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a b s t r a c t
Liquid supply to wick structures of ﬂow boiling surfaces is fundamentally restricted by the capillary limit
at which the pressure drop of the wicked liquid surpasses texture-ampliﬁed capillary forces. Gradient
wick structures partially decouple permeability and capillary pressure, thereby delaying the capillary
limit. In this study, gradient wick channels facilitating out-of-plane liquid delivery are introduced to postpone the capillary limit and thus enhance the two-phase ﬂow boiling heat transfer coeﬃcient (HTC) and
delay critical heat ﬂux (CHF). Here, the permeability of the gradient wick channels is augmented by largepore-size meshes employed near the bulk ﬂuid while capillary pressure is maximized by small-pore-size
meshes utilized near the hot boiling surface. This combination of wick structures enables to preferentially
guide the cooling liquid, deionized water, from the far-ﬁeld cold liquid toward the bottom hot substrate.
The spatial distribution of individual gradient wick channels promotes separate liquid-vapor pathways,
thus facilitating the vapor escape process. Experiments conducted here reveal that the ﬂow boiling performance metrics of the proposed heat sink leveraging the gradient wick channels outperform those of
the homogenous wick channels and solid ﬁn channels. The proposed heat sink demonstrates a strong liquid mass ﬂux dependency due to a combination of convective boiling and ampliﬁed wickability effects.
The enhanced convective boiling could be related to surface roughness, a high number of active nucleation sites, and a large surface area available through tortuous passages of wick channels. At higher mass
ﬂow rates, effective capillary pressure available for out-of-plane wicking action also increases, thereby
further boosting the wickability effect and associated heat transfer processes. This could meaningfully
delay the CHF. In fact, the CHF limit was not observed on the gradient wick channel surfaces in the
mass ﬂux and wall superheat range studied. The experimental results indicated a maximum heat ﬂux
of 870 W/cm2 with a gradient wick channel heat sink, a 60% improvement compared with a plain copper surface. Furthermore, a maximum HTC of 10 0 0 kW/m2 -K at a wall superheat of 3 °C was observed,
a three-fold enhancement compared with that of the plain surface. The proposed gradient wick channel topology offers new pathways for designing innovative surface technologies with high heat removal
capabilities, thereby potentially improving the energy economy in myriad modern energy applications.
© 2020 Elsevier Ltd. All rights reserved.

1. Introduction
For more than a century, thermal management has played a
key role in the advancement of various technological and industrial applications such as power generation, refrigeration, desalination, and high-power electronics. The microelectronic industry,
in particular, relies on improvements in micro-scale thermal management techniques to continue its current performance growth
trajectory. Among many thermal management pathways, liquid-tovapor phase change cooling has been recognized as a promising
solution for high heat ﬂux applications [1–4]. By taking advan∗
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tage of latent heat of vaporization, the evaporative phase change
cooling can dissipate high heat ﬂuxes with a small streamwise
temperature change while reducing the required liquid ﬂow rate
and pumping power [5,6]. Over the last half-century, numerous attempts have been made to improve the eﬃciency of the phasechange heat transfer process in extremely demanding applications
such as fusion reactor blankets [7,8] as well as many military electronic systems [9,10]. Despite remarkable progress, existing thermal management techniques and their architectural designs need
to be revolutionized to address the ever-increasing cooling demands of next-generation high-heat-ﬂux devices.
A majority of phase-change cooling solutions explored in the
past rely on various surface modiﬁcation techniques to enhance
HTC and/or delay the CHF limit. This ranges from utilization of
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additional nucleation sites [11–14], enhanced wettability, wickability, and/or area by micro-nano structures/nanowires/porous media [15–24] to deposition of graphene oxide [25–27]. An important
common functionality offered by many of these textured surfaces
is wickability generally appearing when a dry spot is present. The
dry spot could be either a transient local phenomenon created by
individual growing bubbles especially during the early stages of the
boiling process and/or a semi-sustained large dry pocket particularly the ones formed in the vicinity of the CHF limit [28–30].
Many of the textured surfaces preferentially stimulate in-plane
liquid delivery to dry spots where liquid paths rewetting the surface are parallel to the bottom hot substrate. Chu et al. [20,21],
for instance, fabricated microstructures with different geometries
to experimentally investigate surface roughness-augmented wickability on CHF during pool boiling. They hypothesized that increasing the surface roughness increases surface forces at the liquid/vapor interface of each bubble (i.e., in-plane liquid delivery
to a local dry spot) and thus delaying the CHF. An enhancement
in CHF of approximately 160% was demonstrated on the roughest surface tested. More recent studies considered surface wettability/wickability as the main parameter affecting CHF and HTC in
two-phase heat sinks and attempted to improve heat transfer characteristics through the utilization of in-plane wick structures. Forrest et al. [31], for example, studied pool boiling characteristics of
polymer/SiO2 nanoparticles applied to nickel wire using a layer-bylayer (LbL) deposition method and demonstrated up to 100% enhancement in the CHF limit. The drastic change in surface wettability caused by the LbL deposition method was identiﬁed as the major parameter affecting the CHF limit. Similarly, Yang et al. [17] utilized hydrophilic silicon nanowires to enhance the CHF value by
merging all ﬂow boiling regimes into a single one. It was demonstrated that the tailored nanostructures dominate surface tension
force resulting in the formation of a single annular ﬂow regime
during ﬂow boiling in microchannels. Heat ﬂuxes up to approximately 400 W/cm2 were removed from the surface using this approach.
A more fundamental study on the effect of wickability on critical heat ﬂux was conducted by Rahman et al. [32]. They investigated the boiling process on surfaces with micro, nano, and hierarchical structures, and observed linear relation between CHF and inplane wickability of structures employed. They also showed that,
although decreasing the contact angle can increase CHF, wickability plays the main role in increasing the CHF limit at contact angles equal to zero (i.e., superhydrophilic nano-structured surfaces).
A hierarchical fabricated surface showed to enhance CHF value up
to 260 W/cm2 with water under atmospheric conditions.
In contrast to the in-plane liquid delivery to dry-spots, some
other engineered surfaces such as modulated porous-layer coatings [33], separate vapor-liquid pathways through bubble-induced
macro-convection [34], nanostructured bi-conductive biphilic surfaces [35,36], and gradient wick structures with micro-chimney effect [37] favorably promote out-of-plane liquid delivery decoupling
replenishing liquid from the vapor escape paths. Liter and Kaviany
[33], for instance, showed that through the utilization of modulated (periodically non-uniform thickness) porous-layer coatings,
liquid and vapor phases can be separated to reduce liquid-vapor
counter ﬂow resistance adjacent to the surface. Two different limits (hydrodynamic limit and viscous drag limit) were introduced
as possible liquid-choking restrictions. It was shown that the measured CHF experienced by the coated surface is governed by the
lower of the two limits. In this approach, the pool boiling CHF was
enhanced nearly three times over that of a plain surface.
The out-of-plane liquid delivery approach also helps the separation of vapor and liquid pathways, thereby further delaying the
CHF limit. Kandlikar et al. [38,39] promoted this idea through the
implementation of tapered manifolds on top of a microchannel

