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� The enhanced flow boiling in porous-coated parallel microchannels was studied.
� The pressure drop and flow boiling instability performances were discussed.
� A size-dependant heat transfer enhancement from porous coatings was recorded.
� The mitigation of flow boiling instability by the porous coatings was observed.
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a b s t r a c t

Three heat sinks with porous-coated parallel microchannels were fabricated by using a solid-state sin-
tering method. The enhanced flow boiling of anhydrous ethanol in the porous-coated microchannels was
systematically studied and compared to that of bare microchannels. The changes in pressure drop, flow
boiling instability and flow boiling heat transfer performances caused by the introducing of porous
coatings were discussed. The effect of particle size on pressure drop and heat transfer performance was
also studied. The porous-coated microchannels showed significant mitigation of flow boiling instability,
which was explained by the changes in bubble dynamics. Dramatic enhancement of flow boiling heat
transfer in the porous-coated microchannels was obtained. The enhancement from porous coatings
showed dependence on particle size and diminished with the increase of vapor quality.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Micro-channel flow boiling systems have shown promising
prospects in applications demanding high-flux heat dissipation
because of their compact sizes and effective heat transfer ability
coming from latent heat of phase change. Since the first study on
flow boiling in microchannels conducted by Tuckerman and Pease
[1] in 1981, a number of works have been reported on this subject
[2e6]. A comprehensive review covering the history, advances and
challenges in flow boiling heat transfer in microchannels was given
by Kandlikar [7]. Generally, the heat transfer coefficient, flow
boiling instability and critical heat flux (CHF) are identified as the
major concerns of flow boiling in microchannels. Developing
micro-channel flow boiling systems which may provide both high
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performance of heat transfer and reliable system operation is
always a challenge for the application of this technology.

With the development of boiling enhancement technology,
many surface structures have been investigated in pool boiling
experiments and shown great improvement of heat transfer per-
formances [8,9]. The achievements in pool boiling heat transfer
motivated the studies on the flow boiling in microchannels with
enhanced structures.

Wang et al. [10] investigated the flow boiling heat transfer in
vertical narrow channel with sintered aluminum powder surface.
The flow pattern in the narrow channel was also observed by
naked-eye. They found that the dominant flow pattern in the nar-
row channel is annular flow pattern with liquid guttae. An
enhancement of 2e5 times in boiling heat transfer coefficient was
obtained by introducing the porous surface in the flow channels.
Wu et al. [11] reported a porous-coated surfacewith vapor channels
and investigated the effects of size and density of the vapor chan-
nels on the boiling heat transfer. Krishnamurthy and Peles [6]
studied the subcooled and low quality saturated flow boiling
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Fig. 1. (a) Schematic of solid-state sintering process (b) SEM images of porous-coated
microchannels (#1, #2 and #3).
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across micro pin fins entrenched in a microchannel under various
mass fluxes and heat fluxes. The thermal performance evaluation
comparison with a plain microchannel revealed that the presence
of pin fins considerably enhanced the heat transfer coefficient.
Khanikar et al. [12] studied the flow boiling characteristics in
rectangular microchannels with carbon nanotubes (CNTs) coating
and obtained a modest enhancement of heat transfer. The increase
of pressure drop resulted from CNT coating was also observed,
especially at high mass velocities.

Kandlikar et al. [5] studied the effects of artificial nucleation
cavities and the pressure drop elements of different area reduction
ratios on flow boiling stability. They found fabricated nucleation
sites in conjunction with the 4% area pressure drop elements
completely eliminated the instabilities associated with the reverse
flow. Kuo et al. [13] also found the ability of reentrant cavities to
suppress flow boiling oscillations and instabilities in micro-
channels. They suggested that, for the reentrant cavity devices, the
reduced superheat and pressure at the initial stage of the bubble
nucleation delayed and moderated the flow oscillation, and, thus,
extended the stable boiling region and increased the CHF.

The previous studies imply that the flow boiling performance in
microchannels can be improved by enhanced surface structures
with some success. However, the knowledge of flow boiling char-
acteristics from porous surfaces in microchannels is rather frag-
mentary. Particularly, the pressure drop and flow boiling instability
in porous-coated microchannels were rarely studied.

