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Permeability of Single-Layer-Free-Standing Meshes at
Varying Capillary Pressure via a Novel Method

Muhammad R. Shattique, Roman Giglio, Ercan M. Dede, Sreekant Narumanchi,

Mehdi Asheghi, Kenneth E. Goodson, and James W. Palko*

The permeability of mesh wicks is important for various applications,
including two-phase heat transfer. However, the understanding of the
permeability of single-layer, free-standing mesh wicks, with liquid—gas
interfaces on both sides, is limited. A novel and simpler method is presented
to determine the permeability of a free-standing wick and apply it to a
representative mesh. This method involves modifying the capillary pressure
via elevation and simultaneously measuring the permeability to determine the
permeability-capillary pressure relationship. When applied to a copper mesh
with plain weave having undergone surface cleaning, the permeability is
found to decrease as capillary pressure for deionized water increases. A
dimensional analysis is presented to generalize this data for other mesh sizes
with similar weaves and fluids. The behavior of mesh in application is
modeled, based on the integration of Darcy’s law with an analytic function fit
to measured data, and parametric studies are conducted to investigate the
superficial velocity of liquids through the mesh under varying driving
pressures, transport lengths, and liquid viscosity, based on the obtained
capillary pressure—permeability relationship. This study provides valuable
insights into the transport properties of mesh wicks, with potential
applications in fields such as electronics cooling, electrochemical devices, and

transferring fluids by capillary action.
Their low flow resistance allows trans-
fer of fluids over long distances with
minimal pressure drop, making them
useful in systems that require a low-
pressure gradient, such as heat pipes
and fuel cells.lY) In addition, mesh wicks
can also be found in oil-water separa-
tion systems, desalination systems and
gas separation systems.] As an impor-
tant example application, in two-phase
heat transfer systems, it is often neces-
sary to maintain a thin film of evaporat-
ing liquid on the surface of a porous ma-
trix in order to enhance heat transfer.[®
This enhancement can be achieved us-
ing a mesh wick, transporting the liquid
through capillary action without need-
ing external pumping. The capillary ac-
tion of the wick can increase the heat
transfer coefficient and the critical heat
flux in evaporation and boiling heat trans-
fer processes through optimal delivery

fluid purification technologies.

1. Introduction

Porous materials, such as mesh wicks, can transport mass,
charge, and energy through their pores and matrix and enhance
interaction between these two spaces due to their high surface
area. Mesh wicks are commonly used in various applications for

of coolant fluid to the heated area.[1®13]

The permeability of a mesh wick

refers to its ability to allow fluids to

pass through it. It is influenced by the

size and shape of the pores in the wick, and when multiple, im-
miscible phases are present, the surface tension of the liquids
and surface energy of the matrix and the relative pressure within
each phase.["*1718] The permeability of a mesh can be an impor-
tant factor in many applications, as it can affect the rate at which
fluids are transferred through the wick. Darcy’s law is used to
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describe the flow of a fluid through a porous medium based on
pressure gradient, Vp, and dynamic viscosity of the fluid, y.['%]

kk,
U

u=--—"vp M)

The superficial velocity, u, is equal to the volumetric flow rate
(Q) divided by the cross-sectional area (A) of the face of the me-
dia normal to the flow. A = width (w) X thickness (8). In a free-
standing mesh, the cross-sectional area for flow is ambiguous,
but the superficial velocity can be normalized by the thickness of
the single layer of mesh matrix to give ué = Q/w.

In (1), k; and k, are intrinsic and relative permeabilities, re-
spectively. Intrinsic permeability is a fundamental parameter re-
lated to the geometry of the porous medium and it scales with
the square of the characteristic feature size. It has dimensions
of area and is often expressed in units of m?, or non-SI units,
such as Darcy (Da). Relative permeability is dimensionless and
defined as the ratio of superficial velocity of a given fluid when
another immiscible fluid is also present to the value when only
the original given fluid is present. The relative permeability de-
pends on the porous structure as well as on the participating
fluids and the present and past conditions of the system. The
relative permeability of a fluid in a porous medium exhibits a
saturation dependency, with a decrease in relative permeability
as saturation decreases. In turn, saturation (and therefore per-
meability) exhibits a dependency on capillary pressure, which
may show considerable hysteresis. The Gardner, van Genuchten-
Mualem model, Brooks—Corey—Burdine model and theory pro-
posed by Papatzacos—Skjeveland, are commonly employed in
analytical and numerical modeling of these properties.[?>-?2] For
thin, porous structures without well-defined internal pores, such
as free standing meshes, the meaning of relative permeability is
less clearly defined and the dependence on flow resistance with
capillary pressure less well known.