heat sink. The excess volume provided by the manifold would allow the liquid ﬂow to push the generated bubbles away from the
surface and delay the CHF limit. The CHF values achieved in this
approach were noticeably higher (CHF ~ 700 W/cm2 ) compared to
the previous values reported in the literature (~ 10 0-30 0 W/cm2 )
and attested to the importance of eﬃcient bubble removal on increasing CHF. More recently, researchers have pursued a novel perspective to push the CHF limit in the boiling process by incorporating low-conductivity materials at the liquid-solid interface. Rahman et al. [35] showed that a more than 5-fold enhancement in
heat transfer rate can be achieved if approximately 18% of the boiling surface is replaced by a non-conductive epoxy. Low thermal
conductivity regions promote liquid delivery toward the boiling
surface by suppressing bubble nucleation. High-temperature high
thermal conductivity areas facilitate bubble formation, growth, and
departure processes, and thereby separating liquid and vapor pathways.
David et al. [40] ﬁrst proposed a new concept for two-phase
vapor venting microchannel heat sinks utilizing PTFE membranes
to extract vapor bubbles into separate vapor transport channels. A
maximum CHF of ~80 W/cm2 was achieved while the normalized
pressure drop was reduced by almost 60%. They concluded that the
main advantage of a venting device over a non-venting heat sink
can be recognized in devices with very small liquid channels as
it maximizes heat transfer coeﬃcients and improves ﬂow stability.
In an alternative strategy, Fazeli et al. [41,42] introduced a novel
architecture for two-phase heat sinks in which cooling liquid is
pumped to engineered evaporating menisci. A porous hydrophobic
membrane directly bonded on top of the microscale heat sink separated liquid and vapor phases inside the device. Having no liquid
ﬂow discharge (i.e., only vapor exits through the porous polymeric
membrane), the implemented ﬂow arrangement enabled subjecting bubbles to omnidirectional pressure, thereby limiting their surface coverage. Furthermore, bubble extraction could be improved
simply by raising the liquid pressure inside the device, which leads
to higher CHF values.
Utilizing a unique approach, Palko et al. [16] demonstrated high
heat ﬂuxes in an innovative two-phase heat sink utilizing laser
micromachined diamond heat spreaders and copper mesh phase
separators. The diamond heat spreaders enhanced the overall heat
transfer area by a factor of 3, while phase separation structures
controlled liquid-vapor ﬂow distribution. A maximum heat ﬂux removal rate of ~1300 W/cm2 was reported at a full device scale
(0.7 cm2 ).
Here, we utilize novel gradient wick channels to delay the capillary limit and facilitate out-of-plane liquid delivery for enhanced
ﬂow boiling HTC and delayed CHF limit. In the following sections,
ﬁrst, the new gradient wick channel concept is explained. Then,
the experimental test facility and its accuracy are introduced. Finally, observed ﬂow boiling regimes and measured thermal performance values are discussed at different thermo-hydraulic conditions.
2. Concept
In the competition between a cooling liquid and its vapor trying
to occupy a hot solid surface, the vapor phase appears to temporarily displace the cooling liquid near the CHF limit. This leads to the
formation of an unstable low-thermal-conductivity vapor ﬁlm that
signiﬁcantly deteriorates the heat transfer rate. To delay the CHF
limit, micro and nano-textured surfaces representing homogenous
wick structures are typically utilized [20,21,32,36,43,44] to augment liquid wickability by texture-ampliﬁed capillary forces. Prior
studies indeed conﬁrmed that surface structures can enhance CHF
limit by up to 160%, and 53.3% in the pool [21], and ﬂow boiling
[43] processes, respectively. Additionally, it has been lately shown
2

