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ABSTRACT

Liquid-vapor, phase-change heat transfer using wicks can provide reliable and high heat
flux cooling capability, especially in microgravity applications. However, the maximum heat
removal capacity, also known as Critical Heat Flux (CHF), is related to the capillary-driven liquid
supply limit and/or vapor removal limit. A key was to develop a novel wick structure, offering
efficient liquid supply as well as vapor removal pathways. First, a Bare Surface Evaporator with
Phase-Separating Wick (BEPSW) was examined to fundamentally understand the liquid supply
and vapor removal limits in a downward facing orientation for microgravity environment. The
BEPSW was made of a bare surface evaporator for the efficient evaporation, a distributed liquid
supply channels, and a phase-separating wick for enhanced liquid supply and vapor removal. The
bare surface was fabricated using a copper disk 19.1 mm in diameter, while the post and phaseseparating wicks were manufactured using 10 and 3 layers of sintered copper particles,
respectively. Experimental results showed that the distributed liquid supply channels effectively
supplied liquid to the heated surface, thus enhancing CHF and HTC. The results also showed that
the CHF increases as the pitch distance decreases from Lp = 7 to 3.5 mm in both particle sizes due
to the increased liquid supply through the post wicks, while it decreases below Lp = 2.5 mm in
both particle sizes due to the liquid entrainment limit, i.e., the maximum CHF is observed at Lp =
2.5 to 3.5 mm, for the average particle sizes <dp> = 350 and 550 µm. Moreover, the CHF increases
as the particle size increases due to the increased permeability. To further enhance CHF and HTC,
the capillary performance of bi-particle sintered copper wick was investigated, and the result
showed that the bi-particle size wicks enhanced capillary performance, by 27 to 35%, relative to
the uniform particle wicks. Finally, the CHF and HTC were further enhanced using the bi-particle
size sintered-particle evaporator wicks compared to the BEPSW, since it increased capillary
pressure.
vii
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CHAPTER 1
OVERVIEW AND RESEARCH OBJECTIVES

1.1 Introduction
Phase-change thermal management systems, such as heat pipes (HPs) and vapor chambers
(VCs), provide much larger heat flux cooling capability compared to single-phase cooling systems,
by taking advantage of the large liquid-vapor latent heat, i.e., phase-change heat transfer, of liquid
coolants [1], [2]. These advanced cooling systems are also reliable due to fewer mechanical parts
and less complicated control systems, and effective due to their high heat transfer coefficient
(HTC), thus are in great demand from numerous industries, including electronics, power
generation, and space technology [3]–[9]. Other advantages of using HPs and VCs for thermal
management purposes is their ability to transfer heat at a near constant and uniform temperature,
with little or no external energy consumption. This consistent temperature and passive operating
condition make these systems safer and affordable. A typical HP or VC is made up of an evaporator
where the liquid coolant is transformed/vaporized to the vapor phase, a condenser for recondensing
the generated vapor, a wicking structure for liquid coolant circulation, and an adiabatic section
through which the generated vapor travels between the evaporator and the condenser. These
components are housed by an envelope that provides a leak-tight enclosure for the coolant. A
schematic diagram of a typical HP is shown in Figure 1.
Surprisingly, the optimum thermal performance of these passive cooling systems is still
restricted by some technicalities, and with continuous technological advancement that has resulted
in sustained increase in energy consumption and dissipation, the controlling parameters of these
limitations need to be well-researched and understood to take advantage of the full potential of
phase-change heat transfer.
1

Figure 1: Schematic diagram and operation of (a) typical HP [10], (b) typical VC [11]. The liquid
coolant evaporates at the evaporator, the generated vapor travels to the condenser where is
condenses back to liquid. The liquid condensate then returns to the evaporator via the wick
structure due to capillary action. Note that a VC is also known as a flat HP.

1.2 Problem Statement
High heat flux cooling systems are in an urgent need for reliable operation of concentrated
heat dissipating devices and applications including miniaturized electronics, high power energy
production, material/food/chemical processing, and space technologies. Two-phase cooling
systems such as HPs and VCs offer high heat flux cooling by utilizing latent heat, however, the
main technical challenges lie in limited maximum heat removal capacity, also known as the critical
heat flux (CHF), related to a pre-mature evaporator surface dryout, and a poor heat transfer
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effectiveness, also known as the heat transfer coefficient (HTC), due to the limited coolant in the
surface, i.e., burnout [12]–[15]. Theoretical and experimental studies have identified the small
figure of merit of working fluid and/or wicking structure (including evaporator and liquid supply
wicks), properties as the main sources of the limited CHF and poor HTC. The key to advancing
the current CHF and HTC limits requires a fundamental study on the liquid-vapor phase change
driven, thermal-fluid transport through the wick structure. However, the underlying physics,
especially wicks with the different particle sizes, and their relation to the phase-change heat
transfer are not well known. In this proposed research, the fundamental knowledge on the thermalhydraulic characteristics of the sintered-particle wicks with the different particle sizes is examined,
aiming at developing enhanced two-phase cooling system, especially at microgravity environment.
In fact, several micro- and nano-engineered wick structures such as hybrid nano-/nano-structures,
nano-structures, mesh-like wicks, micro-channels/grooves, random porous matrix, and uniform
porous wick (e.g., sintered particle wicks), have been studied for enhanced CHF and HTC, but the
sintered particle wicks with uniform particle size have shown the large enhancement due to the
unique geometrical characteristics for the enhanced capillary flow.
Previous studies have shown that the use of thin evaporation wick in HPs or VCs provides
the small effective pore radius that supports larger capillary pumping capability, however, the thin
evaporation wicks are characterized by the low permeability which limits CHF [16]–[18]. The thin
evaporation wick also enhances the HTC (small wick superheat) by providing the smaller
conduction path between the heat transfer surface to the evaporation sites. A thick evaporation
wick, on the other hand, provides large liquid permeability which supports the CHF enhancement
but minimizes HTC due to the large thermal resistance (large wick superheat). Therefore, the thin
and thick evaporation wicks have two competing parameters – effective pore radius and liquid
permeability [12], [13], [16], [19], and it is imperative to understand how the combination of
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different particle sizes in the evaporation wick simultaneously enhances the capillary pumping
capability and liquid permeability, and consequently augment CHF and HTC in two-phase phasechange cooling systems. In addition to the evaporation wick, the geometric and hydraulic
characteristics of wick structures responsible for liquid circulation and/or vapor separation also
dictates the extent of performance in HPs and VCs. To understand the CHF and HTC, a steadystate thermal-hydraulic model will be developed, followed by optimally designing a novel
capillary evaporator. Then, the developed model will be experimentally validated. The obtained
results will provide a crucial step toward the high heat flux two-phase cooling system using the
particle-level engineered capillary structures.

1.3 Research Objectives
To overcome the technical challenges, the research objectives are identified as following
hypotheses:
Hypothesis 1: Distributed capillary liquid channels effectively supply coolant to heated surfaces
for enhanced CHF and HTC in two-phase cooling. The study also includes the effects of distributed
capillary flow channel density, capillary pressure, and wick permeability.
Hypothesis 2: Bi-particle size wicks increase the wickability where small size particles improve
the capillary pumping and large size particles increases the permeability for enhanced CHF and
HTC of the two-phase cooling.
Hypothesis 3: Bi-particle size evaporation wick with distributed capillary liquid channels enhance
CHF and HTC. The study also includes the effects of evaporation wick particle size and thickness.
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CHAPTER 2
PHASE-CHANGE HEAT TRANSFER OF BARE SURFACE EVAPORATION WITH
PHASE-SEPARATING WICK IN DOWNWARD FACING ORIENTATION: EFFECTS
OF PARTICLE SIZE AND PITCH DISTANCE OF THE LIQUID SUPPLY WICK

2.1 Introduction
As the modern electronic miniaturizes, the heat dissipation of the miniaturized electronic
chips will soon exceeds the current cooling capacity [20], [21]. Two-phase cooling systems such
as Heat Pipes (HPs), Vapor Chambers (VCs), and Pool-Boiling (PB) systems have much higher
cooling capability by utilizing the liquid-vapor latent heat for high heat flux thermal management
[2], [18], [22]–[28]. However, the main technical challenges of the two-phase thermal management
systems include poor Critical Heat Flux (CHF) and Heat Transfer Coefficient (HTC) from a
premature surface dryout [12], [13], [16], [19], [29]–[32], and these challenges become more
pronounced in microgravity due to the lack of the spontaneous liquid supply and/or vapor removal
[33]–[37]. To provide the spontaneous liquid supply to the heated surface via capillary flow, wick
structures have been employed. However, the uniform wicks inherently limit simultaneous
improvements of CHF and HTC, since the thick wicks provide the large liquid flow for enhanced
CHF but poor thermal conductance for limited HTC, and vice versa.
To overcome these challenges, non-uniform wicks, i.e., distributed liquid supply arteries
with thin evaporation wick, have been utilized in HPs and VCs for simultaneous CHF and HTC
enhancements [12], [13], [17], [19], [38], [39]. These studies have shown that thin evaporation
wicks offer low thermal resistances, i.e., high HTC, due to their inherent smaller conduction path
between the heated surface and the evaporation sites, while increasing CHF via distributed high
permeable liquid supply arteries. The key is the inter-columnar space among distributed liquid
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supply wicks, as those are related to the capillary-viscous liquid flow and liquid entrainment limits.
However, there is no extensive study on the effects of the inter-columnar space among the
distributed liquid wicks on the phase change heat transfer, especially in microgravity.
Min et al. [19] developed a thermal-hydraulic network model for a Multi-Artery Heat Pipe
Spreader (MAHPS) in order to optimize its heat and liquid flow for enhanced VC performance.
The heat pipe spreader, 5 cm in casing/VC diameter, constructed using thin sintered copper
particles for evaporation wick using 50 µm copper particles, a condenser, and array of highly
permeable liquid arteries. The liquid arteries, solid pillars coated with 200 µm copper particles,
were designed for transporting liquid from the condenser to the evaporation wick. The results
showed that the optimum number of liquid arteries was 37, above which the evaporation area is
limited and below which the maximum capillary pressure is not effectively utilized. Their work
also showed that for a pitch distance of 3.5 mm, the maximum heat flux and overall thermal
resistance were 220 W/cm2 and 0.0454 K/(W/cm2), respectively. Hwang et al. [13] employed the
lateral converging liquid supply arteries, and reported a maximum heat flux of 580 W/cm2, and
attributing the increased thermal performance to the continuous liquid supply through the lateral
arteries. Hwang et al. [12] experimentally studied the thermal performance of a multi-artery heat
pipe spreader vapor chamber with liquid-permeable columnar arteries over a 1-cm2 heated area.
The evaporator and columnar arteries were made of 60 and 150 µm diameter copper particles.
They reported an overall thermal resistance of 0.05 K/(W/cm2) and CHF of 380 W/cm2, concluding
that the low thermal resistance is related to the reduced heat conduction path between the heat
transfer surface and the evaporation sites and enhanced CHF stems from the improve liquid flow
through distributed liquid artery wicks to the thin evaporation wick. Ju et al. [17] experimentally
studied the planar vapor chamber with hybrid evaporator wicks for concentrated heat flux and
high-power optoelectronic devices, showing the improved HTC with doubled liquid supply
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arteries. They concluded that the increased liquid supply to the heat transfer surface through the
narrower liquid supply arteries and more effective heat transfer due to the increased exposed
portion of the liquid spreading layer. Crepinsek and Park [38] examined a pump-assisted capillarydriven two-phase cooling loop with dual evaporators which are connected in series and parallel by
their liquid supply line with a stepwise heat flux input up to 102 W/cm2. They reported that the
thin film boiling in the thin evaporation wick provided low thermal resistance in both evaporator
arrangements. Sudhakar et al. [39] experimentally investigated the effects of the evaporation wick
thickness and liquid supply channel number density on the CHF and HTC of a vapor chambers,
using two-layer, sintered-copper particle (200 µm) evaporation wick having 5 × 5 and 10 × 10
arrays of liquid supply arteries. They reported that the vapor chambers with 25 and 100 liquid
arteries provided more than 300 and 400% CHF enhancement, respectively, relative to a 200 µmthick single-layer evaporation wick. This enhancement is attributed to the high capillary pumping
capability and the relatively large effective wick thickness provided by the two-layer thin particle
evaporation wicks. The reported CHF for the 5 × 5 and 10 × 10 two-layer wicks are 151 and 198
W/cm2, respectively. Larger number of liquid supply arteries results in more volumetric liquid
supply to the evaporation wick and lower capillary liquid pressure drop in the evaporation wick
due to reduced length of liquid spread.
Despite the extensive studies on highly permeable micro/macro liquid supply arteries, the
effects of the inter-columnar spacing and characteristic pore size (or particle size in the sintered
particle wick) of the liquid supply arteries on the CHF and HTC have been poorly understood,
especially aiming for the microgravity, i.e., minimal gravity-assisted liquid flow. In this study,
downward facing BEPSW is employed to understand the role of the inter-columnar post pitch
distances and sintered particle sizes, especially for the microgravity environment. The heat flux is
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measured as a function of the superheat prior to the CHF, and the CHF is explained by the viscouscapillary and entrainment limits at given inter-columnar post pitch distances.
2.1.2 Working Principle: Bare Surface Evaporator with Phase-Separating Wick (BEPSW)
The BEPSW is designed to efficiently supply liquid to the evaporator (bare surface) via
capillary flow through the post wicks as well as to effectively remove the vapor from the
evaporator which receives heat from a copper heater, as shown in Figure 22. To maintain the vapor
escape channel, i.e., void space among the inter-columnar post wicks, the phase-separating wick
(2-3 layers of the sintered particles) is employed between the post wicks and liquid reservoir
(sources of coolant). Since the evaporator is placed above the liquid pool, the liquid flow is driven
by the capillary against the gravity, as this mimics the microgravity environment. Figure 22 also
shows the post wick diameter, Dc, height, Lc, and intercolumnar spacing between the post wicks,
Lp, and the heater size, Dh. The wick geometries, i.e., height and diameter, were selected based on
a simplified thermal-hydraulic model within a wick fabrication limit [19]. Distilled water is used
as a working fluid due to high heat pipe figure of merit [16].

Figure 2. Schematic of the working principle of BEPSW showing the vapor space, post wick,
heater, phase-separating wick, copper substrate, and liquid/vapor flows. The post wick diameter,
Dc, height, Lc, and inter-columnar pitch distance, Lp, and heater diameter, Dh, are also shown.
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2.2 Experimental
2.2.1 Wick Fabrications
The wick structures were fabricated by the thermal sintering of copper particles as shown
in Figure 3. (a) First, the post wicks were made by sintering copper particles onto a copper disk
substrate which has the diameter and thickness of 19.05 mm and 0.81 mm, respectively. To hold
the copper particles for the post wicks, a stainless-steel mold having arrays of the circular holes
was prepared. The details of the stainless-steel mold designs and the sintering process are found
in our previous work [15]. The copper particles were poured into the holes, and the inside holes of
the stainless-steel mold were cleaned using acetone to remove deposited surface materials. (b) The
copper particles were topped off, followed by placing the copper disk substrate. To ensure the
contact between the copper substrate and copper particles, a weight was placed during the furnace
sintering. (c) After the first sintering process, the post wicks were carefully released from the mold.
(d) To fabricate the phase-separating wick, a second stainless-steel mold was prepared. The bottom
space of the mold was filled with the 2-3 layers of the copper particles, and the tips of the post
wick was then placed on the top surface of the particles bed to connect between the post and phaseseparating wicks. (e) the weight was placed on the top surface of the copper substrate to ensure
that the tips of the post wicks were touched with the copper particle bed. (f) Finally, after the
second sintering process, the resulting BEPSW was carefully released from the mold. Schematic
and actual image of the final BEPSW is shown in Figure 3(g) and (h), respectively. Note that the
hole geometries and arrangement of the first mold were designed to carefully control the geometry,
i.e., diameter (2.0 mm), height (2.0 mm), and pitch distance (2.5, 3.5, 4.5 mm), of the post wicks.
To easily release the sintered post wicks from the mold after the first sintering, the circular holes
were tapered with an inclination of ~5°.
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Four BEPSWs with different inter-columnar spacing were fabricated, i.e., Lp = 2.5, 3.5,
4.5, and 7.0 mm, for 350 and 550 µm particle sizes, respectively, as the post wick arrangements
are shown in Figure 4. The same particle size was used both for the posts and phase-separating
wicks. Commercially available copper particles supplied by Culox Technologies, Inc. were used,
and the average particle diameters were measured by taking an average particle size of ten
randomly selected particles using an optical microscope (AmScope ME300TC-14M3).

Figure 3: Schematic of the step-by-step fabrication process of BEPSW. (a) Stainless-steel molds
were designed and fabricated and used to control the geometry of the posts. Copper particles were
poured into the holes of the sonicated mold. (b) The copper substrate was then placed on top of
the particle-filled mold, and then sintered. Controlled weights were placed on top of the copper
substrate to ensure close contact between the copper substrate and the particles in the mold. (c)
The sintered posts wick was carefully removed from the mold. (d) Copper particles (2 – 3 particle
layers) were placed in the second mold. The fabricated post wick was then carefully placed in the
second mold, by slightly burying the tips of the post wick in the copper powder bed. (e) Controlled
weights then placed on top of the copper substrate to ensure stability, and then placed on a ceramic
plate and then sintered. (f) Finally, the BEPSW was carefully released from the mold. (g)
Schematic of the fabricated BEPSW. (h) Image of a fabricated BEPSW. Dimensions are in mm.
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2.2.2 Wick Property Measurement
The porosity and permeability of the liquid supply post wick were measured based on the
previous studies [40], [41], and only the important details are given here. The porosity was
determined by the total pore volume from the measured pore-filled liquid mass using acetone as a
working fluid. For the permeability measurement, the rate-of-rise test was employed using FC-72
as the working fluid. The rate of rise of the liquid front was observed optically, and the detailed
descriptions of these measurement approaches are found in the previous work [40], [41].

