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ABSTRACT: Thin-film evaporation in wick structures for cooling high performance electronic
devices is attractive because it harnesses the latent heat of vaporization and does not require
external pumping. However, optimizing the wick structures to increase the dry-out heat flux is
challenging due to the complexities in modeling the liquid-vapor interface and the flow through

the wick structures. In this work, we developed a model for thin-film evaporation from



micropillar array wick structures and validated the model with experiments. The model
numerically simulates liquid velocity, pressure, and meniscus curvature along the wicking
direction by conservation of mass, momentum and energy based on a finite volume approach.
Specifically, the three-dimensional meniscus shape, which varies along the wicking direction
with the local liquid pressure, is accurately captured by a force balance using the Young-Laplace
equation. The dry-out condition is determined when the minimum contact angle on the pillar
surface reaches the receding contact angle as the applied heat flux increases. With this model, we
predict the dry-out heat flux on various micropillar structure geometries (diameter, pitch and
height) in the length scale range of 1-100 um and discuss the optimal geometries to maximize the
dry-out heat flux. We also performed detailed experiments to validate the model predictions,
which show good agreement. This work provides insights into the role of surface structures in
thin-film evaporation and offers important design guidelines for enhanced thermal management

of high-performance electronic devices.

1. INTRODUCTION

The increasing power densities in high performance electronic devices such as GaN power
amplifiers, concentrated photovoltaics and laser diodes pose a significant thermal management
challenge . The use of the liquid-to-vapor phase-change process to cool these devices is
attractive because it harnesses the latent heat of vaporization with minimal temperature rise* . In
particular, capillary-pumped thin-film evaporation has gained increasing attention due to its
simple design, stable and self-regulating performance, and minimal pumping power
consumption”®. These systems generally require a porous wick structure to generate capillary

pressure which drives the liquid flow as it evaporates. Among various wick structures



investigated including spheres, pyramids and cylindrical micropillars, the latter have been shown
to be a particularly effective wick structure’®. However, optimizing the micropillars to increase
the dry-out heat flux, which is the maximum heat flux the system can dissipate before dry-out
occurs, is challenging owing to the complex liquid-vapor interface and its effect on the liquid

transport. Thus, existing models simplify the physics by assuming an adiabatic flow'**?, or

13-15

neglecting the variation of the three-dimensional curved liquid-vapor interface along the

length of the wick. In addition, these models are typically based on the Brinkman’s

11,12,16 14,15

equation or Darcy’s law "= which describes flow in an isotropic porous media, with an
effective porosity and permeability adopted for the micropillars. Therefore, a multi-physics
model, which captures the liquid-vapor interface along the wicking distance and couples the
associated capillary pressure field with the fluid and enthalpy transport, is needed for more

accurate predictions of the dry-out heat flux.

In this study, we developed a numerical model for thin-film evaporation from micropillar array
wick structures. The model simulates the liquid velocity, pressure, and meniscus curvature along
the wicking direction by conservation of mass, momentum and energy based on a finite volume
approach. In particular, the three-dimensional meniscus shape, which varies along the wicking
direction with the local liquid pressure, is accurately captured by the Young-Laplace equation.
We determine the dry-out condition at a fixed distance from the liquid source when the minimum
contact angle on the pillar surface reaches the receding contact angle as the applied heat flux is
increased. We predict the dry-out heat flux on various micropillar structure geometries (diameter
d, pitch I, and height h) in the length scale range of 1-100 um and suggest the optimal geometries
to maximize the dry-out heat flux. In addition, we experimentally validated the model with

microfabricated test samples and measured the heat flux at which dry-out occurred. The results



show that for the geometric range investigated, the dry-out heat flux is maximized at d/h ~ 0.4-

