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Abstract: In recent years, the open microchannel has drawn increasing interest, but severe local
dryout limited the heat transfer capability of flow boiling. It was anticipated that nanostructures
with exceptional capillary wicking abilities would overcome this problem. In this study, blade-like
CuO nanostructures were created in the copper open microchannels to experimentally investigate
water flow boiling. Experiments were carried out in nanostructured open microchannels (NMCs),
and smooth-surface open microchannels (SMCs), as a comparison, were examined under identical
operating conditions. Four main flow patterns, including bubbly flow, slug flow, and two kinds of
stratified flow, dominated successively in NMCs and SMCs. Although the flow patterns were similar
in NMCs and SMCs, the heat transfer coefficient (HTC) of flow boiling was greatly enhanced by
nanostructures under conditions of medium and high heat flux, while the nanostructures” influence
on HTC was unnoticeable at low heat flux. At medium and high heat fluxes, the dependence of
HTC on heat flux and flow rate indicated the joint contribution of nucleate boiling mechanism
and convective evaporation mechanism to heat transfer. The enhanced effect of nanostructures on
nucleate boiling and convective evaporation became more prominent as heat flux increased, leading
to a higher HTC in NMCs than in SMCs at higher heat flux conditions.
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1. Introduction

Electronic equipment and energy storage devices with increasing power and heat flux
face severe heat dissipation problems [1,2]. Microchannel flow boiling has a very large
heat transfer capability, making it one of the most promising strategies for enhancing heat
dissipation and improving thermal management [3-5]. The open microchannel is a type of
microchannel heat sink with a unique flow passage configuration [6]. It forms an open gap
over the microchannels, offering additional space for the expansion of bubbles and vapor clots
downstream, significantly suppressing two-phase flow instability and reducing the pressure
drop. Hence, the open microchannel heat sink has attracted great attention in recent years.

An open microchannel heat sink with a tapered manifold was designed by Kand-
likar et al. [7], which mitigated reverse flow and reduced the pressure fluctuation. The
highest HTC reached 193 kW /(m2K), and the significant improvement in heat dissipation
capability was attributed to the open space over the microchannels. Kalani et al. [6] ana-
lyzed the mechanism of bubble dynamic behaviors (including bubble nucleation, growth,
and departure) during flow boiling in open microchannels. They claimed that the bubble
behaviors within the channel region had no negative influence on the overall stability of
two-phase flow due to the extensive interlinked vapor space distributed over the channels.
Balasubramanian et al. [8] investigated the spatial orientation impacts on heat transfer
performances of flow boiling in an open microchannel heat sink. It was confirmed that the
performance of open microchannels was independent of orientation. Qiu et al. [9] experi-
mentally studied and visualized flow boiling in an open microchannel heat sink. Because of
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the open space, the stratified slug/annular flow was crucial for improving heat dissipation.
Zhao et al. [10] investigated flow boiling in large-aspect-ratio open microchannels. It effec-
tively separated liquid and vapor during two-phase flow, accelerating evaporation in the
liquid film. Fattahi et al. [11] evaluated flow boiling in open microchannels with a variety
of geometric-shaped fins. The open microchannel with plane—convex model was the most
efficient alternative and provided the best performance. Bhandari et al. [12] studied how heat
transfer and flow parameters were influenced in open microchannels. It was obvious that open
microchannels had less pressure drop than closed channels. In general, the flowing liquid and
vapor in the open microchannels were relatively undisturbed, resulting in an HTC improve-
ment. However, the increased flow stability and reduced pressure drop in open microchannels
are always accompanied by local dryout, resulting in a limited HTC improvement.

