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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 post- 

pone 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 large- 

pore-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 per- 

formance 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 liq- 

uid 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 nucle- 

ation 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/cm 

2 with a gradient wick channel heat sink, a 60% improvement compared with a plain cop- 

per surface. Furthermore, a maximum HTC of 10 0 0 kW/m 

2 -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 chan- 

nel 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. 
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. Introduction 

For more than a century, thermal management has played a 

ey role in the advancement of various technological and indus- 

rial applications such as power generation, refrigeration, desali- 

ation, and high-power electronics. The microelectronic industry, 

n particular, relies on improvements in micro-scale thermal man- 

gement techniques to continue its current performance growth 

rajectory. Among many thermal management pathways, liquid-to- 

apor phase change cooling has been recognized as a promising 

olution for high heat flux applications [1–4] . By taking advan- 
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age of latent heat of vaporization, the evaporative phase change 

ooling can dissipate high heat fluxes with a small streamwise 

emperature change while reducing the required liquid flow rate 

nd pumping power [ 5 , 6 ]. Over the last half-century, numerous at- 

empts have been made to improve the efficiency of the phase- 

hange heat transfer process in extremely demanding applications 

uch as fusion reactor blankets [ 7 , 8 ] as well as many military elec-

ronic systems [ 9 , 10 ]. Despite remarkable progress, existing ther- 

al management techniques and their architectural designs need 

o be revolutionized to address the ever-increasing cooling de- 

ands of next-generation high-heat-flux devices. 

A majority of phase-change cooling solutions explored in the 

ast rely on various surface modification techniques to enhance 

TC and/or delay the CHF limit. This ranges from utilization of 

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120764
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2020.120764&domain=pdf
mailto:sbigham@mtu.edu
https://doi.org/10.1016/j.ijheatmasstransfer.2020.120764


M. Ahmadi and S. Bigham International Journal of Heat and Mass Transfer 167 (2021) 120764 

a

b

d

c

i

d

i

b

l

l

f  

f

t

a

c

u

t

i

e

b

t

a

r

p

l

h

i

j

l

m

s

f

d

m

p

i

g

c

p

a

i

g

A

t

o

i

m

f

f

r

[

l

l

c

i

a

s

l

e

r

C  

i

h

l

s

a

t

a

c

s

r

m

h

i

c

s

t

d

w

v

t

m

p

m

c

i

I  

a

p

m

a

fl

m

i

f

s

t

h

m

s

t

c

m

(

i

fl

fi

t

n

f

d

2

t

i

f

s

l

w  

m

s

l  

[

dditional nucleation sites [11–14] , enhanced wettability, wicka- 

ility, and/or area by micro-nano structures/nanowires/porous me- 

ia [15–24] to deposition of graphene oxide [25–27] . An important 

ommon functionality offered by many of these textured surfaces 

s wickability generally appearing when a dry spot is present. The 

ry spot could be either a transient local phenomenon created by 

ndividual growing bubbles especially during the early stages of the 

oiling process and/or a semi-sustained large dry pocket particu- 

arly the ones formed in the vicinity of the CHF limit [28–30] . 

Many of the textured surfaces preferentially stimulate in-plane 

iquid delivery to dry spots where liquid paths rewetting the sur- 

ace are parallel to the bottom hot substrate. Chu et al. [ 20 , 21 ],

or instance, fabricated microstructures with different geometries 

o experimentally investigate surface roughness-augmented wick- 

bility on CHF during pool boiling. They hypothesized that in- 

reasing the surface roughness increases surface forces at the liq- 

id/vapor interface of each bubble (i.e., in-plane liquid delivery 

o a local dry spot) and thus delaying the CHF. An enhancement 

n CHF of approximately 160% was demonstrated on the rough- 

st surface tested. More recent studies considered surface wetta- 

ility/wickability as the main parameter affecting CHF and HTC in 

wo-phase heat sinks and attempted to improve heat transfer char- 

cteristics through the utilization of in-plane wick structures. For- 

est et al. [31] , for example, studied pool boiling characteristics of 

olymer/SiO2 nanoparticles applied to nickel wire using a layer-by- 

ayer (LbL) deposition method and demonstrated up to 100% en- 

ancement in the CHF limit. The drastic change in surface wettabil- 

ty caused by the LbL deposition method was identified as the ma- 

or parameter affecting the CHF limit. Similarly, Yang et al. [17] uti- 

ized hydrophilic silicon nanowires to enhance the CHF value by 

erging all flow boiling regimes into a single one. It was demon- 

trated that the tailored nanostructures dominate surface tension 

orce resulting in the formation of a single annular flow regime 

uring flow boiling in microchannels. Heat fluxes up to approxi- 

ately 400 W/cm 

2 were removed from the surface using this ap- 

roach. 

A more fundamental study on the effect of wickability on crit- 

cal heat flux was conducted by Rahman et al. [32] . They investi- 

ated the boiling process on surfaces with micro, nano, and hierar- 

hical structures, and observed linear relation between CHF and in- 

lane wickability of structures employed. They also showed that, 

lthough decreasing the contact angle can increase CHF, wickabil- 

ty plays the main role in increasing the CHF limit at contact an- 

les equal to zero (i.e., superhydrophilic nano-structured surfaces). 

 hierarchical fabricated surface showed to enhance CHF value up 

o 260 W/cm 

2 with water under atmospheric conditions. 