Porous metallic coating is considered to be the most viable
technique for the enhancement of boiling heat transfer, which can
be formed by sintering, brazing, flame spraying, forming or elec-
trodeposition [8]. Microporous coating was early proposed by
O’Connor and You [14] and further developed by Chang and You
[15]. The coating technique increases vapor/gas entrapment vol-
ume and active nucleation-site density by forming openly con-
nected porous structures with cavities of different sizes, which
significantly affects the nucleate boiling heat transfer because of
the numerous embryonic bubbles in the unique microporous
structures. Rainey and You [16] developed a unique “double
enhancement” technique which combined a large-scale area
enhancement (square pin-fin array) and a small-scale surface
enhancement (microporous coating) for the enhancement of
boiling heat transfer. The nucleate boiling and CHF behaviors were
found to be the results of multiple, counteracting mechanisms:
surface area enhancement, fin efficiency, surface microstructure
(active nucleation site density), vapor bubble departure resistance,
and re-wetting liquid flow resistance.

In the present study, the enhanced flow boiling of anhydrous
ethanol in parallel microchannels with metallic porous coatings is
systematically studied. The pressure drop, flow boiling instability
and flow boiling heat transfer performances of the porous-coated
microchannels are investigated and compared to those of bare
microchannels. The effect of particle size on pressure drop and heat
transfer performances is also discussed. Only part of the nucleate
boiling region is studied. The critical heat flux (CHF) of the flow
boiling in microchannels is not studied due to limited heating
power.

2. Experimental methods

2.1. Preparation of micro-channel heat sinks

Three porous-coated micro-channel samples (named as #1, #2
and #3) and a bare micro-channel sample (named as #0) were
prepared in this experiment. The parallel rectangular micro-
channels were fabricated by using EDM wire cutting process. A
solid-state sintering technology (Fig. 1(a)) was employed to
fabricate a metallic porous coating in the bottom of the micro-
channels. The porous coatings which were uniformly dispersed in
samples #1, #2 and #3were composed of dendrite copper powders
with diameters of about 30, 55 and 90 mm, respectively. The sin-
tering process was conducted at 900 �C for 30 min under the
protection of nitrogen and hydrogen. The thickness of the porous
structure was about 0.12 mm, which was controlled by a sintering
mold (Fig. 1(b)). By using this method, the four samples sharing the
same hydraulic diameter Dh of 0.54 mm were obtained.
2.2. Experimental setup

Fig. 2(a) depicts the construction of the testmodule employed in
this study. The test module consists of a copper micro-channel heat
sink, a polycarbonate cover, a copper heating block and two car-
tridge heaters (300e500 W). The heat sink was fixed firmly in the
slot on the heating block which was placed in the epoxy base and
insulated by asbestos around. As shown in Fig. 2(b), the platform
surface of the heat sink is of 17 mm in width and 46 mm in length.
Fifteen microchannels of 400 mm in width, 900 mm in depth and
32 mm in length are uniformly arrayed in an area of 10.8 � 32 mm
on the heat sink. The temperature distribution along the axial di-
rection of the heat sink was recorded by six uniformly installed K-
type thermocouples, named K0, K1, K2, K3, K4 and K5, respectively.
The details of the location of the six thermocouples are shown in
Fig. 2(b).

Fig. 3 shows the experimental setup and the flow loop that
delivers working fluid to the test module at the desired flow rate,
inlet temperature and pressure. A micro-pump drives the working
liquid from the loop’s reservoir into a filter, followed by a volu-
metric flow meter, a water bath with temperature controller, and a
fluid valve before entering the test module. The heating power of
the test module was supplied by an adjustable autotransformer and
monitored by a power meter. A compact condenser was situated
downstream to cool the fluid passing through the test section. The
temperature of the working fluid was measured at the inlet and
outlet collectors of the test module, by two K-type thermocouples
(Kin and Kout). The flow rate of the working fluid was controlled by
adjusting the speed of the micro-pump and was monitored by a
flow meter. A differential pressure transducer (DP1300, Senex,
Guangzhou) was used to monitor the pressure drop between the
inlet and the outlet of the test module. The pressures at the inlet
and the outlet of the test modulewere alsomeasured by two silicon
pressure sensors, with sensitivity of 2.9 mV/kPa, response time of
3.0 ms. A microscope with 40� magnification was installed for
observing the flow boiling process in microchannels. The data of
temperatures and pressures were collected by a data acquisition
system (Agilent 34970A, Agilent Technologies, Shanghai).



