S2 presented a steady and gradual
increase of �P, and the smallest pressure drop was reached.
The possible reason for the above differences of pressure drop
for the three samples may be the different effects of spherical
particle size on the frictional and acceleration pressure loss.
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(a) (b)

Figure 14. Variation of inlet pressure of three porous microchannel samples with spherical powder at Tin = 90 ◦C, G = 200 kg m−2 · s–1:
(a) low heat flux; (b) high heat flux.
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Figure 15. Variation of inlet pressure of three porous microchannel samples with irregular powder at Tin = 90 ◦C, G = 200 kg m−2 · s–1:
(a) low heat flux; (b) high heat flux.

For sample RPM-S1, as the small particles bonded together
densely, and the pores between different particles were small
and tended to close, the liquid and vapor phase were hard to
penetrate into the wall surface and can only flow directly along
the microchannels, therefore it facilitate the rapid flow in the
microchannels, which may increase the acceleration pressure
loss significantly. While for the sample RPM-S3, the large
variation of protrusion and valleys in the microchannel wall
due to the large particle size may increase the turbulence and
shear stress notably and thus increase the frictional resistance.
It also presented a large pressure drop. Sample RPM-S2 with
the medium particle size may have reached a good balance
of both frictional and acceleration pressure loss, therefore
the smallest �P was obtained. Besides, as can be seen in
figure 14(b), periodic boiling persisted even at high heat fluxes
for sample RPM-S1. On the other hand, for the other two
samples with larger powder size, stable boiling lasted for a
long time, and the fluctuation of pressure drop was mitigated

or absent at moderate to high heat fluxes. Therefore, for the
spherical samples, it seems that the porous microchannel with
large powder size can facilitate to maintain a steadier boiling
behavior.

For the porous samples with irregular powder, during the
early stage of boiling, the pressure drop differences among the
three porous microchannel samples were insignificant. Slight
flow instabilities occurred for all three samples, as shown
in figure 15(a). However, with the increase of heat flux and
vapor quality, the pressure drop of three samples diverged to
increase differently, indicating that the particle size played a
dominant role on the pressure drop. Sample RPM-I2 with the
intermediated size of 75–110 μm produced the largest pressure
drop, and the smallest one was reached by sample RPM-I1 with
the smallest particle size. As mentioned before, the annular
flow dominated in the porous microchannel at this stage. The
vapor core flowed in the center of the microchannel, while the
liquid thin film existed in the periphery of microchannel wall.
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The wall surface may play an important role on the liquid film,
i.e., a rougher surface leads to an earlier breakage of the liquid
film [40]. The broken and dispersed liquid film in the rougher
microchannels may result in an increase of two-phase pressure
drop. Therefore, with the surface roughness increased, the
pressure drop of RPMs with irregular powder tended to become
larger. Nevertheless, two-phase flow instabilities were found
to be suppressed for sample RPM-I2, as shown in figure 15(b),
while the small amplitude of fluctuation of inlet pressure
still existed for sample RPM-I1 and RPM-I3. This indicated
that RPM-I2 was favorable for mitigating flow instabilities.
Recognizing that RPM-I2 has the largest surface roughness,
as shown in table 2, it seems that the rough surface can promote
the stability of two-phase flow. This can be explained by
the fact that a rough surface can trigger a rapid transition
from bubbly flow to annular flow [41], thereby reducing the
instabilities caused by the rapid bubble formation and collapse.
It should be mentioned that the wall roughness only plays a
role in the pressure drop and flow instability behavior of the
irregular porous samples, but not the spherical samples. This
may be due to the smooth particle surface and uniform packing
characteristics of spherical samples, and the roughness may
exert a less predominant role on the liquid film during the
convective boiling.

4.4. Evaluation of optimum design

By the combination of both heat transfer performance and
pressure drop, one can note that, for the spherical samples,
sample RPM-S1 performed worst in both heat transfer and
pressure drop. Though the sample RPM-S3 exhibited the
largest heat transfer performance, it needed large pump
power due to high pressure drop, which may hinder its
application in heat sink cooling. Sample RPM-S2 produced the
smallest pressure drop and medium heat transfer performance.
Meanwhile, it showed its excellent superiority in the mitigation
of the detrimental two-phase instabilities. Therefore, it seems
to be the optimum choice in these three porous microchannel
samples. While for the three samples with irregular powders,
it can be found that the largest htp and smallest �P can be
obtained by sample RPM-I1, despite the slight two-phase
instabilities accompanying the boiling flow. Moreover, sample
RPM-I1 also produced a better heat transfer performance and
smaller pressure drop than any of the samples with spherical
samples. Therefore, it seems that irregular powder with size of
50–75 μm should be selected for the irregular porous samples
to achieve the highest performance in the cooling of high heat-
flux microelectronics chips.

5. Conclusions

In summary, a series of porous microchannels with the �

shape were fabricated for heat sink cooling by the solid-state
sintering method with the aid of specially designed sintering
replication modules. Micro wire EDM was utilized to process
the modules, and the machinability of the graphite module
by micro EDM was demonstrated. The surface roughness
characteristics of these porous microchannels were examined.

The dependence of flow boiling performance, i.e., two-phase
heat transfer, pressure drop and flow instabilities, on the
copper powder type and size were accessed. These porous
microchannels were found to reduce the wall superheat
for the onset of nucleate boiling significantly. The two-
phase heat transfer performance was enhanced with the
increase of particle size for the porous microchannels with
spherical powder, while an inverse trend existed for the
samples with irregular powder. For the spherical samples,
the porous microchannels with large powder size facilitated a
steady boiling behavior to be maintained, and their two-phase
pressure drop was also smaller than the one with the smallest
particle size, 50–75 μm. The pressure drop of the porous
microchannel with irregular powder was believed to depend on
the wall surface roughness. In the present experimental range,
the irregular powder with the smallest size of 50–75 μm was
considered to be the optimum one to construct the porous
microchannel heat sinks to achieve the highest performance
for the cooling of high heat-flux microelectronic chips.
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