In contrast to the in-plane liquid delivery to dry-spots, some 

ther engineered surfaces such as modulated porous-layer coat- 

ngs [33] , separate vapor-liquid pathways through bubble-induced 

acro-convection [34] , nanostructured bi-conductive biphilic sur- 

aces [ 35 , 36 ], and gradient wick structures with micro-chimney ef- 

ect [37] favorably promote out-of-plane liquid delivery decoupling 

eplenishing liquid from the vapor escape paths. Liter and Kaviany 

33] , for instance, showed that through the utilization of modu- 

ated (periodically non-uniform thickness) porous-layer coatings, 

iquid and vapor phases can be separated to reduce liquid-vapor 

ounter flow resistance adjacent to the surface. Two different lim- 

ts (hydrodynamic limit and viscous drag limit) were introduced 

s possible liquid-choking restrictions. It was shown that the mea- 

ured CHF experienced by the coated surface is governed by the 

ower of the two limits. In this approach, the pool boiling CHF was 

nhanced nearly three times over that of a plain surface. 

The out-of-plane liquid delivery approach also helps the sepa- 

ation of vapor and liquid pathways, thereby further delaying the 

HF limit. Kandlikar et al. [ 38 , 39 ] promoted this idea through the

mplementation of tapered manifolds on top of a microchannel 
2 
eat sink. The excess volume provided by the manifold would al- 

ow the liquid flow to push the generated bubbles away from the 

urface and delay the CHF limit. The CHF values achieved in this 

pproach were noticeably higher (CHF ~ 700 W/cm 

2 ) compared to 

he previous values reported in the literature (~ 10 0-30 0 W/cm 

2 ) 

nd attested to the importance of efficient bubble removal on in- 

reasing CHF. More recently, researchers have pursued a novel per- 

pective to push the CHF limit in the boiling process by incorpo- 

ating low-conductivity materials at the liquid-solid interface. Rah- 

an et al. [35] showed that a more than 5-fold enhancement in 

eat transfer rate can be achieved if approximately 18% of the boil- 

ng surface is replaced by a non-conductive epoxy. Low thermal 

onductivity regions promote liquid delivery toward the boiling 

urface by suppressing bubble nucleation. High-temperature high 

hermal conductivity areas facilitate bubble formation, growth, and 

eparture processes, and thereby separating liquid and vapor path- 

ays. 

David et al. [40] first proposed a new concept for two-phase 

apor venting microchannel heat sinks utilizing PTFE membranes 

o extract vapor bubbles into separate vapor transport channels. A 

aximum CHF of ~80 W/cm 

2 was achieved while the normalized 

ressure drop was reduced by almost 60%. They concluded that the 

ain advantage of a venting device over a non-venting heat sink 

an be recognized in devices with very small liquid channels as 

t maximizes heat transfer coefficients and improves flow stability. 

n an alternative strategy, Fazeli et al. [ 41 , 42 ] introduced a novel

rchitecture for two-phase heat sinks in which cooling liquid is 

umped to engineered evaporating menisci. A porous hydrophobic 

embrane directly bonded on top of the microscale heat sink sep- 

rated liquid and vapor phases inside the device. Having no liquid 

ow discharge (i.e., only vapor exits through the porous polymeric 

embrane), the implemented flow arrangement enabled subject- 

ng bubbles to omnidirectional pressure, thereby limiting their sur- 

ace coverage. Furthermore, bubble extraction could be improved 

imply by raising the liquid pressure inside the device, which leads 

o higher CHF values. 

Utilizing a unique approach, Palko et al. [16] demonstrated high 

eat fluxes in an innovative two-phase heat sink utilizing laser 

icromachined diamond heat spreaders and copper mesh phase 

eparators. The diamond heat spreaders enhanced the overall heat 

ransfer area by a factor of 3, while phase separation structures 

ontrolled liquid-vapor flow distribution. A maximum heat flux re- 

oval rate of ~1300 W/cm 

2 was reported at a full device scale 

0.7 cm 

2 ). 

Here, we utilize novel gradient wick channels to delay the cap- 

llary limit and facilitate out-of-plane liquid delivery for enhanced 

ow boiling HTC and delayed CHF limit. In the following sections, 

rst, the new gradient wick channel concept is explained. Then, 

he experimental test facility and its accuracy are introduced. Fi- 

ally, observed flow boiling regimes and measured thermal per- 

ormance values are discussed at different thermo-hydraulic con- 

itions. 

. Concept 

In the competition between a cooling liquid and its vapor trying 

o occupy a hot solid surface, the vapor phase appears to temporar- 

ly displace the cooling liquid near the CHF limit. This leads to the 

ormation of an unstable low-thermal-conductivity vapor film that 

ignificantly deteriorates the heat transfer rate. To delay the CHF 

imit, micro and nano-textured surfaces representing homogenous 

ick structures are typically utilized [ 20 , 21 , 32 , 36 , 43 , 44 ] to aug-

ent liquid wickability by texture-amplified capillary forces. Prior 

tudies indeed confirmed that surface structures can enhance CHF 

imit by up to 160%, and 53.3% in the pool [21] , and flow boiling

43] processes, respectively. Additionally, it has been lately shown 
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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. 

t

m

t

t

c

b

fl

p

p

l

i

n

p

i

t

p

h  

d

e

i

s

c

a

g

s

e

a

F

i

l

t

i

a

o

p

3

3

c

s

t

s

(

c

i

h

m

p

d

a

c

s

m

s

(

c

fl

e

c

n

4

o

P

t

g

i

a

3

e

h

T

p

fl

a

O

t

T

fl

w

(

c

s

t

m

w

t

i

κ

w

w

i  

a

[

t

m

o

v

t

3

c

c  

s

hat there is an optimal texture density at which CHF value maxi- 

izes in both pool boiling [44] and flow boiling [43] processes. The 

hermal performances of these in-plane homogenous wick struc- 

ures, however, are primarily limited by the capillary limit. At the 

apillary limit, capillary forces generated by a wick structure are 

alanced by the sum of pressure drops associated with the liquid 

ow wicked into the structures. Homogenous wick structures em- 

loying small pore sizes exhibit high capillary pressures but low 

ermeability. On the other hand, homogenous wick structures uti- 

izing large pore sizes demonstrate high permeability but low cap- 

llary pressures. Hybrid and gradient wick structures with an engi- 

eered large and small pore size distribution could partially decou- 

le permeability and capillary pressure, thereby delaying the cap- 

llary limit. 