To measure in-plane intrinsic permeability of meshes, re-
searchers have developed methods considering stacks of meshes
submerged in a liquid to understand how different characteris-
tics of the mesh, such as the number of layers, wire diameter
and spacing, crimping factor, mesh thickness, and stacking den-
sity, can influence single-phase flow through the mesh.[?3-3% The
results of these studies have contributed to the development of
models, such as the modified Blake-Kozeny equation, which can
predict the intrinsic permeability of metal meshes for certain
configurations. However, both the measurement methods and
mathematical models may not be accurate for very thin stacks of
mesh and do not address meshes with free surfaces. The mesh
structure and the surrounding environment also affect how lig-
uid flow resistance varies as capillary pressure changes. Some
studies have considered flow in meshes with free surfaces, such
as the configuration used in the study by Si-Cong Tan et al.?!l
In this study, the permeability of an ultra-thin screen wick with
a free surface on one side of the mesh was investigated using a
gravity flow method. The copper meshes were welded to a cop-
per plate, leaving a vapor-liquid interface on one side, and the
liquid was pumped into the wick using a microflow pump. How-
ever, the method is not suitable to measure the permeability of
free-standing meshes with liquid-vapor interface on both sides.
Additional studies have measured in-plane relative permeability
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of thin, porous films.['*3] The environment can play a role in
the fluid flow properties of woven meshes, particularly through
its effect on evaporation from the wick.**! Changes in temper-
ature and relative humidity can alter the radius of curvature of
the liquid-vapor interface as described by the Kelvin equation.**
Models have also been developed for through-plane single-phase
permeability of meshes accounting for the full 3D structure.**]

Above a certain capillary pressure in a given porous structure,
a percolating liquid phase no longer exists and the relative per-
meability drops to zero.*®] Smaller pores and higher surface ten-
sion result in higher values of this maximum allowable capil-
lary pressure. Optimizing the tradeoff between resistance to cap-
illary pressure and high intrinsic permeability allows enhanced
performance in liquid wicking applications.[*’] Maximum capil-
lary rise, capillary rate of rise, and bubble point measurements
may be used to approximate this maximum allowable capillary
pressure.[36:38-40]

In this study, we demonstrate a new, simple method to mea-
sure the permeability of free-standing mesh structures that have
liquid-vapor interfaces on both sides. The method involves lig-
uid capillary suction through the mesh by fixing a driving force
of gravitational potential using water pools at different heights.
It allows measurement of permeability at different capillary
pressures. We measure the relationship between permeability—
thickness—product (k§) and capillary pressure in free-standing
#100 copper mesh wicks. We provide dimensional analysis to
extend the results to other mesh sizes and materials with sim-
ilar weaves and different working fluids. To our knowledge, the
capillary pressure dependence on the liquid permeability of thin
single layer porous structures, such as mesh wicks, that are ex-
posed to vapor phases on both sides has not been previously de-
termined. The relationship between k§ and capillary pressure of a
single layer free-standing mesh can be used to calculate the over-
all flow performance in various situations by integrating Darcy’s
law and can be helpful in the design of mesh-based microfluidic
devices for two-phase heat transfer applications.[*!]

2. Experimental Section

2.1. Mesh

Metal mesh formed from copper with 99.9% purity (McMaster-
Carr) was analyzed. The mesh had a plain weave, Figure 1a, with
100 wires per linear inch, opening size of 0.152 mm, wire diam-
eter, D, of 0.114 mm, and 30.3% open area. The thickness of the
mesh, §, was 0.280 mm. A scanning electron microscope (SEM)
image of the mesh, Figure 1b, revealed that the weave created
square openings with all wires of generally uniform size. The
mesh showed fourfold symmetry with wires in both orientations
being similarly deformed.

2.2. Methods
2.2.1. Chemical Surface Preparation of Copper Mesh
As received, the copper mesh carried surface contamination.

Prior to permeability characterization, the mesh was cleaned in
caustic solution and then etched in acidic solution to insure
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Figure 1. Geometry and dimensions of copper wire mesh, a) rendering of mesh with wire diameter, D = 0.114 mm, and thickness, 6 = 0.280 mm. The

mesh has a plain weave. b) SEM image.

Table 1. Surface preparation steps for copper mesh samples..

Step number Process description

1 Cleaning with Deionized (DI) water for 15 min

2 Cleaning in T M NaOH for 40 min at 80 °C
3,4,5 Cleaning with DI water for 5 min

6 Etching in 1% H,SO, for 80 min at 80 °C
7,8,9 Cleaning with DI water for 5 min

reproducible surface properties. The steps for the surface prepa-
ration process are listed in Table 1. 1 M NaOH was prepared
from NaOH pellets (MDL Number: MFCD00003548) having 97%
purity. 1% H,SO, was prepared from concentrated (95-98%)
H,SO, (MDL Number: MFCD00064589).

This preparation protocol resulted in consistent data for per-
meability and capillary rise. Cleaning with surfactants and sol-
vents including hexane and acetone was also explored but found
this approach to yield inconsistent results.

2.2.2. Imaging

The surface of the copper wire mesh was imaged using an SEM
(Zeiss Gemini SEM 500), Figure 1b, with 3 kV accelerating volt-
age and Everhart Thornley secondary electron detector.

2.2.3. Permeability Experimental Set-Up

Figure 2a shows a schematic of the permeability measurement
set-up. In essence, the mesh formed a siphon between two pools.
Two side by side mesh siphons were considered in each setup
(Figure 2c). The samples had the same length in the vertical sec-
tions but different lengths in the horizontal sections. Compari-
son of the resistance between the two samples allowed approxi-
mate isolation of resistance due to the excess horizontal section
in the longer sample (L* in Figure 2d). Permeability of the section
L* was measured at varying capillary pressure.

