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Membrane-Based Two Phase Heat Sinks for
High Heat Flux Electronics and Lasers

Suhas Rao Tamvada™, Morteza Alipanah, and Saeed Moghaddam

Abstract— Thermal management is the current bottleneck in
advancement of high-power integrated circuits (ICs), and phase
change heat sinks are a promising solution. With a unique
structural configuration consisting of a membrane positioned
above the heater surface, membrane-based heat sinks (MHSs)
have thus far attained heat fluxes of up to 2 kW/cm? and
heat transfer coefficient (HTC) of up to 1.8 MW/m? . K using
water as the working fluid. This work reports the latest progress
and performance evaluation of MHS for high flux thermal
management. MHS is implemented in conjunction with a low
surface tension liquid to rapidly expel bubbles from the heated
surface and reach a critical heat flux (CHF) of 340 W/cm? and
a HTC of 120 kW/m? . K. A parametric comparison shows
that thermal efficiency, defined as the ratio of cooling capacity
and pumping power consumption, of the prototypical devices
exceeds values reported hitherto in literature by more than two
orders of magnitude. Our results indicate that coupled with the
surfaces of higher thermal conductivity and membranes of higher
permeability, the MHS devices could be a promising solution to
thermal management needs of high-power electronics and lasers.

Index Terms— Critical heat flux (CHF), electronics cooling,
heat transfer coefficient (HTC), membrane-based heat sink
(MHS), microfabrication, thermal management.

I. INTRODUCTION

HE ever-increasing energy density of integrated cir-

cuits (ICs) has led to heat fluxes far exceeding the
limits of traditional thermal management methods [1]. Many
commercial and military applications using GaN power ampli-
fiers and laser diodes are currently limited to a fraction of
their power potential due to the lack of an adequate thermal
management solution. The operating cost of data centers (DCs)
is directly tied to the performance of their cooling systems.
Implementation of single-phase liquid convection cooling has
been a major technological leap in thermal management of
ICs. The phase change process can further push the cooling
limits, as it produces extremely high heat transfer coefficients
(HTCs), owing to rapid interruption of the thermal boundary
layer by bubbles [2] and formation of liquid films as thin as
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micrometers on the heat transfer surface [3], [4]. The phase
change process can increase temperature uniformity across the
device and greatly reduce the cooling liquid flow rate.

Despite its potential to significantly surpass the capability
of single-phase convection cooling and enable next-generation
high power density ICs, the implementation of two-phase heat
sinks is lagging, since the current two-phase heat sinks do not
offer substantial improvement relative to the single-phase heat
sinks. Years of research and development efforts on enhanced
surface structures and fluid delivery methods have led to high-
performance single-phase heat sinks. Most single-phase heat
sinks use water with additives to avoid freezing and enhance
longevity, while two-phase water-based heat sinks and systems
are prone to freezing [5]. Furthermore, performance of water-
based two-phase heat sinks which are often reported at 100 °C
drastically declines when operated at subatmospheric pressure
necessary to accommodate the silicon junction temperature [6].
Alternative fluids with lower saturation temperatures have a
significantly lower critical heat flux (CHF) and HTC relative
to water-based heat sinks [7]. Finally, two-phase systems
consisting of multiple heat sinks are complex to operate.

A recently invented [8] membrane-based heat sink (MHS)
addresses these issues. Fazeli et al. [9] and Fazeli and Moghad-
dam [10] radically enhanced the CHF and HTC through the
implementation of this technique. With the help of a small
pressure potential in MHS, Alipanah and Moghaddam [11]
reported an order of magnitude increase in CHF compared
with the existing heat sinks. In this study, we report our
most recent progress and advancement in this field relevant
to DCs and also provide a comparison of MHS performance
with the existing heat sink technologies. Performance of MHS
with ethanol as the working fluid is presented to address
the high boiling temperature and freezing issues of a water-
based system. In all, our attention is focused on assessing
three salient characteristics of MHS: 1) CHF; 2) HTC; and
3) thermal efficiency.