Fig. 2. Schematic of test module and micro-channel heat sink (a) exploded view of test module (b) dimensions of micro-channel heat sink (Unit: mm).
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2.3. Procedure

In the flow boiling experiment, anhydrous ethanol of a purity of
99.8% was used as working liquid. Prior to conducting a test, the
ethanol was circulated for 10 min to purge most gases in the flow
loop. Subsequently, the flow rate and the inlet temperature were
set to yield the desired test conditions by adjusting the flow rate
and the temperature of water bath. Electrical power was then
supplied to the cartridge heaters in the copper block in a small
increment of 20e40 W. All the measurements of temperature were
collected at steady-state which was considered to be achieved for
each heat flux level when the mean temperature of the heat sink
became constant (within 0.5 K fluctuations for at least 2 min). The
inlet and outlet pressures were also recorded at each steady state.
Fig. 3. Schematic of experimental setup and flow loop (a) schematic of the flow loop
(b) photograph of main experimental apparatuses.
The collecting time of temperature and pressure data for each heat
flux level was 5 min with a sampling frequency of 5 Hz.
2.4. Data reduction

2.4.1. Pressure drop
The pressure drop in the microchannels was defined as

DP ¼ ðPin � PoutÞ � Ploss (1)

The values of inlet pressure, Pin, and outlet pressure, Pout, were
the averages of the collection data during 5 minutes’ acquisition
time for each heat flux level.

Numerical simulation was employed to determine the pressure
loss Ploss in the test section. The pressure distribution in a single
unit cell under single-phase flow was simulated by using the
commercial program of Fluent 6.3. The details of modeling are
given in Fig. 4(a). The pressure drop in the unit cell was calculated
using a simple force balance between shear force and pressure drop
force. The simulation results shown in Fig. 4(b) imply that the
pressure loss induced by the input and output manifolds is lower
than 5% of the total pressure drop under both boundary conditions.
In this study, the pressure loss was reflected in the uncertainty of
pressure drop.

The fluctuation amplitudes of DP were obtained from the sta-
tistics of the real-time pressure data recorded by the data acquisi-
tion system. The upper and lower limits ofDP fluctuation amplitude
were evaluated by the average of the highest 20% DP values and the
average of the lowest 20% DP values, respectively.

2.4.2. Mass flux
The mass flux, m, at the inlet of test section was calculated as

m ¼ Vr=A (2)

Where V is the volumetric flow rate, r is the fluid density, and A is
the overall cross-section of the microchannels.

2.4.3. Heat flux
With the assumption that the heating power distributes uni-

formly on the test heat sinks during this experimental study, the
heat flux transferred to the fluid, named effective heat flux, was
defined as

q ¼ ðN � NlossÞ=F (3)

where N is the external heating power supplied by two cartridge
heaters, F is defined as the plate area of the heater which is



Table 1
Experimental uncertainties for the measured and reduced parameters.

Parameters Uncertainties (maximum)

Cross-sectional area �5.8%
Temperature �0.5 �C
Static pressure �0.15%
Pressure drop �5.2%
Heating power �2.5%
Vapor quality �12%
Max flux �6.1%
Heat flux � 8.4%
Heat transfer coefficient �14%

Fig. 4. (a) The model of simulated unit cell (b) pressure contour in the simulated unit cell.
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32 � 10.8 mm in the experiment, Nloss is the heat loss due to con-
duction, convection and radiation. Based on the total heat balance
of the test section, the heat loss was estimated by comparing the
electric heat input with the actual heat transfer rate in terms of
enthalpy difference between the inlet and outlet of the working
fluid.