0.6 and I/d ~ 3.
2. MODEL FORMULATION

In this work, we study capillary-pumped liquid film evaporation on a hydrophilic micropillar
array surface (or the “wick surface”) of length L, in a constant pressure, saturated vapor
environment. A schematic of the problem studied in this model is shown in Figure 1a (side view)
and 1b (top view). Figure 1c shows a scanning electron microscope (SEM) image of a
representative fabricated silicon micropillar array with diameter of d, pitch of | and height of h
(d, h, I <<L). The wick surface in Figure 1la and 1b (0<x<L) is in contact with a liquid
reservoir (x <0) at x =0, whose volume is much larger than the total volume of liquid on the
wick surface. The wick surface and the liquid in the reservoir are in a saturated environment,
with saturated vapor on top. Thus, the pressure of the liquid reservoir (flat interface) is the same
as the vapor pressure Pyap, Which is constant (at Psa) in this system. Upon applying a uniform
heat flux q to the bottom of the wick surface, the liquid film evaporates and the film thickness
reduces as a function of x. The bottom surface is assumed to be infinitesimally thin such that no
axial conduction is present in the solid, which can be large for a thick substrate’’. However, the
liquid-vapor interface is pinned to the hydrophilic micropillar top surfaces. As a result, concave
interfaces form (shown in Figure 1a). After the system evolves to equilibrium, the curvature x(x)
of this interface increases with x, which is a result of a thinner liquid film further from the

reservoir. The liquid pressure Pjiq(X) is described by the Young-Laplace equation,

Pap = Fiig (X) = 20% (X) (1)



where ¢ is the liquid-vapor surface tension. For the geometries (1-100 pm) and evaporation
conditions studied in this model, the variations of the surface tension with temperature, the
disjoining pressure and recoil pressure are negligible. The liquid pressure gradient along X,
dPiig/dx, thus results in a net flow from the reservoir (marked by the blue solid arrow in
Figure 1a), which compensates for the evaporated liquid mass flux. The goal of this modeling
study is to understand the axial variation of the pressure P(x) and the x-direction liquid velocity
U(x) at any heat flux g. With this information, we determined the dry-out heat flux Qgry-out, as the
meniscus curvature at x = L reaches its maximum (i.e., where the liquid-vapor meniscus starts to

recede).
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Figure 1. (a) Side view and (b) top view schematics of the physical domain in this model.
Capillary-pumped liquid film evaporates on a hydrophilic micropillar array surface of length L,
where a uniform heat flux is applied. The vapor pressure Py, is constant. The Young-Laplace
equation is given, where ¢ is the liquid-vapor surface tension and x(x) is the curvature of the
liquid-vapor interface at any x. (c) A representative SEM image of a fabricated silicon

micropillar array with diameter d, pitch | and height h.



Since the micropillars are periodic with pitches of I, we divide the liquid domain into finite
volumes or unit cells. Each unit cell is the fluid volume within four pillars shown in the dotted
box in Figure 1a and 1b. Since the flow pattern is identical for any finite volume with the same x
(i.e., the system is periodic in the y direction), we only consider one row of unit cells. We first
consider the meniscus shape in one unit cell from the Young-Laplace equation, and solve for the
velocity field in one unit cell using a CFD model. We then link all of the cells fromx=0tox =L
based on a finite volume approach where we analyze the change of liquid enthalpy and mass

flow rate across a finite volume, and match the mass flux and enthalpy flux for adjacent cells.

A. Force Balance. We first solve for the meniscus shape at an arbitrary unit cell along x with the
liquid pressure Piig(X). The curvature of the meniscus in one unit cell is governed by the Young-
Laplace equation (equation (1)). Since Py is constant, we define Py jiq as the liquid pressure
relative to the vapor pressure, Py iq = Piig— Pvap. In the scenarios of practical interest, L is usually
much greater thanl. It is therefore reasonable to assume that the pressure and curvature
variations in one unit cell are small, which we will later validate. Under this condition (L>>I), the
meniscus in the i'" cell which is governed by «(x) or Py iq(X) is approximated using the meniscus
calculated from a cell-averaged curvature «' (or the cell-averaged pressure Pr,"q‘), since in this
numerical model we discretize the pressure Py jig(X) as Pr,”q‘ (i=0 to L/1). Accordingly, we denote
X, y' and z' as the relative coordinates in a unit cell. Equation (1) is then rearranged to
equation (2).