A. Working Principle of MHS

An MHS leverages a contrast in surface wettability and
a pressure gradient to actively reduce the residence time of
bubbles on the heater. Its unique design places it in the inter-
mediary between pool boiling and flow boiling. To understand
the operating mechanism of am MHS, it is imperative to look
at the working mechanism of the conventional flow boiling
heat sinks as depicted in Fig. 1(a). Due to a liquid inlet and
two-phase flow outlet, any bubble generated inside the channel
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Fig. 1. Working principle of an MHS. (a) Typical two-phase flow in a microchannel with a liquid inlet on one side and a liquid-vapor outlet on the opposite
side. (b) MHS without a liquid outlet, forcing the vapor bubble out of the liquid pool constrained between the surface and the vapor-permeable membrane.
(c) Bubbles during an adiabatic test performed to illustrate bubble growth and removal through the membrane. A hydrophobic vapor-permeable membrane is
used to achieve a contrast in wettability. (d) Effect of pressure on a vapor column-as pressure is increased from 5.7 to 26.4 kPa, the maximum width of the

column is decreased.

grows and moves along the channel, displacing the liquid
near the heater surface. Such microchannel flow mechanisms
rely on thin-film evaporation at the channel walls to remove
heat. David et al. [12] studied flow boiling in a vapor venting
two-phase flow channel and found that 100% bubble removal
was not possible; however, they reported a significant decline
in pressure drop in the channel. The fundamental issue with all
these approaches is that the presence of bubbles in the channels
increases, impeding surface rewetting, leading to CHF.

In contrast, an MHS, as illustrated in Fig. 1(b), consists
of a millimeter-scale liquid channel, with a hydrophobic
vapor-permeable membrane held above a hydrophilic heater
surface. The channel has one liquid inlet, and no liquid outlet,
with the liquid inside subjected to a positive pressure. A vapor
bubble generated on the surface grows until it encounters the
membrane, at which point the contact line of the liquid rapidly
recedes, ejecting the bubble out of the heat sink. An adiabatic
experiment performed to illustrate the working principle of
the MHS is shown in Fig. 1(c). A liquid channel consisting of
a hydrophilic silicon surface and a hydrophobic nanofibrous
PTFE membrane, separated by ~1 mm, is filled with water
and pressurized to 7.5 kPa. An air bubble is then introduced
through a 5-xm hole in the bottom surface at a constant flow
rate of 1.67 mL/min [9]. As the bubble grows and encounters
the membrane, the contact line recedes on the membrane
subjecting the bubble to a vertical force pulling it away from
the hydrophilic surface. This phenomenon in conjunction with
a slightly pressurized liquid pool expels the bubble from
the channel. The expulsion of the bubble is accompanied by
re-wetting of the hydrophilic surface.

While the dynamics of bubble deformation and removal are
governed by the interfacial tension of the liquid and vapor,
the bubble removal rate is determined by the pressure inside
the channel and membrane permeability. A higher pressure
in the channel leads to faster bubble removal as shown by
Fazeli et al. [9]. To study the effect of pressure on bubble size,
air was injected through a 400-xm hole at different channel
pressures—35.7, 15.1, and 26.4 kPa, as shown in Fig. 1(d).

An increase in channel pressure evidently leads to a decrease
in bubble size, making this an attractive method to remove
bubbles from a heated surface. This mechanism has been
leveraged to study boiling characteristics and CHF limits
on copper surfaces [9]-[11]. It is important to note that
the mechanism discussed above must not be confused with
similar work by Lu et al. [13] and Hanks et al. [14] which
use nanoporous membranes for formation and evaporation of
thin liquid films.

II. METHODOLOGY

As discussed in Section I-A, the key aspects of an MHS
are the vapor-permeable hydrophobic membrane and the
hydrophilic surface. Hence, studies on MHS have focused on
optimization of the membrane and surface to yield the best
results. Initially, Fazeli et al. [9] used a nanofibrous PTFE
membrane to vent out the vapor; however, in a subsequent
work, Fazeli and Moghaddam [10] used three different com-
mercial membranes and showed that below a certain chan-
nel pressure, the CHF is limited by the permeability of
the membrane. To overcome this limitation, Alipanah and
Moghaddam [11] developed a custom-made membrane from
SU-8 and reported results which corroborated the predictions
of Fazeli and Moghaddam [10]. This section provides details
on the materials and methods used to study boiling in MHS.