M. Ahmadi and S. Bigham

International Journal of Heat and Mass Transfer 167 (2021) 120764

monitored by a pressure transducer and controlled with a vacuum
pump to prevent oxidation at high temperatures. For a successful
diffusion bonding process, the assembly was kept at high temperatures for a minimum of four hours. The result was a mechanically robust diffusion bonded assembly. The diffusion bonded assembly was then machined in a 1 cm2 area with a high precision
micro-CNC tool to create individual channel topologies. Two heat
sinks employing gradient wick channels with heights of 2.5 mm
(referred to GW2.5) and 4.2 mm (referred to GW4) were fabricated to investigate the effect of the gradient wick structure on
ﬂow boiling HTC and CHF limit. Fig. 2 shows details and scanning
electron microscope (SEM) images of a fabricated gradient wick
channel heat sink. Three additional heat sinks utilizing homogenous wick channels with medium pore size meshes and a height of
4 mm (referred to HW4-medium), solid ﬁn channels with a height
of 4 mm (referred to SF4), and a plain copper substrate (referred to
P0) were also fabricated for comparison. Dimensional characteristics and the number of metallic copper mesh layers employed for
gradient and homogenous wick channel heat sinks are presented
in Table 1. Geometrical details of different heat sinks examined are
also described in Table 2.

Fig. 1. (a) A schematic of a possible liquid-vapor interface for the gradient wick
channels, and (b) a 3D schematic of the gradient wick channel heat sink. T.F.E., S.Ph.
and T.Ph. stand for thin ﬁlm evaporation, single-phase, and two-phase, respectively.

that there is an optimal texture density at which CHF value maximizes in both pool boiling [44] and ﬂow boiling [43] processes. The
thermal performances of these in-plane homogenous wick structures, however, are primarily limited by the capillary limit. At the
capillary limit, capillary forces generated by a wick structure are
balanced by the sum of pressure drops associated with the liquid
ﬂow wicked into the structures. Homogenous wick structures employing small pore sizes exhibit high capillary pressures but low
permeability. On the other hand, homogenous wick structures utilizing large pore sizes demonstrate high permeability but low capillary pressures. Hybrid and gradient wick structures with an engineered large and small pore size distribution could partially decouple permeability and capillary pressure, thereby delaying the capillary limit.
In this study, gradient wick channels utilizing an innovative
thermo-ﬂuidic design topology are introduced to enhance the twophase ﬂow boiling heat transfer coeﬃcient (HTC) and delay critical
heat ﬂux (CHF). As shown in Fig. 1, the permeability of the gradient wick channels is improved by large-pore-size copper meshes
employed near the bulk ﬂuid while the capillary pressure is maximized by small-pore-size meshes utilized near the hot boiling
surface. A medium-pore-size mesh is utilized in the middle. This
combination of wick structures facilitates out-of-plane capillaryassisted liquid delivery in which the cooling liquid is preferentially
guided from the far-ﬁeld cold liquid toward the bottom hot substrate. Here, ﬂow boiling performance is improved due to the presence of a highly-eﬃcient thin ﬁlm evaporation heat transfer mechanism at the sidewalls and within the gradient wick channels (cf.
Fig. 1). In the proposed boiling surface, height has a critical role as
it functions as a thermal-wick bridge between the cooler far-ﬁeld
liquid phase and the bottom hot substrate. The liquid wicked into
the bridge may or may not reach the bottom substrate depending on local heat ﬂux (i.e., evaporation rate within a wick channel)
and micro-inﬂow liquid wicking rate at the capillary limit. Moreover, the proposed wick channels support separate liquid and vapor pathways for the enhanced heat transfer process.

3.2. Permeability measurement test setup and procedure
A custom-made permeability test setup shown in Fig. 3 was
employed to characterize and compare the permeability of the
homogenous and gradient wick structures of the proposed study.
The wick structures were sandwiched between two stainless steel
plates and then placed in a closed water ﬂow loop. The working
ﬂuid, DI water, was pumped through the wick test section with
a submerged pump. A differential pressure transducer (Model:
Omega-PX26-005DV) measured the pressure difference between
the inlet and outlet of the test section at different mass ﬂow rates.
The mass ﬂow rate of the ﬂuid was measured with a variable area
ﬂow meter (Model: Omega-FT044-15-ST-VN). Three homogeneous
wick structures consisting of either small (i.e., 228.6 μm), medium
(i.e., 279.4 μm), or coarse (i.e., 381 μm) pore size meshes were
considered. The gradient wick structure comprised of all three
small, medium, and coarse pore size meshes each at an equal
thickness of about 1.33 mm. The overall thickness of the three homogenous and the gradient wick structures was 4 mm. The overall
wick thickness represents the ﬂow length of the wick structure.
Darcy’s law formulates the ﬂow of a ﬂuid through a wick structure. Darcy’s law deﬁnes the permeability parameter κ as the ability of the wick media to pass the ﬂow through.

κ=

˙ μl
m
ρ A P

(1)

˙ is mass ﬂow rate [kg/s], μ is
where κ is permeability [m2 ], m
working ﬂuid dynamic viscosity [Pa.s], l is wick thickness [m], ρ
is ﬂuid density [kg/m3 ], A is ﬂow surface area of the wick [m2 ],
and P is pressure difference between the two sides of the wick
[Pa].
Experiments were conducted to measure the ﬂow pressure drop
through the wick structures at different mass ﬂow rates. The permeability of each wick structure was then calculated by the slope
˙ μl versus ρ AP curve. A linear ﬁt was passed through indiof m
vidual experimental data points of each wick structure to calculate
the slope of the curve and thus the permeability.