~P ()

K'i — r.lig
20

The curvature of a 3-D surface z' = f(x',y") is calculated as,

2k' =—V-A (3)



where 1i is the unit normal of the surface defined as equation (4)*.
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Given any Pr,“qi, the constant-mean-curvature (CMC) meniscus shape z' = foeniscus(X,Y') IS

n=

1/2

numerically computed using equation (3) and (4) in COMSOL by setting «' = — Pr,”qi /(20).

The boundary conditions (before the meniscus starts to recede within the unit cell) are: a) the

interface is pinned at the pillar top,

X?+y?=(d/2)?,

(x'=)? +y?=(d/2)?
Z'=hat x?*+(y'-1)? = (d /2)?,

(x'=1)*+ (y'—1)? =(d /2)?,

0<x',y<I

()

and b) the slope of the meniscus where adjacent cells meet is continuous. More specifically, the
slope in the x' direction should be zero at x' =0 and I, when the pressure difference between
adjacent cells is infinitesimally small, and the slope in the y' direction is zero at y' =0 and I, due

to symmetry.

a—Z=0 at x'=0,1 and a—zzo at y'=0,l (6)
oxX' oy'

Due to the various geometries simulated (1-100 pm), we used a standard optimized mesh
generation algorithm in COMSOL™ to generate the grid. The minimum and maximum relative

mesh areas (with respect to the unit cell projected area) were approximately 110 and 710",



The relative tolerance for the convergence of z” was 10°. The results were exported in the form

of points (x’, y’, z’).

An example of the meniscus in a unit cell (d=3 pm, 1=9 pm, h=5 pm) with ' = 5.52x102 pm™
which corresponds to Py iq = —6.49 kPa (o = 58.8 mN/m, water at 100 <C) is shown in Figure 2a.
We choose water due to its large latent heat of vaporization compared to other fluids. From the
meniscus solution, we further obtain the contact angle & that the meniscus makes on the pillar
surface. The contact angle varies around the pillar circumference (29.92°<6< 30.21°) as
expected due to the non-axisymmetric geometry and interactions with the adjacent three pillars
(see Supporting Information Sections S-I and S-II), but this variation is small for pillar
geometries with reasonably large permeability which is of practical interest in wicking
applications. In this case, the corresponding average contact angle obtained from the meniscus
solution around a pillar is 8 = 30.06 < which matches very well with the average contact angle
(6 =30.00 calculated from a force balance analysis (see Supporting Information Section S-I for

detail) described by equation (7),
o(nd)cosd =P, (1> —ar?) (7)

where r (r =d/2) is the radius of the pillar. The left hand side of equation (7) represents the
vertical component of the line forces pulling the meniscus upward (indicated by red arrows in
Figure 2a). The right hand side of equation (7) is the downward component of the force from the

pressure difference acting on the meniscus.
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Figure 2. (a) The meniscus shape for d =3 pm, =9 pm, h=5 pm and «' = 5.52x10 pm™,
computed from equation (3) and (4) in COMSOL. The corresponding average contact angle for
this meniscus shape is ¢ =30.06< (b) The average meniscus height and minimum meniscus
height in the center yz-plane (the red plane in the inset) of a unit cell (d=3 pm, 1=9 pm,
h =5 pm) as a function of the average contact angle ¢ around the pillars. The solid lines are

linear interpolation and extrapolation of the data points from COMSOL.

Figure 2b shows an example of the average meniscus height and minimum meniscus height of
the center yz-plane in a unit cell (the red plane in the inset of Figure 2b) as a function of the
contact angle 6 (d=3 pm, 1=9 pm, h=5 pm), or curvature k. The result shows that, for this
particular pillar geometry, the liquid-vapor interface curves towards the bottom surface for ~40%
the total height of the pillar at small contact angles. This indicates that assuming the liquid
thickness is equal to the micropillar height can largely underpredict the flow resistance,
especially for small h/l ratio geometries. Following the same method, we solved the meniscus

shape for various pillar geometries and Py jiq (Or x) using a parametric sweep in COMSOL.



