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Abstract—Asymmetric microstructures are of particular
interest to many technical fields. Such structures can produce
anisotropic flow-fields, which, for example, can be used to control
heat and mass transport processes. Anisotropic wicking structures
can now be systematically engineered with unique micro-pillar
geometries and spatial pillar-placement distributions. Such
asymmetric wicking structure designs are of particular interest to
the thermal management community due to need to cool
heterogeneous materials with specific heat load configurations. In
this study, asymmetric half-conical micropillars have been
fabricated utilizing two-photon polymerization. Macroscopic
characterization of anisotropic flow-field velocities is performed
via high-speed videography. High-speed thin-film interferometry
and microscopic side-angle videography are also used to
characterize the microscale evolution of meniscus curvature
during inter-pillar wicking. The wicking velocity is observed to be
directly proportional to both the meniscus curvature and the cross-
sectional area of the micro-pillars (normal to the flow). An
anisotropic hemiwicking model is also described with comparisons
to experimental data. The hemiwicking model predicts the
macroscopic wicking behavior (within 20% or less) for the
relatively broad range of pillar geometries and pillar spacing
configurations. These anisotropic flow-field predictions can help
engineers design the next-generation of micro-structured heat
sinks, fluid-based sensors and chemical harvesting systems.

Keywords—hemiwicking, anisotropic, microstructure, meniscus,
spatiotemporal, videography, interferometry, wetting

NOMENCLATURE

r radius (m)

D;  interface diffusivity (m?/s)

Cy  drag coefficient (unitless)

Cqo drag number (unitless)

6f  force per unit cell width normal to the flow (N/m)
pillar spacing (m)

pillar height (m)

roughness factor

meniscus extension (m)

length (m)

meniscus height (m)

solid-liquid structure factor (unitless)
velocity (m/s)

solid-liquid surface texture (m)
fringe spacing (m)

rapid ascent

SC  sluggish climb

StS  side-to-side

§§5< I e

Greek symbols

a  pillar skew angle (degrees)

6y absorbed thin-film thickness (m)
fluid surface tension (N/m)
meniscus or contact angle (degrees)
meniscus curvature (m’)

dynamic viscosity (Pa‘s)

density (g/cm?)
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I. INTRODUCTION

Recent advancements in microelectronics have increased the
need for thermal management systems capable of high heat flux
dissipation within significant spatial constraints. These spatial
constraints and high heat flux conditions have led to renewed
interest in novel microscale heat transfer techniques.
Techniques, including jet-impingement, spray cooling, and
microchannel cooling, offer vastly improved heat flux
performances for small surface areas compared to traditional
methods [1,2]. The inclusion of micro-and nano-scale surface
features facilitate further enhancements in the cooling
performance. Superlyophilic surface texturing is of particular
interest because such surface structures can act as a fluid pump,
transporting (or spreading) a fluid across a material by
coordinated pillar micro-pumping of a fluid thin-film (or liquid
meniscus), with applications in thin-film evaporation, as well as
pool, flow, and thin-film boiling. Thus, tailored, anisotropic
wicking arrays (i.e., hemiwicks) facilitate the potential to
enhance active and passive phase-change cooling methods. The
recent focus on physically and chemically microstructured
surfaces has proven to be beneficial for delaying wall dry-out in
critical heat flux conditions, as well as maintaining a steady
meniscus for thin-film evaporation [3,4]. Moreover, the
progress in materials science and manufacturing makes such
micro- to nano-engineered surfaces applicable to both high- and
low-temperature environments.

Micro- and nano-structured surfaces can act a fluid pump by
utilizing spatiotemporal capillary pressures to propel a fluid
beyond its intrinsic meniscus extension, effectively creating a
superlyophilic surface [5] Such self-pumping fluid motion,
occurring in the Stokes flow regime, is termed “hemiwicking”.
Asymmetric microstructures have come into focus as an
especially effective method of tailoring a cooling system to pump
fluids through specific heating configurations by utilizing
complex flow patterns. Understanding the complicated
intermolecular and interfacial interactions that accompany a
hemiwicking flow is necessary for predicting and optimizing the
performance of self-regulating cooling technologies.

Recently, Krishnan et al. investigated the fluid propagation
velocity in hemiwicking arrays of cylindrical micro-pillars by
scaling the Laplace pressure within the fluid using the steady-
state meniscus extension (x,) developed at the end of the wicking
array [7]. Kim et al. investigated the microscopic propagation
front between two pillars and found two distinct regimes
separated by the dominant driving force: directly after the fluid
reaches a pillar, the front propagation is dominated by surface
energy minimization as the fluid climbs the pillar, while at later
time-scales (after the primary fluid rise) the propagation is
dominated by Laplace pressures also due to a curved menisci [8].

Perpendicular anisotropic droplet wetting via the use of
surface ridges has been exhibited [9]. Local physical barriers
prevented droplet wetting in one direction while allowing
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wetting in the perpendicular direction. Triangular structures have
anisotropic qualities due to a meniscus instability between the
flat faces and sharp edges. Increased stability against the flat face
of the pillar leadd to anisotropic wetting or unidirectional
wetting, depending on pillar spacing [10]. One-way wicking in
open microchannels has been shown to be dependent on Laplace
pressure differences via asymmetric topography [11]. The
current study looks to improve upon these results by looking at
the individual temporal and spatial evolution of the meniscus
curvature via interferometry to study the microscopic differences
in Laplace pressures (depending on the wicking direction) across
an asymmetrically structured surface.

