
Research Paper

Porous mesh manifold for enhanced boiling performance

Roman Giglio a,1, Muhammad R. Shattique b,1, Ercan M. Dede c, Sreekant Narumanchi d,  
Mehdi Asheghi e, Kenneth E. Goodson e, James W. Palko a,*

a Department of Mechanical Engineering, University of California, Merced, CA, USA
b Materials and Biomaterials Science and Engineering Graduate Program, University of California, Merced, CA, USA
c Electronics Research Department Toyota Research Institute of North America, Ann Arbor, MI, USA
d National Renewable Energy Laboratory, Golden, CO, USA
e Department of Mechanical Engineering, Stanford University, Stanford, CA, USA

A R T I C L E  I N F O

Keywords:
Boiling Enhancement
Critical Heat Flux
Electronics Cooling
Heat Transfer Coefficient
Porous Structures

A B S T R A C T

High-performance electronics are continuously demanding cooling of higher heat fluxes. Phase-change cooling, 
including pool boiling, is a useful approach to address this challenge; however, competition between liquid and 
vapor flows generally limit the heat fluxes that can be dissipated. A range of strategies to control these flows have 
been investigated previously, including capillary guides. Here a manifold structure formed from a metallic mesh 
is investigated to control the disposition of liquid and vapor phases above a pool fed boiling surface enhanced 
with porous structures. Copper mesh forms defined liquid flow paths, using capillary action to guide and 
distribute liquid evenly over the heated surface, along with open channels to facilitate vapor escape. The mesh 
provides a novel structure for liquid guidance that imposes low resistance to liquid flow while occluding a 
minimal area of heated surface underneath. The manifold performance is characterized in boiling fed by a pool of 
water above a laser-textured aluminum nitride heat dissipation surface with pin–fin structures having heights of 
110 µm and spacing of 30 µm with a heated area of 5 mm x 5 mm. A maximum heat flux of 490 W/cm2 is reached 
with the manifold in the pool fed configuration, representing an increase of more than 65% over the porous pin 
fin surface alone. The maximum stable superheat observed for the manifold of 36 K is 14 K higher than that for 
the porous surface without the manifold. The factors limiting performance of the manifold are analyzed. High 
superheat is attributed to partial flooding of the boiling surface as suggested by the reduction in superheat using 
external suction. Similar systems and structures for enhanced two-phase cooling are compared.

1. Introduction

Thermal management is an important element in many advancing 
technologies. For example, power electronics have a constantly evolving 
need for removal of larger heat loads with lower thermal resistance.[1]
Electric vehicles, renewable energy converters, radars, 3D-integrated 
microelectronics, and laser diodes are a few prominent examples of 
power electronic applications with severe thermal management con
straints.[2–5] Various advanced applications target performance 
requiring dissipation of heat fluxes of 1 kW/cm2 and beyond. Current 
approaches to cooling high heat loads primarily focus on single-phase 
liquid cooling, but phase-change liquid/vapor cooling offers potential 
for dissipation of larger heat fluxes with smaller thermal resistance.[6]
The maximum heat flux that can be dissipated, or “critical heat flux” 

(CHF), is thus a key metric of performance for two-phase cooling 
approaches.

Phase-change cooling takes a variety of forms including pool boiling, 
flow boiling, and capillary- fed evaporation, but in all cases, the limits to 
dissipated heat flux are associated with the ability to deliver liquid to the 
phase-change surface. The flow of liquid is strongly influenced, in turn, 
by the presence of the emanating vapor. Improving device CHF requires 
control of the multiphase liquid/vapor flow.[7] Pool boiling from a flat, 
unmodified, hydrophilic surface in water provides a critical heat flux of 
~ 115 W/cm2 and a corresponding heat transfer coefficient of ~ 7.0 W/ 
(cm2⋅K).[8] Liang and Mudawar reviewed models describing CHF in 
pool boiling.[9,10] Models invoking hydrodynamic stability of the 
liquid and vapor disposition above the heated surface, such as those 
related to the Zuber model[11], are successful in predicting behavior for 
smooth, wetting surfaces. However, it has also been clearly 
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demonstrated that surface properties play an important role in deter
mining CHF performance. Kandlikar proposed a model accounting for 
the effect of liquid contact angle,[12] and Rahman, et al. correlated CHF 
with the wicking capability of textured surfaces.[13]

The introduction of roughness or porous surface structures to a 
cooling surface is an effective method for enhancing performance of 
phase-change cooling. The study of surface enhancements is extensive 
and covered in various reviews including those of Liang and Mudawar
[14] and Mori and Utaka.[15] Modghadasi et al. used photolithography 
to make a range of wick sizes to compare wettability/ porosity to heat 
transfer coefficient. The highest HTC was attributed to the surface with 
the most nucleation sites and surface area.[16] Mehdikhani et al. 
compared different methods using electro-deposition to make boiling 
surfaces. A maximum heat flux of 112.4 W/cm2 is reached using a high- 
surface-area copper surface.[17] Haji et al. considered injection flow 
rate, solution concentration and spray time of titanium dioxide hydro
philic nanoparticles in electrostatic deposition and identified optimal 
parameters for this process for increasing critical heat flux and heat 
transfer coefficient.[18] The impact of wick conductivity on heat 
transfer effectiveness is studied by Lv et al.[19]

Rahman, et al. proposed a model accounting for the wicking effect of 
a porous surface in pool boiling.[13] This model invokes a mechanism of 
capillary wicking from regions of the surface that are wetted to those 
that are dry, e.g., under a bubble or vapor column. This situation is 
somewhat analogous to that of a porous surface experiencing evapora
tion while fed from the edges by capillary wicking, such as in a heat pipe. 
The performance of such a wick is determined by the viscous resistance 
for flow of both liquid and vapor phases. The flow directions of these 
phases are perpendicular. A thicker wick leads to lower flow resistance 
for the liquid in the plane of the wick but additional resistance for the 
vapor flow normal to the plane. Zhang et al. presented a model for this 
competition for a porous wick operating in boiling with an unobstructed 
vapor path above and a reservoir of liquid to the side.[20] The ultimate 
heat flux that can be dissipated in this situation is limited by the vapor 
flow resistance, and the area over which this flux can be removed is 
determined by the liquid resistance. For given wick pore size, liquid and 
vapor permeabilities, and thickness, there is a maximum distance, 
designated the critical wicking length, over which the capillary pressure 
supported by the wick can supply adequate liquid for the cooled area 
operating at the heat flux imposed by vapor escape from the wick. 
Beyond this length, partial dry-out of the wick will occur and only a 
portion of the wick will function. This is closely associated with the 
“boiling limit” of heat pipes where the low relative liquid permeability 
of the partially vapor saturated wicks provides the limit for maximum 
dissipated heat.[21] For an inverse opal wick with 5.4 µm minimum 
feature size and thickness of approximately 30 µm, the critical wicking 
length is approximately 300 µm.[20]

The stability of liquid flow paths to the heated surface, in opposition 
to the flow of the vapor away from the surface, is key to determining 
CHF in pool boiling. Multiple strategies have been implemented to 
ensure liquid delivery reaches the boiling surface evenly and 
adequately. These approaches control the distribution of liquid and 
vapor near the boiling surface to minimize competition between the two 
flows. Liter and Kaviany investigated porous surface coatings with 
modulated surface topography which impose the spacing of liquid and 
vapor jets.[22] An enhancement in CHF of more than 3x over a plain 
surface was demonstrated, and detailed models for the interaction of the 
porous layer and pool hydrodynamics for this and related systems were 
presented. Additional applied methods include partially insulated sur
faces, mixed wettability surfaces, and hierarchal porous structures as 
discussed below.