3. Experiment
3.1. Fabrication procedure and characteristics of heat sinks
Woven copper meshes with ﬁne, medium, and coarse pore size
characteristics (cf. Table 1) were diffusion bonded to fabricate heat
sinks employing gradient wick channels as shown in Fig. 2. First,
the copper mesh layers and the support 6-mm-thick copper substrate were cleaned with acetone, isopropyl alcohol, and de-ionized
(DI) water. Then, the meshes and the copper substrate were mechanically sandwiched. The sandwiched assembly was then placed
in a custom-made vacuum chamber and subsequently heated to a
high-temperature level of about 700 °C. The chamber pressure is

3.3. Flow boiling test facility and procedure
Fig. 4a shows an image of a heat sink with four parallel wick
channels. The heat sinks were enclosed with a top stainless steel
cap including inlet and outlet manifolds as shown in Fig. 4b. Fig. 4c
shows the ﬂow boiling test setup facility. The copper substrate was
3
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Table 1
Copper mesh characteristics employed for gradient and homogenous wick channel heat sinks.
Mesh type

Number of wires per square inch

Wire diameter (μm)

Pore size [μm]

Fine
Medium
Coarse

60 × 60
50 × 50
40 × 40

190
230
254

228.6
279.4
381

Number of bonded copper mesh layers for
GW2.5

HW4-med.

GW4

4
3
3

0
21
0

8
7
6

Fig. 2. (a) An image of a fabricated heat sink with gradient wick channels, (b) an isometric-view SEM image, (c) a top-view SEM image, (d) a cross-sectional view, and (e) a
side-view SEM of a gradient wick channel.
Table 2
Different heat sinks examined and their geometrical characteristics.
Heat sink

Type

Channel height [mm]

Flow width [μm]

Wick/solid width [μm]

P0
GW2.5
SF4
HW4-med.
GW4

Plain copper substrate
Gradient wick channels
Solid ﬁn channels
Homogenous wick channels
Gradient wick channels

N/A
2.5
4
4
4.2

N/A
940
940
940
940

N/A
690
690
690
690

to ensure heat was provided exactly to the effective boiling surface
area. A thermal paste was applied between the copper substrate
and the heating block to reduce interfacial thermal resistances. The
test section and the heating block assembly were well insulated
using mineral wool. An adhesive Kapton ﬁlm and a rubber sheet
were utilized to enclose the boiling heat transfer area to the wick
channels with a projected footprint area of 1 cm2 . The adhesive
Kapton ﬁlm remained intact after the boiling experiments. A ﬁxed
distance of 1.8 mm was used between the top of wick channels
and the bottom of the cap in all boiling experiments (cf. Fig. 4b). A
differential pressure transducer (Model: Omega-PX26-005DV) was
used to measure the pressure drop across the test section. Temperature and pressure variations were recorded by a high accuracy
data acquisition system (Model: Agilent 34970A).
Dry tests and test setup heat loss: To measure thermal heat
losses of the ﬂow boiling test setup to the surrounding ambient environment, dry tests at different heating block temperatures
were conducted. Here, the thermal energy required to keep the
heating block at a ﬁxed temperature was considered as the test
setup heat loss. A sample dummy heat sink was used during the
dry test. No ﬂuid was passed through the dummy heat sink. The
tests were conducted at a heating block temperature range observed during the actual ﬂow boiling experiments. Fig. 5 shows

Fig. 3. A schematic of the permeability test setup.

equipped with three embedded T-type thermocouples which were
placed just below the parallel wick channels with an overall boiling
surface area of 1 cm2 (cf. Fig. 4a). Three 1.5-kW cartridge heaters
hosted in a heating block were utilized to heat the test section.
The heating block and the test section were connected by a onedimensional heat transfer column with a cross-sectional surface
area of 1 cm2 . A 1-mm-in-depth pocket with a footprint surface
area of 1 cm2 was machined on the back of the copper substrates

Fig. 4. (a) An image of the test article with embedded thermocouples, (b) a schematic of the test article, and (c) a schematic of the ﬂow boiling test facility.
4
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Fig. 6. Flow boiling performance of a fresh and an aged GW4 wick structure.

Fig. 5. Heat loss of the ﬂow boiling test setup at different heating block temperatures.

results showed a consistent thermal behavior on cleaned (as described above) aged copper surfaces with an almost similar boiling
behavior in the second, third, and fourth ﬂow boiling experiments.
The ﬂow boiling test results reported in this study all represent
performances of cleaned aged copper surfaces.

heat loss of the ﬂow boiling test setup at different heating block
temperatures. The heat losses at different block temperatures were
calculated by measuring input voltages and corresponding currents
to the cartridge heaters. A polynomial function was ﬁtted to data
and used to calculate setup heat loss at different block temperatures during actual ﬂow boiling experiments.
Flow boiling test procedure: The working ﬂuid was ﬁrst degassed by vigorous boiling before each ﬂow boiling test. During the
ﬂow boiling experiments, the working ﬂuid, deionized water, was
pumped to the test section from a constant temperature reservoir
kept at approximately 60 °C. The temperature of the supply liquid reservoir was controlled by a submerged heat exchanger with
cooling and heating capabilities. For each experimental data point,
the power provided to the heating block was maintained constant.
Then, each ﬂow boiling test point was allowed at least 40 min to
reach a semi-steady state condition at which there was no continuous rise and/or decline in each temperature reading. Once a semisteady state was assured, the net thermal energy provided to the
heat sink was calculated by measuring the total power input provided to the test setup minus the setup heat loss at the established
block temperature.
Repeatability and aging effect: Each experimental test condition was repeated at least four times ensuring repeatability of
the reported data points. The ﬂow boiling surfaces were carefully
cleaned by a “chemical polishing” method [45] to bring consistency to the test surfaces before each round of ﬂow boiling tests.
First, the heat sink was immersed in a 15% weight percent nitric
acid for 15 min and a consistent stirring level. It was then cleaned
with DI water and dried on a hot plate at 60 °C for 10 min. The
test results of a fresh ﬂow boiling surface (i.e., a newly fabricated
ﬂow boiling surface) was always different and higher than subsequent test results associated with aged ﬂow boiling surfaces. Fig. 6
shows surface heat ﬂux as a function of wall superheat for a fresh
and an aged GW4 wick structure. As evident, the thermal performance of the fresh ﬂow boiling surface was signiﬁcantly higher
than the aged GW4 ﬂow boiling surface. This could be attributed
to nucleation sites’ size distribution and water wettability, which
might differ between a fresh and an aged copper surface. Once a
heat sink surface reached high-temperature values in the ﬁrst ﬂow
boiling test, an oxide layer appeared on the copper surface changing its boiling behavior particularly in the nucleate boiling regime
where solid surface properties (i.e., nucleation sites’ size distribution and wettability) are highly important. The ﬂow boiling test