The two water pools were maintained at heights h, and h,, re-
spectively, where h, > h,. The pool height difterence, h = h,—h,
was kept constant throughout all experiments at 4.7 cm. Each
copper mesh was folded to create three sections. A vertical section
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rose from the top water pool (with length [, ), a horizontal section
bridged the two pools (l,), and a second vertical section dropped
to the lower pool (}). It was ensured that the mesh was fully sat-
urated in deionized (DI) water prior to each experiment by sub-
merging the mesh in a bath of DI water for 10 min. As the mesh
was initially saturated, the experiment occurred in a drainage
mode. No significant difference was expected in behavior if the
mesh approached steady state from an unsaturated condition, but
this condition was not tested, and imbibition into the mesh was
very slow. During the experiment, DI water was siphoned from
the upper pool through the horizontal section to the lower pool
due to the difference in gravitational potential. The capillary pres-
sures in the horizontal sections of the mesh could be controlled
by changing their height with respect to the water pools. An
environmental control chamber, with wicking humidifier, main-
tained an atmosphere that was nearly saturated with water vapor
during experiments. Humidity was monitored throughout the ex-
periment using electronic humidity sensors (HTM2500LF, Hu-
midity measuring range(%RH): 0-100, humidity sensor assem-
bly accuracy (%RH): +3. A secondary cover over the experimental
samples prevented the possibility of any condensation from the
outer casing falling on the samples themselves.

Detailed calculations allowing determination of permeability
are discussed in the subsequent section. A key element allowing
determination of permeability at a defined capillary pressure was
the use of two samples in each experiment, as seen in Figure 2b.
The two samples had the same vertical wicking lengths from the
upper pool (I,) and lower pools (}), respectively, which could be
adjusted, Figure 2c. However, the length of their horizontal sec-
tions (l,) was different, as pointed out in Figure 2d. [, = 8 cm
and ], = 16 cm. |, and I, were kept constant throughout all exper-
iments. The width of the copper mesh strips was 4 cm. This width
minimized edge effects and had been used in recent studies of
permeability of mesh with a single free surface.3!l

2.3. Experimental Procedure
2.3.1. Permeability of Copper Mesh
After cutting the meshes, they were cleaned following the pro-

tocol described above. The meshes were then dipped into a DI
water pool to saturate them entirely. At the beginning of each
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Figure 2. a) Schematic of the experimental set-up for permeability measurements. Water is siphoned from the upper pool to the lower pool via capillary
action of the mesh. b) Schematic of mesh sections with their dimensions. Meshes are crimped and folded at the dotted lines to create three sections,
two vertical (I, and /) and one horizontal (I, = I; or ). c) Isometric view of the setup: the vertical lengths (I, and /) are equal for both the meshes.
The pool height difference, h, between the upper and lower pool is constant. d) Top view of the setup: two copper meshes with different lengths of the
horizontal sections (/; and /,) are placed side by side. Two side by side mesh siphons are considered in each setup. The samples have the same length in
the vertical sections but different lengths in the horizontal sections. Comparison of the resistance between the two samples allows approximate isolation
of resistance due to the excess horizontal section in the longer sample (L*).

experiment, 20 mL and 10 mL of water was dispensed into
each top and bottom polypropylene reservoir, respectively. The
saturated meshes were then placed on the holders, as seen in
Figure 2a.

Each experiment was run for 24.0 + 0.1 h, after which each
pool’s mass was measured using an analytical balance. Be-
fore starting an experiment, the mass of the copper mesh was
weighed dry and after saturating the mesh with water. The dif-
ference between these masses yielded the mass of the water the
mesh could hold in a saturated condition (Mg, ..q)- Water was
transferred from the upper pool to the lower pool by siphoning
via capillarity of the mesh. The difference in mass at the lower
pools from start to finish of an experiment was the mass trans-
ferred through wicking (Mc,piitary)- Meauratea WS 0N average ~7%
of Mypiary, Which ensured that the primary transport of mass
from the upper pool to the lower pool was by capillary wicking,
and not draining of the mesh. The mass flow rate was calculated
by the mass transferred divided by the time of the experiment and
was converted to the volume flow rate by dividing by the density
of water. The water evaporation was characterized from the up-
per and lower water pools by keeping them in the environment
control chamber without the mesh installed between the pools
for 24 h. The evaporation mass loss was <5% from all pools. A
similar tracking of evaporation was done from saturated copper
meshes by placing the meshes on a Teflon sheet inside the en-
vironment control chamber at 100% humidity for 24 h. The cal-
culated mass loss due to evaporation from the saturated copper
mesh was <4%.
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2.3.2. Maximum Capillary Pressure Measurement

For capillary rise measurements, a 4 cm X 30 cm section was cut
from the stock copper mesh described in Section 2.1. The section
was cleaned following the procedure described in Table 1.

The experiment was conducted in an environmental control
chamber to ensure that temperature and humidity remained con-
stant during the duration of the experiment. Figure 3a gives a
schematic of the set-up. An initially fully saturated mesh sat ver-
tically in a pool of DI water. Water drained from the mesh and
reached an equilibrium height. After 24 h, the height of the cap-
illaryrise, h,,,,,, was recorded (Figure 3b). The maximum capillary
pressure P_(max) was given by p gh, .. where, p= density of water
at 25 °C, and g = gravitational acceleration.

2.3.3. Calculation of Permeability Thickness Product

To obtain a correlation between capillary pressure and permeabil-
ity, the horizontal region of the sample where capillary pressure is
not affected by gravity, was isolated (though it was still influenced
by viscous loss as discussed below). Resistance to flow could be
expressed as the driving force for flow divided by the flowrate.
Thus, we could write the volumetric flow rate as,

driving force, that is, pressure differences

0 - @

resistance to flow
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Figure 3. a) Schematic of capillary rise test experimental set-up. Saturated copper mesh stands vertically with one end dipped in a water pool and the
other open to ambient. Set-up is enclosed in the chamber maintaining a fixed temperature and ~100% humidity during the experiment. b) Water drains
from the saturated mesh and reaches an equilibrium at maximum capillary height, h,,,..