Figure 4: Schematics of the top view of the BEPSW showing the post wick arrangements for
different pitch distances, i.e., Lp = (a) 2.5, (b) 3.5, (c) 4.5, and (d) 7.0 mm. The bare surface is also
shown.
2.2.3 BEPSW Test Setup and Measurement Procedure
The phase-change heat transfer was characterized using the developed test setup for our
previous study, and the detailed experimental setup and measurement procedure are found in
literature [15]. Here, only the key descriptions are given. Figure 27(a) shows the test setup used
the phase-change heat transfer measurement of the BEPSW. The test setup was designed and
constructed to control the heat flux, q, and measure the surface temperature, Ts, at ambient pressure
using degassed distilled water as the working fluid. The copper joule heater was fabricated using
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eight 400 W cartridge heaters inserted in a copper rod with 50.8 mm and 70 mm in diameter and
length, respectively. A copper base, 19.1 and 30.5 mm in diameter and length, respectively, was
sandwiched between the heating rod and the BEPSW using a lead-based soldering paste. To
minimize thermal contact resistance between the heater and BEPSW, the two surfaces were
cleaned using acetone before applying the soldering material. Figure 27(b) shows the
thermocouples positions in copper base and vapor space, and key geometries of the test setup. A
summary of the geometric parameters of the BEPSW design are given in Table 6.
Table 1: Geometric parameters of BEPSW
Wick structure parameters
Heater diameter, Dh
Post wick diameter, Dc
Post wick height, Lc
Post wick pitch distance, Lp
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Magnitude, mm
19.1
2.0
2.0
2.5, 3.5, 4.5, 7.0

Figure 5: (a) Schematic of the test setup showing the copper heater, thermocouples, BEPSW, water
reservoir, variable power controller, and Data Acquisition System (DAQ). (b) Schematic of the
BEPSW showing the thermocouple locations in copper base and vapor space and the key test setup
dimensions.
2.2.4 Data Reduction
One-dimensional heat flow through the copper heater with the constant thermal
conductivity was assumed. The heat transfer surface temperature Ts is calculated using Fourier’s
law as

Ts= T1 − ∆x1s

T3 − T1
∆x31

(1)

where T1 and T3 are the measured temperatures in the copper base, i.e., thermocouples 1 and 3,
respectively, ∆x31 is the distance between the two thermocouples, and ∆x1s is the distance between
the heat transfer surface and thermocouple 1 [see Figure 27(b)]. Using Fourier’s law of heat
conduction, the heat flux q passing through the heat transfer surface is computed as

q=k

T3 − T1
∆x31
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(2)

where k is the thermal conductivity of copper (400 W/m-K). The heat transfer coefficient h is
calculated as the ratio of the heat flux q to the wick superheat (Ts – T2) given as

h=

q
.
Ts − T2

(3)

2.2.5 Uncertainty Analysis
The uncertainty data of the measured quantities such as temperatures, thermal conductivity
and length were used to compute the uncertainties in the calculated quantities such as the surface
superheat, heat transfer coefficient, and heat flux. These analyses were used to properly quantify
validity and accuracy of the test results. The uncertainties in the temperature and length
measurements were estimated as ±0.5°C and ±0.05 cm, respectively, and the property uncertainty
was assumed as ±0.5%. With these estimated uncertainties and assumption, the relative
uncertainties in the maximum heat flux and surface temperature measurements were calculated to
be 2.56% and 9.08%, respectively. Detailed uncertainty analyses is found in the supplementary
material (Section S5) in our previous work [15].
2.3 Thermal-Hydraulic Model for CHF
2.3.1 Capillary-Viscous Limit
A steady-state, capillary-viscous, thermal-hydraulic model for the liquid capillary pressure
drop within the columnar post wicks and liquid-vapor phase-change heat transfer was employed
to predict the Critical Heat Flux (CHF) of the BEPSW [16], [19]. We assume that both the liquid
and vapor are incompressible, thus, the continuity equations become

∇
=
⋅ u l 0 and ∇
=
⋅ uv 0

(4)

where ul and uv are the velocity vectors of the liquid and vapor, respectively. The rate of
evaporation which is equivalent to the liquid flow rate ṁl and related to both the heat of
vaporization ∆hlg and the heat transfer Q through the BSWPSW is given as:
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.

m
=l

Q qAh
=
.
hfg hfg

(5)

where q is the heat flux through the effective evaporation surface area Ah. At steady state, the total
liquid pressure drop is related to the hydraulic (gravity), viscous, and inertia pressure drops. This
relation is also known as the Darcy-Ergun momentum equation [Eq. (6)].
∇pl= ρl g −

µl
C
ul − 1/E2 ρl ul
K
K

ul ,

(6)

where pl is the liquid pressure, µl is the liquid dynamic viscosity, <ul> is the volume-averaged
liquid velocity vector, ρl is the liquid density, K is the wick liquid permeability, CE is the Ergun
coefficient given as a function of the wick porosity [(0.018/ε3)1/2]. The first term on the RHS of
Eq. (6) is the hydraulic pressure, which negligibly small due to small Bond number, i.e., Bo ~
0.0195 (based on the characteristic particle size of the post wicks). The second and third terms
represent the frictional and inertial pressure drops, respectively. The viscous pressure drop is
largely dependent on the liquid permeability and travelling length, while the inertial pressure drop
becomes dominant at large liquid velocity. Thus, the liquid pressure drop can be calculated using
the viscous and inertial pressure drop through the post wick given as

∆=
pl

µlul Lc
K

+

CE ρ ul2 Lc
K 1/2

(7)

where Lc, ul, and K are the length of the columnar posts, liquid velocity within the columnar posts,
and permeability, respectively. The liquid velocity is related to the liquid mass flow rate in the
columnar posts and the heat flux through the heat transfer surface as shown in Eq. (8):
⋅

Ml
ul =
.
ρ Ac

(8)

The maximum capillary pumping capability of the post wick, pc,max is given in Eq. (9),
where σ is the surface tension, θc is the contact angle, and rc,min is the minimum capillary meniscus
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radius. The CHF occurs when the capillary pressure drop within the post wick structures reaches
the capillary pumping limit,
=
pc,max

2σ cos θ c
− ρl gLc .
rc,min

(9)

At CHF, the viscous capillary pressure drop [Eq. (7)] reaches the maximum capillary
pumping pressure [Eq. (9)], therefore, setting Eq. (7) to Eq. (9), the close-form solution for
predicting CHF, qCHF, [Eq. (10)], i.e., the capillary-viscous limit, is obtained. Note that Ac [=
πDc2/4] is the cross-sectional area of the post wick,
Ah2CE,c Lc

ρ∆h A K
2
lg

2
c

1/2
c

qCHF 2 +

µl Ah Lc
qCHF − pc,max =
0.
ρ∆hlg Ac K c

(10)

The arrangement of the post wicks is the hexagonal pattern as shown in Figure 6(b), and
the effective evaporation surface area Ah is calculated based on a hexagonal unit cell as
=
Ah 0.5π Dc Lc + ( Ahex − Ac ) ,

(11)

where Ahex = 3/8(31/2Lp2).
Summary of key thermophysical properties and the wick characteristics used in the model
prediction are presented in Table 2.
Table 2: Summary of the thermophysical properties used in the model. The porosity and liquid
permeability of the post wicks used are also given [41].
Thermophysical Property
Magnitude (Unit)
2250 kJ/kg
Heat of vaporization, ∆hlg
0.05891 N/m
Surface tension, σ
958 kg/m3
Liquid density, ρl
0.59740 kg/m3
Vapor density, ρv
0.279 mPa-s
Liquid dynamic viscosity, µl
0.0121 mPa-s
Vapor dynamic viscosity, µv
Particle Size <dp>
350 or 550 µm
0.5
Porosity, ε
-11
Permeability, K
1.45×10 (<dp> = 350 µm) or 2.61×10-11 m2 (550 µm)
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2.3.2 Entrainment Limit
Entrainment limit in heat pipes and vapor chambers occurs when the high velocity vapor
removes liquid droplets from the wick, thereby limiting the returning liquid transport to the
evaporator from the condenser [42]. In fact, the entrainment limit has been examined extensively
in longitudinal heat pipes where the liquid and vapor phases are in counter-current flow [31], [43]–
[46]. However, due to the lack of the better alternatives for this perpendicular-current flow [the
lateral vapor flow is perpendicular to the vertical liquid flow through the post wick, see Figure
6(a)], we use the existing entrainment limit model for liquid-vapor, counter-current flow in heat
pipes.
Schematic of the top view of the BEPSW that shows the various parameters of the post
wicks and the hexagonal areas formed as a result of their arrangements on the copper substrate is
also shown in Figure 6(b).
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Figure 6: Schematic of (a) entrained liquid droplets at the entrainment limit under lateral vapor
flow and vertical liquid flow in BEPSW, and (b) the top view of the BEPSW showing the
dimensions of the hexagon formed by the post wicks. The pitch distance, Lp, post wick diameter,
Dc, and the hexagonal unit cells formed by the post wicks are also shown. (c) Isometric view of
the BEPSW showing the vapor core cross-section area. The outer peripheral post wicks are also
shown. (d) Side view of one edge of outer peripheral post wick array showing the individual crosssectional surface area for vapor flow, Av,i and post wick, AeP,i (= LcDc).

To investigate this limit as a function of the pitch distance, Lp, of the BEPSW, we use the
existing relation given as [47]

qCHF,ent=

σ ρ
Av ∆hlg  l v
 2r
 h,s

1

2
 ,


(12)

where Av is the effective cross-sectional area for vapor flow, rh,s is the hydraulic radius of the wick
surface core, and ρv is the vapor density. Note that rh,s = 0.41<rp> is used for a closely-packed
particle bed [47]. For the BEPSW, Av,i represents the individual cross-sectional area for the vapor
flow through the vapor space between two adjacent post wicks in the outer peripheral post wicks
as shown in Figure 6(d). Note that the total cross-sectional area for the vapor flow, Av through the
outer peripherical post wick array is related to the total sum of the individual cross-section area for
the vapor flow, i.e.,

Av =

N e −1

∑A

v,i

i
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(13)

where Ne is the total number of most outer peripheral post wick array. At given inter-columnar
post wick pitch distance, Lp, the number of most outer peripheral array of the post wicks, Ne, and
one edge length of the unit hexagon cell, Lehex, are summarized in Table 3.
The entrainment limit in the BEPSW is calculated as a function the inter-columnar pitch
distance, Lp, using Eqs. (12) and (13), with the parameters given in Table 3, and this is considered
as the liquid-entrainment-driven CHF, especially for small Lp due to large vapor velocity.
Table 3: Summary of the number of peripheral posts and length of peripheral hexagon for the
various pitch distances.
Pitch distance,
Lp (mm)
2.5
3.5
4.5
7.0

Number of peripheral
posts, Ne
18
12
6
6

Length of hexagon,
Lehex (mm)
7.5
7.0
4.5
7.0

2.4 Results and Discussion
In this section, the measured heat flux with respect to the surface superheat and HTC as a
function of the heat flux are shown including the CHF at given inter-columnar post wick pitch
distances and particle sizes. The discussions for the obtained experimental results are also given
using the thermal-hydraulic and liquid entrainment models.
2.4.1 Phase-Change Heat Transfer of BEPSW
Similar to the Thin Evaporation Wick with Phase-Separating Wick (TEWPSW) in our
previous study [15], the five phase-change heat transfer characteristics, which are related to the
liquid morphologies within the vapor space among the post wicks are identified, and the liquid
morphologies are classified as “flooded vapor space”, “thick liquid film”, “thin liquid film”,
“partial surface dryout”, and “complete surface dryout” as shown in Figure 7(a)-(e). At low heat
flux, the vapor space is completely flooded due to no significant evaporation [Figure 7(a)]. At
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moderate heat flux, however, the vapor space begins to build by nucleated bubbles, followed by
the subsequent bubble growths from evaporation, thereby forming thick liquid films [(b)]. This
process occurs once the liquid coolant directly adjacent to the evaporation surface reaches out its
saturation temperature. A further increased heat flux increases the rate of evaporation, and as a
result, the thin liquid films form between neighboring post wicks [(c)]. At this juncture, the bubble
growth process is mainly due to evaporation. At high heat flux, some of the effective evaporation
sites, i.e., around the vicinity of the post wicks, begin to dry the bare surface and build partial dry
surface, i.e., partial dryout [(d)]. This partial dryout is the indication that the heat flux approaches
the upper heat flux limit. The further increased heat flux results in a complete surface dryout,
known as the critical heat flux (CHF) [(e)]. Note that the heat flux at the surface dryout was
measured just before the complete surface dryout where a surface temperature spike is observed.
Note that at small pitch distance, i.e., Lp ≤ 3.5 mm, the five liquid morphologies described above
were observed, however, at large pitch distance, i.e., Lp ≥ 4.5 mm, only four liquid morphologies,
i.e., “flooded vapor space”, “thick liquid film”, “thin liquid film,” and “complete surface dryout,”
were identified. No significant partial dryout is related to the limited liquid supply due to the
relatively larger liquid travel distance from the larger Lp. The observed liquid morphologies
explain the measured heat flux with respect to the surface superheat.
Figure 8(a) and (b) show the measured heat flux as a function of the surface superheat, and
the corresponding Heat Transfer Coefficient (HTC) as a function of input heat flux for the BEPSW
for Lp = 2.5, 3.5, 4.5, and 7.0 mm, and 350 µm particle size. At low heat flux (q < 10 W/cm2), also
known as the “flooded vapor space” [Figure 7(a)], the surface superheat increases dramatically
with small increment in the heat flux, for controlled pitch distances and particle sizes. This is
related to a small HTC resulting from a relatively stable liquid layer, which has a low thermal
conductivity (~ 0.6 W/cm2-K) flooding the vapor spaces. As a result, heat conducts through the
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liquid filled BEPSW towards the phase-separating wick structure. At increased heat flux, 10 < q <
25 W/cm2, also known as the “thick liquid film” [Figure 7(b)], the bubble nucleation begins to
occur, and the nucleated bubbles grow in size, merge with adjacent bubbles, before exiting the
flooded vapor space.

Figure 7: Schematics of the liquid morphology in the BEPSW. (a) Fully flooded, (b) thick liquid
film, (c) thin liquid film, (d) partial dryout, and (e) complete surface dryout.

The onset of the nucleated bubbles is observed as a sharp decrease in the surface superheat,
indicating an increase in heat transfer effectiveness accompanying the transition from conduction
and natural convection heat transfer to phase-change heat transfer. This phenomenon was observed
in all the characterized pitch distances as shown in Figure 8(a) and (c). The sharp decrease in the
surface superheat is observed as a sharp increase in the HTC with small increase in the heat flux
[see Figure 8(b)]. Note that this sharp HTC increase at low heat flux, i.e., q < 25 W/cm2, become
more pronounced as the inter-columnar spacings increase. This is related to the possible abrupt the
liquid morphological change, i.e., sudden heat transfer mechanism changes to the effective phasechange heat transfer, at the larger Lp, due to the large capillary meniscus radius formed among the
post wicks. As the heat flux increases above 25 W/cm2, i.e., at moderate heat flux 25 < q < 80
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W/cm2, the capillary meniscus front between the post wicks moves toward the bare surface, i.e.,
the vapor space begins to increase, allowing the generated vapor to effectively discharge to
surroundings. The heat flux linearly increases with increasing wick superheat for the BEPSW with
Lp = 2.5 and 3.5 mm, while with Lp = 4.5 and 7.0 mm the HTC remains constant as the heat flux
increases. Note that in this level of the heat flux, a stable “thin film” [see Figure 7(c)] exists in the
BEPSW with Lp = 4.5 and 7.0 mm. Also note that the absence of bubbles in the BEPSW indicates
that the main phase-change heat transfer mechanism is mainly evaporation near the corner between
the bare surface and the post wicks. At higher heat flux, q > 80 W/cm2, the so called “thin film”
[Figure 7(c)] the heat flux continues to increase linearly with increasing wick superheat, but at a
larger increasing rate with increasing wick superheat compared to the moderate heat flux. The
evaporation rate increases with the heat flux, and the liquid film begins to recede toward the bare
surface and the vicinity of the post wick for thin liquid film, while the produced vapor escapes
through the space among the post wicks, i.e., efficient liquid and vapor flow separation. The HTC
increases because of the smaller conduction path created by the thin liquid film.
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Figure 8. (a) Variations of the heat flux with respect to the surface superheat for the BSPSW for
the post wick pitch distance, Lp = 2.5, 3.5, 4.5, and 7.0 mm, particle size <dp> = 350 µm, post wick
diameter, Dc = 2.0 mm, and column height, Lc = 2.0 mm. (c) The Heat Transfer Coefficient (HTC)
with respect to the heat flux, q, for the bare surface wicks. Variations of the heat flux with respect
to the surface superheat for the BSPSW for the post wick pitch distance, Lp = 2.5, 3.5, 4.5, and 7.0
mm, particle size <dp> = 550 µm, post wick diameter, Dc = 2.0 mm, and column height, Lc = 2.0
mm, (d) the corresponding Heat Transfer Coefficient (HTC) with respect to the heat flux, q.

This behavior is observed with Lp = 4.5, and 7.0 mm until the CHF, i.e., complete surface
dryout [see Figure 7(e)]. Further increase in heat flux, i.e., q > 150 W/cm2, for the BEPSW with
Lp = 2.5 and 3.5 mm, results in surface “partial dryout,” especially in the central area of the bare
surface, due to the continuous thinning of the thin liquid film accompanying increasing
evaporation rate. Surface partial dryout with Lp = 2.5 and 3.5 mm is observed as a decrease in the
HTC as shown in Figure 8(b). Note that the pressure drop within the post wicks increases towards
the maximum capillary pumping capability when the liquid morphology becomes thin, so called
“partial dryout” regime, as shown in Figure 7(d). Finally, as the heat flux exceeds the range of
“partial dryout,” complete surface dryout occurs, and this is when the rate of liquid evaporation
exceeds the rate of liquid supply to the heat transfer (evaporation) regions or the liquid pressure
drop within the liquid arteries reaches the maximum capillary pumping capability [Figure 7(e)].
This upper limit of heat flux is referred to as the Critical Heat Flux (CHF). Similar descriptions
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can be used to explain the heat transfer behavior of the BEPSW with 550 µm particle size, but the
HTC are lower than those for <dp> = 350 µm due to the thicker liquid film from the larger particle
size.
Note that the BEPSW with the pitch distance Lp of 2.5 and 3.5 mm, both 350 and 550 µm
particle sizes, exhibits the similar heat transfer characteristics, but the former has lower CHF
despite having 18 more post wicks than the latter. This is related to the significance of liquid
entrainment at low pitch distance as discussed in Section 5.2.
The CHF values for the BEPSW with pitch distance Lp of 2.5 (Np = 37), 3.5 (Np = 19), 4.5
(Np = 7) and 7.0 mm (Np = 7) are 127, 184, and 160 W/cm2, respectively, for the 350 µm particle,
and 118, 131, 207, and 189 W/cm2, respectively, for the 550 µm particle. The maximum HTC of
7.7 W/cm2-K is achieved with Lp of 3.5 mm for the 350 µm and 5.4 W/cm2-K with Lp of 3.5 mm
for the 350 µm particle size.
2.4.2 Critical Heat Flux of BEPSW
To further understand the roles of the post wick on the CHF, the CHF is plotted as a
function of the inter-columnar pitch distance, Lp for both 350 and 550 µm particle sizes as shown
in Figure 9. The CHF increases as Lp decreases from Lp = 7.0 to 3.5 mm, and this is attributed to
the increased liquid supply via increased numbers of post wick per heated surface area, i.e., smaller
capillary-viscous limit. However, the CHF decreases as Lp further reduces below 3.5 mm, in both
particle sizes. The decreased CHF is attributed to the liquid entrainment because of high velocity
vapor jets through the vapor space among the post wicks [see Figure 6(a)].
The obtained experimental results are further explained by the capillary-viscous thermal-hydraulic
(Section 4.1) and liquid entrainment (Section 4.2) models as shown in Figure 9. The predicted
capillary-viscous limit, qCHF,cv, i.e., Eq. (10) with respect to the pitch distance, Lp, for the 350 and
550 µm particle sizes is shown in Figure 9. In fact, although it needs the maximum capillary
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pumping pressure, pc,max for the model, we used the curve fitted pc,max = 145 Pa for <dp> = 350 µm
and 90 Pa for 550 µm due to the lack of the predictive model for the maximum capillary pressure
in the capillary meniscus near the vicinity of the bare surface and sintered particle wick [Figure
7(e)]. The pc,max is expected to be related to the particle size of the sintered wick and contact angle
of the bare surface, and the reasonable predictive model needs further experimental and simulation
studies. The predicted qCHF,cv reasonably agrees to the measured qCHF within 39% at Lp > 3.5 mm,
indicating that qCHF is related to the capillary-viscous limit of the liquid coolant through the post
wicks. In fact, the qCHF for <dp> = 550 µm is larger than that of <dp> = 350 µm, since the
permeability of the post and phase separating wicks with <dp> = 550 µm is larger than that of <dp>
= 350 µm, although it has a lower pc,max. At Lp < 3.5 mm, the predicted qCHF,cv overpredicts the
experimental data, since the liquid entrainment from the post wick surface predominantly controls
the qCHF [Figure 6(a)]. The predicted entrainment limit, qCHF,ent as a function of pitch distance, Lp
for the 350 and 550 µm particle size is shown in Figure 9. Note that, as previously described in
Section 4.2, the entrainment limit is caused by friction at the interface between the liquid flowing
through the post wicks and the escaping large velocity vapor jet between the small intercolumnar
spacings, i.e., Lp < 3.5 mm, which is similarly observed in the previous study using an additively
manufactured evaporator with integrated porous structure [48].
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Figure 9: Predicted capillary-viscous limit, qCHF,CV, i.e., Eq. (10), and entrainment limit qCHF,ent,
i.e., Eq. (12) as a function of pitch distance, Lp, for the particle size <dp> = 350 and 550 µm. The
experimental results and manufacturing limit are also shown.