One method that has shown effectiveness in directing liquid and 
vapor transport in pool boiling is controlling the flow of heat through the 
boiling surface via modulation of substrate thermal conductivity. This 
approach creates high heat flux regions where vapor is generated and 
low flux regions allowing liquid return. By controlling the positions of 
the regions, the competition between liquid supply and vapor escape is 
reduced. Rahman et al. introduced low conductivity strips to portions of 
a copper surface, lowering the total effective area but enhancing overall 
performance.[23] Xin, et al. show that low conductivity areas limit the 
size of the vapor bubbles, contributing to greater boiling performance in 
solutions with surfactants.[24] Heidary, et al. investigated the optimal 
ratio of insulated channel width, depth and pitch.[25] The researchers 
find that the channel pitch influences bubble departure diameter and 
that the shallowest insulating channels show the highest performance. 
In an additional study, Heidary et al. show the effect of adding channels 
with and without insulation to a boiling surface. It is found that the 
partially insulated surface has greater performance than that of the 
surface with a greater active area.[26] A cross pattern of low conduc
tivity material was investigated by Xie et al.[27] and compared to a 
uniform surface and a bi-conductive parallel surface. The cross pattern 
of low conductivity material performed better than baseline studies, 
especially when the edges of the surface were left unmodified.

Another related approach modulates surface wettability creating 
“biphilic” surfaces. Hydrophilic regions have high wettability with 
enhanced heat flux dissipation capability as discussed above. Hydro
phobic surfaces promote early onset of nucleate boiling (ONB) reducing 
superheat associated with incipience of boiling and resulting in high 
heat transfer coefficients. Betz et al. introduced Teflon (AF400, Dupont) 
islands onto a surface with high wettability. The critical heat flux and 
heat transfer coefficient were increased 65 % and 100 %, respectively, 
when compared to a purely hydrophilic surface.[28] Haji et al. consid
ered multiple biphilic surface configurations to find an optimum. Crit
ical heat flux and heat transfer coefficient are increased by 130.2 % and 
140 %, respectively, compared to a plain copper surface.[29] Shim, et al. 
created a superbiphilic (SBPI) surface to direct liquid entry and vapor 
escape comprising a superhydrophilic, silicon nanowire base with 
fluoro-octyltrichloro silane superhydrophobic dots. The authors find a 
non-dimensional liquid supply factor to guide design of surfaces.[30]
Three-dimensional structures have also been studied to further separate 
wetting and vapor growth. Zhang et al. demonstrated that rectangular 
fins with hydrophilic bases and hydrophobic tips can reduce the ONB 
superheat to 1◦C.[31]

Hierarchical wicking structures have also been used, applying 
capillary action to promote fluid flow across a boiling surface. Many 
researchers have created tailored porous structures to move liquid 
across the boiling area of a capillary-fed surface.[32–38] Commonly, 
larger feature size wicks help move liquid across the boiling surface to 
feed smaller-feature-size wicks. The larger feature sizes result in higher 
permeability that can sustain higher flow rates. The smaller feature size 
wicks draw liquid from the larger wick to sustain boiling. This combi
nation suppresses dry-out by supplying working fluid directly to dry 
areas on the boiling surface. Critical heat flux generally occurs when 

Nomenclature

Symbols
u Flow velocity [m/s]
μ Dynamic viscosity [Pa • s]
δ Width [m]

h Height [m]

Greek Symbols
Δp Pressure gradient [Pa/m]

Abbreviations
HTC Heat transfer coefficient
TCR Temperature coefficient of resistance
CHF Critical heat flux
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available capillary suction is unable to supply necessary liquid flow 
through the combined resistance. A benefit of capillary-driven bi-porous 
structures is simplicity in design and application. Sudhakar et al. 
demonstrated a two-level wick that provided separate flow paths for 
vapor and liquid and even supply of liquid to the heat transfer surface 
via distributed connections between the two levels. This system dissi
pated up to 485 W/cm2 over an area of 1 cm2.[38]

Hierarchical surface modifications have also been used to influence 
the liquid and vapor flows above the surface in pool boiling. Patsuzko 
et al. examined both perforated foil and wire mesh additions to micro- 
fins. The highest performing test case was with micro-fins covered by 
a mesh with an aperture of 0.32 mm.[39] A study using a femtosecond 
laser to make rose petal inspired wicking structures was performed by 
Long et al.[40] Both wicks and liquid flow channels were made to 
improve nucleate boiling and rewetting, respectively. The rose petal 
wicking structures reach a CHF and HTC of 239.4 W/cm2 and 26.0 
W/

(
cm2⋅K

)
, respectively. Wu et al. demonstrated the applicability of a 

picosecond laser to make ultrathin heat transfer devices. A novel 
grooved-porous composite wick structure was made on 0.6 mm thick 
copper plate. A combination of micro and nano groves is made to 
improve wettability.[41] Sun et al. shows that the simple application of 
a copper mesh above a sintered particle surface helps working fluid 
rewet the surface.[42] Mori et al. showed that adding a porous, hon
eycomb plate over a boiling surface can dramatically increase the crit
ical heat flux,[43–45] achieving a CHF of 320 W/cm2 in a water based 
TiO2 nanofluid.[46] The authors propose a model for CHF for the system 
determined by the balance of the capillary pressure supplied by the 
porous honeycomb plate and the total pressure drop through the system 
including the viscous liquid and vapor losses and acceleration pressure.