B. Momentum Equation. We next solve the momentum equation (Navier-Stokes Equations) for
the velocity field (u,v,w) in one unit cell as a function of the relative liquid pressure Py iq which
determines the meniscus shape, and the pressure difference across one unit cell APy ¢/l which
drives the flow. Due to the complexity of the meniscus shape, we solve the three-dimensional
velocity profile (u,v,w) = f(Pyiq, APriig/l, X', y’, z’, micropillar geometries) numerically via CFD
simulations in COMSOL. We imported the meniscus shape (x’, y’, z’) calculated in Section 2A
via parametric surface in COMSOL as a geometric boundary. We choose the fluid properties of
water at 100 <C. Figure 3a shows an example of a unit cell (d =3 pm, I =9 pm, h =5 pm). For
any input Py iq, the meniscus is first generated by the method described in Section A. A pressure
difference APy iq is applied across the inlet and the outlet of the fluid domain, which represents a
cell-averaged pressure gradient dP;ii/dx = APy i¢/l. The boundary conditions are a) no-slip
boundary condition on the bottom surface and the pillar side walls, b) shear free boundary
condition on the meniscus and ¢) symmetric boundary condition on the side walls of the unit cell
(y =0 plane and y = I plane). The minimum and maximum relative mesh volumes (with respect
to the unit cell volume) were approximately 110 and 1.5x10™. The relative tolerance for the
convergence of velocity and pressure was 10°. The Mesh independence of the numerical
solution is included in Supporting Information S-111. Figure 3a shows the result of the magnitude
of the velocity (m/s) in the fluid domain where Py jiq=—6.49 kPa which corresponds to K=

5.52x10° pm™ or 6 = 30< and a AP, jig/l of —1.667 Pa/um (AP ji; = —15 Pa over | = 9 pm).

10
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Figure 3. (a) The magnitude of the velocity (m/s) in the fluid domain where Py iq=—6.49 kPa
which corresponds to x'= 5.52x10% pm™ or #=30° and a APyjig/l of —1.667 Pa/pm
(AP =—15 Pa over | =9 pm). The micropillar geometries are d =3 pm, 1 =9 pm, h=5 pm. (b)

The center-yz-plane-averaged (the red plane in the inset) x-direction velocity U defined as

U= }{% IJ.AC u(x',y',z')dy'dz] ., , as a function of [APyigl/l and & = f(Pyiq).

We performed simulations over a wide range of values for pressure gradient 4Py i/l and pressure
Priq, to obtain their effect on the liquid velocity. The result ford =3 pm, [ =9 pm, h=5 pm is

plotted in Figure 3b where the center-yz-plane-averaged (the red plane in the inset) x-direction

velocity U (defined as U = }/ﬂ .UAC u(x', y',z')dy'dz'| <172 ) 1S shown as a function of 4Py igl/|

and @ = f(Pyiiq). For a fixed contact angle (i.e., a fixed meniscus shape), the result shows a linear
relationship between the velocity and the pressure gradient, which is due to a fixed flow
resistance. As 6 reduces, the meniscus becomes more concave. This increases the flow
resistance, as indicated by the reduced slopes of the U vs. |4Py i/l curves. Besides |4Py,igl/l and

pressure Py iq, We also performed simulations over a wide range of sample geometries (d, |, h) to

11



obtain a look-up table for U = f(Pyiq, APy,i¢/l, d, I, h). We used this look-up table for the finite

volume simulations discussed next.

C. Mass Conservation and Enthalpy Balance. We finally connect the unit cells from x =0 to
x = L by integrating the mass conservation and enthalpy balance equations in each unit cell, or
finite volume, and matching the fluxes at the finite volume interfaces. For the convenience of the
study, we chose the finite volumes as shown in Figure 4, so that the boundaries of the finite

volumes coincide with the center yz-planes in each unit cell (Figure 4a).