In this study, gradient wick channels utilizing an innovative 

hermo-fluidic design topology are introduced to enhance the two- 

hase flow boiling heat transfer coefficient (HTC) and delay critical 

eat flux (CHF). As shown in Fig. 1 , the permeability of the gra-

ient wick channels is improved by large-pore-size copper meshes 

mployed near the bulk fluid while the capillary pressure is max- 

mized by small-pore-size meshes utilized near the hot boiling 

urface. A medium-pore-size mesh is utilized in the middle. This 

ombination of wick structures facilitates out-of-plane capillary- 

ssisted liquid delivery in which the cooling liquid is preferentially 

uided from the far-field cold liquid toward the bottom hot sub- 

trate. Here, flow boiling performance is improved due to the pres- 

nce of a highly-efficient thin film evaporation heat transfer mech- 

nism at the sidewalls and within the gradient wick channels (cf. 

ig. 1 ). In the proposed boiling surface, height has a critical role as 

t functions as a thermal-wick bridge between the cooler far-field 

iquid phase and the bottom hot substrate. The liquid wicked into 

he bridge may or may not reach the bottom substrate depend- 

ng on local heat flux (i.e., evaporation rate within a wick channel) 

nd micro-inflow liquid wicking rate at the capillary limit. More- 

ver, the proposed wick channels support separate liquid and va- 

or pathways for the enhanced heat transfer process. 

. Experiment 

.1. Fabrication procedure and characteristics of heat sinks 

Woven copper meshes with fine, medium, and coarse pore size 

haracteristics (cf. Table 1 ) were diffusion bonded to fabricate heat 

inks employing gradient wick channels as shown in Fig. 2 . First, 

he copper mesh layers and the support 6-mm-thick copper sub- 

trate were cleaned with acetone, isopropyl alcohol, and de-ionized 

DI) water. Then, the meshes and the copper substrate were me- 

hanically sandwiched. The sandwiched assembly was then placed 

n a custom-made vacuum chamber and subsequently heated to a 

igh-temperature level of about 700 °C. The chamber pressure is 
3 
onitored by a pressure transducer and controlled with a vacuum 

ump to prevent oxidation at high temperatures. For a successful 

iffusion bonding process, the assembly was kept at high temper- 

tures for a minimum of four hours. The result was a mechani- 

ally robust diffusion bonded assembly. The diffusion bonded as- 

embly was then machined in a 1 cm 

2 area with a high precision 

icro-CNC tool to create individual channel topologies. Two heat 

inks employing gradient wick channels with heights of 2.5 mm 

referred to GW2.5) and 4.2 mm (referred to GW4) were fabri- 

ated to investigate the effect of the gradient wick structure on 

ow boiling HTC and CHF limit. Fig. 2 shows details and scanning 

lectron microscope (SEM) images of a fabricated gradient wick 

hannel heat sink. Three additional heat sinks utilizing homoge- 

ous wick channels with medium pore size meshes and a height of 

 mm (referred to HW4-medium), solid fin channels with a height 

f 4 mm (referred to SF4), and a plain copper substrate (referred to 

0) were also fabricated for comparison. Dimensional characteris- 

ics and the number of metallic copper mesh layers employed for 

radient and homogenous wick channel heat sinks are presented 

n Table 1 . Geometrical details of different heat sinks examined are 

lso described in Table 2 . 

.2. Permeability measurement test setup and procedure 

A custom-made permeability test setup shown in Fig. 3 was 

mployed to characterize and compare the permeability of the 

omogenous and gradient wick structures of the proposed study. 

he wick structures were sandwiched between two stainless steel 

lates and then placed in a closed water flow loop. The working 

uid, DI water, was pumped through the wick test section with 

 submerged pump. A differential pressure transducer (Model: 

mega-PX26-005DV) measured the pressure difference between 

he inlet and outlet of the test section at different mass flow rates. 

he mass flow rate of the fluid was measured with a variable area 

ow meter (Model: Omega-FT044-15-ST-VN). Three homogeneous 

ick 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 

onsidered. The gradient wick structure comprised of all three 

mall, medium, and coarse pore size meshes each at an equal 

hickness of about 1.33 mm. The overall thickness of the three ho- 

ogenous and the gradient wick structures was 4 mm. The overall 

ick thickness represents the flow length of the wick structure. 

Darcy’s law formulates the flow of a fluid through a wick struc- 

ure. Darcy’s law defines the permeability parameter κ as the abil- 

ty of the wick media to pass the flow through. 

= 

˙ m μl 

ρA�P 

(1) 

here κ is permeability [m 

2 ], ˙ m is mass flow rate [kg/s], μ is 

orking fluid dynamic viscosity [Pa.s], l is wick thickness [m], ρ
s fluid density [kg/m 

3 ], A is flow surface area of the wick [m 

2 ],

nd �P is pressure difference between the two sides of the wick 

Pa]. 