One way to minimize the liquid entrainment from the post wick surface uses wick-filled
cylindrical tubes. The thin solid surface serves as a protective layer for the liquid entrainment from
the large velocity vapor jets at high heat flux, and it is expected to increase the CHF at small Lp.
However, this leaves for future work because of present technical limitations in the fabrication.
Furthermore, Figure 9 shows that at a given pitch distance, the CHF of the 550 µm wick exceeds
that of 350 µm wick. This is mainly due to the higher permeability of the larger particle size (see
Table 7), while a smaller maximum capillary pressure is expected due to possible larger capillary
meniscus radius [see Figure 7(d)]. Note that the exact relation between the particle size of the post
wick, K, and the maximum capillary pressure, pc,max is not well known, but this marginal increase
of the CHF is related to the fact that the larger permeability outweighs the expected decrease of
the maximum capillary pressure. In fact, the permeability of the sintered particle is related to the
porosity ε and particle size dp given as [49]:
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K =a

ε 3 dp

2

(1 − ε )

2

(14)

where a is the empirical coefficient for the different pore geometries and pore connectivity. This
indicates that the permeability increases as it increases the particle sizes at the expense of the
decrease of the maximum capillary pumping pressure. Once the maximum capillary pumping
pressure is further studied, the optimal choice of the particle size in the post wicks will be
identified.
Figure 9 also shows that the optimal pitch distances for the different particle sizes are
between 2.5 and 3.5 mm.
2.4.3 Effect of Particle Size
Figure 10 shows the CHF, both the capillary-viscous and entrainment limits, as functions
of particle size, <dp>, at given pitch distances, Lp = 2.5, 3.5, and 4.5 mm. The capillary-viscous
driven CHF, qCHF,cv, nearly-linearly increases with the particle size at <dp> < 1000 um, mainly due
to the wickability, i.e., K/rc,min, while the liquid entrainment driven CHF, qCHF,ent exponentially
decreases as a function of the particle size due to the capillary pressure [see Eq. (12)]. Due to these
two competing mechanisms on CHF, the maximum CHF is identified at the intersection between
these two curves at given pitch distances. The optimal particles sizes for the maximum CHF, i.e.,
236, 320, 250 W/cm2 for Lp = 2.5, 3.5, and 4.5 mm, are <dp> = 310, 670, and 770 µm, respectively,
and the optimal particle size increases with the increased pitch distance. This optimal particle size
and CHF relation is related to the different ratio between the particle-size-dependent capillary
pressure in liquid entrainment limit to the wickability in the capillary-viscous limit. At smaller
pitch distances, the post wicks are vulnerable to the liquid entrainment due to the large vapor
velocity, and the maximum CHF requires the small particle size for large capillary pressure [Eq.
(14)]. However, at larger pitch distances, the wickability is dominant for the CHF [i.e., larger
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K/rc,min], and the maximum CHF needs larger particle size. Note that the capillary-viscous limit
CHF was calculated using the curve-fitted liquid permeability and the maximum capillary
pumping pressure based on the measured permeability for <dp> = 350 and 550 µm particle sizes
and CHF. The prediction accuracy for the optimal particle size effects can be improved by the
further studies on the permeability and maximum capillary pumping capability. The predicted CHF
reasonably agrees with the measured CHF as shown in Figure 10, showing the maximum
difference within 39% (for <dp> = 550 µm at Lp = 4.5 mm).

Figure 10: Predicted entrainment and capillary-viscous limits as a function of particle size, <dp>,
for Lp = 2.5, 3.5, and 4.5 mm, Dc = 2.0 mm, and Lc = 2.0 mm. The experimental data are also
shown.

2.5 Conclusion
In this study, a Bare Surface Evaporator with Phase-Separating Wick (BEPSW) is
experimentally studied to fundamentally understand the effect of the pitch distance and average
particle size of the post wicks on the phase-change heat transfer, especially for the microgravity
thermal management system. The heat flux with 4 different post wick intercolumnar spacings, Lp
= 2.5, 3.5, 4.5, and 7.0 mm for the two different particle sizes, <dp> = 350 and 550 µm, are
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measured as a function of the surface superheat using degassed distilled water as a coolant at
ambient pressure in the downward facing orientation for minimal gravity-assisted coolant supply,
i.e., microgravity. The results show that the CHF increases as the pitch distance decreases from Lp
= 7 to 3.5 mm in both particle sizes due to the increased liquid supply through the post wicks,
while it decreases below Lp = 2.5 mm in both particle sizes due to the liquid entrainment limit, i.e.,
the maximum CHF is observed at Lp = 2.5 to 3.5 mm. The maximum CHF and Heat Transfer
Coefficient (HTC) with 350 µm particle size is 184 W/cm2 (24.9°C superheat) and 7.7 W/cm2-K
(144 W/cm2 heat flux), respectively, and 207 W/cm2 (44.3°C superheat) and 5.4 W/cm2-K (118
W/cm2 heat flux) for the 550 µm particle size, both with Lp = 3.5 mm. Furthermore, the CHF using
the 550 µm wick exceeds that of 350 µm at given pitch distance, due to the large liquid
permeability. The CHF models, both capillary-viscous and entrainment limits, predict the optimal
particle size for the maximum CHF at given inter-columnar spacings, height, and diameters of post
wicks, showing that the optimal particle size increases with the increasing inter-columnar spacing
of post wick at given post wick height and diameter.
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CHAPTER 3
ENHANCED WICKABILITY OF BI-PARTICLE-SIZE, SINTERED-PARTICLE WICKS
FOR HIGH HEAT FLUX TWO-PHASE COOLING SYSTEMS

3.1 Introduction
Two-phase thermal management systems, such as heat pipes (HPs) and vapor chambers (VCs),
provide much larger heat flux cooling capability than that of single-phase cooling systems, by
employing latent heat during liquid-vapor phase change process, i.e., phase-change heat transfer
[1], [2]. A wick is an essential component to supply liquid coolant to an evaporator, but the cooling
performance is limited by the poor capillary flow near the evaporator. Common wick structures
include wire meshes, grooves, fibers, and sintered particles, and comparative studies have
identified sintered-particle wicks as the most effective structures for capillary flow and phasechange heat transfer characteristics. Several studies have shown that the capillary flow and phasechange heat transfer performance further increase with pore-scale composition [28], [50]–[53].
The wick performance is often characterized by the wickability, i.e., ratio of the permeability to
capillary pressure (or effective pore size), K/reff, and an optimal wick performance requires the
maximum wickability. The wire meshes and groove wicks provide a large permeability with small
capillary pumping capability, while fibers and thin sintered-particles are known for their
characteristic large capillary pumping capacity and high resistance to liquid flow due to the large
pressure drop resulted from the small characteristic pore sizes [54], [55].
To enhance the wickability, i.e., simultaneously increasing permeability and capillary pumping
capability, numerous approaches have been explored by combining the different characteristic
microstructures, e.g., grooves with particles, and similar characteristic structures but different
characteristic size, e.g., different particle sizes, i.e., composite wick. For the different characteristic
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micro structures, Deng et al. [2] have developed a composite wick by combining the V-grooves
with the spherical/non-spherical particles, and characterized the permeability and other capillary
flow properties such as porosity and maximum capillary pumping pressure, for two-phase heat
transfer devices. To manufacture the copper composite wick, the micro-V-grooves with the size
of 0.8 (H) × 0.45 (W) × 0.45 mm (P) have filled with the different copper particle sizes (< 50, 50–
75, 75 – 110 and 110 – 150 µm) and different particle shapes (spherical or irregular shape). Each
composite wick has been sintered to have a thickness of 0.3 mm above the V-groove. The measured
permeability has been much higher than those of the sintered particles because the micro grooves
facilitate the capillary flow. The composite wicks have also yielded larger capillary pumping
capabilities than the V-groove in presence of the interconnected pore network provided by the
sintered particles. Also, the composite wicks with irregular-shaped particles have had larger
permeability than those with spherical particles, since the irregular-shaped particles have improved
the pore networks for the capillary flow. Deng et al. [27] have also characterized the wickability
of sintered particle wicks for “loop heat pipe” (LHP) application using the rate-of-rise test with an
“infrared” IR thermal imaging. Two INCO Co. (Canada) – type 225 and 123 nickel wicks with
particle size of 2.2 - 2.8 µm and 3 - 7 µm, respectively, and two spherical and irregular copper
wicks of 75 – 110 µm with 95.5% purity which was supplied by Beijing Xinrongyuan Power Tech.
Co. in China, have been characterized using ethanol and acetone as working fluids. They have
reported that different working fluids have shown no significant difference in the experimental
results. They have found that the permeability and wickability of the copper wicks outperformed
those of the nickel wicks, and the type 255 nickel wick had superior permeability and wickability
than the type 123, due to the larger porosity and smaller pores from the smaller particle size, which
increase the permeability and capillary pumping pressure, respectively, in the former. Franchi and
Huang [56] have developed a composite wick by sintering thin metal particles onto coarse copper
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meshes, aiming at enhancing the HP performance. The composite wick has significantly enhanced
the phase-change heat transfer compared to wicks with uniform pore structures, concluding that
the small pore in the thin layer of the sintered particles provided the capillary menisci for the
capillary pumping, while the copper mesh served as the main fluid channels/passages. Oshman et
al. [57] have also examined a composite wick by combining copper micro-pillars (100 µm high,
200 µm wide and 31 µm wide grooves) with a woven copper mesh (51 µm diameter wires with 76
µm spacing). They have found that the micro-pillar structures could only supply enough liquid to
the evaporation sites at high power and high acceleration when they have been modified with
woven copper mesh, concluding that the woven copper mesh offered larger capillary pumping by
providing effective capillary menisci, while the micro-pillars provided wide channels for the liquid
flow.
For the similar characteristic structures but different characteristic particle size wick, the
cluster of the particles have been developed to simultaneously have the small characteristic pores
(from the sintered particles) and the large pores (from the sintered clusters), so called bi-porous
wick. The small pores promote capillary pumping, while the larger pores provide passages for
large permeability. Semenic and Catton [58] have studied the enhanced pool boiling performance
with bi-porous wicks by comparing with mono-porous wicks. They have found that the best monoporous wick (average particle diameter, <dp> = 107 µm, wick thickness = 500 µm) achieved a
CHF of 300 W/cm2 (21°C superheat), the best thin bi-porous wick (<dp,1> = 455 µm, <dp,2> = 63
µm, 800 µm) had approximately 73% higher CHF at 50°C superheat, while the best thick bi-porous
wick (<dp,1> = 455 µm, <dp,2> = 63 µm with the thickness of 3,000 µm) had a CHF value of 990
W/cm2 (147°C superheat). They have concluded that the relatively high CHF in the thin bi-porous
wicks is related to the active evaporating capillary menisci that exist throughout the entire wicks,
i.e., both on top and within the wick surface, unlike in the mono-porous wicks with active
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evaporating capillary menisci present only on top of the entire wick. Semenic and Catton [58] also
documented that thick bi-porous wicks were able to achieve even higher CHF values compared to
the thin bi-porous wick because of the continued liquid supply by the upper parts of the wicking
structure to the active evaporating menisci (thin film) above the center of the wick at high heat
fluxes. Byon and Kim [59] have measured the enhanced wickability (K/reff) of bi-porous wicks,
and developed a semi-analytic model to explain the enhanced capillary flow and optimize the biporous wicks, and it has predicted that the wickability of the former, 125/675 µm, was 11 times
higher than that of the latter, 125 µm. The model has also showed that optimal wickability can be
achieved when the ratio of the cluster size to the particle size is between 4 and 6. Also, Egbo et al.
[15] have studied the phase change heat transfer characteristics of the bi-particle-size, thin sintered
particles wicks in the upside down vapor chambers. The bi-particle-size wicks have been the
sintered particle wicks with the different copper particle diameters, 60/200, and 100/200 µm with
1 to 3 particle layers, and the enhanced heat transfer performance was compared to the uniform
particle size sintered particle wicks using 30, 60, 100, and 200 µm. It is found that the three-particle
layers, bi-particle-size wicks, achieved the highest CHF values, 197 W/cm2 (47.0 °C superheat)
and 223 W/cm2 (38.6°C superheat), for the 60/200 and 100/200 µm particles, respectively, relative
to those of three-particle layers uniform particle wicks, 160 (31.7), 164 (33.4), 158 (38.8), and 175
W/cm2 (36.0 °C superheat) for the 30, 60, 100, and 200 µm particles, respectively. They have
concluded that the performance of the bi-particle wicks results from the simultaneous increase in
the capillary pumping capability and permeability offered by the smaller particles (smaller pore
sizes) and the larger particles (larger pore sizes), respectively.
To further understand the enhanced capillary flow using the bi-particle-size wicks, this study
examines the enhanced wickability of the thin sintered-particle wicks with bi-particle sizes using
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the rate-of-rise test. The enhanced wickability of the bi-particle-size wicks are compared to that of
the thin sintered-particle wicks with uniform particle sizes.
3.2 Experimental
3.2.1 Sample Fabrication
In this study, three different types of wicks were fabricated, (i) single-layer, uniform-particle
size wick, (ii) single layer, bi-particle size wick, and (iii) multi-layer, uniform-particle size wick.
Also, to measure the rate-of-rise and porosity, two different types of wicks were fabricated. For
the rate-of-rise test, the wicks were furnace-sintered on thin rectangular copper stripe (12.7 mmwide, 1.6 mm-thick, and 152.4 mm long), while for the porosity measurement, the wick sample
were sintered on a circular copper substrate, 38.1 and 0.8 mm in diameter and thickness,
respectively. The copper particles were purchased from CuLox, and those were used as received.
The nominal copper particle sizes were 30, 60, 100, 200, 350, and 550 µm, with average mesh size
of 400, 230, 140, 70, 45, and 35, respectively. The copper substrates were polished by sanding the
surface using P400 grit, to remove surface structural defects such as small scratches and dents.
Note that the circular wicks were manufactured using the same sintering process as found in our
previous study [15], while the fabrication process for the rectangular wicks are found below. The
image of the fabricated circular wick is shown in Figure 11(c).
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Figure 11: (a) Schematic of fabricating sintered particle wick using designed stainless-steel mold.
The copper particles, copper substrate, stainless-steel insert, and holes are also shown. The images
of fabricated (b) thin rectangular wick used in the rate-of-rise test, and (c) thin circular wick used
in the porosity measurement.
The technique used for preparing a test sample was dependent on the number of particle layers,
as described below. The copper-particle-filled substrate was then inserted into an MTX OTF1200X tube furnace for sintering. The tube furnace heated up the samples slowly, to a maximum
temperature of 1,000°C at which was held for 3 hours [60]. Argon gas was passed through the
tube, preventing from oxidation during the sintering process. Once the heating/cooling cycle was
finished, the samples were removed and carefully demolded. The molds for the rectangular
samples also had stainless-steel inserts [see Figure 11(a)] that were placed below the substrates
and could be pushed out along with the sample through holes drilled in the back of the mold as
shown in Figure 11(a) [60]. The image of the fabricated thin rectangular wick is shown in Figure
11(b).
For the single layer sample with the large particle size, i.e., 200, 350, and 550 µm, a stainless
steel mold was fabricated as shown in Figure 11(a), which was similarly used in the previous study
[60]. The polished copper substrate was placed into the stainless-steel mold with loose fit, and
copper particles were then slowly poured onto the top of the substrate. The mold was tapped and
rotated to ensure a single layer of the tightly packed particles was formed for the furnace sintering.
For particle sizes below 200 μm, this approach was very difficult to form a single layer of the
particles, and the following approach was developed as follows. The substrate was placed on a
small ceramic tile and several drops of water were placed on the copper substrate until the water
spread out to cover the surface (the water stayed only on the substrate because of the high contact
angle with copper). Next, the particles were dropped onto the water, where they floated instead of
sinking, because of the high surface tension of water and the small particle size. The particles
35

would spread out on the surface of the water until they covered it completely with the single layer
of particles. Then, the water was allowed to slowly evaporate for tightly packed particle
arrangement.
The single-layer samples with the bi-particle size particles, i.e., 200/60, 200/100, 350/60, and
550/60 μm, were fabricated in two steps. First, a single layer of the loosely packed, larger size
particles was prepared to ensure the large pores among the large particles, followed by the
sintering. Then, the smaller particles were added to the sintered wick for the desired mass ratio of
the large/small particles, followed by the second sintering. Schematics of the single-layer uniform
particle size wick and single-layer bi-particle-size wick are shown in Figure 12(a) and (b),
respectively.