2.4.4. Heat transfer coefficient
Since the boiling heat transfer occurs only in the downstream

channel, the single-phase flow region and two-phase flow boiling
region coexist in a single channel. The study on the local heat
transfer characteristic of test heat sink is needed for the better
understanding of the heat exchange properties of solid-flow
interface in micro-channels. The study of local flow boiling in the
microchannels was defined at the 5th temperature measurement
point from the inlet, where may be expected to remain well-
developed flow boiling and avoid the effects from outlet manifold
the tests. The assumption of thermal equilibrium was used to
calculate the heat transfer coefficient in the boiling regime. The
local two-phase flow heat transfer coefficient htp can be expressed
by

htp ¼ q=ðTwi � TsatiÞ (4)

where q is effective heat flux, Twi is the local wall temperature of the
heat sink, and Tsati is the saturation temperature of local working
fluid.

By assuming one-dimensional heat conduction between ther-
mocouple location and channel bottom wall, the local wall tem-
perature Twi was evaluated by

Twi ¼ Ti � ql=Ks (5)

where i is the sequence number of temperature measurement
points, Ti is the measured temperature of the i-th measurement
point (T4 in this study), Ks is the thermal conductivity of copper, and
l is the distance between the measurement point and the bottom of
the channel.

With the assumption that the pressure in the microchannels
obeys linear distribution along the axial direction, a linear inter-
polation was employed to determine Tsati.
2.4.5. Mass vapor
The values of mass vapor quality were calculated from equation

of change in the enthalpy of a liquidevapor system during evapo-
ration in the microchannels.

2.5. Uncertainties analysis

The temperature of the heating wall and working fluid was
measured with an accuracy 0.5 K (95% confidence level). Uncer-
tainty analysis was conducted based on the method proposed by
Kline [17]. The experimental uncertainties for the measured and
reduced parameters are listed in Table 1.

3. Results and discussion

3.1. Pressure drop characteristics and two-phase instability

The comparison of pressure drop performance of the bare and
porous-coated microchannels is presented in Fig. 5. The data were
recorded with the inlet temperature of 30 �C. It indicates that for
each heat flux, the pressure drop is higher for the porous-coated
surface compared to that of the bare surface and the difference
increases with increasing mass velocity and heat flux. This differ-
ence in pressure drop may due to the increased shear stress with
the porous-coated surfaces, which is brought about by increasing
surface roughness and turbulence. Similar to the observation of
Khanikar et al. [12], the porous-coated surfaces seem to be more
sensitive to the change in mass flux than that of bare surface.



Fig. 5. Pressure drops versus the wall heat flux under different mass velocities for
porous-coated and bare micro-channel heat sinks.
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It shows that the increase of flow rate can lead to a higher pressure
drop both in the bare and the porous-coated microchannels,
especially at low heat flux region (<720 kW/m2). The curves show
sharp increase of pressure drop at particular heat fluxes, which can
be explained by the onset of flow boiling. The pressure drop in the
microchannels is highly depended on the bubble dynamics in the
flow boiling region. The growth of large bubbles caused by the
coalescence of plenty bubbles can be an explanation to the increase
of pressure drop in the microchannels [18]. It indicates that the
additional pressure drop caused by the introducing of porous
coatings can be controlled within an acceptable range when a
proper heat flux is selected (�500 kW/m2 for this case).

On the other hand, the susceptibility of flow boiling systems to
the Ledinegg instability can be assessed by considering the negative
segment of the pressure dropemass flux gradient. As the slope
vðDpÞ=vm becomes steeper, the system tends to exhibit static flow
instability. A systematic study on the Ledinegg instability in
microchannels has been presented by Zhang et al. [19]. The dy-
namic flow instability caused by pressure drop type oscillation will
be the focus of our discussion below.

Fig. 6 presents the pressure drop transformation from single-
phase to two-phase boiling flow for #0 and #1 at the mass
Fig. 6. Transient pressure drop of porous-coated and bare m
velocity of 182.8 kg/m2s. The average pressure drop of porous-
coated surface shows a slight higher than that of bare surface.
Notice that there is a significant jump of pressure drop for both
samples with the upgrade of heat flux level. Meanwhile, the fluc-
tuation of pressure drop is intensified, particularly for the bare
microchannels. The two-phase flow dynamic instability may
trigger the onset of CHF, and has been identified as a major concern
in reliable operation of a microchannel heat exchanger. The bubble
nucleation of the superheated liquid in microchannels may cause
an explosive growth of the bubble, which expands in both down-
stream and upstream directions [4]. The bubble expansion up-
stream results in a back flow into the header of the parallel
microchannels, which is a major source of instability in
microchannels.