The investigations discussed above show the potential to enhance 
CHF in pool boiling via combinations of porous surface enhancements 
with structures to direct liquid and vapor flow above the surface. 
Theoretically, carefully designed guiding structures evenly distributing 
liquid over porous surfaces should be able to dissipate heat fluxes 
nearing the intrinsic local limit of the porous surface itself, imposed by 
vapor escape and exceeding 1 kW/cm2 for small wicking distances (e.g. 
several hundred microns).[20] The performance of current systems is 
well below these limits, and a number of outstanding questions remain 
regarding the design of these systems. As shown by Mori, et al.,[43] the 
resistance for liquid supply from the pool must be minimized while still 
maintaining adequate control of the distribution of liquid and vapor and 
not blocking vapor escape from a large portion of the heated surface. 
Preferred or optimal forms of a capillary structure to guide liquid have 
not been determined. Likewise, while there has been significant inves
tigation of the influence of surface properties and structures on the hy
drodynamics of a free pool and the overall effect on CHF,[22]
investigation of the influence of capillary guiding structures for liquid 
has largely been limited to consideration of viscous flow resistance 
through the porous guides. In particular, liquid entrainment and intru
sion in the vapor channels has not been investigated extensively.

This paper presents a novel manifold consisting of copper mesh that 
is oriented vertically and acts as a hierarchical wicking structure to 
control the flow of liquid and vapor above a horizontally oriented heated 
porous surface in boiling. Through this positioning and the differing 
wicking length scales at the manifold and heated surface, the copper 
mesh provides a low-resistance path for liquid replenishment to the 
heated surface while ensuring robust vertical separation of the liquid 
and vapor flow paths. Further exploiting the mesh structure and orien
tation, the novel liquid guide has a thin cross section that occludes less of 
the boiling surface than structures explored in the past.[43] The con
struction of the manifold additionally highlights the use of low-cost 
materials plus straightforward and scalable fabrication methods. The 
paper is organized as follows. The manifold design and construction are 
presented and the approach for heat transfer performance testing for an 
integrated manifold/wick system is described. Results for heat transfer 

behavior of the manifold/wick system are explored, including CHF and 
heat transfer coefficient values. We then analyze the various mecha
nisms influencing manifold performance, including liquid interaction 
with the vapor flow paths, and compare the performance to other sys
tems in literature.

2. Approach

We evaluate the effectiveness of the mesh manifold in managing 
liquid delivery to and vapor escape from a heated porous surface in pool 
fed boiling in water.

2.1. Porous mesh guides for liquid delivery

In this paper, we present a passive pool fed boiling enhancement 
approach that separates vapor escape and liquid feeding with a metallic 
mesh manifold using capillary action. Fig. 1a schematically shows the 
manifold structure and function. Boiling occurs within the porous sur
face underneath the manifold. The copper mesh defines the flow path for 
liquid based on capillarity and guides it from the pool to the boiling 
surface of a heated porous wick. Spaces between the liquid channels 
present pathways for vapor escape. The liquid channels are distributed 
over the heat dissipation surface to minimize the distance the liquid 
must travel in the heated porous wick. Excess flow from the outer pool is 
restricted by solid walls at the edges of the manifold. The combination of 
the capillary suction of the mesh and the escaping vapor limit flooding 
liquid from the pool covering the heat transfer surface, reducing resis
tance for vapor escape. (However, some liquid flooding is likely present, 
as discussed later.) Liquid is driven to the heat dissipation surface pri
marily by the capillary suction of the wick, but there is also a gravita
tional driving force due to the difference in height between the liquid 
pool surface and the wick. To communicate the capillary suction of the 
fine porous features of the heated surface to the coarser mesh, they must 
achieve close contact to facilitate bridging of the liquid (Fig. 1a inset). 
Given the relatively high thermal resistance for conduction into the 
mesh, no appreciable boiling is expected within the mesh itself.

Fig. 1b is a micrograph of a portion of a manifold assembled with an 
AlN substrate with pin–fin surface enhancements. Fig. 1c shows an 
exploded view of the manifold. Liquid enters the mesh via plenums at 
either end of the channels that are open to the pool and travels along the 
mesh to the heated surface.

Three basic principles guide the design of the manifold: 1.) Estab
lishing a pitch for the liquid channels similar to the estimated critical 
wicking distance for the porous structures (Fig. 1a)[20]; 2.) Maximizing 
liquid flow from the pool, through the channels, and to the heat dissi
pation surface; and 3.) Minimizing resistance for vapor escaping from 
the wick. These three objectives lead to multiple tradeoffs in the detailed 
design of the manifold. For example, a thicker liquid channel leads to 
lower liquid flow resistance but covers more of the wick and reduces the 
area available for vapor escape. Larger feature size for the liquid channel 
reduces liquid flow resistance but decreases the maximum capillary 
pressure that the liquid channel can support, limiting its ability to 
contain the liquid. These design choices also depend on the porous heat- 
dissipating surface. A thinner heated wick has higher potential critical 
heat flux due to a lower vapor resistance but also has a smaller critical 
wicking length, requiring reduced liquid channel spacing.[20] The 
result of balancing these design tradeoffs is a reduction in the compe
tition between liquid and vapor flow, resulting in the dissipation of 
larger heat fluxes over large areas.

2.2. Manifold

The manifold is constructed from stacked layers of #100 copper 
mesh (250 µm thickness) and solid copper spacers. The spacers are 
chosen to provide 375-µm-wide vapor channels and 625–µm pitch be
tween liquid channels. These spacings are chosen to minimize the 
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distance for liquid transport in the heated wick while maintaining a 
vapor channel width larger than the wire spacing of the mesh (254 µm), 
which is key to avoiding liquid saturation of vapor channels as discussed 
below. The layers are held together for convenience by compression 
applied via screws outside of the active area of the manifold, though 
monolithic manifolds have also been fabricated via sintering of the 
copper layers. The outer, impermeable layers of the manifold are formed 
from solid polyimide sheets. Fig. 2 shows a schematic of the manifold 
and component layers along with a photograph of an assembled 
manifold.

The final dimensions of the assembled manifold are 9 mm x 5.1 mm 
x 23 mm. The mesh structures are oriented perpendicular to the heat 
dissipation surface after manifold fabrication is complete, and the active 
footprint of the manifold on the heat dissipating wick is 5 mm x 5 mm. 
Fig. 2d shows the manifold placed normal to the wicking surface.

For liquid to enter the manifold, large cavities are created in the 
extremities of the manifold, forming plenums. Liquid enters the cavities 
through holes in the outer polyimide walls covered with copper mesh 
washers. The cavities also serve as through-holes for the assembly 
screws.

2.2.1. Manifold materials
The manifold uses plain weave copper mesh with a wire pitch of 

100/inch (nominally 254 µm pitch). The wires have a diameter of ~ 
114 µm, resulting in a minimum opening size of ~ 140 µm. The thick
ness of the mesh is approximately 250 µm. The capillary behavior of this 
mesh including maximum capillary pressure and permeability of the 
free-standing mesh has been measured previously.[47] The maximum 

capillary pressure in the mesh was found to be 1020 ± 20 Pa via an 
equilibrium capillary rise method, and the maximum permeability 
thickness product was measured to be 8 × 10–15 m3. (The cross-sectional 
area for flow in the free-standing mesh is ambiguous, so the product of 
permeability and mesh thickness is the most appropriate characteristic 
of flow resistance for the mesh.).