3.4. Data reduction and uncertainty analysis
The net thermal energy dissipated during the phase change
process (Qnet ) is calculated by subtracting the heat loss (Qloss ) at
a given heating block temperature from the total energy applied to
the heat sink (Qtotal ) as follows:

Qnet = Qtotal − Qloss

(2)

The uncertainty associated with the total energy supplied
(Qtotal = V × I ) is calculated as follows:

δ Qtotal
Qtotal



=

δV

2
+

V

 2
δI

(3)

I

where V and I are supplied voltage and current to the cartridge
heaters. The setup heat loss, Qloss , was calculated from the polynomial ﬁt derived from the dry tests as Qloss = aTb 2 + bTb + c where Tb
is the heating block temperature. The uncertainty associated with
heat loss can be calculated as follows:

δ Qloss =

 
2
δ aTb 2 + (δ (bTb ) )2 + (δ c )2

where



δ aTb 2
aTb 2

δ (bTb )
bTb


=


=

δa

2

a

δb
b


+

2


+

2

δ Tb

δ Tb

(4)

2
(5)

Tb

2
(6)

Tb

Therefore, the uncertainty associated with the net heat dissipation can be estimated as:

δ Qnet =



(δ Qtotal )2 + (δ Qloss )2

(7)


The dissipated heat ﬂux (q ) from a heat sink device can be
then calculated by dividing the net heat dissipation into the projected heat sink area (i.e., A pro j = 1 cm2 ) as follows:


q =
5

Qnet
A pro j

(8)
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The uncertainty associated with the heat ﬂux can be estimated
as follows:

δq





=

q

2

δ Qnet


+

Qnet

δ A pro j

Additionally, the uncertainty associated with the permeability is
calculated as follows:

2

δκ
=
κ

(9)

A pro j



q
(Ts − Tsat )

(10)

x
kc

q





where

δ Tave =

δ

x
kc



q



(12)

(δ T1 )2 + (δ T2 )2 + (δ T3 )2




=

x
kc

q



 

δ q

(13)

2

q


+

δ x
x

2
(14)

Pc =

where T1 , T2 and T3 are the three embedded thermocouples in the
copper substrates.
The saturation temperature of the working ﬂuid is a function
of the ﬂuid pressure within the heat sink (hereafter referred to as
far-ﬁeld average pressure) as follows:



Tsat = Tsat,water Pf ar− f ield ave.



(15)

Pout + Pin
2

(16)

where Pout is the outlet ﬂuid pressure and assumed the atmospheric pressure (i.e., 103-106 kPa depending on test date). Utilizing a second pressure transducer veriﬁed that the outlet ﬂuid is
the atmospheric pressure as the outlet ﬂuid was immediately discharged with a large tube diameter to a reservoir maintained at
the atmospheric pressure. Also, Pin is the ﬂuid inlet pressure and
calculated from the differential pressure transducer. The ﬂow boiling curves are plotted against the wall superheat deﬁned as the
difference between the surface temperature (i.e., Eq. 11) and the
saturation temperature of the working ﬂuid (i.e., Eq. 15).
Hence, the uncertainties associated with the heat transfer coefﬁcient can be calculated as follows:

δh
h



=

δ q

2
+

q

where

δ (Ts − Tsat ) =





δ (Ts − Tsat )
Ts − Tsat

(δ Ts )2 + (δ Tsat )2

l



+

δA
A

2



+

δ P
P

2

(19)

2σ cosθ
rp

(20)

where Pc is the capillary pressure, σ is the surface tension of the
liquid, θ the contact angle between the solid and liquid phases,
and r p is the pore size. Considering a contact angle of 60°, capillary pressures of homogenous and gradient wick structures were
estimated. For the GW4 gradient wick structure, the capillary pressure is governed by the pore size of the ﬁnest mesh layers (i.e.,
228.6 μm). As evident, there is a strong dependency between the
permeability and capillary pressure of the homogenous wick structures. The HW4-coarse homogenous wick structure demonstrates a
high permeability but a low capillary pressure. The reverse is correct for the HW4-ﬁne homogenous wick structure. However, the
gradient wick structures could partially decouple the permeability and capillary pressure dependency. As shown in Fig. 7b, the
GW4 gradient wick structure offers high capillary pressure and a
relatively high permeability value compared with those of the homogenous wick structures. Therefore, it is expected that the GW4
gradient wick structure could offer a higher capillary limit and
thus a higher ﬂow boiling performance compared with a homogenous wick structure. This conclusion will be evaluated in the next
section.