Fig. 7 indicates that the pressure drop fluctuation of micro-
channel is highly depended on mass flux and outlet vapor quality.
Due to the limited heating power, the heat flux range studied in the
flow boiling experiments was 200e1200 kW/m2, which deter-
mined the outlet vapor quality was below 0.35.With the increase of
outlet vapor quality, the bare surface shows sharp increase in
pressure drop fluctuation while the porous-coated surface seems
relatively steady. Moreover, the porous-coated microchannels
show less sensitivity to the change of mass flux compared to that of
bare surface.

Generally, a large fluctuation amplitude of flow pressure drop
indicates a large force of the steam plume impacting to the flow
channel. The erosion of the steam plume on the channel walls may
cause the local drying, which leads to local temperature raising and
heat transfer deterioration. Providing artificial nucleation sites,
employing inlet restrictors, and incorporating heated regions to
initiate nucleation are some of the remedies for the suppression of
flow boiling oscillations in microchannels [5,20]. In this study, the
significant improvement of flow boiling stability may be explained
by the changes in bubble dynamics caused by introducing the
porous coating layer. Many results of pool boiling studies show that
porous coatings facilitate the nucleation process of bubbles and
consequently lead to the great reduction of wall superheat. More
importantly, the bubble dynamics on the porous surfaces show
great differences compared to that on bare surfaces [14,21]. Kuo
and Peles [22] demonstrated that the microchannels with struc-
tured surfaces were shown to promote nucleation of bubbles and
to support significantly better reproducibility and uniformity of
icrochannels in different convective heat transfer zone.



Fig. 7. Fluctuation amplitudes of pressure drop in porous-coated and bare micro-
channels at different vapor qualities and mass flux.
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bubble generation. The bubbles with much smaller departure
diameter and higher departure frequency were observed in the
porous-coated microchannels compared to those in bare micro-
channels. The change in bubble dynamics can greatly reduce the
probability of the formation of big bubbles which may expand in
both downstream and upstream directions with the restriction of
narrow flow channels and finally result in back flow. It is evident
[23,24] that the enhanced structures enable a more orderly bubble
nucleation process, and, to an extent, suppress the flow instability
in microchannels. In addition, the increase of flow rate also reduces
the coalescence of bubbles in flow channels.

3.2. Two-phase flow boiling heat transfer

Fig. 8 shows typical boiling curves of four samples obtained at the
fifth thermocouple location. The data were recorded with the inlet
temperatureof30 �Candflowrateof182.8kg/m2s. It shows theslopes
of all boiling curves are fairly constant at low heat fluxes corre-
sponding to the single-phase flow regime. With the increase of heat
flux, the slopes of the boiling curves show a sudden increase, which
indicates the onset of flow boiling. The superheats at the phase
transitionpoints for case#1,#2and#3are apparently lower than that
of case #0, which illustrates that the porous coatings in the micro-
channels facilitate the onset of flow boiling. Griffith and Wallis [25]
demonstrated that the geometry of a cavity containing trapped va-
por is closely related to the bubble nucleation process. Under normal
Fig. 8. Heat flux versus temperature difference between Tw4 and Tin for porous-coated
and bare micro-channel heat sinks.
circumstances, the entrapped vapor and gas served as bubble em-
bryos aremuchbigger than criticalnucleationbubble [26]andmaybe
uniformly superheated [27], which facilitates the activation of these
nucleationsites.Ontheotherhand, theseparationofbubbles fromthe
superheated boundary layer into the colder fluid volume is consid-
erably impeded for the bare surface, which hinders the nucleation
process [28]. Thus, the reduction of local wall superheat for the onset
of nucleate boiling by the porous coatings can be well explained.