Spacers defining the vapor channels are made of 127 µm thick cop
per. A polyimide sheet (127 µm thick) forms the wall between the 
manifold and the pool of water. Polyimide is chosen for its high tem
perature resistance and ease of processing. #2–56 stainless steel screws 
and nuts are used to hold the manifold together. Permeable washers, 
made of the same #100 copper mesh, are applied between the screws 
and the polyimide wall to allow liquid access to the plenums.

2.2.2. Manifold fabrication
The layers of the manifold are patterned using ultraviolet (UV) laser 

ablation. The performance of the manifold depends strongly on the 
capillary action of the mesh. Therefore, a clean and consistent surface is 
important. Before the manifold is assembled, the copper is chemically 
cleaned and etched to remove contaminants and provide a uniform 
surface. Organic residue on the mesh is removed via soaking in isopropyl 
alcohol, acetone, and then hexane in series. We then etch the mesh using 
1% sulfuric acid for 40 min at 80 ◦C. After etching, the mesh is rinsed 
with water and cleaned again with isopropyl alcohol, acetone and then 
hexane. Once dry, the manifold layers are carefully stacked by hand. The 
stack consists of the following layers in order:

1.) Mesh washers, 2.) Polyimide wall, 3.) Copper mesh, 4.) Seven 
units of three copper shim spacers and one copper mesh (depicted in 

Fig. 1. Manifold structure and function. a.) Manifold cross section. Liquid is guided through mesh channels to the porous heat dissipation surface by capillary action 
where boiling occurs. Vapor escapes through the spaces between channels. The inset shows a magnified view of the manifold/wick interface. Liquid is drawn from the 
mesh by the high capillary pressure of the wick. Close contact between the manifold and wick is required to maintain a continuous liquid flow path. However, 
comparatively high thermal resistance between the wick and mesh minimizes boiling in the mesh. b.) Micrograph of assembled manifold/AlN substrate with porous 
surface enhancement. c.) Exploded oblique view of the manifold showing flow of liquid from the pool, through plenums, to the heated surface and vapor escape from 
the surface.
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Fig. 2a), 5.) Polyimide sheet, 6.) Mesh washers.
Close contact between the manifold and wick is essential to opera

tion, but the surface resulting from laser ablation is not highly planar. 
We planarize the bottom manifold surface (facing the heated wick) by 
grinding. To polish the manifold without deformation, the assembled 
manifold is embedded in Crystalbond 509 mounting adhesive. The 
embedded manifold is hand polished using a succession of finer grit SiC 
abrasive papers. Crystalbond is dissolved in acetone following grinding. 
After removal, the manifold is soaked in acetone overnight and then 
ultrasonically cleaned with fresh acetone to remove any remaining 
Crystalbond. Fig. 2c shows an assembled manifold. Manifolds are stored 
under vacuum desiccation between experiments to minimize accumu
lation of organic contaminants.

2.3. Enhanced boiling surface

The performance of the manifold is evaluated in conjunction with an 
enhanced boiling surface. Boiling occurs on the surface below the 
manifold while the copper mesh helps guide liquid and vapor paths. The 
capillary pressure from the wicking surface drives liquid flow through 
the copper mesh to replenish boiling.

2.3.1. Pin-fin surface
The manifold is mounted on a fine-featured boiling surface formed 

by UV laser ablation of an AlN substrate (shown in Fig. 3). The surface 
wicks are produced by a cross-hatching pattern using mild laser settings.
[48] The resulting surface consists of a square array of conical pin fins. 
The pin fins have a pitch of 30 µm and height of approximately 110 µm. 
The wicks have a rough surface resulting from the laser ablation. Pro
filometry measurements indicate a surface roughness of 1.8 ± 0.5 µm on 
average. The high surface area and surface roughness of the AlN pin–fin 
microstructures enhance capillarity. The pores in between pillars serve 
as nucleation sites for boiling. The porous structure covers an area on the 
substrate of 5 mm x 5 mm. The AlN substrate (MTI Corp.) is initially 

0.635-mm-thick with a specified purity of 99 % and thermal conduc
tivity specified as exceeding 170 W/m⋅K. The ablated surface is covered 
after laser processing to protect the features during mounting. No 
additional treatment is applied to the ablated surface prior to testing, 
and the wicks are maintained under vacuum desiccation between ex
periments. Transport in the wick is characterized via capillary rate of 
rise measurements [41,49] as detailed in supplementary information.

2.4. Thin film heater and temperature measurement

The porous surface is heated by a thin film resistor consisting of a 
titanium-platinum bilayer (25 nm titanium adhesion layer and 120 nm 

Fig. 2. Manifold construction a.) Top view schematic of assembled manifold. b.) Mesh and spacer configuration. c.) Assembled manifold as viewed from bottom 
(wick contact surface). Note planar polished bottom surface assuring uniform contact with the heated wick. d.) Schematic of copper mesh manifold showing the 
orientation above the heated wicking surface.

Fig. 3. Scanning electron microscopy images of porous microstructures on the 
heat dissipation surface crafted from aluminum nitride using a nano-second 
pulsed ultra-violet laser. The pin–fin micro-structures are conical in shape 
with approximate diameter of 30 µm and height of 110 µm.
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platinum layer) with an area of 5 mm x 5 mm directly opposite the 
textured surface. To ensure that the thin film is stable during boiling 
experiments, the substrate is annealed for approximately 7 days at 
155 ◦C. The platinum heater also serves as a resistance thermometer. 
Temperature is determined by resistance measurements across the 
heater and is calculated using the temperature coefficient of resistance 
(TCR) (see supplementary information section 1.2). Power dissipation 
from the heater is determined by the product of measured voltage and 
electrical current through the thin film. Fabrication of the heated surface 
has been discussed in detail in supplementary information section 1.

2.4.1. Heat loss and surface temperature corrections
The AlN substrate is insulated from below with silicone to minimize 

heat loss through modes other than boiling from the porous surface. 
Parasitic heat loss as a function of heater temperature is determined by 
measurement of steady-state dissipated power from a configuration with 
the manifold replaced by silicone insulation, preventing heat transfer 
from the wick surface. Heat flux reported here is corrected for parasitic 
heat losses by subtraction of the calculated heat loss at the measured 
heater temperature for each observation.

The temperature measured at the heater differs from the temperature 
presented at the wicking surface due to the thermal resistance of the 
aluminum nitride substrate. Temperatures reported for the boiling sur
face are calculated based on the measured heater temperature and heat 
flux, adjusting for conduction across the substrate. The temperature 
drop due to conduction is calculated assuming 1D conduction and the 
minimum specified substrate thermal conductivity (170 W/(m⋅K)) for 
the corrected heat flux (with parasitic loss excluded). Details of the 
parasitic heat loss characterization and heater temperature calculation 
are described in supplementary information section S1.2.