The ﬂuid pressure varies along the channel and thus its saturation temperature. The ﬂuid far-ﬁeld average pressure is the average
of the ﬂuid inlet and outlet pressure values as follows:

Pf ar− f ield ave. =

 2
δl

Permeability of homogenous and gradient wick structures was
characterized to understand the role of gradient topology in the
capillary limit. Three homogenous wick structures with coarse
(HW4-coarse), medium (HW4-medium), and ﬁne (HW4-ﬁne) pore
size meshes and a gradient wick structure (GW4) were studied.
The thickness of all wick structures was 4 mm. Fig. 7a shows
variations of m˙ μl versus ρ AP for the four wick structures. The
slope of the curves represents the wick permeability. As evident,
the HW4-coarse and HW4-ﬁne homogenous wick structures have
the highest (i.e., 0.28 mm2 ) and the lowest (i.e., 0.12 mm2 ) permeability values, respectively. The GW4 gradient wick structure with
a permeability of 0.24 mm2 has a permeability higher than the
HW4-medium but lower than the HW4-coarse. However, the permeability is not the only factor that should be considered. To delay
the capillary limit, the combination of the permeability and capillary pressure values should be improved. Fig. 7b shows measured
permeability versus estimated capillary pressure for the four wick
structures. The capillary pressure was estimated from the YoungLaplace equation as follows:

(11)

 
2
(δ Tave )2 + δ x q /kc

+

4.1. Permeability of homogenous and gradient wick structures

where Tave is the average temperature of the three embedded thermocouples in the copper substrate, x is the vertical distance between the center of the thermocouple holes to the solid-liquid interface, and kc is the copper thermal conductivity. The uncertainty
associated with the surface temperature can be estimated as:

δ Ts =

m˙

2

4. Results and discussion

where Ts and Tsat are the surface temperature at the solid-liquid
interface and the saturation temperature of the working ﬂuid, respectively. The surface temperature is estimated from Fourier’s law
of heat conduction equation considering the net heat ﬂux as follows:

Ts = Tave −

δ m˙

Furthermore, the void cross-sectional area available for the ﬂuid
ﬂow (i.e., open area between and above the wick channels) was
considered to calculate the mass ﬂux. Table 3 shows the range and
uncertainty of the main parameters.

The heat transfer coeﬃcient is evaluated from Newton’s law of
cooling as follows:

h=



4.2. Role of channel wickability in ﬂow boiling
To understand the role of channel wickability in the forced convection boiling process, experimental test results of the GW4 gradient wick channels were compared with those of the HW4-medium
homogenous wick channels. Two additional heat sinks with a solid
ﬁn channel (SF4) and a plain copper substrate (P0) were also considered for comparison. The SF4 heat sink has similar geometrical dimensions (i.e., length, height, width, and spacing) as the

2
(17)

(18)
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Table 3
Range and uncertainty of main parameters.
Parameter (measurement device) [unit]

Range

Nominal

Accuracy

Voltage (source meter, Keithley 2100) [V]
Current (Fluke 323) [A]
Mass ﬂow rate (Omega-FT044-15-ST-VN) [g/sec]
Net ﬂuid cross-sectional area [mm2 ]
Mass ﬂux [kg/m2 -s]
Pressure difference (Omega-PX26-005DV) [psi]
T-type thermocouple (Omega-TMTSS) [°C]
K-type thermocouple (Omega-KMTSS) [°C]
Physical distance (digital caliper) [mm]
Projected heat transfer area [mm2 ]
Permeability [mm2 ]
Heat ﬂux [W/cm2 ]
Heat transfer coeﬃcient [kW/m2 -K]

1-750
0-400
2-18
29-32
140-340
0 to 5
60-315
100-800
2-5
0.1-0.3
80-900
100-1050

80
8
8
30
240
1
180
400
4
100
0.2
400
250

±(0.08% of reading + 0.04% of range)
± 2%
±2%
0.02 [mm2 ]
±3%
±1%
±1 [°C]
±2 [°C]
0.02 [mm]
0.03 [mm2 ]
± 3-7%
± 8-12%
± 16-32%

Fig. 7. (a) Variations of m˙ μl as a function of ρ AP, and (b) measured permeability versus estimated capillary pressure for homogenous and gradient wick structures.

Fig. 8. (a) Heat ﬂuxes and (b) heat transfer coeﬃcients of the GW4 gradient wick channels, the HW4-medium homogenous wick channels, the SF4 solid ﬁn channels, and
the P0 bare copper substrate at different wall superheats. S.Ph., N.B., and T.F.E. stand for single phase, nucleate boiling, and thin ﬁlm evaporation, respectively.

GW4 and HW4-medium wick heat sinks. Fig. 8 shows ﬂow boiling
curves and HTCs of these four surfaces at different wall superheats
and a ﬁxed mass ﬂux of 240 kg/m2 -s. The heat ﬂux was calculated
considering a total projected footprint area of 1 cm2 . At low wall
superheats, heat transfer is dominated by the single-phase forced
convection mode. In this regime, surface heat ﬂuxes of all samples are almost identical with a slight increase in observed heat

ﬂux values with wall superheats, typical of single-phase convection heat transfer.
Measured heat ﬂuxes of all test surfaces rapidly increase once
the nucleate ﬂow boiling process initiates at a wall superheat
range of approximately 5-8°C. As shown, the surface heat ﬂux and
HTC (i.e., the slope of the heat transfer curve) of the GW4 gradient wick channels are meaningfully higher than those of the HW47
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Fig. 9. Possible schematics of the transient liquid-vapor interface present in the gradient wick channel topology at different wall superheats: (a) low, (b) medium, and (c)
high wall superheats.