Numerous efforts have been devoted to further enhance the flow boiling heat dis-
sipation performance of open microchannels. Modifying channel surface with micro-
/nanostructures [13,14] is a crucial method for improving heat transfer. Lin et al. [15]
examined the influence of microscale pores on the heat dissipation of flow boiling in a
microchannel. Benefiting from the superhydrophobic wettability and enormous number of
possible nucleation sites of the microscale porous structures, the average two-phase HTC
was increased by up to 74.84% because of earlier boiling inception and enhanced boiling
intensity. Markal et al. [16] investigated flow boiling in a microgap with a diminishing
number of micro-pin fins. The flow boiling thermal performance was greatly improved
compared to the conventional uniformly distributed micro-pin fins, along with the re-
duced surface temperature fluctuations and flow instabilities. However, enhancing the heat
transfer of microchannel flow boiling by modifying channel surface using microstructures
generally induces an additional pressure drop penalty, but using nanostructures does not.
Specifically, nanostructures can significantly delay local dryout by changing the surface
wettability [17-19]. Morshed et al. [20] explored flow boiling heat dissipation performance
in a single side-heated Cu microchannel with a thin nanocomposite layer covering the
bottom surface. The alteration in the surface morphology caused by the nanocomposite
coating was attributed for the improvement in boiling performance. Wang et al. [21] de-
veloped a silicon-based microchannel heat sink with nanowire coatings. Their findings
showed that, in comparison to plain-wall microchannels, nanowire coatings could improve
the heat dissipation capabilities of microchannels while lowering the two-phase pressure
drop. Sharma et al. [22] analyzed the flow boiling performance in conventional closed
microchannels, with a smooth and nanostructured surface. The results showed that the
capillary wicking offered by nanostructures could greatly reduce the temperature oscilla-
tions and improve the HTC under high heat-flux conditions. Ghosh et al. [23] fabricated
nanostructures in copper microchannels via chemical oxidation. Compared to smooth-
surface microchannels, nanostructured microchannels displayed superior heat transfer
performance. Alam et al. [24] carried out flow boiling experiments in microchannels with
superhydrophilic nanowires. They found that the nanowires could improve liquid rewet-
ting and increase the HTC by about 400% while decreasing the pressure drop by about 70%.
Lim et al. [25] created a nanostructured surface in mini-/micro-channel ducts to evaluate
flow boiling performance. The increased wicking effects facilitated liquid rewetting and
suppressed local dryout, considerably enhancing the boiling heat transfer. Di Sia et al. [26]
created nanocomposite coatings in a mini-channel to raise the heat transfer of flow boiling.
The nano-coatings encouraged rapid liquid penetration, facilitated bubble detachment, and
inhibited local dryout during the boiling process, resulting in the highest boiling HTC.

In the authors’ previous work [27,28], it was found that the open microchannel heat
sink (with a smooth surface) could suppress flow instability, lower pressure drop, and
improve HTC in comparison to the conventional closed microchannels. However, local
dryout occurred at high heat fluxes, causing an HTC reduction with increasing heat flux.
The present work is actually a follow-up study of previous ones, with the objective of
eliminating severe local dryout and further improving the heat dissipation capability in an
open microchannel heat sink. From a review of the relevant literature, it is obvious that
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nanostructures could offer the additional capillary force that is advantageous for pumping
the liquid back onto the heat exchange surface, effectively preventing local dryout. Could
nanostructures be utilized to change the surface wettability of open microchannels to
prevent local dryout and additionally improve the HTC of flow boiling? In this study,
blade-like nanostructures were fabricated on the open microchannel surface to examine the
flow boiling performance. The flow patterns were visualized and the HTC was measured.
The impact of blade-like nanostructures on water flow boiling was analyzed.

2. Experimental Investigation
2.1. Experimental Setup

Figure 1 shows the experimental system schematic. Before experiments, DI water
was fully degassed by applying low pressure many times. A micro-gear pump was used
to circulate the degassed DI water. A flowmeter was employed to monitor the flow
rate. A constant-temperature bath preheated the liquid to the desired inlet temperature.
Working fluid was heated and vigorously vaporized in the test section. Flow boiling was
visualized via a high-speed CCD camera. The two-phase fluid was drained from the open
microchannels and cooled in a condenser before it returned to the liquid tank. Pressure
transmitters and K-type thermocouples measured the test section inlet and outlet pressures
and fluid temperatures.
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Figure 1. Experimental system schematic.

2.2. Test Section

Figure 2 schematically depicts the test section. It was made up of two aluminum
plates, a copper heating block, a polyphenylene ether (PPE) cover plate, a silica gel gasket,
and a Teflon insulating layer. The copper block was encased in Teflon insulation for
thermal insulation and then placed between two aluminum plates. The copper block with
microchannels was covered by a transparent PPE plate to visualize the flow. A silicone
gasket was placed in the middle of the cover plate and the copper block for sealing. Three
groups of small holes were drilled 1.3 mm below the microchannel and thermocouples were
installed to gauge the temperature distribution of microchannels. To diminish heat loss to
the ambient, the insulation blanket was draped around the test section. The micro-milling
cutter was used to machine 25 parallel microchannels on the copper block’s top surface.
The size of the microchannel was 0.2 mm wide, 0.2 mm high, and 20 mm long. As shown in
Figure 3, an expanding slit was set between the cover plate and the microchannel to provide
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an open space with gradual expansion from the inlet to the outlet. CuO nanostructures
were fabricated on the entire microchannel surface to improve the surface wettability.