2.5. Testing procedure

The manifold is tested above a wicking surface acting in boiling in a 
nearly saturated pool of water open to the laboratory atmosphere. The 
wicking surface itself is also tested in pool boiling independently of the 
manifold.

2.5.1. Manifold mounting
The mounting of the manifold to the wick must be rigid and robust to 

maintain contact during boiling. Because an adhesive may clog the 
various porous structures in the system, we use a mechanical frame to 
hold the manifold in place. Fig. 4 shows a schematic of the boiling 
experimental setup. Additional figures detailing the setup, including 
standalone wick testing, are provided in supplementary information

section 1.4.

2.5.2. Pool boiling procedure
Testing is performed in a pool of water maintained near saturation 

temperature by immersion heaters. To minimize wave action near the 
manifold, immersion heaters are positioned well away from the mani
fold and a wire mesh barrier is used to suppress waves generated by 
boiling from the immersion heaters. Pool temperature is logged with a 
traceable Pt resistance temperature detector for use in calibration of 
heater temperature. During experiments, the pool temperature varies 
between 91–92.5 ◦C, due to fluctuations in the room ambient. The 
experiment is vented to the laboratory atmosphere. The pool tempera
ture is limited to values somewhat below saturation by heat loss to the 
surroundings and the need for some separation distance between the 
immersion heaters and sample. During experiments, the level of the pool 
surface is maintained ~ 5 mm above the heated surface. Electrical 
current is supplied to the heater at incrementally increasing levels until 
critical heat flux is reached. CHF is defined by a rapid excursion in 
temperature. Once CHF is reached, the heater power is immediately 
removed. Current and voltage are logged at 100 Hz using a data 
acquisition system (Labjack T7pro). The heater resistance and power are 
found using Ohm’s law. Heat flux is defined as the dissipated power 
divided by area. Additional details of the experimental procedure and 
data analysis are provided in supplementary information.

3. Results and discussion

The manifold separates the flow paths of liquid and vapor during the 
boiling process. This allows a significant increase in heat flux dissipation 
in pool fed boiling beyond that from the porous surface without further 
augmentation.

3.1. Heat transfer behavior

Fig. 5 shows the heat transfer performance for the manifold/wick 
system over five trials compared to the standalone porous surface for 
pool boiling in ambient atmosphere. The maximum CHF measured for 
the system with manifold is 490 W/cm2 (with a range of 430 W/cm2 to 
490 W/cm2 and an average of 462 W/cm2). This represents a > 65 % 
increase compared to the bare wick, which dissipates 292 W/cm2 for 
the best performing sample. The experimental trials in Fig. 5 are labeled 
in the order conducted. There is a notable increase in CHF and superheat 
from the first to final run, with each successive run resulting in an 
increased value. We interpret this change to be the result of corrosion of 
the copper and AlN surfaces by water resulting in more hydrophilic 
surfaces. It has been demonstrated that hydrophilicity improves wick
ability, a driving factor in CHF performance.[13] Corrosion of AlN in 
water is well established [50] and is also noted in experiments of the 
heated surface alone (see supplementary information). The AlN hydro
lyses in contact with water, producing porous hydroxides of aluminum. 
The corrosion of AlN is greatly accelerated by boiling from the heated 
surface, so we expect the primary contribution to the corrosion of the 
AlN wick to come from the experimental time under heating, not simply 
exposure to the water pool.

3.1.1. Superheat
The maximum superheat measured at the boiling surface was ~ 36 

◦C. The measured temperature is an average of the entire heated area. 
Representative uncertainty in temperature is indicated in Fig. 5 and 
described in supplementary information section 2. We note that the 
primary contributions to this uncertainty are the pool temperature and 
heater TCR. Both these contributions affect the absolute but not the 
relative temperatures calculated. I.e., the data may be shifted along the 
x-axis, but the shape and relative position of the curves with respect to 
one another are not likely to be significantly changed. The remaining 

Fig. 4. Schematic of experimental assembly for pool boiling experiments with 
manifold over heated porous surface. Experiments are conducted in a pool of 
water heated near saturation by an immersion heater. Manifold contact to the 
heated AlN substrate is maintained by clamping by a polycarbonate frame. 
Temperature is measured at the bottom of the heater, opposite to the AlN wicks.
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uncertainty in temperature and the uncertainty in heat flux are both 
smaller than the symbol size. No estimate of uncertainty is included for 
the thermal conductivity of the substrate.

Fig. 6 depicts the heat transfer coefficient versus heat flux for the 
manifold/wick system. The heat transfer coefficient is measured as the 
heat flux corrected for parasitic heat losses divided by the superheat 
(relative to the 100 ◦C saturation temperature at ambient) at the wicking 
surface. The maximum heat transfer coefficient reached is 13.4 W/ 
(cm2⋅K) with a maximum differential heat transfer coefficient dqʹ́/dT of 
42 W/(cm2⋅K). The standalone wick in comparison achieves a maximum 
heat transfer coefficient of 14.1 W/

(
cm2⋅K

)
. The absolute heat transfer 

coefficient is lower than the wick alone due to the higher superheat, as 
addressed below, but differential heat transfer coefficients are similar.

The superheat for the manifold/wick system is significantly 
increased compared to the wick alone. For similar heat fluxes, the su
perheat for the manifold system is ~ 10 ◦C higher. We believe the high 
superheat to be due to uneven flooding of the porous surface by the pool. 
We base this conclusion on experiments applying external suction via 
thin tubes introduced into the vapor channels as shown in Fig. 7 (and 

supplementary information section 1.5). Suction results in a mean 
decrease in superheat of > 2.5 ◦C over a wide range of heat fluxes, even 
for the relatively small area directly affected by the suction (emanating 
from 7 tubes with outer diameter of ~ 410 µm spread over the 5 mm x 
5 mm boiling surface). Based on this result, we understand excess liquid 
flow from the pool to partially fill some vapor channels resulting in 
locally poor boiling performance. The liquid present above the boiling 
surface is held in place by the manifold creating resistance to vapor 
escape and insulating portions of the boiling surface (Fig. 7). Flooding 
may occur from gaps where the polyimide sidewalls meet the substrate, 
through the plenums, under the manifold, or from the edges of the 
manifold through the mesh. Suction also lowers the maximum observed 
CHF by ~ 12%, likely due to removal of liquid and obstruction of vapor 
escape paths.

3.2. Factors limiting maximum heat flux

A variety of factors may limit the performance of the system in terms 
of maximum heat flux. We consider each of them here.