medium homogenous wick channels. This can be attributed to the
improved capillary limit of the GW4 gradient wick structure compared with that of the HW4-medium wick structure. A gradient
wick channel could partially decouple the permeability and capillary pressure, thereby improving the capillary limit and thus surface heat ﬂux and HTC at a given wall superheat. This is consistent
with the conclusion drawn in Subsection 4.1. Additionally, both the
GW4 and HW4-medium wick structures outperform the SF4 and
P0 heat sinks. This is because of unique thermo-ﬂuidic features offered by the 3D wick channels including a higher number of active nucleation sites, additional surface areas for phase change heat
transfer, and improved wickability through tortuous micro-inﬂow
passages.
It can be seen that slopes of the heat ﬂux curves associated
with the GW4, HW4, and SF4 boiling surfaces alter at a heat ﬂux
close to the CHF limit of the bare copper substrate (i.e., surface
heat ﬂux of approximately 550 W/cm2 ). The heat sink with solid
channels experiences the CHF limit soon after its slope changes.
The CHF limit of the solid channel surface is slightly higher than
that of the bare copper substrate mainly due to its added surface area and active nucleation sites through the solid channel
walls. However, interestingly, no CHF limit was observed on both
GW4 and HW4-medium wick channels even at wall superheats as
high as 65 °C. This can be attributed to the out-of-plane capillaryassisted T.F.E. (thin-ﬁlm evaporation) mechanism enabled by the
through-vapor thermal-wick bridges facilitating both the heat dissipation paths and the liquid delivery routes. Here, the cooler farﬁeld liquid is wicked into the gradient wick channels (cf. Fig. 9),
thereby resulting in a highly-eﬃcient thin ﬁlm evaporation process
through liquid-vapor interfaces formed within and around the wick
channels. The ﬂow boiling process in this regime is affected by
the capillary-assisted thin-ﬁlm evaporation mechanism controlled
by the liquid mass ﬂow rate. The thin-ﬁlm evaporation process
is activated through out-of-plane wicking action. The slope of the
heat ﬂux curve representing the eﬃciency of the T.F.E mechanism
can be improved if one optimizes the wick channel topology and
far-ﬁeld liquid pressure. In the T.F.E. regime, the ﬂow boiling heat
ﬂuxes of both GW4 and HW4-medium wick channels are almost
identical. This could be attributed to the position of the liquidvapor interfaces, which might be predominantly established away
from the bottom hot surface where the GW4 gradient wick channel employs medium and/or coarse pore size meshes (cf. Fig. 9c).
Under this circumstance, the capillary pressure of both GW4 and
HW4-medium wick structure is governed by the medium pore size
mesh, thereby leading to similar ﬂow boiling heat ﬂuxes as indicated in Fig. 8a. It should be noted that, at a wall superheat

of 65 °C, the temperature of the heating block exceeded 800 °C
which is the maximum safe operating temperature of the cartridge
heaters employed. Therefore, the ﬂow boiling experiments typically
stopped at a wall superheat of about 55 °C.
4.3. Role of convection in ﬂow boiling on gradient wick channel
surfaces
Fig. 10a and b show ﬂow boiling experimental test results of
the GW4 gradient wick channel topology and the P0 plain copper substrate at different mass ﬂuxes. As shown, the effect of mass
ﬂow rate (i.e., convective ﬂow) on ﬂow boiling on the bare copper
substrate is indistinguishable. Flow boiling process on the gradient wick channel topology, however, demonstrates a strong liquid
mass ﬂux dependency. Here, a combination of convective boiling
and wickability effects (i.e., a higher combination of permeability
and capillary pressure) boosts the heat dissipation rate. Additionally, the CHF limit was not observed on the gradient wick channel
surface in the mass ﬂux and wall superheat range investigated.
The effect of augmented wickability at higher ﬂow rates could
be explained considering far-ﬁeld average liquid pressure which increases at higher liquid mass ﬂow rates as shown in Fig. 11. This
consequently leads to a higher effective capillary pressure for the
wicking action and thus enhanced wicked micro-inﬂows through
the gradient wick channels (i.e., ṁwick ) as schematically illustrated
in Fig. 12. As a result, the heat ﬂux fraction associated with the
wicked micro-inﬂows (i.e., q" ∝ ṁwick hfg ) is substantially improved
at higher mass ﬂuxes as clearly indicated in Fig. 10. Additionally,
Fig. 11 shows pressure drop values of the GW4 gradient wick heat
sink at wall superheats of 20 and 30 °C for different mass ﬂuxes.
As evident, at higher heat ﬂuxes, pressure drop values increase
with mass ﬂow rates due to augmented friction and acceleration
pressure losses.
4.4. Role of out-of-plane wicking length scale in the ﬂow boiling
process
In the proposed gradient wick topology, the wicking length
scale is considered as the height of a wick channel bridging unstable vapor cushion layers formed at high wall superheats through
the capillary-assisted thin-ﬁlm evaporation mechanism. Generally,
it can be perceived that a heat sink with a longer out-of-plane
wicking length scale could bridge a thicker vapor ﬁlm, thereby potentially leading to higher heat ﬂux values. To verify this hypothesis, another heat sink topology with a wick channel height of
8
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Fig. 10. (a) Heat ﬂuxes and (b) heat transfer coeﬃcients of the GW4 gradient wick channel topology and P0 plain substrate at different wall superheats and mass ﬂuxes.
Red arrow indicates CHF limit.

Fig. 12. Possible schematics of the transient liquid-vapor interface of the gradient
wick channel topology at a (a) low, and (b) high mass ﬂux value.