(@ i-1t finie it ® i’ © mhl® () P Ph? Pha’
unit cell volume unit cell | } l
D e e i
""""" LT Y
ql ATy AU

Figure 4. Schematics of (a) the choice of finite volume and unit cells, (b) mass conservation and

(c) enthalpy balance on a control volume, and (d) locations of the variables solved in the model.
Integrating the mass conservation in the finite volume gives equation (8),
- =ml® (8)

where '™ and "' represent the mass flow rate entering and leaving the finite volume respectively
(Figure 4b), and m: is the evaporation rate (i.e., the mass evaporated per unit area per second,
kg/m?s). T' is calculated by integrating the mass flux on the outlet surface and is described by

equation (9),

12



= pH |, udydz = PAU! ©)

where p is the liquid density, u is the x-direction velocity, A' is the outlet surface area which is
also the center yz-plane area A in a unit cell, and U' is the surface-averaged velocity (as

discussed in Section B). A similar equation is used to calculate '™,

Integrating the enthalpy in the finite volume gives equation (10),

(C'* —1h, —ml*h, +1°g=0 (10)

where h; and h, are the enthalpies of the liquid and vapor respectively. Substituting equations (8)

and (9) into (10), and neglecting the sensible heat results in equation (11),

p(A7U - AU, =I%q (11)
where hyg is the latent heat of vaporization (h,-h;).

The boundary conditions at x = 0 are a) Py,iq = 0 since the liquid is in contact with the reservoir,
and b) I'(x = 0) = glL/h¢g since all the liquid evaporated from the surface should enter at x = 0.
Equation (11) links the center-yz-plane-averaged velocity U' and the area A’ with those in the
next unit cell (Figure 4d). Therefore, we solved Py iq based on a cell-by-cell (forward) approach,
since the left boundary conditions (x = 0) are specified. Based on the solution from the previous

12 s jteratively solved

cell (Pr1ii™% A™, U™) whose locations are defined in Figure 4d, P iq
until A'=f(Py.1ig") and U'=f(Pyiq', (Priiq ™2 — Priiq"2)/1) satisfies equation (11), where Py iq' is the
average pressure in the i" cell and Pyjig' = 1/2(Priq 2 + Pyiiq ). The solution (P i 2, A, U)
i+3/2 Ai+1 Ui+1

is then used to calculate (Piq ) in the next cell.

13



3. RESULTS AND DISCUSSION

In this section, we first show an example of the solution of a micropillar array surface
(d=120 pm, I =30 pm, h =25 pm) of length L =5 mm. We choose this characteristic wicking
length L based on a 1 cm? typical heat dissipation area of electronic devices, where the fluid
wicks from the edges to the center. We discuss how we obtain the dry-out heat flux qgry-out based
on the minimum contact angle from the solution. We then show the dry-out heat flux qgry-out for
various micropillar geometries as the pillar height h increases from 5 pm to 50 pm and discuss
the optimal pillar geometries which maximize Qqry-out. FUrthermore, we validate this model with
experimental data and demonstrate good agreement between the two. Finally, we show that ¢qyy-

out IS Very sensitive to the wicking length L and is governed by Qary-out ~ L2,

Figure 5 shows the x-direction velocity U(x) (Figure 5a), the relative liquid pressure Py ig(X)
(Figure 5b), the average meniscus height (liquid thickness) in the center yz-plane in each unit cell
o(x) = Ac(x)/l (Figure 5c), and the average contact angle that the meniscus makes on the
micropillar walls 6(x) (Figure 5d) as a function of the distance x to the reservoir. Three heat
fluxes q = 50, 60 and 76.1 W/cm? were applied and the dashed arrows in Figure 5 indicate the
trend as the heat flux increases. The heat flux of 76.1 W/cm? corresponds to the dry-out heat flux
which will be explained in the following paragraph. Figure 5a shows that the velocity reduces to
zero at X = L, which is a physical result of total evaporation of the liquid. This also indicates that
the error associated with the numerical method is small, since we only specified the left
boundary conditions at x = 0 and did not set any constraints at x = L. Figure 5b shows that P iq
reduces along the wick surface and the magnitude of the total pressure drop increases with g. In
addition, the maximum pressure variation within a unit cell at q = 76.1 W/cm? is 23.9 Pa (at

x = 0), which is only 1% of the pressure variation from x =0 to L (=2.17 kPa). This validates our

14



assumption in section A that the pressure variation in one unit cell is small. Figure 5¢ and 5d
shows that the thickness of the liquid film and the average contact angle reduces along the wick

surface. As heat flux increases, the liquid becomes thinner and the contact angle reduces.