(a)

(c)

Fig. 1. Schematic illustration of the half-conical (anisotropic)
geometries and spacing configurations. (a) Pillar spacing configuration,
where the gray box signifies the unit cell of the wicking structure. (b)
Geometry of an individual pillar. (¢) Fabricated wicking structure on Si,
where L =4 mm and W = 1 mm. The fastest wicking direction (called
Rapid Ascent wicking) is depicted for both (a) and (b).

II. EXPERIMENTAL DETAILS

A. Fabrication of Anisotropic Hemiwicking Structures

The samples were fabricated on Nanoscribe Pro GT laser
lithography system capable of two-photon polymerization.
Pillars were deposited on silicon (Si) wafers with a thickness of
0.50 mm. After nanoscribe fabrication, a thin film of Al,O3
(thickness ~150 nm) was deposited onto the hemiwicking
samples to obtain both a uniform surface energy distributions
and rigid wicks.

Fig. 1 shows the sizing and spacing parameters of the half-
conical wicking structures used in this study. In correlation with
the half-conical pillar geometries, the preferred (or more rapid)
wicking direction is called ‘Rapid Ascent’ (RA) wicking;
whereas the non-preferred (or slower) wicking direction is called
‘Sluggish Climb’ (SC) wicking. Fig. 1 illustrates the RA wicking
direction with respect to the fabricated half-conical pillar
geometry. Fig. 2 provides SEM images of the half-conical pillars
for a few different samples. SEM measurements were performed
to confirm the spatial parameters of the studied wicking samples.
Table 1 in the Appendix lists the geometrical properties and

spacing configurations of the hemiwicking samples used in this
study. The measured pillar heights (h,,) by SEM are listed in
Table 1, along with the corresponding set-point pillar heights
(hsp) used by the Nanoscribe instrumentation.

Fig. 3 provides high-speed camera images of the half-conical
pillars and their interactions with wicking fluids. The width (W)
and length (L) of the studied hemiwicking arrays were 1 mm and
4 mm, respectively. The array skew angles () were either 0° or
45°. The base radius of the pillars (r) were either 10 pm or 15
pm. The half-cone angle () ranged from 69° to 83°. The pillar
heights (%) varied from 39 pm to 102 pm (see, Table 1). The side
slope length is given by Lg =12 + h?. These geometrical
parameters are used to calculate the corresponding roughness
factor of the wicking array.

The roughness factor (f) is a dimensionless proportion that
relates the actual surface area to the projected surface area of the
pillar array. For pillar arrays of symmetric, vertical cylinders,

f:1+27trh

. Whereas, for the half-conical pillars,

SxSy

7L,
rh+l=s

f=1+—2. (1)

SySx

In this work, the fabricated roughness factors of the half-conical
pillars ranged from 1.34 to 2.58 (see, Table 1).

(2)

50 pm

| 50 pm

6.26 um

(d)

8.25 um

20 ym

Fig. 2. SEM images of the anisotropic, half-conical hemiwicking
samples fabricated at ORNL in the Center for Nanophase Material
Sciences Nanofabrication. The images were acquired using a Merlin
Phenom SEM at ORNL: (a) sample H, (b) sample F, (d) sample G
(pillar-tip), and (e) sample A. The SEM x- and y-scales are not
identical due to SEM imaging at an angle.

B. Scaling Analysis: Predicting the Velocity for Anisotropic
Hemiwicking Flow

In wicking arrays with asymmetric pillar geometries and
pillar distributions, the static meniscus extension as well as the
temporal evolution of meniscus extension are expected to differ
depending on wicking direction relative to the asymmetric pillar
structure. In our previous hemiwicking studies with cylindrical
pillars, we derived a simple analytical solution for the wicking
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velocity based on a force (or energy) balance between the drag
force (Fy) and the driving force (F, ) for wicking. The drag force
is in the creeping (Stokes) flow regime because the maximum
Reynolds numbers for hemiwickinig are Re; < 1.

The driving force for wicking is due to capillary action
(and/or imbibition) and is directly proportional to the curvature
of the liquid meniscus. This driving force was approximated
based on the Laplace pressure in the wicking front of the liquid
meniscus. In particular, the Laplace pressure scaled as the
product of the fluid’s surface tension (y) and the curvature of
the liquid meniscus (k) — i.e., P aplace ~ Y- For cylindrical or
rectangular pillars of height (h), we approximated the meniscus

h
curvature ( o where x, is the meniscus extension,

# is the meniscus height If 4 = h, then the pillars are fully
wetted. We also note that x;, is not the maximum length that the
liquid meniscus can extend from a vertical structure. The
meniscus thin-film (or near zero curvature) region of the liquid
meniscus extends to lengths greater than the steady-state value
of x,. This concept is illustrated by comparing the steady-state
fringes in Fig. 3a with the transient meniscus in Fig. 3c.
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Fig. 3. High-speed images of hemiwicking with anisotropic pillar
arrays. (a) High-speed interferometry image of sample G using the
interferometry (fringe) analysis setup for characterizing both the
meniscus curvature (k) and meniscus extension (xy). The inset image
in (a) is a magnified view of the fringe spacing and corresponding
meniscus profile, where x, is measured at the end of ‘Sluggish-Climb’
(SC) hemiwicking process during steady-state evaporation. (b, ¢) Side-
view high-speed videography images of the propagation of the liquid
meniscus (sample O). The side-view image shows the spatiotemporal
meniscus profile during SC wicking at the edge of the wicking array.