Figure 12: Schematic of (a) single-layer uniform particle size wick with the uniform particle
diameter dp, (b) single-layer, bi-particle size wick with the larger particle diameter dp,1 and smaller
particle diameter dp,2, and (c) multi-layer uniform particle size wick with the uniform particle
diameter dp. In (a) and (b), the large pores in the single-layer particle size wick and the small pores
in the single-layer bi-particle wick are also shown.
For the 100, 200, 350, and 550 μm multilayer samples, a substrate was placed into the stainlesssteel mold and copper particles were added up to the top of the mold, allowing for the wick
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thickness of 4 to 5 particle layers. The sample was then sintered in the tube furnace as previously
described. Schematic of a multi-layer uniform size particle wick is shown in Figure 12(c).
The Scanning Electron Microscope (SEM) images of the characteristic particle distributions
and pore structures of the single-layer wicks with 100, 200, and 200/100 µm particle sizes, and
multi-layer wick with 100 µm particle size is shown in Figure 13.

Figure 13: SEM images of single-layer wicks with (a) 100 μm, (b) 200 μm, (c) 100/200 μm
(50:50 wt%) particle sizes. (d) Multi-layer wick with 100 μm particle size (top view).

3.2.2 Porosity Measurement
The porosity was measured based on the previous study [61], and the detailed measurement
procedure is found in the previous work [60]. The measurement procedure is as follows: a dry
wick sample, shown in Figure 14(a), was placed on a digital mass balance (RADWAG; Model:
AS 60/220.R2), and the balanced was tared. Acetone was then added via pipette until the wick was
fully flooded, i.e., wick surface was covered by excessive acetone, as shown in Figure 14(b). The
liquid height reduces due to the evaporation, and it was visually monitored until the liquid level
receded just below the top of the top particles of the wick as shown in Figure 14(c).
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Figure 14 Images during porosity measurement using acetone. (a) Dry wick, (b) flooded wick,
and (c) saturated wick.
Using the mass of pore-filled acetone, the porosity, ε, is determined using given relation as [61]

ε= [1 + (

ms

ρs

)(

ρl
ml

)]−1

(15)

where ms and ml are the solid (copper) and liquid (acetone) mass, and ρs and ρl is the solid (copper)
and liquid (acetone) density, respectively. The measured porosity was reported as an average value
from five-time measurements, and those were compared with the predicted porosity from the
microscopic image analysis. The samples were placed under an optical microscope with video
recording capability. The magnification was set to 10 times, and images of the samples were
observed on the computer. Using the program AmScopeTM, the computer-generated straight lines
were drawn on the images between the centers of adjacent particles to measure the distance
between them. A cumulative average distance between particles was calculated, and it reaches an
asymptote within ± 2 µm, when the numbers of the particle-particle distance calculations were
greater than 75. Then, additional 75 particle center-to-center distances were measured to report the
average distance, as summarized in Table 4.
A similar image analysis was performed to quantify the average particle size for the single
layer samples from the same optical microscope images. The computer-generated representative
circles were drawn on the peripheral lines of the particles with the computer program such that the
circles were concentric and equal in diameter with the particles, and then the diameter of the
representative circles were calculated for the particle diameters. The 75 measurements were made,
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with the average value for each number of measurements being plotted. The average of the average
diameter at each measurement after 35 measurements was then taken and is also reported in Table
4 for the 30, 60, 100, 200, 350, and 550 μm single layer samples.
Table 4: Characteristic average particle diameter and particle-particle distance of single layer
wick

Sample Description
Nominal particle diameter, 30 μm
60 μm
100 μm
200 μm
350 μm
550 μm

Average
Diameter, <dp>
(μm)

Average Distance,
lp (μm)

Predicted
Porosity, ε

26.9
54.7
79.4
194.3
332.2
489.6

31.4
63.5
89.2
213.9
391.3
563.2

0.56
0.55
0.52
0.50
0.52
0.54

The porosity was predicted using the calculated particle diameters and particle-particle
distances under the assumption of the hexagonal unit cells as shown in Figure 15. Then, the
porosity is predicted using the relation given as

ε = 1−

Vp

,

Vt

(16)

where Vp and Vt are the particle volume and total volume in the hexagonal unit cell, respectively,
which can be predicted as
=
Vt

π d p3
3 3lp2 d p
,
=
and Vp
2
2

(17)

where dp is the particle diameter, and lp is the particle-particle distance. Thus, we have

ε = 1−

π d p2
3 3lp2

(18)

To predict the porosities of the multi-layer unform particle wicks, we assume that the
particles are closely packed in ‘hexagonal close-packed’ (HCP) unit cells as shown in Figure 15(b).
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The ‘atomic packing factor’ (APF) of the HCP unit cell is calculated as [(π<dp>3)/(3√2lp3)]. With
the assumption that the particle-to-particle distance is the same as the particle diameter, the
porosity ε is given as 1 – APF (=1 – [π/(3√2)]). Note that from this expression the porosity of the
multi-layer wick structure is independent of the particle size, and the value is approximately 0.26.

Figure 15: Schematic of (a) a hexagonal particle arrangement of single-layer wick with the uniform
particle size in the hexagonal unit cell, and (b) a hexagonal close-packed (HCP) particle
arrangement of multi-layer with the uniform particle size. The particle diameter, dp and particleparticle distance, lp, lattice parameter, c, and pores are also shown.

3.2.3 Permeability Measurement: Rate-of-Rise Test
To measure the permeability, a rate-of-rise method was used [61]. Schematic of the rate-of-rise
test setup is shown in Figure 16(a) and (b). The wick was vertically oriented and lowered until its
bottom end touched the top surface of a working liquid. Note that FC-72 was chosen as a working
fluid because of desired wetting property, density, and surface tension. The liquid then roses
through the wick against gravity due to the capillary flow. The liquid wetting front height change
was recorded using optical camera through the transparent glass tube, and the recorded images
were post-processed to measure the liquid front height at given time, t. The recorded video of the
rate-of-rise was split into frames using an open-source video editor, VirtualDubTM, and the liquid
front height at given time was measured using another open-source image processor ImageJTM.
The rate-of-rise was then produced by plotting the measured heights of the rising liquid against
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their corresponding elapsed time. The snapshots of the liquid front rise with respect to time are
shown in Figure 17.

Figure 16: Schematics of (a) rate-of-rise setup and (b) camera view of the wick, glass tube, ruler,
and working fluid.
The measured liquid front height h as a function of time t was used to calculate the permeability
K by curve fitting using the given relation [61]

dh
K 2σ
=
− ρ gh)
h
(
dt εµ reff

(19)

where σ, µ, and ρ is the surface tension, dynamic viscosity, and density, respectively, ε and reff are
the porosity and effective capillary meniscus radius, and g is the gravitational acceleration.

Figure 17: Snapshots of rising liquid front in the wick at given elapsed time, t = 0, 0.2, 1, and 2.5
s. [60].
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The measured permeability of the uniform particle size wicks can be predicted using KozenyCarman relation given as [49]

ε 3d p2
K=
a (1 − ε ) 2

(20)

where a is the constant, ε is the porosity, and dp is the particle diameter.

3.2.4 Effective Capillary Meniscus Radius Measurement
The effective capillary meniscus radius reff was characterized by measuring the equilibrium
liquid height using given relation as
reff =

2σ
ρ gheq

(21)

where σ is the surface tension, ρ is the density, g is the gravitation acceleration, and heq is the
equilibrium liquid height. Note that the above relation is based on the perfect liquid wetting, i.e.,
contact angle of 0°. The equilibrium liquid height was measured when the liquid front height does
not change with respect to time using the rate of rise test setup [Figure 16(a) and (b)], and this
measurement usually requires a minimum of 8 hour, depending on the characteristics of the wicks.

3.3 Results and Discussion
3.3.1 Porosity
The measured [Eq.(15)] and predicted [Eq.(18)] porosities of the single- and multi-layer wicks
with uniform and bi-particle size particles are summarized in Table 5. Note that the measured
porosity ε is the average of five measurements for each wick, and the corresponding standard
deviation of the porosity of each sample ϕ is also given.
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Table 5: Summary of the measured and predicted porosity, measured effective capillary meniscus
radius, reciprocal of the effective capillary meniscus radius, and measured permeability for wick
samples.
Effective

Sample #

Particle size,

Measured

<dp>, μm

Porosity, ε ± ϕ

Capillary
Predicted Porosity, ε

Meniscus

1/reff, µm-1

K, µm2

Radius, reff,

K/ reff
(µm)

μm
Single Layer
1

30

0.48 ± 0.0022

0.56

10.8

0.0926

1.72

0.1588

2

60

0.59 ± 0.0022

0.55

13.8

0.0725

3.82

0.2767

3

100

0.64 ± 0.0022

0.52

15.4

0.0649

4.05

0.2631

4

200

0.52 ± 0.0054

0.50

35.2

0.0284

10.3

0.2926

5

550

0.50 ± 0.0008

0.54

114.8

0.0087

16.5

0.1437

0.50 ± 0.0027

-

15.0

0.0667

5.53

0.3683

0.55 ± 0.0024

-

15.9

0.0630

5.93

0.3727

0.47 ± 0.0020

-

21.0

0.0476

5.36

0.2550

0.55 ± 0.0021

-

21.6

0.0463

5.82

0.2693

0.50 ± 0.0007

-

13.1

0.0763

3.28

0.2502

0.50 ± 0.0008

-

13.6

0.0735

2.11

0.1548

6

7

8

9

10

11

200/60 (75:25
wt%)
200/60 (50:50
wt%)
200/100 (75:25
wt%)
200/100 (50:50
wt%)
350/60 (50:50
wt%)
550/60 (50:50
wt%)

Multi-Layer (4 – 5 Layers)
12

100

0.42 ± 0.0007

0.26

16.7

0.0599

2.72

0.1626

13

200

0.43 ± 0.0008

0.26

33.5

0.0299

8.31

0.2482

14

350

0.50 ± 0.0007

0.26

71.9

0.0139

14.5

0.2017

15

550

0.50 ± 0.0008

0.26

83.4

0.0120

26.1

0.3124

The measured porosities of the single-layer uniform particle size wicks (Sample #1 - #5) are in
the range of 0.47 to 0.64 with the minimal standard deviation ϕ < 0.001, while the predicted
porosities using Eq.(18) are from 0.5 to 0.56. The maximum discrepancy between the measured
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and predicted porosities is 23%, and this is for Sample #3 (i.e., 100 µm wick). The discrepancies
between the measured and predicted porosities are related to the particle arrangements, i.e., the
predicted porosity [Eq.(18)] is based on the assumption that the particles are arranged in hexagonal
unit cells [Figure 15(a)], however, the SEM images of the manufactured wicks [see Figure 13(a)
and (b)] show that the unit cells are in fact are not organized to fit a defined unit cell arrangement.
From Table 5, it is evident that the percentage discrepancy is more significant in particle sizes less
than 200 µm (i.e., Sample #1 - #3). This may be attributed to the existence of loosely packed
regions in the smaller-particle wick samples. Note that manufacturing single-layer wicks from
smaller particle are more technically challenging with the manual particle arrangement used in this
study. For Sample #4 (i.e., 200 µm) and #5 (i.e., 550 µm), the percentage difference is only 4 and
8%, respectively, because making tightly packed single-layer wicks using larger particle sizes is
more effective and technically less challenging. Also, note that the measured porosities of the
single-layer uniform particle size wicks are higher than those of the multi-layer uniform particle
size wicks because the single layer particle arrangement has a larger pore space on the top of the
layer, i.e., open space and possible loose particle packing in the fabrication process. However, the
porosities of the bi-particle-size wicks, i.e., 200/60 (Samples #6 and 7) and 200/100 (Samples #8
and 9) show the smaller porosities than the uniform particle size wicks with 60, 100, and 200 µm
(Samples #2, 3, 4) by reducing the pore space from the presence of interstitial particles, i.e., smaller
particles, 60 and 100 μm fills in the pore space among the 200 μm particles. Similarly, the smaller
porosity is found in 350/60 and 550/60 μm bi-particle wicks, compared to their corresponding
uniform particle size wicks.
The multilayer, uniform particle 100 μm wick (Sample #12) has a porosity of 0.42, and the 200
μm wick (Sample #13) has a similar porosity of 0.43, which are smaller than their corresponding
single-layer wicks. This smaller porosity may be related to the tightly packed particle arrangement
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between the layers, i.e., minimal pore space, in the multi-layer arrangement compared to the larger
pore space between the single layer particles on substrate. In other words, the average distance
between adjacent particles may be larger in single-layer particle arrangements than those in the
multi-layer particle arrangements. Furthermore, the 350 and 550 μm wicks, i.e., Sample #14 and
#15, respectively, has a porosity of 0.5 each, which are significantly larger than their corresponding
predicted porosity of 0.26 for each. The same values of measured porosity agree with the
assumption that the particles are in HCP unit cell arrangement in multi-layer wicks. This value,
however, is significantly higher than the predicted porosity. The difference may be related to the
particle size distributions and less-tightly-packed arrangements of each of the particle sizes wicks
[see Figure 13(d)] which could affect the average value of the lattice parameter c and the particleto-particle distance lp of the unit cells in the HCP particle arrangement shown in Figure 15(b).

3.3.2 Effective Capillary Meniscus Radius, reff
The measured effective capillary meniscus radius, reff, for the single-layer and multi-layer wicks
as a function of the nominal particle diameter, <dp> is presented in Figure 18(a) and (b),
respectively. Note for the bi-particle-size wicks, the smaller particle diameter <dp,2> is used for the
particle diameter <dp> as the data shows that they control the effective capillary meniscus radius.
A summary of the effective capillary meniscus radius for the single- and multi-layer uniform
particle size wicks and single-layer, bi-particle size wick is also found in Table 5. For the singlelayer uniform- or bi-particle size wicks, Figure 18(a) shows that the effective capillary meniscus
radius increases almost linearly as the particle size (for uniform-particle size wick) or smaller
particle size (for bi-particle size wick) increases, since the effective capillary meniscus radius
increases with the characteristic particle diameter in sintered particle wicks. Note that the effective
capillary meniscus radius of the bi-particle-size wicks does not significantly change with the
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particle size weight ratios, since they show the similar effective capillary meniscus radius between
the 75:25 wt% and 50:50 wt% of 200/60 µm, and the 75:25 wt% and 50:50 wt% of 200/100 µm
wicks. This indicates that even small presence of the smaller particle size controls the effective
capillary meniscus radius. Similarly, Figure 18(b) also shows that the measured effective capillary
meniscus radius of the multi-layer uniform particle size wicks almost linearly increases with the
particle diameter, and the results are compared to those in literature [2], [27], [58], [61].

Figure 18: Effective capillary meniscus radius, reff as a function of the particle diameter, <dp> for
(a) single-layer, uniform- and bi-particle size wicks and (b) multi-layer, uniform particle size
wicks. Fitted curves are also shown. Note that the smaller particle size <dp,2> is used for the particle
diameter, <dp> in (a) as it controls the capillary meniscus radius. Results of previous studies are
also shown [2], [27], [58], [61].

The measured effective capillary meniscus radius is well predicted as a function of the particle
diameter, <dp>, (for the uniform particle size wick) or a smaller particle diameter, <dp,2>, (for the
bi-particle size wick) using given relation as
reff =α < d p > or

reff =α < d p,2 > ,

(22)

where α is the ratio between the effective capillary meniscus radius and characteristic particle
diameter. The best curve fitted parameter is α = 0.202 for the single-layer, uniform- and bi-particle
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size wick [Figure 18(a)] or α = 0.2 for the multi-layer uniform particle size wick [Figure 18(b)],
which are very similar to α = 0.205 reported in the previous work [32].
The present results agree reasonably with those studied in Deng et al. [2], [27], and Semenic
and Catton [58], whereas they show the smaller than those measured in Holley and Faghri [61],
for the multi-layer uniform particle wicks.
3.3.3 Permeability
Figure 19(a) shows the measured rate-of-rise, i.e., liquid front height change as a function of
time, of the single-layer, uniform particle size, 60 µm (Sample #2) and 200 µm (Sample #4), and
bi-particle size 200/60 µm, 50:50 wt% (Sample #7) until the liquid front reaches the equilibrium
height. At the early liquid front rising stage, i.e., t < 10 s, the liquid front increases rapidly, but it
increases slowly as the elapsed time increases, i.e., t > 10 s. The small increase of the liquid front
at t > 10 s is related to the fact that the hydrostatic pressure becomes larger as the liquid front
height increases. At t < 10 s, the rate of rise for the single layer uniform particle size wick, 60 µm
is smaller than that of 200 µm wick due to the smaller permeability, i.e., smaller particle size.
However, at t > 10 s, the 60 µm equilibrated liquid front height is larger than that of 200 µm wick
due to the smaller effective capillary meniscus radius, i.e., smaller particle size. However, the biparticle size wick, e.g., 200/60 µm, 50:50 wt% takes advantage of the smaller effective capillary
meniscus radius from the smaller particles, e.g., 60 µm and the larger permeability from the larger
particles, e.g., 200 µm, showing the similar rate of rise to that of 200 µm wick at t < 10 s and
similar maximum liquid front height to that of 60 µm wick at t > 10 s. The equilibrium height is
attained by the force balance between capillary pressure and hydrostatic pressure. The measured
equilibrium heights of the 60, 200, and 200/60 µm, 50:50 wt%, are 87.4, 29.2, and 76.2 mm,
respectively. The smaller particle size wick, 60 µm, results in the larger equilibrium height than

47

that of the larger particle size due to the smaller effective capillary meniscus radius formed
between the smaller particles. On the other hand, the 200/60 µm, 50:50 wt%, bi-particle wick
achieved equilibrium height comparable to that of the 60 µm uniform particle wick because of
their comparable effective capillary meniscus radius, which controls the equilibrium height.
Figure 19(b) shows the measured rate-of-rise as a function of time for the single-layer, uniform
particle size, 60 µm (Sample #2) and 200 µm (Sample #4), and bi-particle size 200/60 µm, 50:50
wt% (Sample #7) at t < 5 s, which are used for curve fitting using Eq. (5) via least squares method.
The thermophysical properties of the working fluid (FC-72), the measured porosity (Section 2.2)
and effective capillary meniscus radius (Section 2.4) of each wick are used in Eq. (5). Note that
the permeabilities for other wicks are also calculated by curve fitting into the measured rate of rise
[not shown in Figure 19(a) and (b)], and the resulting permeabilities are found in Table 5.