A. Membranes

Two-phase boiling applications commonly use water as
the working fluid due to its high latent heat of vaporization
(hfg). However, to facilitate boiling and phase change at
lower temperatures, especially in applications where junction
temperatures range from 60 °C to 80 °C, alternative liquids
are commonly used [2]. Ethanol, with a saturation temperature
of 78.2 °C at atmospheric pressure (1 atm), is an example of
a low surface tension boiling liquid. Accordingly, we restrict
our focus to the performance of MHS using water and ethanol.
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TABLE I
PORE SIZE AND PERMEABILITY OF MEMBRANES

o Avg. Pore size Permeability
Membrane material (um) (I/hr-cm?2-kPa)
Polytetrafluoroethylene (PTFE) [10] 15 0.7
SU-8 + metal mesh [11] 10 5.8
Oleophobic ePTFE (present work) 5 4.6
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Fig. 2. (a) Test setup consists of three components: 1) MHS housing the test
surface; 2) bridge region which transports heat to the surface; and 3) furnace
which houses cartridge heaters to generate heat. The bridge section is insulated
using PEEK to minimize heat losses. (b) MHS consists of a liquid inlet to the
test surface and a vapor outlet via the membrane. Micropillars are machined
on the test surface using a micro CNC. (c¢) Experiments are conducted in a
vacuum chamber at atmospheric pressure, and a piezoelectric micropump is
used to control liquid pressure and flow rate. A pressure transducer is used
to record channel pressure, and a DAQ records temperature and pressure at
an interval of 5 s. A Peltier cooler on the chamber wall is used to condense
vapor.

While previous generations of MHS have used nanofibrous
PTFE membranes and custom-made SU-8 membranes to reach
higher heat fluxes with water, they are not oleophobic and thus
cannot restrict the entry of lower surface tension liquids into
the membrane. For the current tests using ethanol, an oleopho-
bic ePTFE membrane (Parker Performance Materials, Lee’s
Summit, MO, USA) with an average pore size of 5 gum and a
permeability of 4.6 L/hr - cm? - kPa is used. Table I shows the
details of membranes used in different generations of MHS.

B. Fabrication of Heat Sinks

A cross-sectional view of the MHS fabricated using
101 copper (k = 394 W/m - K) on a micro-CNC machine is
shown in Fig. 2(b). The effect of heat transfer area and surface
wickability on CHF for water has been investigated by Fazeli
and Moghaddam [10], and it was reported that an enhanced
area ratio (A,) of 3.45 gave the best results among all tested
surfaces. A, is defined as the ratio of the actual surface area to
the projected area of the surface and is given in the following
equation:

A =1+ ﬂ €))

(s +w)?
Therefore, an array of micropillars are machined on the heat
sinks to obtain a surface with pillar height 4 = 500 gm, width
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w = 150 um, and spacing s = 200 um between the pillars,
resulting in a surface with A, = 3.45. The device has an entry
channel of cross-sectional area 1 x 1 mm? which supplies
liquid to the test section with an effective heated area of
7 x 7 mm?. The inlet channel is coated with a 200-xm-thick
thermally insulating epoxy to ensure that the test liquid does
not boil in the channel [11], [15]. This is achieved by initially
machining a channel of cross-sectional area 1.2 x 1.4 mm?,
filling the channel with epoxy, and re-machining to a cross
section of 1.0 x 1.0 mm?. To maximize the wetting of the
working liquid on the test surface, an oxide layer <1 um
thick is thermally grown on the test surface, resulting in an
ethanol contact angle of ~4°. The membrane is affixed to the
heat sink with the help of a perforated metal sheet as shown
in Fig. 2(a) and (b). An insulating rubber gasket of thickness
200 um functions as a spacer between the membrane and the
heat sink, resulting in an effective distance of 1.2 mm between
the test surface and the membrane.

The wickability (Wi) of structured surfaces, qualitatively
described as the ability of surfaces to allow capillary
wicking of liquids, is known to increase the CHF during
boiling [16]. Surface wickability has been quantified using
multiple approaches, most commonly using Darcy’s law [17],
where the mass flux of the liquid is estimated using the
permeability of the structure and the capillary pressure of the
liquid. For the purpose of this study, the surface wickability is
defined as the product of permeability (Kyick) and capillary
pressure (P.), eliminating the use of any ad hoc parame-
ters. The permeability and capillary pressure are calculated
using the existing models which have been experimentally
verified [18], [19], and the wickability of the surface (with
A, = 3.45) used in the present study is 0.757 Pa/m?.