Fig. 5. Heat transfer performance for manifold/wick system for pool fed boiling in water at ambient pressure. Dissipated heat flux (corrected for parasitic loss) is 
presented versus boiling surface temperature (corrected for conduction through the substrate). Performance for a stand-alone heat dissipating wick is also shown. 
Five experimental runs on the same sample are presented and labeled in the order conducted.

Fig. 6. Heat transfer coefficient for the manifold/wick system as a function of 
heat flux for pool fed boiling in water. Heat transfer coefficient is defined with 
respect to superheat above saturation. Five trials for the same sample are 
shown, labeled in the order performed.

Fig. 7. Schematic of partial flooding of porous surface and action of suction. 
Local flooding is likely to drastically reduce the heat transfer from regions of the 
porous surface, resulting in elevated average temperature. Suction eliminates 
flooding locally, resulting in a reduction in surface temperature.
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3.2.1. Heated wick performance
The heated wick itself may pose a limit. As discussed above, for thick 

wicks, resistance to vapor permeation through the wick may limit ulti
mate heat flux, but this is unlikely for the thin and open wick considered 
here. More relevant to the current case, there is a maximum heat flux 
that can be dissipated by the wick corresponding to the required lateral 
distance liquid must travel from the nearest reservoir (liquid channel) to 
the center of the evaporating region (vapor channel). Data correlating 
heat flux to maximum wicking distance is not available for the current 
pin–fin wick. However, thinner wicks with smaller feature sizes have 
been shown to support higher heat flux than observed here for wicking 
distances on the order of half the vapor channel width (~190 µm).[20]

3.2.2. Viscous flow resistance for liquid in the manifold mesh
Viscous drag for liquid in the mesh forming the manifold may also 

limit the maximum heat dissipation of the system. The liquid flow rate 
through the copper mesh is limited to that supported by the maximum 
capillary pressure sustained by the mesh. We expect an increase in the 
lateral transport distance in the mesh to result in lower CHF due to the 
increased viscous drag for liquid transiting the additional length. We 
have conducted experiments with manifolds having active areas of 10  
mm x 5 mm over heated areas of 5 mm x 5 mm (i.e., with lateral 
transport distance doubled). These experiments show a CHF approxi
mately 50% lower than the original (5 mm x 5 mm) design, potentially 
indicating effects of liquid viscous resistance in the mesh. However, we 
note that that other effects may influence this result.

Calculations of the flow driven by the maximum capillary pressure of 
the mesh (~1000 Pa) suggest higher potential heat flux. The one 
dimensional flow supported by meshes of various lengths and pressure 
gradients has been determined previously by integration of the mesh 
flow resistance and as a function capillary pressure along the flow di
rection.[47] For example, the mesh is calculated to support a superficial 
velocity of 6.8 mm/s (corresponding to a heat flux of 600 W/cm2) over 
a mean distance of 10 mm,[47] which is significantly longer than the 
flow paths experienced in the current system.

One possible cause of the discrepancy between the observed and 
calculated mesh liquid flow capacity is the effect of vapor channel 
flooding, as discussed above. The increased perimeter of the larger- 
active-area manifold provides additional opportunities for uncon
trolled liquid flow from the pool, leading to additional flooding, which 
may clog the vapor channels preventing vapor escape, as considered 
below. Additionally, non-ideal contact between the mesh channel and 
the wick below may influence liquid flow performance. Gaps between 
these two elements may allow vapor intrusion and prevent liquid 
bridging, raising the fluid flow resistance into the wick, as mentioned 
below. We do note significant variability in performance for manifolds 
poorly seated on the wick.

3.2.3. Viscous flow resistance for vapor in the manifold
Vapor escape is essential to the functioning of the system. For the 

maximum heat flux measured, the Reynolds number for the escaping 
vapor is ~ 110, and the resistance to vapor escape can be approximated 
based on laminar flow between parallel plates,[51]

Δp = uvaph
12μvap

δ2
vap

(1) 

where h is the height of the manifold, δvap is the width of the vapor 
channel, and μvap is the dynamic viscosity of the vapor. For the manifold 
operating at a heat flux of 450 W/cm2, the vapor experiences a pressure 
drop of ~ 50 Pa.

This small pressure has minimal effect on the phase-change process. 
From the Clausius–Clapeyron slope, this corresponds to a saturation 
temperature change of ~ 0.01 ◦C. The pressure of the vapor can impact 
the flow of liquid in the mesh, via the capillary pressure. The capillary 
pressure is the difference between the external vapor pressure and the 

internal liquid pressure. As the vapor pressure at the bottom of the 
channel increases to supply larger vapor flow, the capillary pressure at 
the bottom of the mesh correspondingly increases. However, the 
calculated change in vapor pressure across the height of the manifold is 
unlikely to significantly affect the resistance of the mesh to liquid flow. 
Previous characterization shows that significant change in permeability 
does not occur until capillary pressures of above 600 Pa.[47] The 
contact surface between the manifold and meshes may be particularly 
sensitive to intrusion of vapor. Therefore, the manifold and wick must 
mate without significant gaps to maintain a capillary bridge between the 
two. In the current implementation, this is achieved by polishing the 
lower manifold surface to ensure planarity.

Despite the low pressure drop in the vapor channel, the interaction 
between vapor and liquid flows may still have a meaningful impact on 
manifold performance. Although the porous guides reduce the compe
tition between liquid and vapor flow, there is still an interaction at the 
liquid channel surface, where the fast-moving vapor exerts a drag on the 
liquid. The shear from the vapor can drive the liquid away from the heat 
dissipation surface. At sufficiently high vapor velocities, this action may 
result in entrainment of liquid droplets in the vapor flow. We have 
imaged the ejection of liquid droplets from the manifold, Fig. 8. How
ever, we are not able to quantify the effect on liquid flow. Entrainment is 
a known limitation in the operation of thermosyphons and heat pipes, 
including those with mesh wicks; however, the significance for 
capillary-driven heat pipes has been questioned.[21]

The relative magnitude of the shear stress compared to the capillary 
action of the mesh can be quantified by the Weber number. For the mesh 
wire pitch (~250 µm) and vapor velocity corresponding to 450 W/cm2 

heat flux, the Weber number is ~ 0.075. Models developed for heat 
pipes suggest a critical Weber number of ~ 1 for entrainment to become 
significant.[21] It is possible that significant surface flow on the mesh is 
more sensitive to shear from the vapor than the mesh/solid wall 
configuration usually treated in heat pipes.