Figure 19: (a) Rate of rise for single-layer, uniform 60 µm (Sample #2) and 200 µm (Sample #4),
and bi-particle 200/60 µm, 50:50 wt% (Sample #7) size wicks. The equilibrium heights are also
shown. (b) Liquid front height with respect to time at t < 5 s for the uniform (60 and 200 µm), and
bi-particle [200/60 µm (50:50 wt%)] size wicks. The curve fit using Eq. (5) are also shown.
Figure 20(a) shows the measured permeabilities of single- and multi-layer uniform particle size
wicks with respect to the particle diameter. The permeabilities of the single- and multi-layer
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unform particle wicks increase exponentially as the particle diameter increases. Using the KozenyCarman relation [Eq.(20)] with measured porosity (Table 2), the best curve-fitted constant a is
2,000 and 2,900 for the single- and multi-layer wicks, respectively. Note that the constants are
significantly higher than a = 180 for closely packed particle bed, i.e., the permeability is much
lower than that of the closely packed particle bed, and this is related to the fact that the pore
connectivity of the thin wicks is substantially lower (due to 2D pore network) compared to that of
the closely packed particle bed (3D pore network). It is also noted that the presence of the substrate
reduces the permeability due to the smaller pore size near the substrate compared to the large pores
through the closely packed particle bed without substrate. Note that the measured permeability of
the 550 µm single-layer particle size wick is significantly lower than expected. This is considered
an outlier, and this may be related to the existing large particle-to-particle distance which results
in large effective capillary meniscus radius and consequently low capillary pumping through the
wick.
Figure 20(b) shows the permeability of the single-layer bi-particle size wicks as a function of
the larger particle size, dp,1, compared to that of the single-layer, uniform particle size wicks. The
permeability of the single-layer, bi-particle size wick results in the smaller permeability than the
permeability of the larger uniform particle size wicks, but larger than the permeability of the
smaller uniform particle size wicks. This is because the smaller particles occupy the interstitial
pore space between the larger particles, decreasing flow path through the inter-connected large
pore network and reducing the pore size [see Figure 13(c)]. For example, the permeability of the
200/60 µm, (50:50 wt%, Sample #7) bi-particle size wick is 5.93 µm2, which is smaller than the
permeability of the 200 µm uniform particle size wick (Sample #4), K = 10.3 µm2, but larger than
that of the 60 µm uniform particle size wick (Sample #2), K = 3.82 µm2. The reduction of the
permeabilities of the bi-particle size wicks become more pronounced at larger particle size
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difference. For example, the 200 µm uniform particle size wick (Sample #4) and the 200/100 µm
(75:25 wt%, Sample #8) bi-particle size wick has a permeability of 10.3 and 5.36 µm2,
respectively, which is 48% difference. Furthermore, the permeability of the 550 µm (Sample #5)
uniform particle wick, which is 16.5 µm2, is 87% larger than that of the 550/60 µm, (50:50 wt%,
Sample #11) bi-particle wick, which is 2.11 µm2. Note that Figure 20(b) also shows that the particle
weight ratios such as 50:50 and 75:25 wt% have no significant effects on the permeability of the
bi-particle wicks. For example, the 200/60 µm (50:50 wt%, Sample #7) and 200/60 µm (75:25
wt%, Sample #6) bi-particle wicks have similar permeability, 5.926 and 5.526 µm2, respectively,
i.e., only 7.2% difference. Similarly, the 200/100 µm (50:50 wt%, Sample #9) and 200/100 µm
(75:25 wt%, Sample #8) bi-particle wicks have similar permeability, 5.817 and 5.355 µm2,
respectively, i.e., 8.6% difference.

50

Figure 20: Measured permeability as a function of the particle diameter for (a) single-layer,
uniform particle size wicks including Kozeny-Carman relation, Eq. (6), and (b) single layer,
uniform, and bi-particle size wicks. Note that the particle diameter for the bi-particle size wick is
the larger particle diameter. (c) Multi-layer, uniform particle size wicks. The results from previous
studies are also shown [2], [27], [58], [61].
Figure 20(c) shows the current measured permeabilities of the multi-layer uniform particle
wicks. It is evident that the permeability exponentially increases as the particle size increases, and
this is attributed to that fact that the pore sizes, i.e., cross-sectional area of interconnected pores,
as the particle size increases. These permeability data is curve-fitted with Kozeny-Carman relation
[Eq.(20)], with the best curve-fitted constant a = 2900. The constant a is significantly higher than
a = 180 for closely packed particle bed, i.e., the permeability is much lower than that of the closely
packed particle bed, and this may be related to the particle size distribution and the particle
arrangement. The current permeability data reasonably agree to the previous studies including
Deng et al. [27], Semenic and Catton [58], but there are deviated from the results by Holley and
Faghri [61] and Deng et al. [2] as shown in Figure 20(c). The reason for this deviation may be
related to the different nature of wicks (wicks without substrate and/or different sample thickness),
testing method (pressure gradient method), fabrication technique (different sintering
temperature/time), particle size distribution, etc.
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3.3.4 Wickability vs Capillary Pumping Capability
Figure 21(a) and (b) shows the wickability, i.e., K/reff, as a function of the reciprocal of the
effective capillary meniscus radius 1/reff for the single-layer, uniform- and bi-particle size wicks
and multi-layer, uniform particle size wicks to identify the desired wick structures having both the
large K/reff and 1/reff. Note that the desired wick structures needs both large wickability, i.e., K/reff,
and capillary pumping capability, i.e., 1/reff. In Figure 21(a), the smallest uniform particle size
wick, i.e., 30 µm (Sample #1) shows the best capillary pumping capability from the small effective
capillary meniscus radius, i.e., 1/reff = 0.093 µm-1, due to the small characteristic pore size, but
the poor wickability, i.e., K/reff = 0.159 µm, due to the small permeability from the small pore size.
As the particle size increases, the wickability increases from the large permeability, and the
capillary pumping capability also decreases. The wickability of the 60 (Sample #2), 100 (Sample
#3), and 200 µm (Sample #4) single-layer uniform wicks are 0.2767, 0.2631, and 0.2926 µm,
respectively. The capillary pumping capability and wickability of the 550 µm single-layer uniform
wick is the smallest because of its characteristic large pore sizes and thus large effective capillary
meniscus radius, i.e., 114.8 µm. Although these large pore sizes offer the large permeability, they
result in poor capillary pumping capability. The predicted wickability with respected to the
reciprocal of the effective capillary meniscus radius is shown in Figure 21(a), and the permeability
is predicted using Kozeny-Carman relation [Eq.(20)] with the average measured porosity of the
uniform particle size wick (Table 2). The relation shows that wickability decreases as the capillary
pumping capability increases, and thus agrees reasonably with the experimental results.
For the bi-particle size wicks, it is found that the 200/60 µm (50:50 wt%, Sample #7) and 200/60
µm (75:25 wt%, Sample #6) have the largest wickability of 0.373 and 0.368 µm, with the
reasonably good capillary pumping capability from the effective capillary meniscus radius of 15.9
and 15 µm, respectively. The large wickability is related to the combinations of the reduced
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capillary flow resistance from the inter-connected large pore network, i.e., 200 µm, and the large
capillary pumping capability from the small pores, i.e., 60 µm. The 200/100 µm (50:50 wt%,
Sample #9) and 200/100 µm (75:25 wt%, Sample #8) wicks show the similar wickability, i.e.,
0.269 and 0.255 µm, and the effective capillary meniscus radius, i.e., 21.6 and 21 µm, respectively.
These results indicate that the wickability and effective capillary meniscus radius are not strongly
dependent on the particle weight ratio, but significantly dependent on the smaller particle size in
bi-particle wicks. The bi-particle wicks manufactured from the combination of 60, 100, and 200
µm particle sizes enhance the wickability and effective capillary meniscus radius compared to the
uniform-particle-size wicks from 60, 100, and 200 µm, and the wickability of the bi-particle-size
wicks is higher than those of uniform particle wicks by at least 27%. For instance, the wickability
enhancement is approximately 35% between the 60 µm and 200/60 µm (50:50 wt%) wicks.
Furthermore, the 350/60 µm (50:50 wt%, Sample #10) and 550/60 µm (50:50 wt%, Sample
#11) single-layer, bi-particle wicks also result in the similar effective capillary meniscus radius to
that of their smaller particle size uniform wick, i.e., 60 µm, however, the wickability is smaller
than expected. The small wickability could be related to the particle size difference or due to the
limitation of the present fabrication technique. Further study is needed to understand the exact
origin of small wickability.
The wickability of multi-layer uniform particle wick is presented in Figure 21(b), showing that
the wickability and effective capillary meniscus radius decrease with the particle size, which is
expected based on the Kozeny-Carman relation [Eq.(20)].
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Figure 21: Wickability as a function of the reciprocal of the effective capillary meniscus radius for
(a) single-layer, uniform- and bi-particle wicks and (b) multi-layer, uniform-particle wicks.
Kozeny-Carman relation [Eq.(20)] is also shown. Previous results are also shown [2], [27], [58],
[61].
The results of the present study reasonably agree to those of Holley and Faghri [61], Semenic
and Catton [58], and Byon and Kim [59], but significantly different from those of Deng et al. [2],
[27], for the multi-layer uniform particle wicks. Note that Deng et al. [2] studied the performance
characteristics of composite wicks – grooved and sintered particles, which are known to have
higher hydraulic and wickability. Thus, the reason for the higher wickability may be related to the
higher permeability provided by the large capillary flow channel from the V-grooves.

3.4 Conclusion
The enhanced wickability K/reff of the bi-particle wicks are experimentally studied by
characterizing the permeability, and effective capillary meniscus radius reff using the rate-of-rise
test. The bi-particle wicks are the single-layer, sintered copper particles of 200/60, 200/100,
350/60, 550/60 µm with the weight ratios of 50:50 wt% and 75:25 wt%. The wickability of the biparticle wicks are compared with the single- and multi-layer uniform particle wicks, i.e., sinteredcopper particles of 30 - 550 µm. The major findings from this study are summarized as follows:
54

1. The single-layer, bi-particle wicks enhance the wickability K/reff by up to 27 – 35%, compared
to those of uniform particle wicks, mainly due to the smaller effective capillary meniscus radius
associated with the smaller particle sizes and the larger permeability K associated with the larger
particle sizes.
2. For the single-layer, bi-particle wicks, the effective capillary meniscus radius reff is controlled
by the small particle size.
3. For the single- and multi-layer, uniform-particle size wicks, the effective capillary meniscus
radius reff linearly increase with the particle size increases.
The obtained experimental work provides deep insights into the desired wick structure, enhancing
both the wickability and capillary pumping capability using sintered particles with bi-particle size
distributions for high heat flux, two-phase thermal management systems.

55

CHAPTER 4
PHASE-CHANGE HEAT TRANSFER OF SINTERED-PARTICLE WICK IN
DOWNWARD FACING ORIENTATION: PARTICLE SIZE AND WICK THICKNESS
EFFECTS

4.1 Introduction
Modern miniaturized electronic devices increasingly consume large electronic powers in
integrated design, and the high-heat-flux heat dissipation will soon exceed the current cooling
capability. Thus, the high heat flux cooling systems are in an urgent need for reliable electronic
device operations. Two-phase cooling systems such as heat pipes and vapor chambers offer high
heat flux cooling [2], [25]–[28], however, the main technical challenges are: (1) limited heat
dissipation capability or upper limit of cooling, also known as the Critical Heat Flux (CHF), caused
by surface dryout, and (2) poor Heat Transfer Coefficient (HTC), due to high wick superheat
and/or overall thermal resistance [24], [29], [32], [62], [63]. The surface dryout is attributed to the
limited liquid transport to the evaporator, known as liquid chocking limit [64].
To improve the poor CHF and HTC, the various wick structures including particle size and wick
thickness, and nonuniform wick structure effects were explored. Chien and Chang [65]
investigated the effects of two different particle sizes (115 µm and 247 µm) and coating
thicknesses (0.5 and 1.0 mm) on the evaporator thermal resistance of a thermosiphon with a 16mm-diamter heating area in both vertical and horizontal positions. They reported that thicker wicks
produced superior performances due to the presence of both boiling and evaporation heat transfer,
and that orientation had no significant contribution in the overall thermal performance of the heat
pipe. They also reported that the heated surface was obtained with the 1.0-mm 247-µm-diameter
particles with evaporation resistance less than 0.025 K/W at 95 W heat flux. Weibel et al. [66]
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examined the particle-size and wick thickness dependent thermal resistance using sintered-particle
wicks under both evaporation and boiling conditions. With a thickness of 600-1,200 µm and
particle size of 45-355 µm, they show that the optimal particle size is 250-355 µm for the maximum
HTC for given wick thickness. They also concluded that their monoporous thin sintered-particle
wick results in heat fluxes greater than 500 W/cm2. Nam et al. [67] investigated the heat transfer
performance of nanostructured superhydrophilic copper (Cu) micropost wicks fabricated on thin
silicon substrate using electrochemical deposition, for reduced thermal resistance from small
thermal conducting path. Superhydrophilicity of the Cu microposts, which enhanced the CHF by
over 70%, was achieved by integrating CuO nanostructures into the Cu microposts. To enhance
the wettability of the silicon substrate, a controlled chemical oxidation was employed. They
reported that the pitch distance of the liquid supply posts was the primary design parameter
affecting the effective CHF and HTC, for a fixed post diameter, claiming a CHF of 800 W/cm2
with less than 35˚C superheat using a post pitch distance of 100 µm on a 2 × 2 mm2 heating area.
They also reported that the smaller pitch distances, i.e., larger solid fractions, reduced the CHF
and HTC, and increased the surface temperature, due to the reduction in the effective evaporation
area. Wong et al. [68] studied the thermal resistances of loosely-sintered copper particles in flat
heat pipe with a 1.1 × 1.1 cm2 heated surface area. Using the visualization technique, they studied
the fluid flow and evaporation mechanisms in evaporation wicks with different particle sizes and
wick thicknesses. They reported that the thick wick with different particle sizes fabricated using
irregular shaped fine copper powder yielded the lowest minimum overall thermal resistance, 0.080.09 K/(W/cm2) at a heat flux above 80 W/cm2 (< 20˚C superheat), attributing it to the increased
capillary pressure and liquid permeability of the thin-particle wick. Xuan et al. [69] demonstrated
that multi-layers of the sintered particles enhances evaporation process in a flat plate heat pipe,
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using both theoretical and experimental approaches. They also investigated the effects of working
fluid charge amounts and orientation for optimal heat transfer performance.
In addition to the uniform thick wick structures, non-uniform wick structures were also
examined to enhance liquid-vapor separation for higher CHF and HTC. Hwang et al. [70]
characterized the thermal performance of a multi-artery heat pipe spreader vapor chamber with
liquid-permeable columnar arteries over a 1 cm2 heated area. The evaporator and columnar arteries
are made of 60 and 150 µm diameter copper particles. They reported that the overall thermal
resistance of 0.05 K/(W/cm2) and CHF of 380 W/cm2. Also, they stated that the low thermal
resistance results from the reduced heat conduction path between the heated surface and the
evaporation sites (the thin-film regions near the crescent of the capillary meniscus). The relatively
high CHF was attributed to the continuous liquid supply through the highly-liquid-permeable
columnar arteries toward the thin evaporation wick with the minimal viscous pressure drop. To
further enhance CHF, Hwang et al. [63] employed the multi-artery heat pipe spreader using lateral
converging arteries, and the maximum heat flux is 580 W/cm2 due to the continuous liquid supply
through the lateral arteries with minor decrease in the maximum HTC, i.e., 10% lower than their
previous experiment [70]. More recently, Sudhakar et al. [39] experimentally studied the effects
of the wick thickness and columnar post density in vapor chambers on CHF and HTC, using twolayer thin particle (200 µm) evaporator wick having 5 × 5 and 10 × 10 arrays of liquid arteries.
They reported that the vapor chamber with 100 liquid arteries provides more than 400%
enhancement relative to the single layer evaporator wick and attributed this enhancement to the
high capillary pumping capability and the relatively large effective wick thickness provided by the
thin particles and thick layers. They also reported CHF of 151 and 198 W/cm2 for the 5 × 5 and 10
× 10 two-layer wick, respectively. The higher CHF is related to the higher number of liquid
arteries. Higher liquid arteries result in more liquid supply to the evaporator wick and low liquid
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pressure drop in the evaporator wick due to reduced length of liquid spread. Park and Crepinsek
[71] studied a Pump-assisted Capillary-driven Two-phase Cooling Loop with a thin evaporation
wick connected to high-permeable liquid supply posts using distilled water as a working fluid.
They tested the system up to a heat flux of 68.7 W/cm2 and reported that the evaporator thermal
resistance was as low as 0.12 K·cm2/W. Crepinsek and Park [38] examined a Pump-assisted
Capillary-driven Two-phase Cooling Loop with dual evaporators which are connected (series and
parallel) by their liquid supply line with a stepwise heat flux input up to 102 W/cm2. They reported
that the thin film boiling in the thin evaporation wick provided low thermal resistance in both
evaporator arrangements. Lee and Park [72] studied the thermal performance of a gravity-assisted
loop thermosyphon with monolayer and multilayer evaporator wicks with tubular post and porous
membrane wicks using water. The monolayer wick was fabricated by sintering uniform 74-µmdiameter copper particles, and the tubular post wicks enhanced the capillary limit by decreasing
the flow resistance between the liquid reservoir and evaporation wick, showing the minimum
thermal resistance of 0.097 cm2/(W/K) and maximum heat flux of 309.8 W/cm2 at an elevation
difference of 47 cm for the monolayer evaporation wick.
However, the effects of the thin sintered-particle wicks with uniform and non-uniform
particle sizes and different thickness on the CHF and HTC, especially under minimal gravityassisted liquid supply through non-uniform wick thickness, i.e., liquid-arteries, are yet to be well
understood. In this study, Thin Evaporation Wick with Phase-Separating Wick (TEWPSW) is
fabricated using multi-sintering approach, and the heat flux is measured as a function of the wick
superheat using different particle sizes and layers in the evaporation wick in a downward facing
orientation (to minimize the influence of gravity). This type of wick structure can be potentially
employed in space systems and other microgravity applications. A comparative analysis is also
performed to fundamentally understand the optimal wick structure for the best overall heat transfer
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performance. Also, the heat transfer performance of a bare copper surface is measured and used
as a baseline for comparison to all other test samples.
4.1.1 Working Principle: Thin Evaporation Wick with Phase-Separating Wick (TEWPSW)
To efficiently supply liquid to the heated surface, a Thin Evaporation Wick with PhaseSeparating Wick (TEWPSW) is designed and fabricated as shown in Figure 22(a) and (b),
including the schematic drawing and images of the diameter, thickness/height, and pitch distance
between the post wicks. The wick designs are selected based on a thermal-hydraulic optimization
model within a wick fabrication limit [62].