Experiments were conducted to measure the flow pressure drop 

hrough the wick structures at different mass flow rates. The per- 

eability of each wick structure was then calculated by the slope 

f ˙ m μl versus ρA�P curve. A linear fit was passed through indi- 

idual experimental data points of each wick structure to calculate 

he slope of the curve and thus the permeability. 

.3. Flow boiling test facility and procedure 

Fig. 4 a shows an image of a heat sink with four parallel wick 

hannels. The heat sinks were enclosed with a top stainless steel 

ap including inlet and outlet manifolds as shown in Fig. 4 b. Fig. 4 c

hows the flow boiling test setup facility. The copper substrate was 
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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] Number of bonded copper mesh layers for 

GW2.5 HW4-med. GW4 

Fine 60 × 60 190 228.6 4 0 8 

Medium 50 × 50 230 279.4 3 21 7 

Coarse 40 × 40 254 381 3 0 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 Plain copper substrate N/A N/A N/A 

GW2.5 Gradient wick channels 2.5 940 690 

SF4 Solid fin channels 4 940 690 

HW4-med. Homogenous wick channels 4 940 690 

GW4 Gradient wick channels 4.2 940 690 

Fig. 3. A schematic of the permeability test setup. 
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quipped with three embedded T-type thermocouples which were 

laced just below the parallel wick channels with an overall boiling 

urface area of 1 cm 

2 (cf. Fig. 4 a). Three 1.5-kW cartridge heaters 

osted in a heating block were utilized to heat the test section. 

he heating block and the test section were connected by a one- 

imensional heat transfer column with a cross-sectional surface 

rea of 1 cm 

2 . A 1-mm-in-depth pocket with a footprint surface 

rea of 1 cm 

2 was machined on the back of the copper substrates 
Fig. 4. (a) An image of the test article with embedded thermocouples, (b) a schem

4 
o ensure heat was provided exactly to the effective boiling surface 

rea. A thermal paste was applied between the copper substrate 

nd the heating block to reduce interfacial thermal resistances. The 

est section and the heating block assembly were well insulated 

sing mineral wool. An adhesive Kapton film and a rubber sheet 

ere utilized to enclose the boiling heat transfer area to the wick 

hannels with a projected footprint area of 1 cm 

2 . The adhesive 

apton film remained intact after the boiling experiments. A fixed 

istance of 1.8 mm was used between the top of wick channels 

nd the bottom of the cap in all boiling experiments (cf. Fig. 4 b). A

ifferential pressure transducer (Model: Omega-PX26-005DV) was 

sed to measure the pressure drop across the test section. Tem- 

erature and pressure variations were recorded by a high accuracy 

ata acquisition system (Model: Agilent 34970A). 

Dry tests and test setup heat loss: To measure thermal heat 

osses of the flow boiling test setup to the surrounding ambi- 

nt environment, dry tests at different heating block temperatures 

ere conducted. Here, the thermal energy required to keep the 

eating block at a fixed temperature was considered as the test 

etup heat loss. A sample dummy heat sink was used during the 

ry test. No fluid was passed through the dummy heat sink. The 

ests were conducted at a heating block temperature range ob- 

erved during the actual flow boiling experiments. Fig. 5 shows 
atic of the test article, and (c) a schematic of the flow boiling test facility. 
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Fig. 5. Heat loss of the flow boiling test setup at different heating block tempera- 

tures. 
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Fig. 6. Flow boiling performance of a fresh and an aged GW4 wick structure. 
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eat loss of the flow boiling test setup at different heating block 

emperatures. The heat losses at different block temperatures were 

alculated by measuring input voltages and corresponding currents 

o the cartridge heaters. A polynomial function was fitted to data 

nd used to calculate setup heat loss at different block tempera- 

ures during actual flow boiling experiments. 

Flow boiling test procedure: The working fluid was first de- 

assed by vigorous boiling before each flow boiling test. During the 

ow boiling experiments, the working fluid, deionized water, was 

umped to the test section from a constant temperature reservoir 

ept at approximately 60 °C. The temperature of the supply liq- 

id reservoir was controlled by a submerged heat exchanger with 

ooling and heating capabilities. For each experimental data point, 

he power provided to the heating block was maintained constant. 

hen, each flow boiling test point was allowed at least 40 min to 

each a semi-steady state condition at which there was no contin- 

ous rise and/or decline in each temperature reading. Once a semi- 

teady state was assured, the net thermal energy provided to the 

eat sink was calculated by measuring the total power input pro- 

ided to the test setup minus the setup heat loss at the established 

lock temperature. 

Repeatability and aging effect: Each experimental test con- 

ition was repeated at least four times ensuring repeatability of 

he reported data points. The flow boiling surfaces were carefully 

leaned by a “chemical polishing” method [45] to bring consis- 

ency to the test surfaces before each round of flow boiling tests. 

irst, the heat sink was immersed in a 15% weight percent nitric 

cid for 15 min and a consistent stirring level. It was then cleaned 

ith DI water and dried on a hot plate at 60 °C for 10 min. The

est results of a fresh flow boiling surface (i.e., a newly fabricated 

ow boiling surface) was always different and higher than subse- 

uent test results associated with aged flow boiling surfaces. Fig. 6 

hows surface heat flux as a function of wall superheat for a fresh 

nd an aged GW4 wick structure. As evident, the thermal perfor- 

ance of the fresh flow boiling surface was significantly higher 

han the aged GW4 flow boiling surface. This could be attributed 

o nucleation sites’ size distribution and water wettability, which 

ight differ between a fresh and an aged copper surface. Once a 

eat sink surface reached high-temperature values in the first flow 

oiling test, an oxide layer appeared on the copper surface chang- 

ng its boiling behavior particularly in the nucleate boiling regime 

here solid surface properties (i.e., nucleation sites’ size distribu- 

ion and wettability) are highly important. The flow boiling test 
5 
esults showed a consistent thermal behavior on cleaned (as de- 

cribed above) aged copper surfaces with an almost similar boiling 

ehavior in the second, third, and fourth flow boiling experiments. 

he flow boiling test results reported in this study all represent 

erformances of cleaned aged copper surfaces. 