Fig. 9 shows dependence of the saturated flow boiling heat
transfer coefficient on the thermodynamic equilibrium quality at
the 5th temperature measurement point of the test section. The
data were obtained at the mass flux of 182.8 kg/m2s. The porous-
coated samples (#1e#3) show great enhancement of heat trans-
fer coefficient compared to that of bare sample (#0). However, the
enhancement diminishes with the increase of vapor quality. Similar
phenomenon was observed in the study on subcooled flow boiling
in a small channel with diamond-particle microporous coating
reported by Ammerman and You [29]. They attributed the dimin-
ishing of heat transfer enhancement to the adverse effect of the
added conductive thermal resistance brought by the porous
coating. Another possible explanation for the diminution of the
boiling heat transfer enhancement is the change of heat transfer
mechanisms resulted from the transformation of flow patterns
[3,30]. With the increase of vapor quality, different flow patterns
were observed in the porous-coated microchannels.

The effect of particle size on the heat transfer performance is
given in Fig. 8. Cases #1 and #2 with smaller particle sizes (30 mm
and 55 mm) exhibit better flow boiling heat transfer performance
than that of case #3 with larger particle size (90 mm). The result is
due to the higher heat transfer specific area and nucleation sites in
porous media with smaller pore diameter [31]. Since the heat flux
scope discussed in this study was limited to nucleate boiling
regime, the highest heat transfer performance of case #2 may be
explained by the most preferable bubble nucleation condition. As is
known, it is difficult for liquid to penetrate into the porous layer
with very small pores, which will thus fail to be activated at low
heat fluxes. On the other hand, the large pores or cavities will be
flooded by the subcooled liquid and unable to serve as stable
nucleation sites. These adverse conditions will lead to higher
superheats required for nucleation, and thereby hinder the
enhancement. Sun et al. [32] suggested there is an optimum pore
size for a given liquid in their study on the subcooled flow boiling
heat transfer from microporous surfaces constructed by sintering
spherical copper particles. In the present experimental range,
55 mm was considered the optimum particle diameter.
Fig. 9. Effect of vapor quality on heat transfer coefficient of porous-coated and bare
micro-channel heat sinks.
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4. Conclusion

In this study, the enhanced flow boiling of anhydrous ethanol in
the porous-coated microchannels with hydraulic diameter of
540 mm was systematically investigated and compared to that in
bare microchannels. Three heat sinks with porous-coated parallel
microchannels were fabricated by using a solid-state sintering
method. The copper particles used in samples #1, #2 and #3 were
of about 30, 55 and 90 mm in diameter, respectively. The changes in
pressure drop, flow boiling instability and flow boiling heat transfer
performances caused by the introducing of porous coatings were
discussed. The experimental results show that the introducing of
porous coatings can lead to a slight higher pressure drop, and a
significant mitigation of pressure drop fluctuation in the micro-
channels. The improvement in flow boiling stability can be
explained by the changes in bubble dynamics and is highly
depended onmass flux and outlet vapor quality. On the other hand,
a dramatic enhancement of flow boiling heat transfer was obtained
in the porous-coated microchannels, particularly at low vapor
quality regime. The enhancement was due to the preferable bubble
nucleation condition of porous coatings and diminished with the
increase of vapor quality. Moreover, the flow boiling heat transfer
performance of porous-coated microchannels showed dependence
on particle size. In the present experimental range, themedium size
of 55 mm was considered the optimum particle diameter.
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Nomenclature

A: microchannel cross-section area (m2)
Dh: hydraulic diameter (m)
F: plate area of the heater (m2)
htp: local heat transfer coefficient (KW/m2 K)
Ks: thermal conductivity of copper heat sink (KW/mK)
l: distance from thermocouple to bottom wall of microchannel (m)
Pin: inlet pressure (Kpa)
Ploss: pressure loss (Kpa)
Pout: outlet pressure (Kpa)
N: heating power (KW)
Nloss: heat loss (KW)
DP: pressure drop (KPa)
Tsati: saturated temperature of point i (K)
Tout: outlet temperature (K)
Twi: thermocouple reading (i ¼ 0e5) (K)
V: volumetric flow rate (m3/s)
xout: vapor quality
xtp: local vapor quality
r: fluid density (Kg/m3)

Subscripts
h: hydraulic
i: thermocouple i (i ¼ 0e5)
in: inlet
out: outlet
q: heat flux (KW/m2)
s: solid
t: time (s)
sat: saturation condition
Tin: inlet temperature (K)
tp: thermocouple position
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