Figure 22. (a) Schematic of the working principle of Thin Evaporation Wick with PhaseSeparating Wick (TEWPSW) showing the vapor space, post wick, evaporation wick, phaseseparating wick, the copper substrate, and liquid/vapor fluid flows (b) fabricated TEWPSW using
200 µm-diameter copper particles.
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The TEWPSW has three functional parts such as evaporation, post, and phase-separating
wicks. The thin evaporation wick offers a small wick superheat, i.e., small thermal resistance by
providing reduced thermal conduction path to the thin-film liquid evaporation sites near the
vicinity of crescent of the capillary meniscus. The post wick is designed for liquid supply channels
to the thin evaporation wick, while the phase-separating wick creates the vapor space among the
post wicks when it touches the liquid reservoir. Water is used as a working fluid due to high heat
pipe figure of merit [16]. The generated vapor escapes into surroundings through the space
between the post wicks, and the water level is maintained by adding water to the pool. The
geometric parameters of the TEWPSW design are given in Table 6.
Table 6: Geometric parameters of TEWPSW
Wick structure parameters
Heater diameter, Dh
Post wick diameter, Dc
Post wick height, Lc
Post wick pitch distance, Lp

Magnitude
19.1 mm
2.5 mm
2.0 mm
3.5 mm

4.2 Experimental
4.2.1 Wick Fabrications

Figure 23. Schematic of the step-by-step fabrication process of TEWPSW. (a) For the evaporation
wick, the copper substrate was placed in the bottom of the mold followed by pouring the copper
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particles into the top of the copper substrate. Then, it was sintered. (b) For the post wick, the copper
particles were poured into the holes of the second mold, (c) the sintered evaporation wick was
placed and secured on the top of the second mold surface with the minor compressions to ensure
the contact between the evaporation wick and post wick particles. Then, it was sintered. (d) The
copper particles were placed into the third mold for the phase-separating wick, and the wick from
step (c) was placed on the top for the yet another sintering process. (e) Finally, the TEWPSW was
carefully released from the mold. (f) Actual image of a TEWPSW. Dimensions are in mm.

The wick structures were fabricated in a three-time sintering process using copper particles
as shown in Figure 23. (a) First, the evaporation wick was made by sintering copper particles onto
a copper disk substrate, 19.05 mm and 0.81 mm in diameter and thickness, respectively. Prior to
the sintering process, the copper substrate was flattened using mechanical pressing device and
subsequently cleaned with alcohol to remove any residue. The substrate was placed in the bottom
of the stainless-steel mold followed by copper particle arrangement on top of the copper substrate.
The sample was then sintered. (b) After the first sintering process, the resulting evaporation wick
was carefully released from the mold. The fabrication of the post wicks needs to fill the circular
holes of the stainless-steel mold with the 200 µm-diameter copper particles. The mold was then
manually shaken to ensure that the particles were tightly packed. Note that the mold was used to
carefully control the geometry, diameter (2.5 mm), height (2.0 mm), and pitch distance (3.5 mm)
of the post wicks. For the easy release of the post wicks from the mold after the second sintering,
the circular holes were machined to have a conical shape with an inclination of about 5°. The
detailed mold designs are shown in Figure 24(a). (c) The substrate with evaporation wick was then
placed and secured on top of the particle-filled mold for the second sintering. (d) For the phaseseparating wick, a separate stainless-steel mold was used as the mold design is found in Figure
24(b). Three layers of 200 µm-diameter copper particles were placed in the bottom of the mold.
The tip of post wick was then placed on the top surface of the particles bed for sintering. (e) After
the third sintering, the resulting TEWPSW was carefully released from the mold. An image of a
fabricated TEWPSW is shown in Figure 23(f). To prevent sintering between the stainless-steel
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mold and copper particles, the stainless-steel mold surface was coated with carbon powder before
each sintering process. For each sintering process, the stainless mold with loose particles was
carefully placed in a tube furnace with a programmable controller for three hours at the maximum
temperature of 1,000°C, followed by a natural cooling to room temperature at the rate of 5 - 10°C
per min, and the controlled temperature curve is shown in Figure 25. To avoid the oxidation of the
copper particles, Ar gas was used with 50 sccm during sintering. Note that for the multi-layer
evaporation wicks, each layer was fabricated using individual sintering process, i.e., each layer
was fabricated using layer-by-layer sintering approach. Also in this study, the heat transfer
performance of a single-layer 100 µm-particle wick with a controlled particle-to-particle distance
was examined, and the fabrication process was achieved using a commercially available stainless
steel 316 woven mesh with the pitch distance of 150 µm.
Eighteen TEWPSWs were fabricated for different particle sizes and thicknesses of the
evaporation wick, i.e., 30, 60, 100, 200, 60/200, and 100/200 µm with 1, 2, and 3 layers each, and
a bare copper surface (no sintered particles on the copper surface) was also used as a baseline. The
bare copper surface, i.e., no sintered particles, for the evaporation surface was manufactured by
sintering the post wicks directly on the copper substrate and the phase-separating wick. Also, one
TEWPSW was fabricated for different particle spacing in the evaporation wick using 100 µm
particles. Note that the commercially available copper particles (Culox Technologies, Inc.) were
used, and the average particle diameters were measured by taking an average particle size of ten
randomly selected particles using an optical microscope (AmScope ME300TC-14M3).
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Figure 24. Isometric view of the stainless molds for (a) the post wick, and (b) the phase-separating
wick. Dimensions are in mm.

Figure 25. The sintering temperature as a function time, including the maximum sintering
temperature.

64

Scanning Electron Micrograph (SEM) of the Evaporation Wicks of the TEWPSW

Figure 26. SEM images of (a) bare surface and the post wick, (b) two-layer, 60-µm evaporation
wick, (c) two-layer 100-µm evaporation wick, (d) two-layer 200-µm evaporation wick, (e) onelayer, 60/200 µm evaporation wick, and (f) one-layer 100/200 µm evaporation wick. Color figure
available online.

Figure 26 shows the Scanning Electron Micrograph (SEM) images of the fabricated
evaporation wicks, including (a) bare surface and the post wick, (b) two-layer, 60-µm evaporation
wick, (c) two-layer 100-µm evaporation wick, (d) two-layer 200-µm evaporation wick, (e) onelayer, 60/200 µm evaporation wick, and (f) one-layer 100/200 µm evaporation wick. Note that the
darker regions on the SEM images are the pore spaces for liquid transport. The non-uniform
particles, i.e., 60/200 and 100/200 µm [Figure 26(e) and (f)] exhibit different pore sizes.
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Contact Angle Measurement of Thin Wicks
The droplet method was used to measure the contact angles of the thin evaporation wicks.
A water droplet, about 4 µl, was placed on the wick using a calibrated syringe. In the absence of a
goniometer, the image of the drop was recorded and analyzed using an open-source image
processing software designed for multidimensional images known as ImageJTM. This procedure
was repeated five times for each of the samples and the average were recorded. The measured
average contact angle of each of the sample wicks was approximately 72°, indicating that the
multiple layers does not significantly change the contact angle compared to the single layer.
4.2.2 Experimental Setup and Measurement Procedure
To measure the thermal performance of the TEWPSW, the experimental setup was
constructed as shown in Figure 27(a). The test setup was designed and developed to control the
heat flux and measure the wick superheat at ambient pressure using degassed distilled water as a
working fluid. A copper heater was fabricated by inserting eight 400 W cartridge heaters into a
copper rod with 50.8 mm and 70 mm in diameter and length, respectively. Another copper rod was
designed with the base diameter of 50.8 mm, the top diameter of 19.1 mm, and the length of 30.5
mm [see Figure 27(c)], to attach to the TEWPSW through soldering. To minimize thermal contact
resistance between the copper rod and TEWPSW, the two contact surfaces were cleaned with
alcohol before applying the soldering material. The schematic diagram of the experimental setup
that shows the TEWPSW, the thermocouples positions, and the liquid reservoir is shown in Figure
27(b).
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Figure 27. Schematic of (a) the test rig showing the heater, thermocouples, TEWPSW, water
reservoir, variable power source, and the Data Acquisition System (DAQ), (b) TEWPSW attached
to the copper base. The DAQ is connected to a PC which displays the temperature data in real
time. (c) Schematic of the copper heater and base (dimensions are in mm).

A high temperature thermal paste, OMEGATHERMTM “201” (thermal conductivity of k
∼ 2.3 W/m-K) from Omega Engineering, Inc., was applied at the interface between the copper

base and heater to minimize a thermal contact resistance. Furthermore, the copper heater and base
were clamped using two edge rings and bolts to ensure the good thermal contact. Two
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thermocouples (Omega Engineering) were installed 20.09 mm apart on the copper base, 5.75 mm
from the heating surface. The copper base and heater were insulated in the radial direction to ensure
one-dimensional heat flow to the wick. Figure 27(c) shows the schematic diagram of the connected
copper heater and copper rod.
The entire setup was then placed in an upside-down orientation with only the phaseseparating wick being in contact with the water. Using measured temperatures, Fourier’s law of
heat conduction was used to determine the heat flux through the evaporation surface. The surface
temperature, Ts, was extrapolated using the two measured thermocouple temperatures and
locations of the thermocouples. Also, the temperature in the vapor space, was measured using the
thermocouple, T4. The thermocouples were connected to the data acquisition (DAQ) unit, and the
temperatures were recorded every second, using a computer. The difference between the
temperatures, Ts – T4, at steady-state, was considered as the wick superheat. Note that the steady
state was assumed when the temperature recorded by each of the thermocouples did not vary more
than ±1°C in 5 minutes. The heater was connected to two variable voltage controllers (0 – 140V
10 AMP 1.4 KVA STACO ENERGY Products Co.) to control the heat flux. The heat flux was
controlled by increasing the input voltages by 5.6 V. The voltage was increased until the surface
dry-out, i.e., observed the surface temperature overshoot. Note that during the experiment, vaporliquid morphological changes in the vapor space were visually inspected. For reproducibility, all
the experiments were repeated at least twice.
Degassed distilled water was used to ensure that no contaminant is deposited on or in the
wick during the experiment. Distilled water was boiled on a hot plate for an hour to degas, and it
was then allowed to cool down to room temperature before use. All experiments were conducted
using subcooled (20-22°C) degassed distilled water at ambient condition. Note that the focus of
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this study is to understand the CHF and HTC enhancement mechanisms of the phase-change heat
transfer of sintered particle size and particle layer thickness, and non-uniform
Porosity Measurement
The porosity (void fraction) of the evaporation wick was measured using the same
approach in our previous study [61]. First, the copper substrate and the powder were weighed
separately before the latter was arranged on the former for sintering. After the sintering process,
the resulting wick structure was weighed again. The dry wick was then saturated with acetone, and
the acetone was allowed to evaporate until the wetting front was just below the top surface of the
wick. With the average densities of the copper particles and acetone, and the measured weights,
the porosity ε was then calculated using the relation given as
1

ε

= 1+

mp ρ acetone
macetone ρ p

(23)

where the mp and macetone is the mass of the copper particles and acetone required to saturate the
wick, respectively, and ρp and ρacetone are the densities of the copper particles and acetone,
respectively.
4.2.3 Data Reduction
Using one-dimensional heat flow through the copper heater and a linear temperature
distribution, the heating surface temperature Ts is calculated using Fourier’s law as

Ts= T1 −

∆x1s (T3 − T1 )
,
∆x31

(24)

where T1 and T3 are the temperatures near the heating surface measured by thermocouples 1 and
3, respectively, ∆x31 is the distance between the two thermocouples, and ∆x1s is the distance
between the heating surface and thermocouple 1 [see Figure 27(b)]. Using Fourier’s law, the heat
flux q is computed as

69

q=k

(T3 − T1 )

(25)

∆x31

where k is the thermal conductivity of copper, i.e., k = 400 W/m-K. The heat transfer coefficient
h is calculated as the ratio of the heat flux q to the wick superheat (Ts – T4) given as

h=

q
.
(Ts − T4 )

(26)

The input heat power per unit heating surface area A through the electrical power source to
the copper heater through the cartridges is given as

qin =

IV
A

(27)

where I is the electric current, V is the electrical voltage. With these heat fluxes, the electrical-tothermal conversion efficiency η and the heat loss qloss of our setup are

η=

q
and
qin

qloss = qin - q ,

(28)

respectively. In this experiment, the maximum heat loss through the insulating material of the
heating block amounts to 14 W, and this is approximately 2.3% of the input power.

4.2.4 Uncertainty Analysis
To properly quantify the validity and accuracy of our results due to measurement errors,
uncertainty analyses were carried out on both the measured and calculated data. Using the Kline
and McClintock approach [73], the relative uncertainty in the calculated heat flux is
1
2 2
x1

uq =± [u + uT1 + u + u + u ]
2
k

2

2
T3

2
x3

(29)

where uk is the relative uncertainty of the measured thermal conductivity, uT1 and uT3 are the
relative uncertainties in the measured temperatures using T1 and T3, respectively, and ux1 and ux2
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are the relative uncertainties in the measured distances of the positions of T1 and T3, respectively.
From the above equation, the uncertainty in the calculated heat flux ∆q is

Δq= uq × q

(30)

Similarly, the relative uncertainty and the uncertainty in the extrapolated surface
temperature are given in Eq. (31) and (32), respectively.
1
2 2

uT = ± [u + uT1 + u + u x1 ]

(31)

∆T= uT × T

(32)

2
k

2

2
q

where uq is the calculated relative uncertainty of the heat flux.
The uncertainties in the temperature and length measurements are estimated as ±0.5°C and
±0.05 cm, respectively, and the property uncertainty is assumed as ±0.5%. The relative
uncertainties in the maximum heat flux and surface temperature measurements are 2.56% and
9.08%, respectively.
4.3 Heat and Liquid Flow Model
The numerical results were based on a simplified thermal-hydraulic equilibrium model that
includes the viscous liquid pressure drop within the wick structures and liquid-vapor heat transfer
[16], [62]. The heat transfer Q through the TSWPSW is related to the liquid flow rate ṁ and the
heat of evaporation ∆hlg as
.

Q= m ∆hlg .

(33)

The total liquid pressure drop within the wick structures is given by the Darcy-Ergun
momentum equation [Eq. (34)], and the maximum capillary pumping capability ∆pc,max is given in
Eq. (35), given below.
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0 = −∇pl + ρl g −

∆pc,max
=

µl
K

ul −

CE
ρl ul
K 1/2

ul ,

2σ cos θ c
− ρ gLc ,
rc,min

(34)

(35)

where pl is the liquid pressure, µl is the liquid dynamic viscosity, <ul> is the volume-averaged
liquid velocity vector, ρ is the liquid density, K is the wick permeability, CE is the Ergun
coefficient, σ is the liquid surface tension, θc is the wick contact angle (72° for the measured singlelayer uniform wick structures), and rc,min is the minimum capillary meniscus radius. The CHF
occurs when the total capillary pressure drop reaches the capillary pumping limit. Note that the
gravity effect in the liquid pressure drop is negligible due to small Bond number, 1.28×10-4 ≤ Bo
≤ 5.70×10-3.

The Bond number is based on the characteristic particle size of the evaporation

wick, 30 – 200 µm.
Using the energy and mass balance relations, and viscous liquid pressure drop relations,
the final expression for predicting the qCHF for the TSWPSW is given as

Ah2

ρ ( ∆hlg )

2

0.5 Lp 
 CE,c Lc 0.5CE,e Lp 
µl Ah  Lc
2
+
 2 1/2 + 2 1/2  qCHF +

 q − ∆pc,max = 0
ρ∆hlg  Ac K c Ae K e  CHF
Ae K e 
 Ac K c

(36)

where Ah is the effective evaporation surface area, Ac is the cross-sectional area of the post, and Ae
is the effective cross-sectional area of liquid spread in the evaporation wick, with 0 ≤ δ ≤ dp for
the single-layer evaporation wick (dp is the evaporation wick particle size/diameter), as the explicit
relations are given as

Ah =

π
1
1
[π Lp Dc + 3L2p tan( )] + [π ( Dc + 2δ ) 2 ] ,
2
6
4
1
Ac = π Dc2 ,
4
72

(37)

(38)

1
Ae = πδ Lp .
2

(39)

Note that Ah and Ae are related to the effective liquid thickness within the evaporation wick,
i.e., δ, and these were used based on the heat and liquid flow model in the thin wick including the
capillary-meniscus-driven liquid morphologies, as detailed in the previous work [16], [62]. Also,
0.5Lp is used for the lateral liquid spreading length in the thin evaporation wick at CHF. The key
thermophysical parameters used in the model are listed in Table 7 and Table 8.
Note that for 100 and 200 µm particles (Table 3), the previously measured porosity and
permeability were used [74]. Only single-layer wick permeabilities were measured due to
challenging fabrication process for required sample geometries of 2- and 3-layer sintered-particle
wicks.
Table 7: Summary of the thermophysical properties used in the model
Thermophysical Property
Heat of vaporization, ∆hlg
Surface tension, σ
Density, ρ
Dynamic viscosity, µ

Magnitude (Unit)
2360 kJkg-1
0.066 Nm-1
958 kgm-3
47 mPa-s

Table 8: Summary of the number of layers, measured porosity, and permeability of the evaporation
wick used in the model. For 100 and 200 µm particles, the previously measured porosity and
permeability were used [74].
Particle Size, µm
30 (Present Study)
60 (Present Study)
100 [74]
200 [74]

Number of Layers
1
1
1
1
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Porosity, ε
0.48
0.59
0.64
0.52

Permeability, K, m2
1.76×10-12
5.07×10-12
2.04×10-11
7.05×10-11

4.4 Results and Discussion
Experimentally measured heat flux of downward-facing TEWPSW is shown as a function
of wick superheat, including the bare surface and sintered-particle wicks with uniform and
nonuniform particle distributions below.

4.4.1 Bare Surface: Baseline TEWPSW
Figure 28(a) and (b) show the measured heat flux as a function of the wick superheat, and
Heat Transfer Coefficient (HTC) as a function of heat flux, for the TEWPSW with bare surface,
respectively. In fact, it is still very challenging to quantitatively describe the relation between the
heat flux and liquid-vapor morphologies in presence of the wick structures, especially at low heat
flux, primarily due to the complex phase-change heat transfer phenomena [75]. Thus, this study
primarily focuses on the phenomenological description from the visual observations. At given heat
flux, there are five phase-change heat transfer characteristics, which are related to the liquid
morphologies near the vicinity of post wick base (toward the heater), and the liquid morphologies
are designated as “flooded vapor space”, “thick film”, “thin film”, “partial dryout”, and “dryout”
as shown in Figure 28(c) to (f).
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Figure 28. (a) Variations of the heat flux as a function of the wick superheat for a bare surface for
the intercolumnar spacing of post wicks, Lp = 3.5 mm, the post wick diameter, Dc = 2.5 mm, and
the column height, Lc = 2.0 mm. The CHF, qCHF, and schematic of liquid flows are shown. (b)
Variations of the Heat Transfer Coefficient (HTC) as a function of the heat flux for the bare
surface. Schematics of four possible liquid morphologies are also shown. Schematics of the
evaporation surface and the entire TEWPSW at different heat flux ranges for the bare surface. (c)
0 < q < 5 (d) 5 < q < 20 (e) 20 < q < 80 (f) 80 < q < qCHF. The unit of q is W/cm2.