.4. Data reduction and uncertainty analysis 

The net thermal energy dissipated during the phase change 

rocess ( Q net ) is calculated by subtracting the heat loss ( Q loss ) at 

 given heating block temperature from the total energy applied to 

he heat sink ( Q total ) as follows: 

 net = Q total − Q loss (2) 

The uncertainty associated with the total energy supplied 

 Q total = V × I) is calculated as follows: 

δQ total 

Q total 

= 

√ (
δV 

V 

)2 

+ 

(
δI 

I 

)2 

(3) 

here V and I are supplied voltage and current to the cartridge 

eaters. The setup heat loss, Q loss , was calculated from the polyno- 

ial fit derived from the dry tests as Q loss = a T b 
2 + b T b + c where T b 

s the heating block temperature. The uncertainty associated with 

eat loss can be calculated as follows: 

Q loss = 

√ (
δ
(
a T b 

2 
))2 + ( δ( b T b ) ) 

2 + ( δc ) 
2 

(4) 

here 

δ
(
a T b 

2 
)

a T b 
2 

= 

√ (
δa 

a 

)2 

+ 

(
2 

δT b 
T b 

)2 

(5) 

δ( b T b ) 

b T b 
= 

√ (
δb 

b 

)2 

+ 

(
δT b 
T b 

)2 

(6) 

Therefore, the uncertainty associated with the net heat dissipa- 

ion can be estimated as: 

Q net = 

√ 

( δQ total ) 
2 + ( δQ loss ) 

2 
(7) 

The dissipated heat flux ( q 
′′ 
) from a heat sink device can be 

hen calculated by dividing the net heat dissipation into the pro- 

ected heat sink area (i.e., A proj = 1 c m 

2 ) as follows: 

 

′′ = 

Q net 

A proj 

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

s follows: 

δq 
′′ 

q ′′ 
= 

√ (
δQ net 

Q net 

)2 

+ 

(
δA proj 

A proj 

)2 

(9) 

The heat transfer coefficient is evaluated from Newton’s law of 

ooling as follows: 

 = 

q 
′′ 

( T s − T sat ) 
(10) 

here T s and T sat are the surface temperature at the solid-liquid 

nterface and the saturation temperature of the working fluid, re- 

pectively. The surface temperature is estimated from Fourier’s law 

f heat conduction equation considering the net heat flux as fol- 

ows: 

 s = T a v e − �x 

k c 
q 

′′ 
(11) 

here T a v e is the average temperature of the three embedded ther- 

ocouples in the copper substrate, �x is the vertical distance be- 

ween the center of the thermocouple holes to the solid-liquid in- 

erface, and k c is the copper thermal conductivity. The uncertainty 

ssociated with the surface temperature can be estimated as: 

T s = 

√ 

( δT a v e ) 
2 + 

(
δ
(
�x q ′′ / k c 

))2 
(12) 

here 

T a v e = 

√ 

( δT 1 ) 
2 + ( δT 2 ) 

2 + ( δT 3 ) 
2 

(13) 

(
�x 

k c 
q 

′′ 
)

= 

(
�x 

k c 
q 

′′ 
)√ (

δq ′′ 

q ′′ 

)2 

+ 

(
δ�x 

�x 

)2 

(14) 

here T 1 , T 2 and T 3 are the three embedded thermocouples in the 

opper substrates. 

The saturation temperature of the working fluid is a function 

f the fluid pressure within the heat sink (hereafter referred to as 

ar-field average pressure) as follows: 

 sat = T sat,water 

(
P far− f ield a v e. 

)
(15) 

The fluid pressure varies along the channel and thus its satura- 

ion temperature. The fluid far-field average pressure is the average 

f the fluid inlet and outlet pressure values as follows: 

 far− f ield a v e. = 

P out + P in 
2 

(16) 

here P out is the outlet fluid pressure and assumed the atmo- 

pheric pressure (i.e., 103-106 kPa depending on test date). Utiliz- 

ng a second pressure transducer verified that the outlet fluid is 

he atmospheric pressure as the outlet fluid was immediately dis- 

harged with a large tube diameter to a reservoir maintained at 

he atmospheric pressure. Also, P in is the fluid inlet pressure and 

alculated from the differential pressure transducer. The flow boil- 

ng curves are plotted against the wall superheat defined as the 

ifference between the surface temperature (i.e., Eq. 11 ) and the 

aturation temperature of the working fluid (i.e., Eq. 15 ). 

Hence, the uncertainties associated with the heat transfer coef- 

cient can be calculated as follows: 

δh 

h 

= 

√ (
δq ′′ 

q ′′ 

)2 

+ 

(
δ( T s − T sat ) 

T s − T sat 

)2 

(17) 

here 

( T s − T sat ) = 

√ 

( δT s ) 
2 + ( δT sat ) 

2 
(18) 
6 
Additionally, the uncertainty associated with the permeability is 

alculated as follows: 

δκ

κ
= 

√ (
δ ˙ m 

˙ m 

)2 

+ 

(
δl 

l 

)2 

+ 

(
δA 

A 

)2 

+ 

(
δ�P 

�P 

)2 

(19) 

Furthermore, the void cross-sectional area available for the fluid 

ow (i.e., open area between and above the wick channels) was 

onsidered to calculate the mass flux. Table 3 shows the range and 

ncertainty of the main parameters. 