The pool height difference (driving force) was kept constant
during all measurements. By changing the length of the horizon-
tal section of the mesh, I, the resistance to flow was changed.
For example, increasing I, to I, + L* (Figure 2) increased the
resistance to flow of water through the mesh. This increase in
resistance to flow resulted in a decreased volumetric flow rate
to the lower pool. Thus, the resistance to flow could be quanti-
fied by measuring the volumetric flow rate at I, + L*. This re-
sistance and Darcy’s law could be then used to determine the
permeability thickness product (k§). The liquid pressure dropped
along the length of the wick due to viscous loss. Capillary pres-
sure, P. was defined as the difference between the gas pressure
in the environment, P,, and the local liquid pressure in the wick,
P, (P. = P, — P). Capillary pressure varied throughout the wick
due to elevation change and viscous pressure loss. Two meshes
were used side by side, having equal vertical wicking lengths but
different horizontal flow lengths, to correct for the variable cap-
illary pressure and permeability found in the vertical sections.
The vertical sections of the mesh could be changed (e.g., I, +y,
from upper pool; I} + y, from lower pool) to drive flow at vary-
ing capillary pressure. Resistance to flow for three mesh sections
was defined, (I, I,, ;) to develop the calculation for determin-
ing permeability thickness product (k) with different capillary
pressure.

Figure 4 schematically shows the experimental set-up with cor-
responding resistances defined. Flow resistance for the shorter
sample (A) was divided into: R;, related to the length of I;
R, related to the length of 1), and R;, related to the length of I,.
Since all these resistances to flow were in series, the total resis-
tance to flow of (A) could be written as R, = R, + R, + R;. Re-
sistances for the longer sample (B) were similar to (A), except
for the horizontal resistance which was R, + R¥, related to the
length of I, + L* Thus, the total resistance to flow of (B) was
Ry =R+ R, + R"+R;.

Adv. Mater. Interfaces 2023, 10, 2300326 2300326 (5 of 12)

If R, was subtracted from Ry, the resistance R related to the

length L could be found, that is, R* = R; — R,. Now, resistance
driving force, that is, capillary pressure yo VB was the

to flow in B, Ry = 5
volume of water transferred in time At then, Q = (V;/At), and
the driving pressure was pgh, where p is the density of water at
25 °C, gis gravitational acceleration, and h is pool height differ-
ence. Thus, Ry= (pgh At/V}). Similarly, R, = (pgh At/V, ). There-
fore,

R'= (pghAt/Vy) — (pghAt/V,) (3)

Again, if the flow of water was considered in the horizontal
section of the mesh, it followed Darcy’s law. For a mesh cross-
sectional area of A, where A = width(w) x thickness (§), the vol-
ume flow rate, Q = uA. The resistance to flow R of the length L*
= pressure drop along the length L*/volume flow rate.

Or, R* = Ap/Q = Ap/uA = uxuxL*/uxkéw, where, p is the
dynamic viscosity of the fluid.

Therefore, resistance to flow in the horizontal section with
length L* was,

R =y L*/ kéw (4)

From (3) and (4), the thickness permeability was product given
by:

5= L
wAt (pgh) (1/V;—1/V,)

®)

As the mesh was free standing, this product was considered
to be the most appropriate measure of fluid conductivity for the
structure.

Capillary pressure corresponding to the flow resistance mea-
sured (i.e., in the excess horizontal length, L") was not uniform
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Figure 4. Calculation details to determine permeability thickness product (ké) at varying capillary pressures (P.). § is thickness, and w is width of the
copper mesh. In (a), R; is resistance to flow of water in the part of length of |, R, is resistance to flow of water in the part of length of I,, and R; is
resistance to flow of water in the part of length of ;. In (b), R* is resistance to the flow of water in the length of L*. h is the pool height difference between
the upper and lower water pools. R, is the total resistance to flow in setup (A) and Ry is the total resistance to flow in setup (B), R“ = Rg — Ra.

due to the viscous pressure loss in this section. This increment in
viscous loss and corresponding capillary pressure also made the
equivalence in resistance of the two samples’ common sections
(Figure 4) only approximate. The additional resistance induced
some change in the capillary pressure and corresponding resis-
tance of the remainder of the sample, but as shown in materials
section, Supporting Information SM.(I), this contribution is rel-
atively small. Viscous loss in the vertical and common horizontal
sections also contributed uncertainty in the capillary pressure ex-
perienced by the section of interest (L*). Here the capillary pres-
sure was approximated at the region of interest as the average
of the gravitational head above the upper and lower pools, that

is, P. = pg(%). Approaches to eliminating this uncertainty in
capillary pressure are discussed in the following section.

2.3.4. Scope and Limitations of Method

The method described here can be extended to measure
permeability-capillary pressure relationships for a wide range of
thin, porous structures. Forming the material of interest into the
three sections of the measurement apparatus, as shown above,
was convenient but not necessary and might not be possible for
brittle materials. A separate standardized wicking material could
be used for all but the unique section (L in Figure 2). The wick-
ing material had to support a maximum capillary pressure higher
than that of the material under test and preferably had low net
flow resistance (which can be reduced by increasing thickness).
A schematic of this modified approach is given in the Supporting
Information SM.(IV).