Fig. 8. Liquid ejection from manifold due to vapor flow at higher heat flux. A 
liquid droplet (circled in red) is shown along with additional liquid ejection 
(blurred area to left of arrow). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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3.2.4. Liquid intrusion in the vapor channel
In addition to the vapor flow resistance provided by the mesh 

channels, liquid may be present in the vapor channels beyond the 
flooding of the heated surface discussed above. This state results in a 
complex two-phase condition in the vapor channels, with a very high 
resistance to vapor flow expected. The vapor channels are completely 
flooded at startup and only cleared once there is sufficient vapor flow to 
force the liquid out. Due to the larger vapor channel width (~400 µm) 
compared to the feature size of the mesh itself (~250 µm), we anticipate 
that the vapor channels are mostly clear at capillary pressures where the 
mesh retains liquid. However, we cannot directly determine the distri
bution of liquid in the vapor channel. The presence of liquid in the vapor 
channels may account for the ejection of droplets from the manifold, 
despite the small Weber number. Importantly, liquid bridging in the 
vapor channel is the primary limit on the minimum width of the vapor 
channel. Reduced liquid channel spacing would reduce the required 
liquid flow per channel and enhance CHF. However, at vapor channel 
widths similar to or smaller than the mesh feature size, the vapor 
channel would be expected to robustly retain liquid, eliminating the 
phase separation function of the manifold. We note that the hydrostatic 
pressure of the water at the pool height of ~ 5 mm above the heated 
surface is similar to the viscous pressure predicted for vapor escape 
(~50 Pa).

3.3. Temperature stability

We have focused on the steady-state behavior of the manifold/wick 
system, but the manifold also influences the transient behavior. The 
manifold provides a steady supply of liquid to the heat dissipation sur
face. In comparison, surfaces undergoing normal pool boiling experi
ence significant local excursions in temperature as bubbles form, grow, 
and depart. This effect is especially dramatic as the surface approaches 
CHF.

Due to the small thermal mass of the system, we can directly observe 
thermal transients. Fig. 9 shows a histogram of instantaneous temper
ature observations over ~ 40 s at each heat flux. As heat flux increases, 
the stability improves somewhat until heat fluxes near CHF are reached. 
This is in contrast to unaided pool boiling which shows significant 
instability as the transition boiling regime is approached.

3.4. Comparison to other works

Table 1 provides examples of related studies applying approaches to 
guide liquid and vapor flow in pool boiling using water along with 
representative performance metrics.

Mori et al. studied a nanoparticle coated surface in combination with 
a porous plate.[46] The use of porous guides to control liquid–vapor 
flow configuration was similar to the current work, but the guides had a 
much smaller pore size with a median pore radius of 130 nm. Conse
quently, the guides provided much stronger capillary suction to contain 
liquid but required larger thicknesses (0.45 mm) to convey liquid due to 
the higher flow resistance of the fine pore structure. The pool boiling 
configuration included a pool height above the top of the guides.

A number of studies have specifically applied mesh or similar con
structions in combination with porous structures to form hierarchical 
systems to control liquid and vapor flow in boiling. Pastuszko et al. 
added mesh or perforated plates above pin fin arrays with boiling tests 
performed in water, ethanol, FC-72, and Novec 649.[39] Sun et al. 
created hierarchical sintered copper pillars on mesh with the surface 
further treated to form nanoscale porosity.[42] Zhong et al. created a 
hierarchal boiling surface with very low incipience to boiling and high 
heat transfer effectiveness at low heat flux.[52] Mesh is welded on top of 
nanoparticles in this implementation. These studies use meshes that are 
oriented parallel to the heated surface limiting the effect on the liquid 
and vapor flow to near the heated surface compared to the orthogonally 
oriented mesh in the current manifold.

Rahman, et al. increased the heat transfer performance in pool 
boiling by adding low conductivity material to the surface (bi-conduc
tive).[53] In research on bi-conductive boiling surfaces, Xie et al. stud
ied the influence of the pattern on performance.[27] Mixed wettability 
surfaces (bi-philic) were studied in Haji et al. to increase boiling 

Fig. 9. Temperature variation of heated surface in manifold/wick system at 
various dissipated heat fluxes for pool boiling in water. Frequency of instan
taneous temperature observations over 40 s periods are reported for each 
heat flux.

Table 1 
Comparison of structures to direct liquid and vapor flow in pool boiling with 
water.

Reference Approach Area Performance

This study Mesh manifold above pin fin array 5 mm x 
5 mm

CHF: 490 W/ 
cm2 

HTC: 13.4 W/ 
(cm2⋅K)

Mori et al.
[46]

Honeycomb porous plate over 
surface with nanoparticle 
depositions

7 cm2 CHF: 320 W/ 
cm2 

HTC: 14.5 W/ 
(cm2⋅K)

Pastuszko et 
al[39]

Surface-wicks in combination with 
perforated metal foil and wire 
mesh

26.5 mm 
x 26.5 mm

CHF: 46 W/ 
cm2 

HTC: 3.5 W/ 
(cm2⋅K)

Long et al
[40]

Laser patterned hierarchical 
wicking structures

20x20 
mm2

CHF: 239.4 W/ 
cm2 

HTC: 26.0 W/ 
(cm2⋅K)

Sun et al. 
[42]

Sintered copper mesh/particle 
hierarchical wicking structures

5.75 cm2 CHF: 242.4 W/ 
cm2 

HTC: 19.0 W/ 
(cm2⋅K)

Zhong et al. 
[52]

Copper nano-particle and mesh bi- 
layer

7.1 cm2 CHF: 80 W/ 
cm2 

HTC: 9.81 W/ 
(cm2⋅K)

Rahman 
et al.[53]

Low conductivity strips in copper 
surface

1 cm2 CHF: 230 W/ 
cm2 

HTC: 21.0 W/ 
(cm2⋅K)

Xie et al. 
[27]

Various bi-conductive 
configurations

20x20 
mm2

CHF: 114 W/

cm2 

HTC: 6.7 W/ 
(cm2⋅K)

Haji et al.
[29]

Bi-philic surfaces using SiO2 

particles
3.46 cm2 CHF: 108.8 W/

cm2 

HTC: 12.6 W/ 
(cm2⋅K)

Shim, et al.
[30]

Super bi-philic surface using 
silicon nanowires and fluoro- 
octyltrichloro silane 
superhydrophobic dots

10x10 
mm2

CHF: 166 W/

cm2 

HTC: 33 W/ 
(cm2⋅K)
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effectiveness.[29] Super bi-philic surfaces were studied by Shim, et al. 
[30] to further increase boiling performance. A hierarchical structure 
modeled after a rose petal is studied by Long et al. to reach high 
wettability and heat transfer effectiveness.[40] Similar to this work, the 
wicking surface is made with laser ablation.

The current approach shows the highest CHF of the methods 
considered in Table 1. However, we note an important difference be
tween the pool boiling configurations of the other work and the current 
approach. The current manifold relies on lateral feeding of the liquid. 
This lateral transport potentially places limits on the dimensions of the 
cooled area along the liquid channels. Such limitations are not present 
for liquid fed from the pool directly above the heated surface. The lateral 
transport of liquid in the current work is in some ways akin to edge fed 
capillary driven boiling systems. As such, we also compare the current 
approach with capillary fed systems in Table 2 below.