We identify the dry-out heat flux dary-out DY the physical constraint of the minimum contact angle
at x = L. This contact angle cannot be lower than the receding contact angle &, of the fluid on the
substrate. Similarly, the receding contact angle has been used to identify the critical heat flux in
pool boiling °?!. As an example of water on silicon dioxide, which is a common combination, 6;
is approximately 15°%%, Thus Qary-out in this particular case is determined to be 76.1 W/cm?, as

shown in Figure 5d.
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Figure 5. A representative set of simulation results for a micropillar array surface (d =10 pm,

| =30 pm, h=25 pm) of length L =5 mm at q =50, 60 and 76.1 W/cm?. (a) The x-direction
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velocity U(x), (b) the relative liquid pressure Py )iq(X), (C) the average meniscus height (liquid
thickness) in the center yz-plane in each unit cell 6(x) = A¢(x)/l, and (d) the average contact angle
that the meniscus makes on the micropillar walls 6(x) as a function of the distance x to the

reservoir. Water (at 100 <C) is used as the working fluid.

Following this method, we calculated the dry-out heat flux Qary-out for various micropillar
geometries and the results are shown in Figure 6. Micropillars of three different heights (h =
5 pm, 25 pm and 50 pm) which correspond to three inlet liquid thickness were investigated. For
each h, we examined the micropillar diameters d in the range of approximately d/h~0.1 to 1.
Correspondingly, various micropillar pitches | were considered such that for each d and h, the
range of | covers the maximum Qgry-out- Figures 6a-6¢ show Qary-out for h = 5 pm, 25 pm and
50 pm respectively when 6, = 15° (water on silicon dioxide). Figure 6d Shows Ogry-out fOr
h =25 pm when 6, = 50°(representing the case for pillar surfaces with a lower surface energy).
The numerical error associated with discretization increases as L/l decreases. Specifically, the
number of unit cells becomes less than 50 for | > 100 um (L =5 mm), and the maximum pressure
variation within a unit cell at dry-out (6,=15 for d=50 um, 1=100 um and h =50 um

increases to 3.6% (40.4 Pa at x = 0) of the total pressure variation fromx=0to L (—1.11 kPa).

16
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Figure 6. The dry-out heat flux Qary-ou fOr various micropillar geometries. (a) h =5 pm and
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The results indicate the dry-out heat flux is very sensitive to the choice of the micropillar

geometries. We summarize the main observations from these simulations over the parametric

space as seen in Figure 6,

(1) For each h, there is @ maximum Qary-out, and for the geometries investigated in this study,

the optimal geometry has a d/h ratio of approximately 0.4-0.6, and an I/d ratio of

approximately 3 when 6, = 15<

(2) Qary-out increases with h (Figure 6a-6¢). This is because higher h results in a thicker liquid

film and the associated viscus drag (~p€u/dz) from the bottom surface is smaller. In
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addition, a thicker liquid allows a higher liquid mass flow rate, which contributes to a
higher Qary-out. This trend agrees with previous modeling based on the Darcy’s equation

and experimental observations '**°

. However, increasing the height of the pillars
increases the superheat at the solid surface. Therefore, h is limited by the maximum
superheat associated with the onset of nucleation, which needs further consideration. Due
to this boiling limit, we do not report h > 50 pm, since a mixed mode of evaporation and
boiling has been observed from some previous works 2?*?* for geometries in this range.
Similarly, when the contact angle is large, it is also possible for boiling to occur due to

the small evaporative heat transfer coefficient®.

(3) Reducing & will increase qury-out, as indicated by Figure 6b and 6d.