. Results and discussion 

.1. Permeability of homogenous and gradient wick structures 

Permeability of homogenous and gradient wick structures was 

haracterized to understand the role of gradient topology in the 

apillary limit. Three homogenous wick structures with coarse 

HW4-coarse), medium (HW4-medium), and fine (HW4-fine) pore 

ize meshes and a gradient wick structure (GW4) were studied. 

he thickness of all wick structures was 4 mm. Fig. 7 a shows 

ariations of ˙ m μl versus ρA �P for the four wick structures. The 

lope of the curves represents the wick permeability. As evident, 

he HW4-coarse and HW4-fine homogenous wick structures have 

he highest (i.e., 0.28 mm 

2 ) and the lowest (i.e., 0.12 mm 

2 ) perme-

bility values, respectively. The GW4 gradient wick structure with 

 permeability of 0.24 mm 

2 has a permeability higher than the 

W4-medium but lower than the HW4-coarse. However, the per- 

eability is not the only factor that should be considered. To delay 

he capillary limit, the combination of the permeability and capil- 

ary pressure values should be improved. Fig. 7 b shows measured 

ermeability versus estimated capillary pressure for the four wick 

tructures. The capillary pressure was estimated from the Young- 

aplace equation as follows: 

 c = 

2 σ cosθ

r p 
(20) 

here P c is the capillary pressure, σ is the surface tension of the 

iquid, θ the contact angle between the solid and liquid phases, 

nd r p is the pore size. Considering a contact angle of 60 °, capil- 

ary pressures of homogenous and gradient wick structures were 

stimated. For the GW4 gradient wick structure, the capillary pres- 

ure is governed by the pore size of the finest mesh layers (i.e., 

28.6 μm). As evident, there is a strong dependency between the 

ermeability and capillary pressure of the homogenous wick struc- 

ures. The HW4-coarse homogenous wick structure demonstrates a 

igh permeability but a low capillary pressure. The reverse is cor- 

ect for the HW4-fine homogenous wick structure. However, the 

radient wick structures could partially decouple the permeabil- 

ty and capillary pressure dependency. As shown in Fig. 7 b, the 

W4 gradient wick structure offers high capillary pressure and a 

elatively high permeability value compared with those of the ho- 

ogenous wick structures. Therefore, it is expected that the GW4 

radient wick structure could offer a higher capillary limit and 

hus a higher flow boiling performance compared with a homoge- 

ous wick structure. This conclusion will be evaluated in the next 

ection. 

.2. Role of channel wickability in flow boiling 

To understand the role of channel wickability in the forced con- 

ection boiling process, experimental test results of the GW4 gradi- 

nt wick channels were compared with those of the HW4-medium 

omogenous wick channels. Two additional heat sinks with a solid 

n channel (SF4) and a plain copper substrate (P0) were also con- 

idered for comparison. The SF4 heat sink has similar geomet- 

ical dimensions (i.e., length, height, width, and spacing) as the 



M. Ahmadi and S. Bigham International Journal of Heat and Mass Transfer 167 (2021) 120764 

Table 3 

Range and uncertainty of main parameters. 

Parameter (measurement device) [unit] Range Nominal Accuracy 

Voltage (source meter, Keithley 2100) [V] 1-750 80 ±(0.08% of reading + 0.04% of range) 

Current (Fluke 323) [A] 0-400 8 ± 2% 

Mass flow rate (Omega-FT044-15-ST-VN) [g/sec] 2-18 8 ±2% 

Net fluid cross-sectional area [mm 

2 ] 29-32 30 0.02 [mm 

2 ] 

Mass flux [kg/m 

2 -s] 140-340 240 ±3% 

Pressure difference (Omega-PX26-005DV) [psi] 0 to 5 1 ±1% 

T-type thermocouple (Omega-TMTSS) [ °C] 60-315 180 ±1 [ °C] 

K-type thermocouple (Omega-KMTSS) [ °C] 100-800 400 ±2 [ °C] 

Physical distance (digital caliper) [mm] 2-5 4 0.02 [mm] 

Projected heat transfer area [mm 

2 ] - 100 0.03 [mm 

2 ] 

Permeability [mm 

2 ] 0.1-0.3 0.2 ± 3-7% 

Heat flux [W/cm 

2 ] 80-900 400 ± 8-12% 

Heat transfer coefficient [kW/m 

2 -K] 100-1050 250 ± 16-32% 

Fig. 7. (a) Variations of ˙ m μl as a function of ρA �P, 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. 
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W4 and HW4-medium wick heat sinks. Fig. 8 shows flow boiling 

urves and HTCs of these four surfaces at different wall superheats 

nd a fixed mass flux of 240 kg/m 

2 -s. The heat flux was calculated

onsidering a total projected footprint area of 1 cm 

2 . At low wall 

uperheats, heat transfer is dominated by the single-phase forced 

onvection mode. In this regime, surface heat fluxes of all sam- 

les are almost identical with a slight increase in observed heat 
7 
ux values with wall superheats, typical of single-phase convec- 

ion heat transfer. 