As depicted in Fig. 3, anisotropic pillars produce anisotropic
meniscus curvatures. Hence, anisotropic pillars yield different
geometrical profiles (or meniscus view-factors) relative to the
direction of hemiwicking flow. For example, from a back focal
perspective (bfp) during rapid ascent wicking, the meniscus
curvature is estimated as rcgf?, = h/xy(xo + Ax). Whereas, from

Kfth ~ h/x3. The
denominator terms x,(xo + Ax) or xZ in K{}I% and K}’l‘:‘g
(respectively) are due the difference in the perceived pillar

the forward focal perspective (ffp),

height: h, =
optics relationship between the perceived height of an object at
a distance, where we use x, as the effective reference point and
Ax = C;r as an extra viewing distance proportional to the base
radius of the half-conical pillars.

» is based on the simple

The drag force for these half-conical (anisotropic) wicking
arrays is calculated following the same derivation procedure in
Ref. [7]. For the creeping (Stokes) flow regime, the drag force
is the same for both the +x (RA) and —x (SC) wicking
directions. For wicking along the y-axis, the drag force is again
axis-symmetric. However, if the drag coefficient (C,) is a
constant, then the drag force along the y-axis is a factor of 2 less
than that for the x-axis because of the reduction frontal area

(e.g., Afy =rh/2 and A,thx = rh). For reference, the frontal

area for cylindrical pillars is axis-symmetric: A;yl = 2rh.
Nevertheless, if C; is isotropic for the half-conical pillars, then
the anisotropic drag force due to the pillars (per unit cell width
normal to the flow) is

+y hr/2
ot =L pvic, (ML Sy)fy, 3)

where ¢, and £, represent the distances the meniscus front has
propagated in the x- and y-directions (respectively) with
maximum values of £, = L and £, = W . In this context, for
example, the number of wicked pillars (N,) and the net frontal
drag area (per unit cell width normal to the x-axis flow) are
N, = (1/s,), and 845 = Np(AF*/s,) =~ (hr /s,y )ty

In Egs. (2) and (3), drag coefficients of the form C; =
Cq0/Rey, where a drag number of Cyy = 24 can be assumed
because of the observed wicking speeds are in the creeping
(Stokes) flow regime (Re < 1). We note that past work with
cylindrical pillars yielded Cy, = 95 using ethanol, water, and
FC70 wicking fluids and Re; = 2pvr/u. If we consider
anisotropic drag coefficients and maintain the previous
convention for approximating the characteristic length, then for
the half-conical pillars: Real = pvr/u and Re—y = pvr/2u.In
result, Cd = Cd+ Y/2 and Egs. (2) and (3) end up being
mathematically identical.

Egs. (2) and (3) do not account for the drag associated with

the flat wall surface. Accounting for the drag from the flat wall
without pillar structures, Egs. (2) and (3) become

6fdix _ [Cpillar ( hr ) n Cwall ( n;rzs/z)] L. (4
SxSy X2y
ty _ pillar (hr/2 wall (4 _ mr?/2
Sfd [C <5x5y) + C (1 SxSy )] fy’ (5)

where the wall drag coefficients are of the form: C)3!! =
1.33/y/Re, and C2""™ = C49/Re,. We note that the measured
wicking velocities typically range from 1 mm/s to ~30 mm/s.
Correspondingly, C gmar/ Cy = 30; therefore, the wall drag
effects can be neglected (as done previously). Nevertheless, to

Authorized licensed use limited to: University of Central Florida. Downloaded on July 18,2022 at 06:10:09 UTC from IEEE Xplore. Restrictions apply.



include the flat wall effects, Eqs. (4-5) can be slightly simplified
via scaling the wall drag coefficient in terms of the pillar drag

. . ill
coefficient with C3"3" ~ CJ7°" x (12/s,.s,).

Due to the anisotropic pillar geometries, the net driving force
for wicking (F,,) is also anisotropic. Thus, relative to wicking in
the +x, —x, and *y propagation directions — as outlined in Fig.
1, the anisotropic wicking force (per unit cell width normal to
the flow) can be derived as:

oty =7 (%) (n2). (6)
af"‘_’x =Y (xo(xoilclr)) (h é) ’ (7)
5t =¥ (em) (h2). @®)

where the +x, —x, and +y subscripts correspond to meniscus
propagation in the Rapid Ascent (RA), Sluggish Climb (SC),
and Side-to-Side (StS) directions. To account for the increased
wicking speeds with staggered pillar placements (e.g., a = 45)
in comparison to simple cubic (a =0° s, =s),) pillar
placements, Egs. (6-8) can be simply divided by cos a.