At low heat flux (q < 5 W/cm2), so called “flooded vapor space” [Figure 28(c)], the wick
superheat increases substantially with a small increase in the heat flux, and this is related to a small
HTC due to a flooded liquid layer covering the bare surface. The liquid water completely fills the
space among the post wick, and the heat conducts through the liquid filled wick towards the
separator wick, i.e., just like heat transfer through liquid-submerged fin structures. Very minor
bubbles appear on the bare and phase-separating wick surfaces, and those continue to grow the
vapor size as the heat flux increases. The bubbles are generated from the residual, dissolved gas in
the liquid water. At the moderate heat flux region (5 < q < 20 W/cm2), so called “thick film”
[Figure 28(d)], evaporation occurs at the vicinity of the capillary meniscus, and the capillary
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meniscus front moves toward the bare surface, i.e., the vapor space begins to open up for the vapor
escape, and the vapor discharges to surroundings. The heat flux linearly increases with increasing
wick superheat, and no bubbles are observed. Note that at the moment of the vapor space
occupation, the capillary meniscus radii add additional capillary force, which in turn results in the
small liquid level oscillations in the vapor space. However, it fluctuates during only first ~ 1-2 s,
and then the liquid level and vapor size reach steady state condition. At high heat flux (20 < q <
80 W/cm2), so called “thin film” [Figure 28(e)], the heat flux continues to increase linearly with
increasing wick superheat, but at a smaller increasing rate with increasing wick superheat
compared to the moderate heat flux, 5 < q < 20 W/cm2. As the heat flux increases, it promotes
evaporation rate, and the liquid film begins to recede toward the bare surface and the vicinity of
the post wick for thin liquid film, while the produced vapor escapes through the space among the
post wicks, i.e., efficient liquid and vapor flow separation. The thin liquid film significantly
reduces the conduction length, thereby increasing HTC. Note that the smaller rate of the HTC
increase with respect to heat flux increase is related to the fact that the thin film thickness does not
significantly decrease as the heat flux increases, compared to “thick film”. Further increase in heat
flux (q > 80 W/cm2), so called “partial dry” [Figure 28(f)], results in the continuous thinning of
the liquid film, and it begins to have partial dryout, especially in the central area of the bare surface.
Note that such a thin liquid film potentially allows for enhanced HTC, but the increase in HTC is
minimal due to the partial dry. The complete surface dryout occurs at a heat flux of 152 W/cm2
(30.6°C superheat), i.e., CHF. Note that a minor decrease in HTC at 152 W/cm2 signifies the
complete surface dryout in bare surface. This surface dryout has been similarly reported in both
the vertical and lateral liquid supply capillary-driven evaporation wicks [38], [63], [72]. At CHF,
the liquid supply is limited by the viscous-capillary pressure drop, i.e., liquid chocking, causing
the surface dryout, and this in turn leads to a significant overshoot in the heating surface
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temperature. The obtained result is used as a reference for the thermal performance of TEWPSW
given below.
4.4.2 Particle Size Effect of One-Layer Uniform Wick
To improve the HTC and CHF, the one-layer evaporation wick (sintered particles with
uniform particle size) is employed, while increasing the effective thermal conductivity and liquid
supply to the heated surface via capillary flow. Figure 29(a) shows the variations of the measured
heat flux q with respect to the wick superheat for the 30, 60, 100, and 200 µm copper particles,
including the bare surface [Figure 28(a)]. The corresponding variations of the HTC as a function
of the heat flux is also shown in Figure 29(b). The liquid morphologies at given heat flux are very
similar to those of the bare surface, and here we emphasize differences between the one-layer wick
and bare surface as shown in Figure 29(c) to (f). At low heat flux (q < 0.4qCHF), so called “flooded
vapor space” [Figure 29 (c)], the rate of the change in the wick superheat with respect to the heat
flux is significantly large resulting from the small HTC by the flooded evaporation wick and vapor
space. Similarly, the heat conducts through the flooded post wick towards the phase-separating
wick, and very small bubbles nucleate on the evaporation wick, flooded vapor space, and the
separating wick surface, possibly due to residual dissolved gases in the liquid coolant. These
bubbles continue to grow and coalesce as the heat flux increases, and thereafter spontaneously
escape to the ambient by buoyancy force [Figure 29(d)]. As the space occupies with vapor, the
temperature in the vapor space, i.e., T4 [Figure 27(b)], shows fluctuations ± 15 °C at 0 < q <
0.2qCHF, which are related to the fact that the liquid in the vapor space intermittently touches the
temperature probe. Note that the slight decrease in wick superheat around heat flux of ~10 W/cm2
indicates the transition between conduction/convection (less effective mechanism) heat transfer
and boiling/evaporation (more effective mechanism) heat transfer.
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Figure 29. (a) Variations of the heat flux as a function of the wick superheat for the one-layer
uniform particle evaporation wick. (b) Variations of the HTC as a function of the heat flux for the
one-layer uniform particle evaporation wick. The heat flux versus the superheat and the
corresponding heat transfer coefficient versus the heat flux for the bare copper surface are also
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shown. Schematics of the evaporation wick and the entire TEWPSW at different heat flux ranges.
(c) 0 < q < 0.4qCHF (d) 0.4qCHF < q < 0.8qCHF (e) 0.8qCHF < q < qCHF.

The temperature fluctuation disappears at q > 40 W/cm2, when the surface fully occupies
with vapor, i.e., measuring the saturation temperature through saturated vapor. Between the heat
flux of 0.4qCHF and 0.8qCHF, the wick superheat increases monotonically with the heat flux, and
this is related to the decreasing liquid level in the evaporation wick. The wick superheat continues
to increase with the heat flux as the receding meniscus approaches the neck of the particles. Note
that the minimum thermal resistance (or maximum HTC) is achieved when the liquid meniscus is
just at the particle neck. As the heat flux increases, a partial dryout begins to occur, and the HTC
begins to decrease due to the reducing effective evaporation sites [Figure 29(e)].
Despite larger permeability and cross-sectional area for liquid spread, the 200 µm particles
result in q = 131 W/cm2 heat flux at the wick superheat of 91°C. Note that q = 131 W/cm2 is the
maximum measured heat flux within the operating temperature limit of the test setup, which is
lower than the possible CHF. Note that the operating temperature limit is controlled by the melting
point of the soldering material between the copper substrate and the copper base. This heat flux is
23% lower than the CHF of the 60 µm particle wick. The relatively large superheat may be
attributed to the lower capillary pumping capability in the 200 µm particle evaporation wick due
to the larger capillary meniscus [76]. On the other hand, the high CHF and low wick superheat of
the 60 µm particle wick are related to the fact that the high capillary pumping capability from the
small pore size overweigh the reduced permeability from the small pore size, and the small
thickness of the wick results in the smaller conduction path, thereby leading to low wick superheat
(large HTC). Similarly, the 30 and 100 µm particle wicks outperform the 200 µm particle wick
both in CHF and HTC, i.e., 135 W/cm2 at 39°C wick superheat and 129 W/cm2 at 54°C wick
superheat, respectively.
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In fact, the one-layer evaporation wicks with 30, 100, and 200 µm particles result in lower
CHF and HTC than the bare surface, i.e., only 60 µm particle evaporation wick results in higher
CHF and HTC. This is related to the characteristic capillary flows for different particle sizes. The
100 and 200 µm particle evaporation wicks show the significant partial dryout at relatively high
heat flux (HTC decreases after the maximum HTC) compared to 30 µm particle evaporation wick
(nearly constant HTC near the maximum HTC). The early partial dryout in 100 and 200 µm
particle evaporation wicks result from small capillary pumping capability (large capillary meniscus
radii), which in turn limit effective evaporation sites and lateral capillary flow. The limited
capillary flow results in small HTC and CHF. However, the 30-µm-particle wick has small
permeability, which results in limited lateral capillary flow in the evaporation wick for lower HTC
and CHF.
4.4.3 Particle Distance Effect of One-Layer Uniform Wick
Figure 30(a) and (b) shows the heat flux with respect to the wick superheat for the onelayer, 100 µm sintered particles with the 100 µm particle-particle distance (tightly packed, Ls =
100 µm, Figure 29) and Ls = 150 µm (loosely packed). At q < 60 W/cm2, the wick with Ls = 150
µm shows a larger wick superheat, i.e., lower HTC, compared to that of the bare surface, but it
results in a similar result to that of Ls = 100 µm. The large wick superheat represents thicker
effective liquid film in the one-layer wick, i.e., flooded wick compared to that of the bare surface
[Figure 28(c) and (d) vs Figure 29(c)] since the wick structure brings more liquid via capillary
flow. At q > 60 W/cm2, the wick with Ls = 150 µm allows for the efficient capillary meniscus front
recess toward the heated surface, and this in turn results in a similar effective liquid film thickness
to that of the bare surface for the similar HTC. However, the wick with Ls = 150 µm reduces the
CHF by 13% since the capillary pumping capability decreases from the large capillary meniscus
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radius. The wick with Ls = 100 µm results in the larger wick superheat than that of Ls = 150 µm
due to partial wick dryout resulting from poor wick permeability, i.e., the decrease in Ls reduces
the wick permeability much more than that of increasing the capillary pumping capability via
capillary meniscus reduction. The smaller wick permeability of Ls = 100 µm also leads to lower
CHF compared to that of Ls = 150 µm.

Figure 30. (a) Variations of the heat flux as a function of the wick superheat for the one-layer
uniform particle evaporation wick (100 µm particle size) with particle-particle distance of Ls = 100
µm (tightly packed particles) and 150 µm (loosely packed particles) and bare surface, and (b)
variations of the corresponding HTC as a function of the heat flux.

4.4.4 Thickness Effect of Uniform Wick
To further delay complete surface dryout and increase the HTC, we increase the wick
thickness, i.e., two- and three-particle layers in the evaporation wick. The increased wick thickness
not only reduces the flow resistances by increasing the effective cross-sectional area of lateral
liquid flow in the evaporation wick, but also increases the HTC by minimizing the partial surface
dryout at the expense of increasing the thickness of the conduction length. Figure 31(a) shows the
heat flux (up to the critical heat flux qCHF) as a function of the wick superheat for the double-layer
30, 60, 100, and 200 µm particle wicks. The corresponding HTC as a function of the heat flux is
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also shown in Figure 31(b). At low heat flux (q < 10 W/cm2), the thermal performances of all the
two-particle-layer wicks are like those of the one-layer wicks, and those result in the larger wick
superheat compared to that of the bare surface. The larger wick superheat is related to the thick
effective thermal conduction path length compared to that of the bare surface. As the heat flux
increases (10 < q < 30 W/cm2), the wick superheat decreases due to the liquid-vapor phase change
as well as the influence of the meniscus formation in the different pore sizes of the evaporation
wick. Similar two-phase flow phenomena were reported in the previous study [68], [76], [77]. The
wick superheat of 60 µm particle is like that of the bare surface, whereas the others result in the
larger wick superheat at given heat flux. At moderate heat flux, i.e., 30 < q < 100 W/cm2, the wick
superheat increases slowly due to the receding liquid meniscus (reduced thermal conduction
length) in the evaporation wick, and this continues as the liquid meniscus approaches the particle
neck. In fact, the HTC of all the particle sizes increases compared to the one-layer wick. Note that
the two-layer wick increases the effective conduction length, thereby expecting smaller HTC.
However, the increased HTC of the two-layer wick is attributed to the increased effective
evaporation surface areas compared to the one-layer wick. The maximum HTC is found at the
minimum meniscus recess, i.e., minimum overall wick thermal resistance. The wick superheat of
60 and 100 µm particles are smaller than that of the bare surface, whereas the 30 and 200 µm
particles result in the similar wick superheat at given heat flux. This may be related to the fact that
the 60 and 100 µm particles allow for increased effective evaporation surface areas and reduced
effective thermal conduction length compared to that of the bare surface, while the 30 and 200 µm
particles result in the similar ones to the bare surface due to limited capillary flow either low
permeability (30 µm particle) or poor capillary pumping capability (200 µm particle). The 60 µm
particles show the highest HTC with a value of 7.7 W/(cm2 K) at a superheat of 15°C. At high heat
flux, q > 100 W/cm2 until it reaches the CHF, the partial dryout occurs, which in turn results in a
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large wick superheat increase with respect to the increase in heat flux. This is more pronounced in
the 60 and 100 µm particles, and sharp HTC decreases are found [Figure 31(b)], while the 30 and
200 µm particles show the plateaus in HTC. The 60 µm particles provide the largest CHF, qCHF =
177 W/cm2 at the wick superheat of 29.8°C, which is 4% improvement compared to the 60 µm
one-layer wick. This improvement is attributed to the enhanced lateral liquid flow through the twolayer wick due to the increased cross-section area.

Figure 31. (a) Variations of the heat flux as a function of the wick superheat and (b) variations of
the HTC as a function of the heat flux for the double-layer uniform particle evaporation wick. (c)
Variations of the heat flux as a function of the wick superheat and (d) variations of the HTC as a
function of the heat flux for the three-layer uniform particle evaporation wick.
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To further understand the wick thickness effects, the three-layer wicks are also investigated
as shown in Figure 31(c) and (d). For the 30, 60, and 100 µm particle wicks, the CHF reduces
compared to the two-layer wicks. This may be related to the decreased permeability from the threetime sintering process, i.e., increased particle melting effects compared to the two-time sintering
process (two-layer). For the three-time sintering process, the particle-particle joint necks increase
by increasing the numbers of sintering process, thereby decreasing the permeability as shown in
Figure 32. In fact, the measured porosity of the one-time-sintered wick (ε = 0.55) is 12% higher
than the three-time-sintered wick (ε = 0.49), for the three-layer 100 µm particles. The three-layer
30, 60, and 100 µm particle wicks also reduce the HTC compared to the two-layer wicks. This
may be attributed to the fact that the reduced permeability limits the liquid supply, which in turn
leads to the premature partial dryout and reduced HTC, especially at the high heat flux. However,
the three-layer 200 µm-particle wick marginally increases the CHF and HTC than those of the
two-layer wick. The minor CHF improvement may be caused by the increased liquid supply
through the larger cross-section area (for the larger particles, 200 µm, the particle melting effect
may not be pronounced compared to the smaller particle sizes, < 200 µm). The increased HTC
may be related to the reduced effective conduction length by moving the capillary meniscus front
toward the copper substrate through the large pore openings, compared to the smaller particle size
wicks, i.e., < 200 µm.

84

Figure 32. Schematic diagram of (a) particle geometry and arrangement before the sintering
process, (b) particle geometry and arrangement after the sintering process. After the sintering
process, the pore sizes in the wick structure are reduced, thereby reducing permeability.

To further understand the origin of the reduced CHF and HTC, the three-layer evaporation
wick was fabricated using one-time sintering (for minimal permeability reduction from sintering
process), and the heat flux with respect to the wick superheat was measured to compare with that
of the three-layer evaporation wick using three-time sintering as shown in Figure 33.
Note that only 100 µm-particle wick was measured to avoid the extensive experiments, but
the results would be instructive to explain the similar phenomena for evaporation wicks with other
particle sizes. In Figure 33(a) and (b), at low heat flux (q < 50 W/cm2), the three-time-sintered
wick has higher HTC compared to the one-time-sintered wick, and this may be due to higher
thermal conductivity by increasing particle-particle joint neck width from the extensive melting,
i.e., improved particle-particle connectivity. At higher heat flux (q > 50 W/cm2), the HTC and
CHF of the one-time-sintered wick are higher than that of the three-time-sintered wick. The
enhanced HTC and CHF may be attributed to the fact that the higher porosity and permeability of
the one-time-sintered wick result in larger effective evaporation surface area and lateral capillary
flow through the evaporation wick. However, the HTC of the one-time-sintered evaporation wick
is lower than that of the two-layer wick, mainly due to the thicker wick thickness, while showing
marginal CHF improvement from the larger cross-section area.

85

Figure 33. (a) Variations of the heat flux as a function of the wick superheat and (b) variations of
the heat transfer coefficient as a function of the heat flux for the two- and three-layer 100 µm
particle evaporation wicks, including one-time and three-time-sintered wicks.

To clearly show the effects of evaporation wick thickness on CHF and wick superheat, the
experimental results for each of the evaporation wick are compared in Figure 34(a) to (h). For all
the particle sizes (30, 60, 100, and 200 µm), the two-layer wicks show significant HTC and CHF
enhancement compared to that of the one-layer wick. These enhancements are primarily due to the
increased effective cross-sectional area for lateral capillary flow and effective evaporation sites
from larger particle surface areas. Note that the increased wick thickness is expected to decrease
HTC if the HTC is related to conduction dominant heat transfer mechanism. However, the
experimental results show that the HTC is not conduction dominant phenomena in the length scale
of one- and two-particle-layer thicknesses. The CHF of the two-layer 30 µm particle wick is 30.4%
higher than that of the one-layer wick, whereas the CHF of the two-layer 60 µm particle wick
shows no significant enhancement. And for the 100 µm particles, the two-particle-layer
evaporation wick produced a 31.8% CHF enhancement over the one-layer wick. However, threelayer wick shows marginal improvement for HTC and CHF in the 200 µm particle wick compared
to two-layer wicks, whereas the three-layer wick with 60 µm particles decrease the CHF and HTC.
86

For the three-layer wick with 100 µm particles, the CHF enhancement was 22.5% compared to the
one-layer wick. Note that the one-time-sintered wick with 100 µm particle outperforms that of the
three-time-sintered wick at high heat flux (~ 13.2% higher in CHF), but even one-time-sintered
wick shows similar HTC and CHF to that of the two-layer wick. This is similar to all the particle
size wicks, and the experimental results indicate that the thicker wick does not significantly
improve the lateral capillary flow and effective evaporation sites.
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Figure 34. For the one-, two-, and three-layer 30 µm particle evaporation wicks, (a) variations of
the heat flux as a function of the wick superheat and (b) variations of the HTC as a function of the
heat flux. For the one-, two-, and three-layer 60 µm particle evaporation wicks, (c) variations of
the heat flux as a function of the wick superheat, and (d) variations of the HTC as a function of the
heat flux. For the one-, two-, and three-layer 100 µm particle evaporation wicks, (e) variations of
the heat flux as a function of the wick superheat, and (f) variations of the HTC as a function of the
heat flux. For the one-, two-, and three-layer 200 µm particle evaporation wicks, (g) variations of
the heat flux as a function of the wick superheat, and (h) variations of the HTC as a function of the
heat flux.