Measured heat fluxes of all test surfaces rapidly increase once 

he nucleate flow boiling process initiates at a wall superheat 

ange of approximately 5-8 °C. As shown, the surface heat flux and 

TC (i.e., the slope of the heat transfer curve) of the GW4 gradi- 

nt wick channels are meaningfully higher than those of the HW4- 
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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. 
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edium homogenous wick channels. This can be attributed to the 

mproved capillary limit of the GW4 gradient wick structure com- 

ared with that of the HW4-medium wick structure. A gradient 

ick channel could partially decouple the permeability and capil- 

ary pressure, thereby improving the capillary limit and thus sur- 

ace heat flux and HTC at a given wall superheat. This is consistent 

ith the conclusion drawn in Subsection 4.1 . Additionally, both the 

W4 and HW4-medium wick structures outperform the SF4 and 

0 heat sinks. This is because of unique thermo-fluidic features of- 

ered by the 3D wick channels including a higher number of ac- 

ive nucleation sites, additional surface areas for phase change heat 

ransfer, and improved wickability through tortuous micro-inflow 

assages. 

It can be seen that slopes of the heat flux curves associated 

ith the GW4, HW4, and SF4 boiling surfaces alter at a heat flux 

lose to the CHF limit of the bare copper substrate (i.e., surface 

eat flux of approximately 550 W/cm 

2 ). The heat sink with solid 

hannels experiences the CHF limit soon after its slope changes. 

he CHF limit of the solid channel surface is slightly higher than 

hat of the bare copper substrate mainly due to its added sur- 

ace area and active nucleation sites through the solid channel 

alls. However, interestingly, no CHF limit was observed on both 

W4 and HW4-medium wick channels even at wall superheats as 

igh as 65 °C. This can be attributed to the out-of-plane capillary- 

ssisted T.F.E. (thin-film evaporation) mechanism enabled by the 

hrough-vapor thermal-wick bridges facilitating both the heat dis- 

ipation paths and the liquid delivery routes. Here, the cooler far- 

eld liquid is wicked into the gradient wick channels (cf. Fig. 9 ), 

hereby resulting in a highly-efficient thin film evaporation process 

hrough liquid-vapor interfaces formed within and around the wick 

hannels. The flow boiling process in this regime is affected by 

he capillary-assisted thin-film evaporation mechanism controlled 

y the liquid mass flow rate. The thin-film evaporation process 

s activated through out-of-plane wicking action. The slope of the 

eat flux curve representing the efficiency of the T.F.E mechanism 

an be improved if one optimizes the wick channel topology and 

ar-field liquid pressure. In the T.F.E. regime, the flow boiling heat 

uxes of both GW4 and HW4-medium wick channels are almost 

dentical. This could be attributed to the position of the liquid- 

apor interfaces, which might be predominantly established away 

rom the bottom hot surface where the GW4 gradient wick chan- 

el employs medium and/or coarse pore size meshes (cf. Fig. 9 c). 

nder this circumstance, the capillary pressure of both GW4 and 

W4-medium wick structure is governed by the medium pore size 

esh, thereby leading to similar flow boiling heat fluxes as in- 

icated in Fig. 8 a. It should be noted that, at a wall superheat
8 
f 65 °C, the temperature of the heating block exceeded 800 °C 

hich is the maximum safe operating temperature of the cartridge 

eaters employed. Therefore, the flow boiling experiments typically 

topped at a wall superheat of about 55 °C. 

.3. Role of convection in flow boiling on gradient wick channel 

urfaces 

Fig. 10 a and b show flow boiling experimental test results of 

he GW4 gradient wick channel topology and the P0 plain cop- 

er substrate at different mass fluxes. As shown, the effect of mass 

ow rate (i.e., convective flow) on flow boiling on the bare copper 

ubstrate is indistinguishable. Flow boiling process on the gradi- 

nt wick channel topology, however, demonstrates a strong liquid 

ass flux dependency. Here, a combination of convective boiling 

nd wickability effects (i.e., a higher combination of permeability 

nd capillary pressure) boosts the heat dissipation rate. Addition- 

lly, the CHF limit was not observed on the gradient wick channel 

urface in the mass flux and wall superheat range investigated. 

The effect of augmented wickability at higher flow rates could 

e explained considering far-field average liquid pressure which in- 

reases at higher liquid mass flow rates as shown in Fig. 11 . This

onsequently leads to a higher effective capillary pressure for the 

icking action and thus enhanced wicked micro-inflows through 

he gradient wick channels (i.e., ṁ wick ) as schematically illustrated 

n Fig. 12 . As a result, the heat flux fraction associated with the 

icked micro-inflows (i.e., q" ∝ ṁ wick h fg ) is substantially improved 

t higher mass fluxes as clearly indicated in Fig. 10 . Additionally, 

ig. 11 shows pressure drop values of the GW4 gradient wick heat 

ink at wall superheats of 20 and 30 °C for different mass fluxes. 

s evident, at higher heat fluxes, pressure drop values increase 

ith mass flow rates due to augmented friction and acceleration 

ressure losses. 

.4. Role of out-of-plane wicking length scale in the flow boiling 

rocess 

In the proposed gradient wick topology, the wicking length 

cale is considered as the height of a wick channel bridging unsta- 

le vapor cushion layers formed at high wall superheats through 

he capillary-assisted thin-film evaporation mechanism. Generally, 

t can be perceived that a heat sink with a longer out-of-plane 

icking length scale could bridge a thicker vapor film, thereby po- 

entially leading to higher heat flux values. To verify this hypoth- 

sis, another heat sink topology with a wick channel height of 
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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. 11. Average far-field pressure and pressure drop of the GW4 heat sink at dif- 

ferent wall superheats. 