In Egs. (6-8), the first parentheses contribution represents
the effective meniscus curvature (kqf). As discussed previously,
the provided functional forms for k¢ account for the perceived
pillar height by the propagating meniscus when viewed at a
distance of x, or (xy, 4+ r) from the apex of the pillar. The
second parentheses contribution accounts for the different
frontal areas (per unit cell width normal to the flow) that the
‘meniscus is actively using to drive the hemiwicking flow’. In
our past work, we scaled this second term to be strictly the pillar
height (h) — rather than an area-weighted pillar height (e.g.,
h X r/s,), where, again, this weighting is based on the effective
frontal pillar area seen by the meniscus (per unit cell width
normal to the flow). We note that implementation of an area-
weighted pillar height to our recent studies and analysis with
cylindrical pillars results in an effective reduction in C4y by
factor of 4 to 6 (e.g., h & h X 2r/s, = h/4 - h/6). Thus, drag
coefficients with corresponding Cy, values in the range of that
expected -- i.e., Cyo = 24 for creeping (Stokes) flow.

Neglecting the drag from flat wall surface, a force balance
between 8f; (Egs. (2-3)) and 6f,, (Eqgs. (6-8)) results in the
corresponding wicking velocities:

2 (v 1 hrs,
=m0 G ERD) ©)
do \U/ \x§/ \fycosa
v =20 Garan) e
T Cao \u/ \xo(xo+C11)/) \bycosa)’

v = () () (L
Cao \1/ \xo(xo+C17)/ \ £y cosa )’

We note that Eqgs. (9-11) breakdown as the pillar spacing
decreases to values comparable to (or less than) the pillar base
radius (i.e., s, < rors, < 2r, depending on the flow direction).
Therefore, as done previously, to account for this packed bed
limit we can replace s, and s, with (s, —7) and (s, — 2r),

(10)

(11)

respectively. We also note that in previous work we multiplied
the velocity predictions by (f — 1)/2 as a refinement for the
one-dimensional drag.[7] However, in this work, we have
removed this ‘refinement’ because it is accounted for via the
scaling for an area-weighted pillar height (e.g., h X r/s,,).

Now, Egs. (9-11) can be compactly rewritten to emphasize
the wicking velocity in terms of (i) a solid-liquid Structure factor
(§ =K,/?) and (i) a capillary velocity (vcy = y/u). In this
regard, Egs. (9-11) can be rewritten as

V_SV _ lKo(y)
Cao @ Cao ¢ \u/’

where Czo ~ 24 = C55°%S and K, is the anisotropic solid-liquid
surface texture of the wicking array.

(12)

We stress that the capillary velocity in Eq. (12) is unique to
the wicking fluid. Moreover, vq, represents the maximum
theoretical wetting velocity for a fluid in instantaneous contact
with a ridged body — i.e., wetting in the absence of irreversible
energy loss. However, we typically observe upper-limit liquid
wetting velocities within 0.5 m/s S vy < 3 m/s, correspondingly
for both (i) a wide variety of different flat, non-textured solid
surfaces (e.g., Au, Si, SiO,, Al,O3, PDMS, graphene, Teflon,
etc.) and (ii) several different liquids (e.g., water, ethanol,
Isopropanol, Isooctane, FC70, etc.). Thus, usually v, is an order
of magnitude less than v, (e.g., v, for isopropanol and ethanol
is 25.1 m/s and 24.9 m/s, respectively). Also, because our
wicking model is based mainly on scaling analysis, a more
appropriate value for C,, (rather than Cgy ~ 24) should be
determined from many experiments, using not only multiple
fluids (i.e., fluids with distinctive v, values), but also a diverse
set of wicking structures (i.e., wicks with isotropic and
anisotropic surface textures).

The surface texture (K,) in Eq. (12) has units of length (m),
analogous to the units for surface roughness in tribology and
materials science. However, this surface texture couples the
spatial fluid wetting characteristics (i.e., meniscus curvature)
with the wicking array packing structure and pillar geometry.
Hence the name, solid-liquid surface texture. With respect to the
wicking direction (relative to the wicking texture), the surface
textures for the anisotropic, half-conical wicking arrays are

2 hr(sx-r1)

+x _
K " cosa  x2 (13)
2 )
K T cosa xo(xg+Ci7)’ (14)
Koiy = ;M (15)

cos a xq(xg+Cy1) °

where, again, the +x, —x, and +y subscripts correspond to
wicking in the Rapid Ascent (RA), Sluggish Climb (SC), and
Side-to-Side (StS) directions. For reference, the surface texture
for cylindrical pillars with symmetric pillar placements (i.e.,
cubic unit cells) should be

1 2r 2hsy(sy—21r
RN = 2 2oy,

(16)

Sx x2
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This revised solid-liquid surface texture accounts for the area-
weighted pillar height (relative to the flow cross-section) and is
consequently a factor 2r/s, less than that provided in Ref. [7].

These predictions for the anisotropic wetting velocity are
compared to our experimental results in Sec. III. We note that in
all subsequent discussion and data dissemination that the +x
and —x sign convention will not be used. To avoid misuse of
positive and negative flow directions, the Rapid Ascent (RA)
and Sluggish Climb (SC) terms will be referenced instead and
+x will corresponding to the flow direction.

C. Experimental Methods

As discussed in the previous sections, hemiwicking motion is
expected to be dependent on the orientation of the wetting plane
(or meniscus contact line) relative to geometrical orientation of
the wicking structures. Previously, in Sec. IIB, we referred to this
concept in terms of a meniscus view-factor. Moreover, vis-a-vis
Egs. (2-15), we hypothesized how the hemiwicking velocity (or
propagation speed of the meniscus front) depends on scaling
analysis expressions for both (i) the fluid dynamic drag and (ii)
the curvature of the liquid meniscus. To confirm these
predictions, high-speed videography is used to capture the
spatiotemporal motion of propagating liquid meniscus in the
hemiwicking array for the different wicking configurations. Most
commonly we used videography frame rates within 1000 <
fps <10,000. The following describes the experimental
techniques and data analysis methods for characterizing the
hemiwicking flow-fields with high-speed imagery.