The primary limitation in the method presented was the de-
termination of capillary pressure at the section of interest. As
discussed above, viscous pressure drop introduced uncertainty
in the capillary pressure. Capillary pressure uncertainty was
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bounded by the driving force applied for flow. A small height
difference between upper and lower pools yielded well defined
capillary pressure but also incurred low flow rates and attendant
issues including increased importance of evaporation, liquid vol-
ume held in the mesh, and mass measurement uncertainty. Al-
ternatively, the capillary pressure at the region of interest could
be refined by an iterative approach applying the permeability-
capillary pressure relation determined using the nominal capil-
lary pressure to correct for viscous pressure drop, then rescaling
the relation by the corrected capillary pressure and iterating un-
til a self-consistent solution was obtained. Viscous pressure loss
across the region of interest (L*) also reduced the accuracy of
equating the resistances of the remaining sections of both sam-
ples. This inaccuracy could be reduced by minimizing the length
of the region of interest at the expense of reducing the difference
in response between the samples and increasing error associated
with the subtraction of the accumulated flows.

3. Statistical Analyses

We measured permeability of three independent samples at each
capillary pressure. Data for all samples is presented. There is neg-
ligible uncertainty in the measured mass of liquid transferred
and time for flow, which contribute to each permeability mea-
surement. Maximum capillary pressure is determined from mea-
surements of three independent samples. The average maximum
capillary pressure and uncertainty, equal to the maximum dif-
ference between measured values and the average, are reported.
There is negligible uncertainty in the height of the horizontal sec-
tions with respect to both pools from which the nominal capil-
lary pressure is calculated. Ambiguities in capillary pressure as-
sociated with viscous pressure drop are discussed in the previous
section.
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Figure 5. SEM of copper wire mesh surface: a) as received copper mesh contains organic compounds. Charging occurred on the organic substance
on copper mesh during electron beam exposure. b) After cleaning with 1 M NaOH, the organic debris were removed from the surface and followed by
etching with 1% H,SO, further cleaned and roughened the copper mesh surface.

4, Results and Discussion

4.1. Surface Cleaning of Copper Wire Mesh

Based on SEM analysis, prior to surface cleaning, the mesh
shows non-metallic debris on the wire surfaces, Figure 5a. This
debris, which likely originates from the lubricant used during
the drawing process of the copper wire as well as handling and
storage of the mesh, agglomerates as islands on the surface of
the mesh. It is detectable by electron beam charging. Following
cleaning process steps 1-5 described above, the islands of de-
bris are removed from the surface, Figure 5b. The surface of the
copper mesh is again imaged after cleaning steps 6-9 (including
etching in sulfuric acid). The etching results in roughening of the
copper wire surface.

4.2. Maximum Capillary Pressure P, (max)

Based on the method described above, the maximum capillary
rise is measured as h,, = 10.5 + 0.2 cm. The maximum capillary
pressure supported by the mesh is determined as P (max) =h,,,
X p X g=1027 + 19.5 Pa, where p is the density of water at 23 °C,
and g is the gravitational acceleration.

4.3. Change of Permeability Thickness Product of Wire Mesh
(#100) with Capillary Pressure

Using the procedure described above (Sections 2.3.1 and 2.3.3),
we measure the permeability thickness product (k6) for the mesh
over a range of capillary pressures from ~600 Pa to #1000 Pa.
Figure 6 shows the permeability thickness product data for
cleaned copper #100 mesh at different capillary pressures. We
performed three independent k6 measurements for each cap-
illary pressure with separate mesh samples for each measure-
ment. The permeability thickness product is relatively insensitive

Adv. Mater. Interfaces 2023, 10, 2300326 2300326 (7 of 12)

PL /o
0.78 0.94 1.09 1.25 1.41

5 8L 5.40
el
e
o
A —_—
8T 6 4.05 —
oh S
£3 T

4 . —
ze 3
a K~
©
()
E 2 1.35
&

o
O 1 1 L 1
500 600 700 800 900

Capillary pressure, P (Pa)

Figure 6. Permeability thickness product (k8) of plain weaved copper wire
mesh #100 at different capillary pressures for water at room temperature.
Data points are measured experimentally. Line is fit using Equation (6).
Axes are also given for dimensionless flow resistance k3/L3 (right) and
dimensionless capillary pressure, P.L,, /o (top). We used known surface
tension of DI water at room temperature and wire diameter of the mesh to
nondimensionalize the axes. Data for all (3) independent samples at each
capillary pressure are shown.

to pressure at low capillary pressure. As we increase the capillary
pressure, the k& product value starts to decrease gradually at cap-
illary pressures around 750 Pa. With an increase in capillary pres-
sure the radius of curvature of the meniscus between the liquid
and vapor phases decreases. For a free-standing mesh with two
liquid-vapor interfaces at the top and bottom of the mesh, this
results in a decreased cross section of liquid volume available
for flow. ké then decreases more rapidly with increasing capil-
lary pressure, before the decrease moderated around 950 Pa. At
even higher capillary pressures, beyond 1000 Pa, the k§ value is
very low and again shows relative insensitivity to capillary pres-
sure. We fit (orange curve of Figure 6) the permeability thickness
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product versus capillary pressure data with a sigmoidal curve as
chosen below, where P. is capillary pressure.

a

Ko = 1+exp(b(P.—¢))

+d (6)

A least squares regression yields the following parameters:
a=7.07% 107 m?, b= 0.0208 Pa~!,c =700 Pa, d = 1.11 X 107
m>. We note that this fit does not have a physical basis, and other
functions could be applied. The experimental uncertainty of the
experimental data may originate from different surface condi-
tions of the copper mesh originating from the mesh processing
step, different rates of evaporation of water during experiments,
and deviation from linearity in the vertical and horizontal sec-
tions of the mesh originating from the mesh folding step. The
masses of the water pools were measured using an analytical bal-
ance and likely do not contribute appreciably to experimental un-
certainty.