Aluminum plat
um plate PPE cover plate

Copper heating block

Figure 2. Test section schematic.
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Figure 3. Schematic diagram of the open microchannel flow passage.

2.3. Experimental Conditions and Surface Structure

The flow boiling experiment was carried out under atmospheric pressure. The mass
flow rates ranged from 177 to 438 mL/min, while the liquid inlet temperature was kept
at Tin = 90 °C. According to the method described by Huang et al. [29], the surface of
the microchannels was treated with chemical etching to create a coating of blade-like
nanostructures. At first, the copper microchannels were submerged into KOH (2.5 mol/L)
and K;5,0g (0.065 mol/L) mixture solution. The solution was warmed for 30 min in a
water bath at 70 °C. After that, the copper microchannels were washed twice or thrice with
DI water and dried in a 105 °C oven for 30 min. Finally, a layer of blade-like nanostructures
was generated on the channel surface. Figure 4 shows an image of the nanostructures
produced by scanning electron microscopy. A video contact angle measurement instrument
(Model: SDC-350) was utilized to evaluate the wetting characteristics of DI water on
the smooth surface and the nanostructured surface, respectively. It was obtained that
the DI water contact angle on the smooth surface was 101°, but it was nearly 0° on the
nanostructured surface, showing super-hydrophilicity.
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Figure 4. SEM image of the blade-like CuO nanostructures.

2.4. Data Reduction and Uncertainty Analysis

The data reduction followed the method described by Kandlikar et al. [7]. Fourier’s
heat conduction law was used to calculate the heat flux g:

daT
7= —keuge M

where k¢, is copper thermal conductivity and dT/dx is temperature gradient of copper in
height direction, which was computed by:
dT  3Th —4T, +Ts

dx 2Ax @)

where T1, T», and T3 are temperatures measured by thermocouples aligned vertically from
top to bottom. Ax = 4 mm is the interval between two adjacent measuring points.
Fourier’s law of heat conduction was used to calculate the microchannel’s wall tem-

perature: X
Tw=T— L](g) ®)
u

where x; = 1.3 mm is the interval between the top thermocouple and the channel bottom
wall.

Newton’s cooling formula was used to compute HTC:

h= 1 4
T )

The measured parameter uncertainties were approximated according to the accuracies
of measuring devices, while the computed parameter uncertainties were estimated using
Moffat’s method [30]. Table 1 lists the uncertainty analysis results.

Table 1. Uncertainties of parameters.

Parameter Uncertainty
Wch/ Hch/ Lch +0.01 mm
T(K-type) +0.50 °C
p +0.055%
u +0.05%
I £0.2%
14 +£0.2%
q +1.98%
Ty +£2.66%
h £5.65%

3. Results and Discussion
3.1. Flow Pattern Characteristics

Four main flow patterns successively dominated the flow boiling in NMC and SMC:
bubbly flow, slug flow, and two kinds of stratified flow. Figure 5 shows typical flow patterns
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in NMC. As displayed in Figure 5a, the two-phase flow was dominated by the isolated
bubbles after the boiling inception. Bubbles nucleated and grew at the nucleation site
and then departed from the surface of the channel or the top of the rib. With increasing
heat flux, more nucleation sites were activated and the bubble nucleation rate increased.
Moreover, the bubble’s growth accelerated and began to be confined by channels or the
open slit. The confined bubbles expanded rapidly and merged with the adjacent ones in
the open space to form the vapor slug, indicating the inception of the slug flow, as depicted
in Figure 5b. Vapor slugs developed into vapor clots with the continuous heat flux increase,
because of the sustained bubble expansion and coalescence, forming Type-I stratified flow,
as shown in Figure 5c. Vapor mainly flowed in the open space over the channels during
Type-I stratified flow, so the top surface of the ribs was covered by vapor blankets, while
liquid mainly flowed in the channels and bubbles continued to nucleate and grow in them.
With a further heat flux increase, the vapor clots connected with the bubbles in the channel
to occupy the whole cross section of the flow passage, while liquid flowed as a thin layer
adhering to the cover plate, forming Type-II stratified flow, as shown in Figure 5d. It can
be seen that the two kinds of stratified flow alternately appeared and local dryout may
happen on the wall surface during Type-II stratified flow.

(a) Bubbly flow (b} slug flow
at ¢ =640.97 kW/m® and V=333 mL/min at g =962.14 kW/m® and V=333 mL/min

(c) Type-I stratified flow (d) Type-II stratified flow with local dryout
at g = 1996.3 KW/m® and V=353 mL/min at g = 2072.88 KW/m® and V=177 mL/min

Figure 5. Flow patterns in NMC.