C. Experimental Setup

The test setup consists of an apparatus previously described
in detail by Alipanah and Moghaddam [11] and is shown
in Fig. 2(c). The device comprises three components: a furnace
region which is connected to a bridge region, which supplies
heat to the MHS [see Fig. 2(a)]. The furnace region houses
two cartridge heaters of 300 W each. Three “k’-type ther-
mocouples spot welded using 28-Gauge wires are embedded
into 0.7-mm-diameter holes in the bridge section to measure
temperature. The holes, separated by a distance of 4 mm from
each other, are greased with a thermal paste to minimize
the thermal resistance between the bridge section and the
thermocouple junction. The heat flux through the surface is
calculated using a three-point backward difference Taylor’s
approximation as given in the following equation:

373 — 4T, + Ty
kx —————
2Ax

where k is the thermal conductivity of copper, T, T», and T3
are the temperatures recorded by the thermocouples as shown
in Fig. 2(a), and Ax is the distance between two consecutive
thermocouples (4 mm). A fourth thermocouple (7;) on the
heat sink measures the surface temperature. The bridge section
is further enclosed in an insulation of polyether ether ketone

"o_

)
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(PEEK) (k = 0.29 W/m - K) to minimize heat loss to the
surroundings.

The experiments are conducted in a custom-made vac-
uum chamber at atmospheric pressure to maintain consistent
ambient conditions, and a schematic of the test setup is
shown in Fig. 2(c). During the experiment, the heat flux is
supplied to the cartridge heaters using an ac power supply
and is increased in increments of 10 W/cm? till CHF is
reached. The working liquid is pumped into the MHS using a
piezoelectric micropump (Bartels Mikrotechnik GmbH, Model
MP6) capable of independently controlling the liquid pressure
and flow rate by tuning the voltage and frequency. A pressure
transducer (Omega PX26) monitors the pressure inside the
heat sink, while an Agilent data acquisition system (DAQ) is
used to record the temperature and pressure data at an interval
of 5 s. The vapor generated from the device is condensed on
the walls of the chambers using a Peltier cooler. Each test was
conducted three times to ensure repeatability.

D. Error Analysis

The uncertainty in calculating the heat flux arises from the
temperature (AT), thermal conductivity of copper (k), and
spacing between the thermocouples (Ax). The uncertainty in
heat flux is thus given by the following equation:

sq" [(ok\?  (saTN® (6ax\*]" X
o) - GR) (5] e
where 0k, 0AT, and dAx are the uncertainties in thermal
conductivity, temperature gradient, and spacing, respectively.
Since we know that AT = 373 — 4T, + T, 0AT is calculated
as AT = [(36T)* + (46T)*> + (6T)*1"/?> ~ 5.095T. The
uncertainty in HTC in calculated using the following equation:

1/2
h 0q\°  (0ATwp\> (JAY’
2o1(E) + +(= @)
h q ATy A

where ATy, is the surface superheat and A is the surface area

of the heater. The uncertainty in heat flux was 11.6% at its

maximum (lower heat fluxes) and the maximum uncertainty
in the HTC was 31.4%.

III. RESULTS AND DISCUSSION

As described in Section I-A, MHS leverages positive pres-
sure in the channel along with a polarity in wettability between
the surface and the membrane to actively extract vapor bubbles
from the heater surface. To study salient boiling characteristics
of MHS, a series of boiling tests were performed at discrete
pool pressures P, in the channel while the chamber pressure
P, was maintained at atmospheric pressure (P, = 101.3 kPa).
As the liquid in the channel reaches its boiling point, het-
erogeneous nucleation leads to bubble formation and growth
on the surface. Bubble growth and removal proceed through
the process described in Section I-A owing to the combined
effect of membrane hydrophobicity and imposed pressure.
Consequently, the surrounding saturated liquid replaces the
bubble to protract the boiling process. Furthermore, surface
wickability and heat transfer area are enhanced by the presence
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Fig. 3. (a) CHF obtained using ethanol on a surface with A, = 3.45,

compared against CHF obtained for water with A, = 1, 1.67. (b) HTCs of
ethanol and water at 2 and 3 kPa, respectively, for a surface with A, = 3.45
(see [11]).

of microstructures, augmenting liquid replenishment to the
surface. We begin our assessment by first comparing the CHF
and HTC obtained using ethanol with our previous results
using water.