We have considered simple porous flow resistance models
for comparison to the measured mesh behavior at low capillary
pressure. The Carman—Kozeny relationship predicts a value of
k& =453 x 1075 m® (ké = (D%/180) X (¢*/(1 - ¢)?) X 6, where,
Dy is the effective pore size of the nesh, and @ is the poros-
ity of the copper mesh.["] For our copper mesh the calculated
porosity @ is 65% (see SM.(III), Supporting Information). As ex-
pected, such a calculation which attributes the full thickness of
the mesh as available to flow, overestimates the observed flow
(e.g., by #400%).

We note that the hydrodynamic pressure drops along the hor-
izontal length of the wick for the flow rates measured through
our experiment is small compared to the mean capillary pres-
sure. The ratio of the pressure drops (AP) to the capillary pres-
sure (P,) ranged between 16% to 21% (Figure SM1, Supporting
Information).

4.4. Dimensional Analysis

The results obtained for flow resistance versus capillary pressure
for the free-standing mesh can be generalized beyond the specific
size and material of mesh studied. Dimensional analysis allows
us to consider the relationship between non-dimensionalized ex-
pressions of flow resistance and capillary pressure, which can be
applied to similarly shaped meshes of different scales.

For small meshes of similar geometry but different scale (i.e.,
plain weave meshes with the same ratio of wire diameter to open-
ing size), we can expect the value of k§ to depend only on a lim-
ited number of parameters. These are L, length scale of the
mesh (e.g., diameter of the mesh wire or mesh spacing), o, sur-
face tension of the liquid, P, capillary pressure, and liquid con-
tact angle for the surface, 8. Only these parameters are signif-
icant as long as surface tension dominates. For the mesh con-
sidered here, the Bond (or E6tvos) number (A”—ng) is very small.
Using the wire diameter as the characteristic fength, the calcu-
lated Bond number is 1.75 x 10~ << 1, indicating that the sur-
face tension forces overwhelm gravitational ones. Furthermore,
the fluid is in the Stokes flow regime (Reynold’s number, Re <
5 x 10~* at room temperature for water) so that we can define
a flow resistance that is independent of the effect of fluid veloc-
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ity and driving pressure for flow. We further note that many lig-
uid/solid combinations will have a contact angle near zero. For
example, clean solid metal surfaces are hydrophilic and tend to
have very low contact angle with water (close to 0-degree). Based
on Hamaker coefficients for metal surfaces using Lifshitz the-
ory, it is suggested that physical interactions at the metal-water
interface are composed solely of dispersion forces. If the macro-
scopic Hamaker coefficients are calculated from the Lifshitz the-
ory, dispersion forces alone are sufficient to predict metal sur-
faces as strongly hydrophilic.>#5] Furthermore, low surface
tension liquids such as hydrocarbons or halogenated hydrocar-
bons show essentially zero contact angle on many surfaces.
From dimensional analysis we find that,

k6/L) =f' (P.Ly/0,0) (7)

where L, length scale of the mesh (e.g., diameter of the mesh
wire,mesh spacing, or mesh opening), o, surface tension of the
liquid, P, capillary pressure, and liquid contact angle for the sur-
face, 0.

Equation (7) is a generalized non dimensional one, that can be
used along with the plot in Figure 6 to describe flow resistance of
meshes with any mesh number that have a similar weave (i.e.,
geometric similarity) as that described in Section 2.1, and lig-
uid/solid combination with similar contact angle. Figure 6 also
shows axes for nondimensionalized capillary pressure, P.L /o,
(top) and flow resistance, ké/L} , (right). Details of the dimen-
sional analysis are given in the Section SM.(II), Supporting In-
formation.

4.5. Effect of Surface Cleaning

We measured the permeability of as-received copper mesh con-
taining surface debris, without surface cleaning. We find the per-
meability of the as received mesh is lower than the cleaned copper
mesh at a similar capillary pressure (e.g., at ~#490 Pa the perme-
ability thickness product of as received mesh prior to cleaning is
~2.2 X 1075 m3 compared to ~8.1 X 107> m?). We believe this
effect results from poor wetting of the mesh by water due to non-
polar nature of the potential contamination, such as oil. We also
measured the wetting property of the as-received mesh prior to
cleaning by a capillary rise test with DI water as our working fluid
in a humid environment. After 24 h we find that the maximum
capillary height on the uncleaned mesh is, h,, ""**"*d= 3.8 cm,
and the resulting maximum capillary pressure of the uncleaned
mesh P (Max,,eaned) = Pmax "7 X p X g = 371 Pa.

ma:

4.6. Flow Performance of Free-Standing Meshes

The permeability/capillary pressure relation given in Figure 6
provides information necessary to predict flow through free
standing meshes having various lengths and applied driving
pressure. This can be expressed in general form as an integra-
tion of Darcy’s law for pressure drop along one dimension (the
flowline). The volumetric flow rate of a free-standing mesh, nor-
malized by the viscosity of the liquid and the length of the mesh,
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Figure 7. Normalized superficial velocity usul (Pa m?) versus pressure dif-
ferences AP (Pa). We used wire diameter and surface tension of DI water at
room temperature to nondimensionalize the axes. The red-dotted straight
line indicates the maximum capillary pressure, P. (max).

can be described using a modified version of Darcy’s law as fol-
lows:

usul = [ ks (p,—p)dp (8)

where p, is the vapor pressure and p is the liquid pressure. For a
constant gas pressure surrounding the free-standing, horizontal
mesh, the capillary pressure increases proportionally to the hy-
drodynamic pressure loss. We determine the ké(p) relationship
from our experiments, as fit in Equation (6). Applying this rela-
tionship, assigning zero capillary pressure at zero position, and
integrating with respect to pressure in the liquid gives us the su-
perficial velocity of water in a 1D free-standing wick normalized
with regards to viscosity and length of the wick.
The integration of Equation (8) yields,

usul = (a+d) AP— L—;ln(eb‘”’c) +1) +p, ©)

where p, = 5.07 x 10712 Pa m? (values of other constants are
given above with Equation (6)) Plotting Equation (9) for different
pressure differences (AP), we find that the normalized superfi-
cial velocity (uéul) increases with increasing pressure difference
almost linearly at lower pressures. After a specific pressure drop,
the rate of change of udul decreases significantly, corresponding
to the increase in flow resistance with increasing capillary pres-
sure. Following the dimensional analysis approach above, we can
likewise relate a dimensionless velocity length product and pres-
sure (Figure 7).

Equation (9) can be applied to understand the performance of
mesh in specific cases. We can consider the maximum flowrate
that can be achieved for DI water in copper #100 mesh with plain
weave and wire diameter 0.114 mm assuming a driving pressure
equal to the maximum capillary pressure. Figure 8a shows the
values of superficial velocity through a single layer free standing
mesh wick, ud, at maximum driving pressure for different dy-
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namic viscosities, 0.282 mPa s, 0.354 mPa s, 0.466 mPa s, 0.6527
mPa s, and 0.95 mPa s, respectively. For a fixed capillary pres-
sure, ué decreases with increasing wicking length asymptotically
approaching zero at rates determined by the liquid viscosity. Like-
wise, Figure 8b shows ué in the mesh at wicking lengths of [ =
0.25 cm, 1 =0.50 cm, I = 0.75 cm, and I = 1 cm versus total pres-
sure drop for DI water (dynamic viscosity at boiling point of wa-
ter, 4 = 0.282 mPa s), demonstrating higher ué through shorter
wicking distance with increasing pressure differences.

Furthermore, we consider the nondimensionalized version of
Equation (9) (see the Section SM.(II)’s Equation (SM2), Support-
ing Information) to evaluate the performance of two common
fluids used in electronics cooling applications HFO1233zd (at 25
°C surface tension, ¢ = 12.57 mN m~! and dynamic viscosity,
u = 0.469 mPa s, § ~ 0°) and HFE7100 (at 25 °C surface ten-
sion, 6 = 13.345 mN m~! and dynamic viscosity, u = 0.58 mPa
s, 8 = 0°), in plain weaved single layer copper #100 mesh with
0.114 mm wire diameter.[“~*8] Figure 9a shows the values of us,
at maximum driving pressure for dynamic viscosities of 0.469
mPa s (HFO1233zd) and 0.581 mPa s (HFE7100). Due to the
lower surface tension of these fluids than DI water at similar
temperature, the maximum driving force (pressure difference)
we can apply is significantly lower than that of DI water. Figure 9b
shows the behavior of ué for HFO1233zd and HFE7100 in #100
mesh at wicking lengths of | = 0.25 cm. ué increases with driv-
ing pressure differences (There is a marginally higher P (max)
for HFO1233zd than HFE7100).

4.7. Comparison among Methods to Measure Permeability of
Mesh Geometries

Table 2 provides a comparison of permeability measurement
methods and models applied to various mesh geometries. These
include methods correlating flow and pressure drop/2#2>31l and
rate of liquid imbibition into unsaturated samples.[*’] We note
that most methods are not suitable for measuring permeability-
capillary pressure relationships. The method of Si Cong Tan et.
al., used to measure the permeability-capillary pressure relation-
ship of a thin mesh welded on a thin sheet, is an exception. How-
ever, this method cannot be easily modified to measure the per-
meability of a free-standing mesh where the mesh is exposed to
liquid-vapor interface on both sides. The rate-of-rise method!!!
is readily applied to free standing mesh structures. However, we
note that there is ambiguity in comparing the rate-of-rise method,
that determines the velocity of a saturation front, and the current
method, that measures flow rate. A direct comparison requires
a known cross-section for liquid flow, which is not precisely de-
fined for free standing meshes, as discussed above. Additionally,
the mesh considered here shows dramatic asymmetry in the rate
of imbibition and drainage, as do various other porous materials,
making the interpretation of rate of rise measurements ambigu-
ous in these cases. The rate of rise method also does not provide
direct information on capillary pressure dependence.