(a) (b)

Light source  Parabolic mirror

55 Rotation
HS camera f
' Sample Objective

Objective

Mirror ‘—’h o
Beam splitter - -
]
- f'-\ _| Fluid reservoir
Removable SN, :E,

| Bandpass Filter

T Stage plate

(T1) - vertical translation

Fig. 4. Optical setup for contemporary videography and interferometry
analysis during vertical hemiwicking experiments. (a) High-speed (HS)
videography optics with removable bandpass filter. Imaging with the
bandpass filter facilitates our HS interferometry (fringe) analysis,
whereas contemporary HS videography is conducted without the
bandpass filter. (b) Schematic illustration of the wicking configuration,
where the reservoir stage is displaced upward (against gravity) until
fluid reservoir pool is in contact with the first row of the pillar array,
initiating the wicking process. The sample holder can be rotated 90° for
both top-view (shown) and side-view imaging experiments.

Fig. 4 schematically depicts the high-speed interferometry
and contemporary videography techniques. Isopropanol (IsoP)
and ethanol (EtOH) were the primary fluids studied in this work.
The corresponding capillary velocities for ethanol and
isopropanol are ~20 m/s and ~12 m/s, respectively. As shown in
Fig. 4, the hemiwicking samples are mounted above the fluid
reservoir pool for studies in the vertical hemiwicking
configuration. Vertical hemiwicking corresponds to both fluid
wicking against gravity and fluid wicking parallel with the

surface normal of the fluid pool reservoir. After vertical
mounting and alignment of the imaging equipment, the reservoir
was translated up on the reservoir stage until the fluid pool was
in contact with the first row of pillars. The macroscopic wicking
front was then recorded and analyzed for determination of the
spatiotemporal meniscus velocity and meniscus curvature.
Broadband (white) light or monochromatic (454 nm) laser light
are used for illumination sources. To optimize the light
collimation a parabolic mirror is used before the 50-50 UV fused
silica beam splitter. Light is sent through the long-working
distance microscope objective (50 for interferometry analysis
and 2Xx-50% for videography).

Anisotropic
i~ pillars

Fig. 5. Spatiotemporal interferometry data for sample H during Sluggish
Climb (SC) hemiwicking. (a) Data showing the non-uniform meniscus
profile for hemiwicking near the end of the pillar array (e.g., dashed
horizontal line: €, = 0.65 L). Interferometry fringes are not distinct in
regions of high meniscus curvatures (or thick menisci regions: # = 5
pm). (b) Inter-pillar interferometry image before hemiwicking in a
central region of wicking array (£, ~0.65 L, £, =0.5 W). (¢)
Interferometry image after a time elapse of At =~ 10 ms (b—c: uniform
leading edge). The red box is the ROI for fringe analysis.

Fig. 5 shows snapshots of the spatiotemporal evolution of the
fringe pattern generated by the moving meniscus front during a
wicking experiment using the interferometry setup. This
dynamic interferometry technique uses the same high-speed
camera to capture the distribution of interferometry fringes as a
function of time. This interferometry data is for hemiwicking in
an interior region of interest. ImageJ subroutines and custom
MATLAB and LabView codes were also used for spatiotemporal
grayscale edge detection and fringe analysis [12,13]. The
interferometry technique is described in detail in Ref. [12]. We
note that as the meniscus front (or contact line) propagates from
pillar to pillar that the fringe pattern changes due to changes in
the meniscus curvature (or thickness distribution of the
hemiwicking fluid). ImageJ, MATLAB, and LabView codes are
used to analyze the videos with and without interference fringes.
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For fringe and side-angle analysis, ImageJ was frequently used
to mask and rotate images. Data collected included the temporal
evolution of the contact angle, meniscus profile, and meniscus
extension between pillars, the fluid wicking over the entire
wicking array (via 2x magnification), and fluid wicking in
specific regions of interests (e.g., at inception, array side-
columns, interior pillars, and the end pillars — via >2x
magnification).

The correlation between the interferometry (fringe)
distribution and the fluid thickness first requires calculation the
of the meniscus curvature profile. The spatiotemporal fringe
distribution is related to the slope (or apparent contact angle)
distribution by

90 A/n
7 w(ey,t)’

0(x,y,t) = (17)
where 6 is expressed for units of degrees, the fringe spacing (w)
is the distance between two consecutive light (or dark) fringes, 4
is the wavelength of light, and n is the index of refraction of the
fluid at A.