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

i

2

f

Fig. 13. (a) Heat fluxes and (b) heat transfer coefficients of the GW4 and GW2.5 gradien

indicate CHF limits for each experiment. (For interpretation of the references to color in t

9 
.5 mm (GW2.5) is fabricated and tested. Fig. 13 shows flow boil- 

ng curves and HTCs of the gradient wick channel heat sinks with 

.5 and 4 mm heights, and the P0 plain copper substrate at dif- 

erent wall superheats and mass fluxes. As shown, the GW2.5 heat 
t wick channel heat sinks at different wall superheats and flow rates. Red arrows 

his figure legend, the reader is referred to the web version of this article.) 
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Fig. 14. Heat fluxes and heat transfer coefficients of various heat sinks explored in 

the present study. 
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Fig. 15. A comparison between flow boiling performance of the proposed gradient 

wick channels and several selected studies. 
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c

i

ink device demonstrates a thermal performance behavior with ob- 

erved heat transfer mechanisms similar to those of the GW4 heat 

ink. However, at a given mass flux, the GW2.5 heat sink exhibits a 

ower heat flux value than the GW4 heat sink due to a shorter out- 

f-plane wicking length scale available to bridge the transient va- 

or gaps formed at high wall superheats. It should be noted that a 

radient wick channel with a higher height than the GW4 gradient 

eat sink might not necessarily increase the heat flux significantly. 

his is attributed to the thermo-hydraulic status of the cooler far- 

eld liquid phase, which reaches the saturation temperature and 

ressure condition. Therefore, a gradient wick channel with a sub- 

tantially higher height might only travel deeper into the cooler 

iquid phase without meaningfully improving flow boiling thermal 

erformance. In this study, a gradient wick structure with a height 

xceeding that of the GW4 heat sink was not tested mainly due to 

abrication limitations associated with diffusion bonding and ma- 

hining of thicker wick structures. 

Fig. 14 shows heat flux and corresponding HTC values mea- 

ured on various examined heat sinks at a wall superheat of 50 °C 

nd different mass fluxes. While the flow boiling performance of 

he plain copper substrate is almost insensitive to convective ef- 

ects in the range investigated, the proposed gradient wick channel 

opology effectively leverages mass flow rate through the capillary- 

ssisted thin-film evaporation mechanism. Here, effective capillary 

ressure available for micro-inflows wicked into the gradient chan- 

els increases at higher mass flow rates, thereby further boosting 

he heat transfer rate. Additionally, the gradient wick channels out- 

erform the homogenous wick channels due to an improved wick- 

bility action and capillary limit. Furthermore, it was observed that 

eat sinks with longer available wicking lengths can bridge thicker 

apor films, thereby leading to higher heat fluxes at high wall su- 

erheats. 

.5. Flow boiling performance comparison with the open literature 

Fig. 15 compares the maximum heat flux and HTC of the pro- 

osed gradient wick channel heat sink with several selected stud- 

es [ 1 , 46–50 ] from the open literature for the flow boiling pro-

ess. The corresponding mass fluxes and heat sink topologies of 

elected studies are mentioned. As shown, the heat sink topolo- 

ies of the selected studies include a microchannel with a tapered 

ap manifold [48] , two microchannel heat sinks employing micro- 

illars [ 49 , 50 ], a microchannel heat sink with a roughened surface 

46] , a microchannel heat sink with reentrant cavities [47] , and 
10 
 straight flow microchannel heat sink [1] . As shown, at a mass 

ux of 340 kg/m 

2 -s, the proposed gradient wick channel heat sink 

emonstrates moderately high heat flux and HTC values due to its 

mproved capillary limit and unique thermo-fluidic features. 

. Conclusion 

In this study, a new heat sink architecture utilizing copper- 

ased gradient wick channels was proposed to both enhance HTC 

nd delay the CHF limit of the flow boiling process. Permeabil- 

ty tests showed that the gradient wick structures offer a better 

ombination of permeability and capillary pressure, thereby poten- 

ially delaying the capillary limit and improving thermal perfor- 

ance metrics. Phase-change experiments indeed confirmed that 

he gradient wick channel topology outperforms the homogenous 

ick channels, solid fin channels, and plain copper surfaces for the 

ow boiling process. The proposed gradient wick channel heat sink 

emonstrated a strong liquid mass flux dependency in the flow 

ate range explored. This can be attributed to a combination of 

onvective boiling and amplified wickability effects improving the 

eat dissipation rate. Beyond offering a higher number of active 

ucleation sites and additional surface area for phase change heat 

ransfer, the proposed heat sink architecture exhibits augmented 

ut-of-plane wickability through its gradient wick topology. At 

igher mass flow rates, far-field average liquid pressure available 

or capillary wicking action increases. This consequently boosts 

icked micro-inflows toward the bottom hot surface, thereby re- 

ulting in a highly-efficient thin film evaporation process and en- 

anced heat transfer rate. In fact, the CHF limit was not observed 

n the gradient wick channel surfaces in the mass flux and wall 

uperheat range studied. The experimental results indicated a max- 

mum flow boiling CHF limit of 870 W/cm 

2 with a 4-mm-in-height 

radient wick channel heat sink. This is a 60% enhancement in flow 

oiling heat flux compared with that of a plain copper surface. 

oreover, a maximum HTC of 10 0 0 kW/m 

2 -K at a wall superheat 

f 3 °C was observed. Experiments conducted here confirmed the 

romise of the proposed gradient wick channel heat sink archi- 

ecture for future high-heat-flux applications such as high-power 

lectronics. 
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