4.8. Validation of Method

To validate the method described in this work, we compare the
permeability of Whatman 1 filter paper at low capillary pressure
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Figure 8. a) Superficial velocity through a single layer free standing mesh wick, us (m? s~'), decreases with increasing wicking distance at maximum
capillary pressure. Longer wicking lengths experience more considerable viscous drag compared to shorter wicking lengths. us of DI water is thus lower
for longer wicking lengths than that of shorter wicking lengths. b) ué (m? s™1) versus pressure difference, AP (Pa), at different wicking lengths. The

red-dotted straight line indicates the maximum capillary pressure, P, (max).
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Figure 9. a) ud (m? s™') with increasing wicking distance at maximum capillary pressure for common fluids used in electronics cooling application

(HFO1233zd and HFE7100, respectively). b) ué (m? s~') versus pressure
HFE7100, respectively. The red-dotted straight line indicates the maximum
indicates the maximum capillary pressure, P. (max) of HFE7100.

obtained using a variety of approaches. We measure a perme-
ability of 1.72 x 10~!* m? using the method presented here. Us-
ing the rate-of-rise method'!! on the Whatman 1 filter paper, we
measure a permeability of 1.96 X 1071* m?. From the Herzberg
number provided by the supplier!®? (100 mL/150 s) we calculate
the permeability as 1.57 X 10713 m?. These permeability values
are also consistent with the existing literature data on permeabil-
ity of Whatman 1 filter paper: 1.41 x 107! m? in ref. [33] and
2.01 X 10713 m? in ref. [53]. Details of the permeability measure-
ments conducted on filter paper are discussed in Section SM.(V),
Supporting Information.

5. Conclusions

We proposed and demonstrated a novel and simple experimen-
tal technique that can be used to measure the permeability of
free-standing mesh wicks with liquid—vapor interfaces on both
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difference, AP (Pa), at wicking length of | = 0.25 cm for HFO1233zd and
capillary pressure, P, (max) of HFO1233zd. The blue-dotted straight line

sides of the wicks. Our experimental approach used water pools
at different heights to create a driving force based on gravitational
potential, allowing for liquid capillary suction through the mesh.
To ensure accurate results, a surface cleaning protocol was estab-
lished to clean the surfaces of the copper mesh from any organic
debris. The meshes were thoroughly saturated with deionized
(DI) water before the experiments and operated in the drainage
regime. To determine the maximum capillary pressure obtained
from the metal meshes, a capillary rise test was conducted. Addi-
tionally, an environmental control chamber was used to conduct
the experiments at 100% relative humidity to eliminate any effect
of evaporation on the measurements. Importantly, this method
does notrequire visual monitoring or a micropump for fluid flow,
making it a cost-effective and efficient way to measure the perme-
ability of mesh wicks.

Furthermore, this accessible set-up method couples the per-
meability with capillary pressure in mesh wicks. We report the
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Table 2. Methods for measuring and calculating permeability for different mesh geometries..

Method/geometry Mesh number Reported Applicable to free Capillary pressure Ref.
permeability [m?] standing mesh dependence

Flow with micropump/single-layer mesh 150 22x 1071 No Yes [37]
welded on plate?

Gravity flow/stacks of mesh® 150 5x 107" No No [24, 25]

Capillary rate of rise/single-layer mesh 200 9.57 x 107" Yes No [49]
welded on grooved plate

Capillary rate of rise/two meshes stacked 200 1.91x 107" Yes No [49]
and sintered on plate

Mathematical formula/N layers of mesh®) Variable Variable No No [50]

Rate of rise/single layer Dutch twill weave 200/1400 Warp =0.73 x 10712 Yes No [57]
mesh Weft = 0.36 x 10712

Siphon/gravity flow/single-layer 100 2.85x 107" Yes Yes This work

free-standing mesh)

% Data for other mesh sizes #200, #250 with varying wire diameters 30,40,50 microns are also presented. Mesh material: Copper; ®) Data for other mesh sizes are also
presented in.[226] Mesh materials: Stainless steel, phosphor bronze; 9 The formula for stacks of mesh; )Using mesh thickness of 0.280 mm for §.

change in permeability with capillary pressure in single layer
free-standing mesh like structure by a correlation equation. The
wicks show an essentially bistable response to capillary pres-
sure. Flow resistance is essentially constant at low capillary pres-
sures, then increases dramatically before stabilizing at high cap-
illary pressure. We consider the generalization of these results
to plain weave meshes of other scales and different fluids by
dimensional analysis. We also calculate the flow behavior of
meshes under specific conditions based on the observed flow
resistance/capillary pressure relationship and the integration of
Darcy’s law. By integrating Darcy’s law, we calculated the flow
velocity profile of DI water in metal mesh wicks using the cor-
relation function we found through our experiment. The super-
ficial velocity of water in copper mesh increases linearly until,
at higher capillary pressures, the velocity increase goes down. At
maximum capillary pressure, the superficial velocity of water de-
creases hyperbolically as the meniscus travels along the wicking
length. The nondimensionalized permeability—capillary pressure
relationship can be used to understand these materials’ proper-
ties for any mesh sizes with similar weave and materials.

The methods and observations discussed are vital for design-
ing and synthesizing devices that use single-layer, free-standing
mesh structures for applications in which the permeability of the
structures is affected by capillary pressure. These applications
include two-phase heat transfer for electronics cooling, electro-
chemical energy conversion devices, and deionization cells for
water purification.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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