Eq. (17) shows that the contact angle is inversely proportional
to the fringe spacing. The interferometry images in Figs. 3 and 5
illustrate this relationship — e.g., the smallest fringe spacings are
always near the pillar walls, whereas the largest fringe spacings

are either (i) at the leading edge of the meniscus front or (ii) at
menisci trough locations between the wetted pillars.
Nevertheless, measurements of w(x, y, t) yield 8(x, y, t), which
can then be used to generate A(x,y,t). For example, a
spatiotemporal contour of the fluid thickness distribution can be
iteratively calculated with

Piv (Xig1, ) = wlxg, ) tan 0 (x;, ) + A (x, 1), (18)
where w(x;, t) = x;41(t) — x;(t) , x;(t) is the location of fringe
(i) at time (t), and £,(x,, t) is the fluid thickness at a zeroth
order fringe location (x,). For a propagating liquid meniscus,
Ho(x,t) = &y, where §, corresponds to the absorbed thin-film
thickness in the vicinity of the leading edge of the meniscus.
Moreover, both the spatiotemporal contours of the meniscus
curvature (x) and curvature gradient (dk/dx) can then be
calculated with knowledge of £ (x,t) —e.g.,

-3/2
an\?

(1 + (E) ) .
The curvature gradient is an important quantity as it dictates
many transient heat and mass transfer phenomena due to its

correlation with variations in the surface tension and pressure
gradients in the fluid.

d%h
k() = |55

(19)
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Fig. 6. Anisotropic and diffusion-like hemiwicking behavior. (a) Isopropanol and (b) ethanol spatiotemporal L? data for hemiwicking
on multiple samples (G, H, K, M, O) and different wicking conventions. The filled- and open-symbols correspond to RA and SC
wicking (respectively). Each data set is the average of three independent wicking experiments. Standard error: comparable to the
symbol size, see RA data for G in (b). (¢) Interface diffusivity as a function of the measured pillar height for all samples (A-P), fluids,
and different wicking conventions tested. Inset plot: Scaling analysis to evaluate if v « h;, (see, Egs. (6-15)) via the anisotropic

interface diffusivity ratio: Qp, = DRA/DFC x (xo —

C11)/x9, where C; = 0.18, xE©°H =24.9 um, and x*°° = 25.1 pm.
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To obtain both the static and the spatiotemporal meniscus
extension, the high-speed camera was also setup for both top-
view and side-view imaging. Fig. 3 provides videography images
for both top- and side-view wicking experiments. For static
meniscus characterization, typically we use the last row of wetted
pillars. Other regions of interest can be viewed; however, other
than row-edge effects, the static results in the interior of the
wicking array are not of significant interest. Static measurements
of x¢ can be acquired using both the top-view and side-view
imaging configurations. We note that adopted to define the
meniscus extension as the static (or steady-state) extension
length: xy = xp wan — 8y. Therefore, measurements of x,
require establishing a steady-state mode of evaporation within
the liquid meniscus (see, Fig. 3a and corresponding inset image).

III. RESULTS AND DISCUSSION

A. Macroscopic Meniscus Propagation

The macroscopic wicking behavior of the hemiwicking
samples are observed to have meniscus propagation dynamics
that are diffusion-like and one dimensional. Fig. 6 provides the
supporting hemiwicking data for this diffusion-like transport.
Figs. 6a and 6b plot the meniscus propagation distance (squared)
as a function of time — i.e., in accordance with the diffusion
relation: £2 = Dt. For both isopropanol (Fig. 6a) and ethanol
(Fig. 6b), after the onset of wicking, there is a relatively short
flow acceleration regime (10-50 ms). Then, the meniscus front
propagates as Vt (or linearly between £2 and t) for multiple
samples and the different wicking directions (RA and SC). As
shown, RA wicking is faster than SC wicking. Also, liquid
ethanol wicks roughly two times faster than isopropanol. Based
on Eq. (12), this is expected because vELOH /ISP ~ 2. As shown
in Figs. 6a and 6b, both wicking directions (relative to the half-
conical pillar geometry) exhibit diffusion-like mass transport
behavior. We stress that this anisotropic and diffusion-like
wicking behavior is found for all our hemiwicking samples (A-
P). We have named this type of diffusion-like transport as
interface diffusion (D;) because the hemiwicking process
disperses an interface (i.e., the liquid-vapor interface). Table 2
(Appendix) lists the fitted slopes (or D; values) for all the
wicking samples and fluids tested. In further support, Fig. 6¢
plots all the measured (or fitted) anisotropic values of D; as a
function of pillar height. These data are based analysis of
typically three, independent macroscale wicking trials per
direction (SC and RA) for each sample (A-P). As discussed in
Sec. 1IB, we have incorporated the concept of a perceived pillar
height (hy,) in our hemiwicking model (see, Egs. (6-8)), where

for RA and SC wicking, h®A ~ h and hSC ~ 120
p p Xo+Cqr
in Fig. 6 (inset), if ¢; = 0.18, then @p, = 1, which corresponds

SC/pRA . },SC /RA %o
to DP¢/Df* ~ hi® [hgh ~ =t

. As shown

Experiments in the StS wicking configuration were also
conducted; however, the wicking data for StS wicking yielded
relativity large systematic errors based on trial-to-trial angle of
incidence variations between the pillar array and the liquid pool
contact line (or liquid interface normal). Therefore, this
manuscript only reports RA and SC wicking data and more
studies with StS are needed to both confirm the expected axis-

symmetric, macroscale wicking dynamics (Eq. (11)) and better
understand microscale zipping effects.