Since the boiling flow patterns greatly depend on the heat flux g and the flow rate V,
Figure 6 shows the flow operational map in NMC as a function of heat flux and flow rate.
It was noted that the bubbly flow and the slug flow both appeared under low and medium
heat-flux conditions, while the stratified flow happened under high heat fluxes for various
flow rates. In addition, with increasing flow rate, the flow pattern transition boundary
moved towards the higher heat flux, induced by the decreased bubble nucleation-site
density and the reduced bubble growth rate at higher liquid flow rate. It needs to be
stressed that Type-II stratified flow was only observed under small flow rate conditions in
this study, which did not mean that it would not occur at a large flow rate. The flow pattern
transition boundary moved to higher heat flux with the increment in flow rate, which
indicated that Type-II stratified flow would also occur under large flow rate conditions if
the heat flux became continually larger.
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Figure 6. Flow operational map during flow boiling in NMC.

3.2. Boiling Curves

Figure 7 depicts the boiling curves of NMC and SMC at four different flow rates. For
the boiling curves of NMC, it was noted that the wall superheat decreased with a flow rate
increase for a given heat flux. It is well known that the nucleate boiling mechanism and
the convective evaporation mechanism coexist during flow boiling in microchannels, so
the heat transfer can be considered as the net effect of both heat dissipation modes. The
large flow rate increased the bubble departure frequency, resulting in the improved nucleate
boiling heat transfer. Moreover, convective evaporation is related to heat conduction and heat
convection through a thin liquid film with evaporation at the liquid—vapor interface (L-V
interface). A flow-rate increase strengthened the interfacial disturbance, which induced
the secondary recirculating flows and enhanced the turbulence strength in the liquid film,
hence, raising heat transfer effectiveness through the liquid film (i.e., decreasing the thermal
resistance of the liquid film) and improving evaporation. The improved performance of
both heat dissipation modes with the increased flow rate reduced the wall temperature
under conditions of constant heat flux. However, for SMC, the increase in flow rate did
not always reduce the wall superheat. Figure 7b reveals that in SMC, the wall superheat
for V =438 mL/min was slightly higher than that for V = 353 mL/min at the same heat
fluxes. Due to the condensation of the nucleate bubbles and the instability of the L-V
interface contacting with the subcooled liquid, the nucleation-site density in the SMC may
significantly decrease as the flow rate increases, reducing the heat dissipation capacity and
increasing the wall superheat for a given heat flux.

Figure 7 reveals that the boiling curves of NMC moved to the left compared to those of
SMC, implying that the open microchannels with nanostructures had superior heat transfer
performance. It is well known that nanostructures could greatly increase the nucleation-site
density and decrease the boiling inception heat flux, resulting in more vigorous nucleation
boiling and reduced wall superheat in NMC than in SMC under the same operating
conditions. In addition, the reduced bubble departure diameter and the increased bubble
departure frequency caused by the nanostructures also contribute to enhancing the heat
transfer of nucleation boiling. When the flow pattern transformed from bubbly/slug flow
to a stratified one with a heat-flux increase, the enhanced effect of nanostructures on the
heat transfer became more prominent. During bubbly/slug flow, the dominant heat transfer
mechanism was nucleate boiling; the enhanced effect of nanostructures on the heat transfer
functioned only through enhanced nucleation boiling. However, with increasing heat flux,
the flow pattern changed to stratified flow, during which the heat transfer was together
determined by a nucleation boiling mechanism and convective evaporation mechanism.
The increased heat flux triggered more nucleation sites. In addition, the nanostructures
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enlarged the L-V interface and improved the liquid rewetting capability. This meant
that during stratified flow, the enhanced effect of nanostructures on the heat transfer
worked not only by enhancing the nucleation boiling, but also by enhancing convective
evaporation. Moreover, nanostructures with a strong capillary suction capability and rapid
liquid rewetting could inhibit local dryout and improve CHF, as reported in numerous
publications. As displayed in Figure 7, the SMC wall superheat increased to 30 °C and the
heat transfer began to degrade as the heat flux reached 1875.37 kW / m? at 177 mL/min flow
rate, whereas the NMC wall superheat was only 22.7 °C even at 2072.87 kW /m? heat flux
and the heat transfer did not deteriorate at this time under the same flow rate condition.