Hwang, et al. [54] constructed a converging multi-artery wick for 
improved lateral liquid supply while allowing heat to dissipate over a 
larger area. Sudhakar et al.[38] created a two-layer wick with separate 
paths for liquid supply and vapor escape. Semenic & Catton [37]
examined bi-porous wicks formed from particle clusters. Ju, et al. [34]
explored monolayers of Cu particles combined with columnar arteries, 
converging lateral arteries, and bi-porous structures. Ryu et al. [36]
applied a metal foam liquid supply layer over nanostructure enhanced 
micro-pin fin array. Cai & Bhunia [32] created a bi-porous wick formed 
from patterned carbon nano tube forests. Lv & Li [35] tested a multilayer 
super-hydrophilic mesh wick in heat pipe. The current work is compa
rable in CHF performance to many of the edge fed wicks, but generally 
shows less variability in temperature at high heat fluxes where the edge 
fed wicks commonly experience partial dryout.

4. Conclusion

The application of a mesh manifold can dramatically increase the 
critical heat flux of a porous surface operating in pool boiling. The 
manifold allows even distribution of liquid to the heat dissipation sur
face to minimize liquid transport distances within the heated porous 
structure. This effect also reduces the competition between liquid de
livery to and vapor escape from the heated surface. The copper mesh 
manifold described here, when combined with an AlN micro-pin fin 
wick, shows a critical heat flux up to 490 W/cm2, a > 65 % increase in 
CHF performance over the pin–fin array alone. The maximum heat 
transfer coefficient of 13.4 W/(cm2⋅K) for the combined system is 

somewhat lower than the maximum value for the porous surface alone a 
(14.1 W/(cm2⋅K)). This reduced performance is attributed to liquid 
intrusion into the defined vapor channels of the manifold.

The manifold builds on existing works applying a variety of methods 
to define the flow of liquid and vapor above a surface acting in pool 
boiling (e.g. see [15] and introduction). These methods have also 
included porous guides for liquid flow toward the surface.[43] Resis
tance of the porous structures was identified as an important charac
teristic of liquid guides. There is thus a need to search for low resistance 
guides that do not occlude excessive portions of the boiling surface. The 
mesh considered here provides a relatively low flow resistance as pre
viously characterized.[47] However, reducing guide resistance in gen
eral implies lower capillary pressure serving to isolate the liquid and 
vapor flows. These and other effects limiting performance have been 
identified along with tradeoffs in terms of guide characteristics and 
placement. Despite the presence of the liquid pool and some gravitation 
drive of the liquid flow in the currently presented configuration, we note 
the similarity of action of the manifold/wick system to that of a heat 
pipe, as long as the guides are effective in containing the liquid and the 
pool is sufficiently shallow so as not to cover the vapor escape paths.

Importantly, the action of the manifold is largely independent of the 
heated porous surface. Therefore, a range of porous surfaces are appli
cable. The key design consideration is maintaining mesh spacings as 
close to the critical wicking length of the surface as practicable.[20] This 
may in turn influence mesh spacing to maintain higher capillary pres
sure in the mesh than the adjacent vapor channel for separation of flows.

The relative independence of manifold and surface has important 
implications for durability. Aluminum nitride, as used here, is known to 
corrode in water. Methods have been described to enhance its durability 
in phase change heat transfer applications.[55] However, as the mani
fold is independent of the wick, different, more durable and established 
materials such as copper are also applicable for the underlying wick. 
Furthermore, the mechanisms of action of the manifold apply to other 
fluids, such as dielectric fluids commonly used in immersion cooling of 
electronics.[56,57] Given the similarity of the mechanisms with heat 
pipes, we can expect a similar dependence of performance on the ther
mophysical working fluid properties as expressed in the fluid’s figure of 
merit.

The manifold construction involves simple, readily available mate
rials and fabrication techniques. Pool fed boiling is a commonly applied 
phase-change cooling approach, and the mesh manifold allows 
enhancement without significant redesign of existing systems. The lack 
of a pump and maintenance, compared to traditional microfluidic 
manifolds, reduces system complexity, and improves reliability. A 
recent techo-economic analysis has shown the cost benefits of the mesh 
manifold approach compared to micromachining methods traditionally 
applied to microfluidic systems.[4] Potential applications for the copper 
mesh manifold include stationary high-heat-flux electronics (e.g. power 
generation and transport), as the pool needs to be level during operation 
to prevent flooding of the vapor escape paths from the top. We note that 
immersion cooling of electronics has been extensively applied.[56,57]
The current manifold design could be added to the surface of existing 
packages with porous enhancement applied.

Design parameters for the current implementation of the manifold 
are largely chosen out of convenience and knowledge of similar systems. 
However, the key mechanisms influencing performance have been 
identified, and there remains significant opportunity for optimization. 
Promising directions for future work include: optimization of the liquid 
channel spacing using porous substrates with well-characterized critical 
wicking lengths; further investigation of the role of liquid intrusion in 
the vapor channel via variation of vapor channel width, mesh capillary 
suction, and perimeter sealing; and optimization of mesh geometry to 
balance permeability and liquid retention.

Table 2 
Comparison of structures fed from the perimeter in capillary fed boiling.

Reference Approach Area Performance

This study Mesh manifold above pin 
fin array

5 mm x 5 
mm

CHF: 490 W/cm2 

HTC: 13.4 W/ 
(cm2⋅K)

Hwang, et al. 
[54]

Porous artery structure of 
varying thickness

1 cm x 1 cm CHF: 580 W/cm2

Sudhakar 
et al. [38]

Two layer wick with 
separate liquid supply path.

1 cm x 1 cm CHF: 485 W/cm2

Semenic& 
Catton 
[37]

Bi-porous wicks 0.7 cm2 CHF: 990 W/cm2

Ju, et al. 
[34]

Hybrid wick configurations 
with various liquid supply 
structures.

4 cm2 CHF: 550 W/cm2 

HTC: 13.3 W/ 
(cm2⋅K)

Ryu et al. 
[36]

Hierarchical wick 4 mm x 4 
mm

CHF: 400 W/cm2 

HTC: > 6 W/ 
(cm2⋅K)

Cai & Bhunia 
[32]

patterned carbon nano tube 
forests.

2 mm x 2 
mm &10 
mm x 10 mm

CHF: 770 W/ 
cm2& 
CHF: 160 W/ 
cm2respectively

Lv & Li [35] Multilayer 
superhydrophilic mesh 
wick.

Two 5 mm x 
2 mm 
heaters

CHF: 490 W/cm2 

HTC: 25.64 W/ 
(cm2⋅K)
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