2.5 mm (GW2.5) is fabricated and tested. Fig. 13 shows ﬂow boiling curves and HTCs of the gradient wick channel heat sinks with
2.5 and 4 mm heights, and the P0 plain copper substrate at different wall superheats and mass ﬂuxes. As shown, the GW2.5 heat

Fig. 11. Average far-ﬁeld pressure and pressure drop of the GW4 heat sink at different wall superheats.

Fig. 13. (a) Heat ﬂuxes and (b) heat transfer coeﬃcients of the GW4 and GW2.5 gradient wick channel heat sinks at different wall superheats and ﬂow rates. Red arrows
indicate CHF limits for each experiment. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
9

M. Ahmadi and S. Bigham

International Journal of Heat and Mass Transfer 167 (2021) 120764

Fig. 15. A comparison between ﬂow boiling performance of the proposed gradient
wick channels and several selected studies.

Fig. 14. Heat ﬂuxes and heat transfer coeﬃcients of various heat sinks explored in
the present study.

a straight ﬂow microchannel heat sink [1]. As shown, at a mass
ﬂux of 340 kg/m2 -s, the proposed gradient wick channel heat sink
demonstrates moderately high heat ﬂux and HTC values due to its
improved capillary limit and unique thermo-ﬂuidic features.

sink device demonstrates a thermal performance behavior with observed heat transfer mechanisms similar to those of the GW4 heat
sink. However, at a given mass ﬂux, the GW2.5 heat sink exhibits a
lower heat ﬂux value than the GW4 heat sink due to a shorter outof-plane wicking length scale available to bridge the transient vapor gaps formed at high wall superheats. It should be noted that a
gradient wick channel with a higher height than the GW4 gradient
heat sink might not necessarily increase the heat ﬂux signiﬁcantly.
This is attributed to the thermo-hydraulic status of the cooler farﬁeld liquid phase, which reaches the saturation temperature and
pressure condition. Therefore, a gradient wick channel with a substantially higher height might only travel deeper into the cooler
liquid phase without meaningfully improving ﬂow boiling thermal
performance. In this study, a gradient wick structure with a height
exceeding that of the GW4 heat sink was not tested mainly due to
fabrication limitations associated with diffusion bonding and machining of thicker wick structures.
Fig. 14 shows heat ﬂux and corresponding HTC values measured on various examined heat sinks at a wall superheat of 50 °C
and different mass ﬂuxes. While the ﬂow boiling performance of
the plain copper substrate is almost insensitive to convective effects in the range investigated, the proposed gradient wick channel
topology effectively leverages mass ﬂow rate through the capillaryassisted thin-ﬁlm evaporation mechanism. Here, effective capillary
pressure available for micro-inﬂows wicked into the gradient channels increases at higher mass ﬂow rates, thereby further boosting
the heat transfer rate. Additionally, the gradient wick channels outperform the homogenous wick channels due to an improved wickability action and capillary limit. Furthermore, it was observed that
heat sinks with longer available wicking lengths can bridge thicker
vapor ﬁlms, thereby leading to higher heat ﬂuxes at high wall superheats.

5. Conclusion
In this study, a new heat sink architecture utilizing copperbased gradient wick channels was proposed to both enhance HTC
and delay the CHF limit of the ﬂow boiling process. Permeability tests showed that the gradient wick structures offer a better
combination of permeability and capillary pressure, thereby potentially delaying the capillary limit and improving thermal performance metrics. Phase-change experiments indeed conﬁrmed that
the gradient wick channel topology outperforms the homogenous
wick channels, solid ﬁn channels, and plain copper surfaces for the
ﬂow boiling process. The proposed gradient wick channel heat sink
demonstrated a strong liquid mass ﬂux dependency in the ﬂow
rate range explored. This can be attributed to a combination of
convective boiling and ampliﬁed wickability effects improving the
heat dissipation rate. Beyond offering a higher number of active
nucleation sites and additional surface area for phase change heat
transfer, the proposed heat sink architecture exhibits augmented
out-of-plane wickability through its gradient wick topology. At
higher mass ﬂow rates, far-ﬁeld average liquid pressure available
for capillary wicking action increases. This consequently boosts
wicked micro-inﬂows toward the bottom hot surface, thereby resulting in a highly-eﬃcient thin ﬁlm evaporation process and enhanced heat transfer rate. In fact, the CHF limit was not observed
on the gradient wick channel surfaces in the mass ﬂux and wall
superheat range studied. The experimental results indicated a maximum ﬂow boiling CHF limit of 870 W/cm2 with a 4-mm-in-height
gradient wick channel heat sink. This is a 60% enhancement in ﬂow
boiling heat ﬂux compared with that of a plain copper surface.
Moreover, a maximum HTC of 10 0 0 kW/m2 -K at a wall superheat
of 3 °C was observed. Experiments conducted here conﬁrmed the
promise of the proposed gradient wick channel heat sink architecture for future high-heat-ﬂux applications such as high-power
electronics.

4.5. Flow boiling performance comparison with the open literature
Fig. 15 compares the maximum heat ﬂux and HTC of the proposed gradient wick channel heat sink with several selected studies [1,46–50] from the open literature for the ﬂow boiling process. The corresponding mass ﬂuxes and heat sink topologies of
selected studies are mentioned. As shown, the heat sink topologies of the selected studies include a microchannel with a tapered
gap manifold [48], two microchannel heat sinks employing micropillars [49,50], a microchannel heat sink with a roughened surface
[46], a microchannel heat sink with reentrant cavities [47], and
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