3000 T T T T T T 3000 T T T T T T
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Figure 7. Boiling curves for (a) NMC and (b) SMC.
3.3. Heat Transfer Coefficient
Figure 8 displays HTC versus heat flux for NMC and SMC to demonstrate the en-
hanced effect of nanostructures on heat transfer. The HTC of two kinds of microchannels
rose with increasing heat flux under all flow rates, demonstrating the significance of the
nucleate boiling mechanism within the studied heat-flux range. It could be noted that
the flow rates hardly affect HTC under low heat fluxes (g < 600 kW / mz), which was de-
termined by the dominated bubbly flow. The dependence of HTC on flow rate became
more apparent with increasing heat flux. At medium and high heat fluxes, the slug or
stratified flow dominated, during which HTC was jointly affected by nucleation boiling
and convective evaporation, leading to the increased HTC with increasing liquid flow rate.
140 ¥ T v T T T T T T v 140 T T T T T
—=—NMC, 7= 177 mLimin @) | —=—SMC. V'~ 177 mL/min ) |
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Figure 8. HTC for (a) NMC and (b) SMC.



Energies 2023, 16, 1303

9o0f 11

The comparison of HTC in NMC and SMC at four different flow rates can also be
noted in Figure 8. HTC of the nanostructured open microchannels was always greater
than that of the smooth-surface open microchannels. Moreover, the disparity between
them grew as the heat flux rose. The nanoscale cavities provided by the nanostructures
served as the potential nucleation sites and required a substantially larger superheat or heat
flux to be activated according to Hsu’s classic nucleation theory [31]. Therefore, although
there were more potential nucleation sites for bubble generation in NMC, they were not
fully activated during the early boiling stage due to the comparatively low heat flux. The
potential nucleation sites began to be fully activated with increasing heat flux, leading to the
escalating enhancement effect of nanostructures on the nucleation boiling. In medium and
high heat-flux ranges, the stratified flow dominated two-phase flow. For Type-I stratified
flow, nucleation boiling and convective evaporation together controlled the heat transfer.
In NMC, nucleation boiling in the liquid layer was enhanced because of the increased
nucleation-site density and bubble departure frequency; meanwhile, the convective evap-
oration at the L-V interface was improved due to the enlarged heat exchange surface,
resulting in a larger HTC in NMC than SMC. Although the flow pattern would change
to Type-II stratified flow in both NMC and SMC as the heat flux rose under conditions of
small flow rate, the characteristics of heat transfer were distinct. The greatly improved
surface hydrophilicity in NMC by the blade-like nanostructures contributed to the liquid
rewetting and the suppression of the local dryout under high heat fluxes, causing a higher
HTC in NMC than in SMC. It can be found from Figure 8 that the HTC in NMC was about
1.5-times greater than that in SMC at g = 2115.04 kW/m? and V = 262 mL/min. Overall, the
flow boiling heat dissipation capability of the open microchannels was greatly improved
by nanostructures under medium and high heat fluxes.

4. Conclusions

Water flow boiling was experimentally investigated in open microchannels with blade-
like nanostructures. The following findings were obtained:

1.  As the heat flux increased, the bubbly flow, slug flow, and stratified flow were seen
successively in NMC and SMC. The flow pattern transition boundary shifted to a larger
heat flux with increasing flow rate, which could be attributed to the decreased bubble
nucleation-site density and the reduced bubble growth rate at a larger liquid flow rate.

2. The enhanced effect of nanostructures on the NMC’s flow boiling heat dissipation
mainly functioned at higher heat flux conditions. The HTC of NMC was slightly higher
than that of SMC under low heat fluxes (7 < 600 kW/m?) and was unaffected by liquid
flow rate. However, under high heat fluxes, the HTC of NMC was about 1.5-times larger
than that of SMC, and it increased with an increment in liquid flow rate.

3. The heat transfer was controlled by nucleation boiling in bubbly flow and the initial
stage of slug flow. During these flow patterns, the nanostructures’ effect on HTC
was unnoticeable because of the relatively low heat flux, since the nanoscale cavities
provided by the nanostructures required a relatively larger heat flux/wall superheat
to be activated as the bubble nucleation sites.

4.  The nucleation boiling mechanism and convective evaporation mechanism together
determined the heat transfer during the later stage of slug flow and stratified flow.
The blade-like nanostructures enhanced nucleation boiling via increasing bubble
nucleation-site density and bubble departure frequency, improved convective evapo-
ration via enlarging the L-V interface, and suppressing local dryout, jointly resulting
in the better heat dissipation performance of NMC under higher heat fluxes.

Using blade-like nanostructures to optimize the flow boiling heat transfer performance
of an open microchannel heat sink is promising in real engineering applications because the
cost of producing the nanostructures is relatively low. In this study, however, neither the
fouling nor the deterioration of nanostructures was investigated. Further research on the
aforementioned problems and a comparison study with other nanostructures are planned.
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