Interestingly, an interface (or wicking front) diffusivity can
be obtained by multiplying the predicted wicking velocity, Eq.
(12), by the propagation distance, e.g., fv=+¢ Z—f, and then
equating ¢ to the diffusion length for the propagating meniscus
front: £ = 2\/D_,t. Then, by taking the time derivative of £, the
following relationship between the interface diffusivity and the

wicking velocity can be derived: D; = v£/2. Now, in terms of
Eq. (12), the predicted interface diffusivity is

D, = %(C%VCa)f. (20)
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Fig. 7. Comparison between the measured and predicted interface
diffusivity (samples A-P). The filled- and open-symbols correspond to
RA and SC wicking, where the black- and blue-symbols are for hemi-
wicking with ethanol and isopropanol (respectively). The dashed red
line is a guide to the eye for a 1:1 correlation. The predicted values are
based on Eq. (21), using C4o = 24 (Stokes), Egs. (13-14) for K, (RA
and SC wicking), and vg, =20.1 m/s and 11.9 m/s (x, = 24.9 um and
25.1 pum) for ethanol and isopropanol, respectively.

We note that the solid-liquid Structure factor (S) in Eq. (20)
scales inversely with length: therefore, the interface diffusivity
in Eq. (20) is predicted to be independent of propagation distance
(or time). So, if we rewrite Eq. (20) in terms of the solid-liquid
surface texture (K,), drag number (Cy,), and capillary velocity

(Vca), then we have
1/(K,
DI - E(Cdo) Vea

where K, o< h/x2 (see, Egs. (13-16)). We note that typically the
meniscus extension (x,) is observed to be within the rather
narrow range of 15 pm < x; < 30 um for a variety of different
fluids (e.g., isopropanol, ethanol, water, FC70, and isooctane).
Therefore, subsequent applications of these predictions (on an
ad hoc basis) can assume with x, = 20 um for other lyophillic
wicking fluids. With this said, debates on the practical use of K,
and how to define and measure x, relative to the spatial onset of
thin-film absorption regime () are needed.

e2y)
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Fig. 7 shows the correlation between our measured and
predicted interface diffusivity. The predicted D; values are
based on Eq. (21), using Cyo = 24 and the appropriate surface
texture convention (i.e., Egs. (13) or (14) for RA or SC wicking,
respectively). Thus, the only free parameter in the model
predictions is the coupling coefficient C; for estimating the
perceived pillar height. The correlation between the measured
and predicted data is very good. In general, the measured values
of the interface diffusivity are greater than the predicted values.
Using a drag number of Cy, < 14 yields the opposite result,
while Cyy = 19.5 can be considered the best fit value. We also
note that neglecting the cos @ term from the predicted wicking
velocity (or solid-liquid surface texture) yielded poor
correlations for all samples with & = 45°.

wicks (climbs) up the pillar wall. This fluid climbing process is
the key driving (pumping) mechanism for hemiwicking, where
in Egs. (6-8) the pumping pressure (per unit cell) is proportional
to the pillar height, surface tension, and pillar spacing relative to
the meniscus extension. Thus, each individual pillar drives the
propagation of the meniscus front from its pillar base. However,
each single pillar pump has a unique spatiotemporal coupling to
the surrounding fluid dynamics (i.e., those associated with
inertia, drag, and the pumping by neighboring pillars). In this
regard, the inter-pillar spacing configuration is critical for
facilitating coordinated inter-pillar wetting (climbing).

(a)

- Bt=05ms

- At=10ms

(c)

At=2.0ms

Fig. 8. Depiction of the fundamental pumping mechanism for
sustaining hemiwicking flow at the microscale. The microscale
pumping mechanism is illustrated via snapshot interferometry images
for different samples (G, M, and H), fluids (ethanol and isopropanol),
and wicking conventions (RA and SC wicking) in a central region of
wicking array (£, = 0.65 L, £,, ~ 0.5 W). Each pillar acts as a fluid
pump with the sequential pumping process of (1) fluid-pillar contact,
(2) fluid engulfment at the pillar-base, and then (3) vertical (pumping)
wicking up the pillar walls.

B. Microscopic Meniscus Propagation

The last section discussed the wicking behavior from a
macroscopic perspective based on an averaged wicking front
propagation velocity (or interface diffusivity) across an entire
row of pillars (or entire row of unit cells). In the following we
discuss the wetting behavior from the single pillar and pillar-to-
pillar (or microscopic) perspective.

The images in Fig. 8 illustrate the microscopic wetting
process. As depicted in Figs. 8a, 8d, and 8g, inter-pillar wicking
is initiated by the onset of wetting of a single pillar. The
subsequent images for each fluid-sample combination in Fig. 8
illustrate that after meniscus front contact with the pillar-base,
then the entire base of the pillar base is engulfed by the fluid.
There is some vertical wicking during this engulfment process.
However, it is rather sluggish relative to the vertical wicking
after engulfment. Thus, after the base of a single pillar is
engulfed (or surrounded) by the fluid, then the fluid rapidly
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Fig. 9. Comparison between the spatiotemporal meniscus profiles for
sample G and sample H during Rapid Ascent (RA) and Sluggish Climb
(SC) wicking (respectively) with ethanol. The data is based on
interferometry fringe analysis in a central region of wicking array (€, =~
0.65 L, £, = 0.5 W). Each meniscus profile has temporal increment of
1 ms (sample G: 2.5 to 5.5 ms, sample H: 7.5 to 11.5 ms).