Figure 35 shows the effects of the particle sizes on the CHF, qCHF, and the maximum HTC,
hmax, for the one-, two-, and three-layer evaporation wicks. Note that both the qCHF and the hmax
data were normalized by the CHF and maximum HTC of the bare surface, respectively. For the
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one- and two-layer wicks, both the CHF and the HTC marginally increase with the particle size
with the peaks at 60 µm, and then they decrease as the particle size increases. This shows that
particle size is critical to the heat transfer performance. For the three-layer wick, it does not show
the apparent particle size effects on CHF and HTC compared to those of one- and two-layer wicks.
Perhaps, this may be related to the particle meting during the three-time sintering process
minimizes the particle effects on the heat transfer performance. In fact, the capillary pressure
increases by decreasing the capillary meniscus radius, pc ~ 1/rc, while the permeability decreases
by decreasing the pore radius, K ~ rp2. Thus, it is expected to increase the liquid supply by
increasing the particle sizes, thereby increasing CHF. However, it is not clearly observed in this
study. To further understand the liquid supplying mechanisms from the post wick to the
evaporating surface, we are currently working on the liquid supply mechanisms while changing
the pitch distance of the columnar posts and their impacts on CHF.

Figure 35. (a) Normalized CHF and (b) normalized maximum HTC as a function of particle size
for one-, two-, and three-layer evaporation wicks. Uncertainty bars are also shown.

Figure 36 shows the predicted results of the CHF for one-layer evaporation wick as a
function of the particle diameter using Eq. (36), compared with the experimental results. The
predicted qCHF is 76 W/cm2 at 30 µm particle, and it increases as the particle increases to 60 µm
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particle, qCHF = 150 W/cm2 due to the increase in liquid permeability. As the particle size increases
to 100 µm particle, the qCHF decreases to 132 W/cm2 due to the increase in the capillary meniscus
radius that reduces the liquid pumping capability in the evaporation wick, and then the qCHF
increases to 350 W/cm2 at 200 µm particle. Overall, the predicted results show a similar trend to
the experimental results with respect to the particle size. However, for the 30 and 60 µm particles,
the model underpredicts the measured CHF by 43 and 13%, respectively, while for the 100 µm, it
agrees the experimental result within 2% error. The discrepancy between the model and
experimental results may be caused by the fact that the particle arrangement and particle size
distribution are highly non-uniform in the evaporation wick and the volume average approach in
the model is not ideal to predict the broad range of the particle size. The predicted results can be
improved using the pore-scale simulation [14]. Note that no CHF was measured for the 200 µm
particle due to the operation limit, so it does not compare with the experimental result.

Figure 36. The predicted CHF as a function of particle diameter for one-layer evaporator wick.
The experimental results are also shown.

4.4.5 Particle Size Effect of One-Layer Bimodal Wick
To examine the effects of the two different particle size on the CHF and HTC, the bimodal
wicks (evaporation wicks with two different particle sizes) are examined. The role of the large
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particles is to provide larger effective cross-sectional area for lateral capillary flow, whereas the
small particles increase the capillary pumping capability via a small capillary meniscus without
significantly decreasing the wick permeability [74]. Figure 37(a) shows the variations of the
measured heat flux as a function of the wick superheat for the one-layer bimodal wicks with
100/200 and 60/200 µm particles, and Figure 37(b) shows the corresponding HTC with respect to
the heat flux. In Figure 37(a), the 100/200 µm-particle wick shows a similar characteristic to that
of the one-layer 200 µm-particle wick with marginally lower CHF, while it shows a higher wick
superheat than that of the one-layer 100 µm-particle wick. In other words, the 100 µm of 100/200
µm wick does not significantly change the effective evaporation surface area and pumping
capability, compared to that of the 60 µm of 60/200 µm wick. However, the 60/200 µm particle
wick significantly reduces the wick superheat compared to the one-layer 200 µm-particle wick at
given heat flux, while it shows a higher wick superheat than that of the 60 µm particle wick at
higher heat flux with a similar CHF. The enhanced CHF in the 60/200 µm particle wick is related
to the fact that the 200 µm particles provide the larger effective cross-sectional area for lateral
capillary flow and the 60 µm particles increase capillary pumping capability via small capillary
meniscus. Note that the 60/200 µm particle wick marginally reduces the wick superheat compared
to that of the 60 µm particle wick at low heat flux. Also, note that the difference between the CHF
of the 60 µm and the 60/200 µm particle wicks is less than 3%, indicating that the CHF is controlled
by the smaller particle size, i.e., 60 µm particles.
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Figure 37. For the one-layer bimodal wicks (60/200, and 100/200 µm), (a) variations of the heat
flux as a function of the wick superheat and (b) variations of the HTC as a function of the heat
flux. The results for the bare surface, one-layer 60, 100, 200 µm uniform particle wicks are also
shown.

In Figure 37(b), the HTC of 100/200 µm particle wick shows a similar HTC to that of 200
µm particle wick, while it is lower than that of 100 µm by ~ 40% at q = 80 W/cm2. The HTC of
60/200 µm particle wick significantly increases compared to 200 µm particle wick, however, it is
lower than the 60 µm particle wick at high heat flux. The increased HTC in presence of 60 µm
compared to 200 µm uniform particle wick is attributed to the fact that the smaller particle size
efficiently reduces the liquid film thickness as shown in Figure 38(b) and (c). Note that the HTC
for the 60/200 µm particle wick remains nearly constant at high heat flux, and this may be due to
the absence of the wick partial dryout resulting from the presence of small capillary meniscus, i.e.,
60 µm. The 60 µm uniform particle wick still has significantly higher HTC at high heat fluxes than
the bimodal wicks, and this may be due to the larger evaporation site density (triple phase contact
lines per heating surface area, especially at high heat flux) compared to the uniform 200 µm and
60/200 µm bimodal wicks as shown in Figure 38(a)-(c). In fact, the HTC of 60/200 µm particle
wick is lower than that of the bare surface, and the decrease becomes more pronounced at higher
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heat flux. This may be attributed to the decrease in the number of evaporation sites (solid-liquidvapor interface) as the liquid recedes within the wick structure due to increasing heat flux as
illustrated in Figure 38(c) and (d).

Figure 38: Schematic of the liquid film morphologies in the evaporation wicks at low heat flux, q
< 50 W/cm2, and high heat flux, q > 50 W/cm2, for one-layer uniform (a) 60 µm, (b) 200 µm
particle wicks, (c) one-layer non-uniform (bimodal) 60/200 µm particle wick, and (d) bare surface.
The effective film thicknesses, δ and particle diameters, dp, are also shown.
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4.4.6 Thickness Effect of Bimodal Wick
To examine thickness effects of the bimodal wick, the heat transfer characteristic of the
two- and three-layer bimodal wicks are shown in Figure 39. The two-layer bimodal wicks [Figure
39(a) and (b)] increases the CHF and HTC compared to those of the one-layer bimodal wicks. The
qCHF = 211 W/cm2 is observed for 100/200 µm bimodal wick, which are larger than those of all
other two-layer wicks. Both 60/200 and 100/200 µm wicks show a similar maximum HTC to that
of the bare surface and 200 µm uniform wick at high heat flux, q > 80 W/cm2, while the HTC of
60/200 µm wick shows higher HTC due to the smaller particle size, i.e., 60 µm compared to
100/200 µm at low heat flux, q < 80 W/cm2. Note that the HTC for the bimodal wicks remains
constant at high heat flux, and this may be due to the absence of partial dryout from the presence
of the smaller particles. However, the bimodal wicks result in lower HTC than those of the 60 and
100 µm wicks.
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Figure 39. For the two-layer bimodal wick (60/200 and 100/200 µm), (a) variations of the heat
flux as a function of the wick superheat, and (b) variations of the HTC as a function of the heat
flux. For the three-layer bimodal wick (60/200 and 100/200 µm), (c) variations of the heat flux as
a function of the wick superheat, and (d) variations of the HTC as a function of the heat flux. The
results for the bare surface, two- and three-layer 60, 100, 200 µm uniform particle wicks are also
shown.

The thicker bimodal wicks, i.e., three-layer bimodal wicks [Figure 39(c) and (d)],
marginally increase both CHF and HTC compared to their corresponding two-layer wicks, except
the three-layer 60/200 µm bimodal wick that shows a lower HTC than its corresponding two-layer
wick. The enhanced CHF is related to the combined effects of the larger cross-section areas for
the lateral capillary flows through the bimodal wicks, increased capillary pumping capability via
the presence of the smaller particles and marginal improvement of the wick permeability [74].
Also, the increased HTC in the three-layer 100/200 µm bimodal wick (compared to the two-layer
wick) is related to larger effective evaporation sites (thin liquid film near capillary meniscus
crescent). In fact, the CHF of the three-layer 100/200 mm is 223 W/cm2, i.e., qCHF = 223 W/cm2,
and HTC of the three-layer bimodal wicks are larger than those of the three-layer uniform 100 and
200 µm particle wicks, and the HTC is also higher at high flux, q > 120 W/cm2, without the
significant partial dryout. On the other hand, the three-layer 60/200 µm results in the lower CHF
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and HTC than those of three-layer 100/200 µm bimodal wick. Note that in the one- and two-layer
bimodal wicks, the CHF and HTC of the 60/200 µm bimodal wick is higher than 100/200 µm. The
experimental shows that the larger particle size difference of the bimodal wick, i.e., 60/200 µm,
improves the CHF and HTC in one- and two-layer wicks, whereas the smaller size difference
improves them more efficiently in the three-layer wicks, especially at high heat flux.
To clearly show the effects of bimodal wick thickness on the CHF and HTC, the experimental
results for each bimodal wick thickness are compared in Figure 40. For the 60/200 mm bimodal
wick [Figure 40(a) to (b)], the three-layer wick shows the larger CHF than that of one- and twolayer wicks, while the two-layer wick shows the maximum HTC at all the heat fluxes. The
enhanced CHF is primarily due to the increased across section area for enhanced liquid supply
through the evaporation wick. Also, the larger HTC of the two-layer wick is attributed to the
increased effective evaporation sites as it has the increased numbers of particles. The CHF of the
two- and three-layer 60/200 µm wicks are 9% and 18% higher than that of the one-layer wick,
respectively. For the two- and three-layer 100/200 µm wicks [Figure 40(c) to (d)], the CHFs are
211 and 223 W/cm2, respectively, and the three-layer shows the largest CHF and HTC. Note that
the present study did not achieve CHF for the one-layer 100/200 µm wick due to the limitation of
the operation limit of the test setup. Also, the particle melting effect by the three-time sintering
process do not significantly lower the performance of the three-layer bimodal wicks compared to
the uniform particle wicks.
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Figure 40: (a) Variations of the heat flux as a function of the wick superheat for the 1-layer, 2layer, and 3-layer 60/200 µm particles. (b) Variations of the HTC as a function of the heat flux for
the 1-layer, 2-layer, and 3-layer 60/200 µm particles. (c) Variations of the heat flux as a function
of the wick superheat for the 1-layer, 2-layer, and 3-layer 100/200 µm particles. (d) Variations of
the HTC as a function of the heat flux for the 1-layer, 2-layer, and 3-layer 100/200 µm particles.

The magnitudes of the measured CHF, wick superheat at CHF, maximum HTC, wick
superheat at maximum HTC, and the minimum wick thermal resistance for each of TEWPSW are
summarized in Table 9.
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Table 9: CHF, wick superheat at CHF, maximum HTC, wick superheat at maximum HTC, and
minimum wick thermal resistance for the TEWPSW.
Wick structure type
Particle size,
No. of
layers
(µm)
Bare surface
0
30
1
60
1
100
1
200
1
60/200
1
100/200
1
30
2
60
2
100
2
200
2
60/200
2
100/200
2
30
3
60
3
100
3
1
100, Ls = 150 µm
200
3
60/200
3
100/200
3

qCHF
(W/cm2)
151
135
171
130
167
176
177
170
157
182
211
160
164
158
133
175
197
223

∆T @ Max.
Rth,min
HTC,
(K/(W/cm2)
(K)
30.6
5.0
28.0
0.1984
37.8
4.1
30.9
0.2446
27.5
6.2
22.4
0.1608
53.6
3.4
26.8
0.2961
No CHF is measured due to operation limit
39.4
4.3
35.8
0.2353
No CHF is measured due to operation limit
33.4
5.5
24.0
0.1806
29.8
7.7
14.9
0.1307
32.7
6.5
16.7
0.1542
33.3
4.9
24.2
0.2013
37.2
5.0
25.5
0.2002
38.6
5.5
38.6
0.1828
31.7
5.3
27.1
0.1873
33.4
5.4
23.5
0.1841
38.8
4.1
38.8
0.2430
29.0
4.9
24.8
0.2043
36.0
5.7
17.9
0.1743
47.0
4.6
24.2
0.2190
38.6
6.1
29.6
0.1647
∆TCHF
(K)

Max. HTC
(W/cm2 K)

4.5 Conclusion
In this study, thin sintered-particle wicks with uniform and bimodal particle sizes are
experimentally studied to fundamentally understand the phase-change heat transfer phenomena on
the various particle size and wick thickness effects. The heat flux for eighteen (18) TEWPSWs
with different evaporation wick designs, i.e., 30, 60, 100, 200, 60/200, and 100/200 µm with 1, 2,
and 3 layers each, are measured as a function of the wick superheat using water as a coolant at
ambient pressure under the downward facing orientation. The measured heat flux of the wick is
compared with that of the bare copper surface. The experimental results show that the bimodal
evaporation wick fabricated using three layers of 100/200 µm copper particles allowed for the
98

highest CHF, 223 W/cm2 at 38.6°C wick superheat (48% improvement of CHF compared to the
bare surface), while the maximum HTC of 7.7 W/(cm2 K) was achieved with the two-layer 60 µm
particles at a wick superheat of 14.9°C. The improvements are related to the enhanced capillary
liquid supply to the heated surface and increased evaporation sites, respectively. The two-layer
wicks performed better than the one-layer wicks, however, only the three-layer 200, 60/200, and
100/200 µm particles performed better than two-layer wicks. The reduced CHF of the three layers
may be related to the particle melting during the three-time sintering process, i.e., reduced
permeability.
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CHAPTER 5

CONCLUSION AND FUTURE STUDIES

5.1 Observation
The novel wick structure which consisted of a bare surface evaporator for reducing the surface
superheat and a thick coolant supply wick was studied for enhancing the coolant supply. Also, the
phase-separating wick was attached to the coolant supply wick to ensure the efficient vapor escape
channels. To minimize the gravity-driven liquid supply, the liquid reservoir was placed below the
wick structure, i.e., downward facing orientation. It was observed that the phase-separating wick
effectively separated the vapor-liquid flow during operation, while the liquid channels maintained
continuous liquid supply to the evaporation surface even at relatively high heat flux. The effects
of particle size and center-to-center distance of the liquid supply wicks on the CHF of the novel
wick with a bare surface evaporator were also examined. The heat flux was measured as a function
of the surface superheat for different post-post pitch distances (Lp = 2.5, 3.5, 4.5, and 7 mm) and
average particle sizes (<dp> = 350 and 550 µm), using distilled water as a working fluid. The
results showed that the CHF increases as the pitch distance decreases from Lp = 7 to 3.5 mm in
both particle sizes due to the increased liquid supply through the post wicks, while it decreases
below Lp = 2.5 mm in both particle sizes due to the liquid entrainment limit, i.e., the maximum
CHF is observed at Lp = 2.5 to 3.5 mm. The measured maximum CHF and Heat Transfer
Coefficient (HTC) with 350 µm particle size was 184 W/cm2 (24.9°C superheat) and 7.7 W/cm2K (144 W/cm2 heat flux), respectively, and 207 W/cm2 (44.3°C superheat) and 5.4 W/cm2-K (118
W/cm2 heat flux) for the 550 µm particle size, both at Lp = 3.5 mm. The CHF models, both the
capillary-viscous and entrainment limits, predicted the optimal particle size, showing that it
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increases with increasing pitch distance of the post wicks at given post wick geometries. This was
determined to be related to the type of limitation that controls the CHF, i.e., either capillary-viscous
limit or the entrainment limit. Also, the results showed that the CHF using the 550 µm wick
exceeds that of 350 µm at given pitch distance, due to the large liquid permeability [78].
To further enhance the CHF and HTC of the novel wick structure, the enhanced capillary
performance of the bi-particle-size, sintered-particle wicks were examined. The bi-particle-size
wicks were sintered particle wicks having two different particle sizes (200/60, 200/100, 350/60,
550/60 µm) with two different particle weight ratios (75:25 and 50:50 wt%), and the wickability
are characterized using a rate-of-rise method with FC-72 as a working fluid. It was found that the
wickability of bi-particle-size wicks is higher than those of uniform particle wicks by 27 to 35%.
This enhancement was determined to be due to the increased permeability from the large particle
size and the reduced effective capillary meniscus radius from the small particles [41].
Furthermore, the bi-particle size sintered particle wick was integrated in the novel wick, i.e.,
the bare surface evaporator with distributed liquid channels and a phase-separating wick, to
examine the CHF and HTC enhancements due to the augmented capillary flow performance of the
bi-particle evaporator wick. The heat flux was measured as a function of the wick superheat using
different particles sizes and thicknesses of the thin wick, i.e., 30, 60, 100, 200, 60/200, and 100/200
µm with 1 - 3 layers. Visual observation revealed that the phase-separating wick effectively
separated the vapor and liquid flow within the wick during operation. The post-analyzed results
showed that 60 µm particles result in the minimal wick superheat at q < 100 W/cm2 for 1 and 2
layers of the wick, while the 100/200 µm particles with 3 layers leads to the maximum heat flux
of 223 W/cm2, which is 48% enhancement compared to the bare copper surface, and 27 – 41%
enhancement compared to the 3-layer uniform particle wick. Also, it was found that the 2- and 3layer wicks substantially decrease the wick superheat compared to the single layer wick, although
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the wick thickness (conductive thermal resistance) is larger. This was attributed to the 2- and 3layer wick enhance the liquid supply, by increasing the cross-section area of the wick, thus,
delaying the surface dryout [15].
In general, both the CHF and HTC can be enhanced using optimal wick designs of both the
evaporator and liquid supply structures. An effective vapor-liquid flow separation in a downwardfacing wick design can be achieved with a phase-separating wick. Moreover, an optimal wick
capillary performance needs the use of non-uniform particle size, this would take advantage of the
smaller effective pore radius of the smaller particles and the larger permeability of the larger
particles.

5.2 Future Work
The results of the present study have shown that the phase-separating wick when integrated to
the upside-down oriented wick structure can effectively separate vapor and liquid flow. It has also
shown that both CHF and HTC can be enhanced using optimal wick designs that would give the
best combinations of geometrical properties such as particle size, number of particle layers, and
pitch distance, and capillary characteristics such as effective pore radius and permeability. Based
on the experimental design of the studies described in this research, there are numerous possible
particle combinations and wick geometries, most of which are intricate and complex. The present
wick fabrication technique is not capable of effectively producing wick structures. Other drawback
of the present wick fabrication process includes long manufacturing time, a minimum of 8 hours,
and inherently fragile finished products. It is recommended that 3D printing techniques which have
the potential of producing less fragile metal wick structures with predefined geometrical and
capillary properties under relatively short manufacturing period are utilized. This would enable the
design and development of tailored wick structures with optimal combination of capillary
performance characteristics for CHF and HTC enhancements.
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