A. CHF and HTC of Ethanol

To measure the heat sink’s CHF, each test was performed
at a distinct channel pressure P,. A constant heat flux was
supplied to the surface till the temperatures reached a plateau
and was subsequently increased in incremental steps till a
sudden jump in temperatures was observed. The heat flux at
this point was noted to be the CHF for the corresponding
pressure difference AP = P, — P,. Fig. 3(a) shows the
CHF plotted against device pressure (AP = P, — P,).
The CHF obtained using ethanol with the highest area ratio
(A, = 3.45) is comparable to the CHF obtained using water
on a plain surface (A, = 1). An increase in CHF with pressure
is apparent, confirming the hypothesis that an increase in pres-
sure increases the rate of bubble removal. This indicates that
with the use of microstructures and a stable liquid rewetting
mechanism, ethanol could potentially be a substitute for water
in high flux thermal management. It is also noteworthy that
while water boiling heat transfer on a surface with A, =
1.67 is limited by membrane permeability at lower pressures
(<4kPa), ethanol boiling heat transfer is solely limited by
surface properties.
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Fig. 4. Comparison of the boiling curves and CHFs of MHS devices and
boiling studies reported in literature, as a function of surface superheat AT [9],
[11], [15], [16], [20]-[52]. The lines represent the boiling curves and the circle
markers represent the highest heat flux obtained. The markers with black
outline represent studies with ethanol, such as the present study represented

by *.

Furthermore, effectiveness of heat removal is important to
applications such as DC cooling due to large thermal loads
and resulting costs associated with it [53]. Thus, in addition
to higher heat fluxes, many electronics applications benefit
greatly from a higher HTC. Fig. 3(b) shows the comparison
between HTC of ethanol and water at 2 and 3 kPa, respectively.
Both sets of data points are for a surface with A, = 3.45.
As expected, HTC is maximum at lower superheats. These
results indicate that although heat fluxes comparable to water
can be obtained using ethanol, HTCs using ethanol are consid-
erably lower than those of water at similar surface superheat
conditions.

B. Comparison of CHF

From an understanding of the differences between boiling
performance of ethanol and water, we proceed to assess
the performance of MHS with heat sink technologies and
boiling enhancement techniques available in the literature.
Fig. 4 shows the boiling curves and CHF limits for different
generations of MHS along with a representative set of boiling
studies in the literature [9], [11], [15], [16], [20]-[52]. The
studies using ethanol as the working fluid, such as the present
investigation (%), are represented by markers with a black
outline.
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Numerous strategies have been used to enhance CHF in pool
boiling ad flow boiling, such as the use of biphilic and bicon-
ductive surfaces [15], [21], [22], functionalized surfaces [23],
separated liquid-vapor pathways [26], [27], microchannel flow
devices [28]-[37] with sintered surfaces and varying chan-
nel cross sections, nanowires and nano-structures [38]-[41],
addition of surfactants and nanoparticles [42]-[48], increasing
surface roughness and wickability [16], [25], tuning surface
wettability [20], and using microporous structures [49]-[52].
Recently, Rahman et al. [16] demonstrated through biotem-
plating of microstructures that an increase in surface roughness
and wickability facilitates liquid replenishment to the surface,
enhancing CHF. Similarly, surfactant or nanoparticle additives
to the working liquid attempt to either lower the surface
tension or cause formation of a thin nanoparticle film on
the heater surface. Other methods, such as the ordering of
liquid-vapor pathways and use of biconductive or biphilic
surfaces, aim to achieve the same underlying objectives:
1) decreasing bubble residence time and 2) increasing liquid
supply to the surface. Although a multitude of aforemen-
tioned technologies enhance CHF marginally, many do not
exceed Zuber’s limit [54] for plain surfaces by more than
100%—150%. By comparison, heat fluxes obtained by MHS
are higher than Zuber’s limit (2130 W/cm?) by an order of
magnitude [O(1)]. The performance of MHS is attributed to
the combined effect of increasing surface area, robust rewet-
ting of the surface, and an effective vapor removal mechanism
through a pressure potential. The presence of microstructures
increases surface wickability while providing an abundance of
nucleation sites for bubble inception.

C. Comparison of HTC

Next, we assess the effectiveness of heat transfer through a
comparison of HTC as shown in Fig. 5. The HTCs of MHS
devices, including the present study, are plotted alongside
multiple studies available in the literature [11], [15], [21], [22],
[27], [29], [30], [33], [40], [55]. Contrary to its effect on CHF,
a surface patterned with hydrophobic and hydrophilic parts
promotes an increase in HTC owing to its ability to maximize
heat transfer through phase change at lower superheats. Hence,
biphilic [21], [22] and biconductive surfaces [15] show a
higher HTC compared with other surface enhancements. Sepa-
rated vapor-liquid pathways also enhance HTC in comparison
to enhanced surface structures as shown by Kandlikar [26]
and Jaikumar and Kandlikar [34]. An MHS maximizes heat
transfer through phase change by continually rewetting the
heater surface, resulting in a comparatively higher HTC (see
Fig. 5). Investigations under the DARPA ICECool program
led by Prof. Avram Bar-Cohen divulged that the pressure
drop across the evaporator in high heat flux applications
is a predominant contributor to the overall pressure drop.
For example, Drummond et al. [35] demonstrated through a
hierarchical michochannel manifold that heat fluxes of up to
910 W/cm? can be removed. However, the pressure potential
required to achieve these heat fluxes is close to 160 kPa. MHS
demonstrates a potential solution to address this issue.
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Comparison of thermal performance of MHS devices with the