Meniscus stability against a flat face and sharp corner is
studied extensively by Jokinen et al., and this stability difference
applies here to curved faces in the same way, but simply less
pronounced [11]. We stress that if coordinated (or simultaneous)
the inter-pillar wetting is frequently occurring, then the
corresponding wicking front propagation is more like a plane
wave (one dimensional). Moreover, when the wicking front
propagation is one dimensional due to near simultaneous inter-
pillar wicking, then we observe a near constant meniscus
curvature at leading edge.

Fig. 9 provides spatiotemporal meniscus profile data for this
case of pseudo-planewave (one dimensional) meniscus
propagation. The data is based on interferometry (fringe)
analysis using Egs. (17-18). The interferometry experiments
only provide meniscus profile information during the later
stages of inter-pillar wicking (i.e., within s, /2 < x < s,), As
illustrated in Figs. 5 and 9, immediately after the pillar-
engulfment and subsequent wall-wicking processes, there are no
visible interferometry fringes due to the large contact angles
next to the pillar walls. To circumvent this experimental
challenge side-view videography experiments were also
conducted. Fig. 10 provides some inter-pillar velocity data. We
note that these side-view studies showed significant variability
due to edge effects, defect, and debris -- especially for samples
with the staggered pillar arrays (A-G). Nevertheless, the
velocity data in Fig. 10 illustrates the expected decay in wicking
velocity due to the decrease in meniscus curvature.
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Fig. 10. Inter-pillar velocity distribution for samples M and H. The
filled- and open-symbols correspond to RA and SC wicking.

IV. CONCLUSIONS

Microstructured surfaces for enhanced wetting is at the
forefront of interfacial heat transport research. This work showed
that the anisotropic wicking velocity can be predicted quite
reliably at the macroscale. For example, the anisotropic
hemiwicking model predicts the interface diffusivity within 20%
of that measured experimentally using the Stokes (creeping) flow
drag number (C4o = 24). An improved model-data correlation
(<10%) is found using a best fit value of Cyy = 19.5. At the
microscale, however, much more work is needed to understand
the spatiotemporal inter-pillar wicking dynamics, which are
dictated by a complex interplay between multiple transient
processes, such as viscous drag, micro-scale flow vorticity, and
coordinated-to-disordered inter-pillar wetting dynamics.

This study can be utilized as a starting point for optimizing
wicking arrays with both local (single micro-pillar) and macro-
scale anisotropic qualities for tailored flow-fields. In the area of
thermal management, future superlyophilic surfaces with high
anisotropic qualities can be utilized to create complex flow paths
that can direct the fluid flow to specific hot- or cold-spot regions
of interest. Anisotropic hemiwicking arrays have applications in
a variety of different environments due the feasibility of use with
high-temperature refractory metals, alloys, soft materials, and
fluids ranging from liquid metals to cryogenic refrigerants. Other
areas of application beyond thermal management include water
harvesting on superhydrophilic materials and biomimetic
materials development [14,15].
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APPENDIX

Table 1. Anisotropic Pillar Geometry and Spacing.
Sy Sy r a h h,, f

(um) (um) (um) (°) (um) (um)
40 80 10 | 45 50 41 1.34
40 80 10 | 45 70 59 1.48
40 80 10 | 45 90 71 1.57
40 80 15 45 60 57 1.70
40 80 15 45 75 68 1.83
40 80 15 45 90 76 1.93
40 80 15 | 45 | 105 97 | 2.18
50 50 10 50 44 1.46
50 50 10 70 58 1.60
50 50 10 90 76 1.79
50 50 15 60 58 1.91
50 50 15 75 67 | 2.05
50 50 15 90 86 | 2.34
50 50 15 105 102 | 2.58
40 80 15 45 39 1.49
50 50 15 45 44 1.70

oz nx v~ zlal s alwx
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Table 2. Interface Diffusivities (D; + ADy) for Anisotropic Hemiwicking with Ethanol and Isopropanol.
Ethanol Isopropanol
DfA Di¢ AD}* | ADFC DfA Di¢ ADf* | ADC
(mm?s) | (mm?%s) | (mm?%s) | (mm?%s) | (mm?%s) | (mm?%s) | (mm?s) | (mm?s)

A 23.78 23.05 0.90 1.27 14.95 13.11 1.09 1.05
B 42.19 37.06 3.33 1.41 22.74 22.01 1.22 1.30
C 58.52 52.97 2.18 1.95 29.67 28.82 1.89 1.34
D 47.86 46.05 1.40 1.74 23.40 22.25 0.84 1.13
E 63.50 56.96 0.99 1.83 30.47 29.17 1.26 1.18
F 73.10 70.59 3.42 2.82 36.29 33.86 1.89 0.71
G 82.44 80.42 1.82 1.20 40.09 38.74 2.73 1.09
H 35.05 33.12 1.42 0.87 16.73 15.74 0.97 0.67
1 50.45 48.71 1.55 1.51 26.48 24.61 0.80 1.30
J 60.89 58.84 1.22 1.78 31.89 30.86 1.13 1.05
K 52.19 45.51 0.85 0.83 25.61 22.18 1.55 0.79
L 62.98 56.22 1.15 2.64 31.14 27.80 0.76 0.84
M 70.51 63.96 4.08 3.04 3431 32.29 1.37 1.79
N 79.50 72.42 1.99 1.90 39.66 36.00 0.97 0.92
o 33.61 31.70 1.39 1.41 17.58 15.96 0.64 0.66
P 38.35 32.89 0.96 0.90 19.15 16.14 0.76 0.42
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