studies available in literature [11], [15], [21], [22], [26], [27], [29], [30], [33],
[40], [55].

D. Thermal Performance of MHS

In addition to CHF and HTC, thermal efficiency is often
used as a metric to characterize different heat sinks, where
liquid pumping power may be important. To evaluate the
performance of MHS with comparable two-phase heat sinks
using an accepted metric, we plot the maximum cooling
capacity of various two-phase flow heat sinks against their
required pumping power [11], [30], [51], [56]-[64]. While
different heat sinks vary in their design to target various
needs such as handling high heat loads, or removing high
heat fluxes from confined dimensions, for a fair comparison,
we choose two-phase flow heat sinks comparable to MHS in
their size. An ideal two-phase heat sink must provide a high
cooling capacity while using low amount of power. Evidently,
MHS satisfies this criterion using close to two orders of
magnitude [~O(2)] less power than traditional heat sinks as
seen in Fig. 6. Membrane-aided bubble removal enables a high
vapor quality at the exit and results in an improvement in
performance compared with surface modifications alone.

E. Effect of Membrane Permeability on Performance

After assessing the thermal performance of MHS, we now
turn our attention to the multiple factors influencing their
performance. Fig. 7 illustrates various factors governing the
CHF limit in MHS. The solid red line represents typical

existing two-phase flow loops [11], [30], [51], [56]-[64]. The maximum
cooling capacity is mapped against the required pumping power for each
device.
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o | performance _
I
I
:
I
I
o I
membrane : surface membrane
limited | limited failure
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Fig. 7. Phase diagram illustrates factors influencing the performance of MHS.
The red line represents typical CHF values across different pressures which are
limited by the permeability of the membrane at low pressures (region I) and by
surface wickability at moderately higher pressures (region II). Region III rep-
resents membrane failure where channel pressures exceed liquid breakthrough
pressure of the membrane.

values of CHF obtained at different pressures. At a lower
operating pressure (region I), the maximum vapor flow rate
through the membrane (blue strip) inhibits effective vapor
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removal from the surface, causing a drop in performance from
ideal conditions (red dot dashed line). In this region, CHF is
limited by the membrane permeability, and hence increasing
membrane permeability leads to an increase in CHF [11]. At
moderately higher pressures (region II), mass flow rate through
the membrane increases; however, the surface experiences
temporary dry spots and ultimately reaches CHF due to lack
of liquid supply to the surface. Surface structures have been
shown to improve CHF at these pressures (region II) [10].
Finally, liquid breakthrough pressure acts as the upper limit
for testing (region III). At these critical pressures, the work-
ing liquid penetrates the membrane and testing is stopped.
For a given surface, the performance of MHS devices can
be improved by increasing the permeability of the mem-
brane while also increasing the liquid breakthrough pressure
(maximizing area under regions I and II).

IV. CONCLUSION

In summary, this work presents a comprehensive analysis
of the performance characteristics of MHS technology for
high flux thermal management. Our analysis was focused on
critical performance metrics relevant to electronics cooling,
such as the CHF, HTC, and thermal efficiency of MHS. Details
pertinent to the fabrication of heat sinks and testing apparatus
are provided. Following boiling studies using ethanol as the
working fluid, we report a maximum CHF of 340 W/cm? and
HTC of 120 kW/m? - K. We find through an evaluation of
boiling characteristics that MHS provides greater enhancement
in CHF compared with surface modifications, conventional
microchannels, and particle/surfactant additives to the working
fluid. Imposed pressure and constant rewetting of the surface
are found to be contributing to significantly higher heat fluxes
compared with values reported in the literature. While MHS
needs external work input in the form of a positive pressure in
the channel, we find through a parametric comparison that the
thermal performance of MHS is far superior to the existing
heat sink technologies.
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