To further investigate the effect of the receding contact angle on the dry-out heat flux, we plot
Qary-out 8s @ function of &, for three different micropillar geometries (Figure 7). Figure 7 suggests
that although the dry-out heat flux increases with decreasing receding contact angle, the increase
is small as 6, approaches 0< This relation resembles qgry-out ~ COS; since the maximum capillary
=cos0,o(nd) /(1> —7r®) , according to equation (7). The exact Qary-out = f(0) is

pressure is — B, |,

micropillar geometry dependent, as indicated by the difference between the curves for | = 60 pm
and | =20 pm in Figure 7. The predictions for | = 60 pm are higher than that for | = 20 pm at
larger receding contact angles, but becomes lower at receding contact angles less than 21< This
is because as the contact angle decreases the liquid film becomes thinner for sparse pillar arrays
compared to micropillars with relatively closer spacing (insets of Figure 7), which causes more
viscous drag. This result explains the trend that the optimal d and | increase as é increases
(Figure 6b and 6d). In addition, creating nanoscale hierarchical structures on top of the

microscale pillar arrays will not only reduce the apparent contact angle on the pillar surface, but
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will also increase the contact line length of the meniscus. This can potentially increase the
maximum allowable capillary pressure significantly without introducing substantial viscous loss,

which can potentially further increase the dry-out heat flux.
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Figure 7. The dry-out heat flux as a function of the receding contact angle for three different
micropillar geometries. The dry-out heat flux increases as the receding contact angle decreases.
The insets show the minimum liquid film thicknesses for a sparse and dense pillar arrays (h =

25 pm) with 6; = 10

Furthermore, we validated our model with experimental data. We created well-defined
micropillar arrays with three geometries (Sample Al: d=7 pm, =20 pm, h =20 pm, A2:
d=7pm, =30 pm, h=19 pm and A3: d=6 pm, | =50 pm, h =19 pm). Sample Al and A2

are around the optimal geometry for h ~ 20 pm and A3 is non-optimized. The micropillars were

19



etched on a silicon substrate (~600 pm thick) via deep reactive ion etching and a thin thermal
oxide (~50 nm) is grown to ensure that the surface is wetting. Samples with five different
wicking distances L (5-10 mm) were fabricated. A thin-film resistive heater was patterned on the
back side of each sample, which spans over the distance L. The sample was tilted 45<and dipped
into a reservoir filled with water in order to ensure that the liquid propagation is only via
wicking. We heated the sample in the ambient environment (P = 1 atm) and slowly increased the
heat flux. We obtained the dry-out heat flux when the liquid at x = L started to recede. More
details about the sample and the experimental setup are described in Supporting Information. We
compared the measured Qary-out (Figure 8a) as a function of L with the model (6, = 15%. The

experimental data shows excellent agreement with the model.
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Figure 8. (a) Experimental data and model of Qgry-ouc VS. L On three wick geometries (Al:
d=7pm, 1=20pm, h=20pm, A2: d=7pm, |=30pm, h=19 pm and A3: d=6 pm,
| =50 pm, h =19 pm) with different wicking length L. 6, = 15< (b) The dry-out heat flux Qary-out
as a function of the wick surface length L as predicted by the model for two micropillar

geometries (B1: d=5pm, 1 =20 pm, h=25 pm and B2: d=5 pm, | =10 pm and h =25 pm)
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with 6, = 15< Inset is a schematic showing a design that extends the reservoir region to the heat

transfer surface by incorporating channels with minimal pressure drop from the main reservoir.

Finally, we discuss the effect of the wicking length L on Qgry-out, @nd show the importance of L,
aside from the microstructure geometries, in capillary-pumped heat sink designs. Figure 8b
Shows Qary-out as a function of L based on our model for two micropillar geometries (Sample B1:
d=5pm, =20 pm, h =25 pmand B2: d =5 pm, | = 10 pm and h = 25 pm). B1 is chosen close
to the optimal micropillar geometries for h =25 pm and B2 has non-optimized geometries (see
Figure 6b). The dependence of gary-out VS. L 0N a log-log scale appears linear which indicates a
power law relationship between the two. In fact, the slopes in Figure 8b suggest that ddry-out ~ L2
The physical reason behind this relationship is because Qary-out < L scales with the total heat input
Q to the surface, and Q oc I'(X = 0) oc Pcap max/L, Where I is the liquid mass flow rate (equation (9))
and Pcapmax 1S the maximum capillary pressure for a given micropillar geometry. Figure 8b
indicates that, although the two geometries B1 and B2 lead to ~100% difference in qgry-out for the
same L (see Figure 6C), Qary-our SPans two orders of magnitude when L is varied from 1 mm to
10 mm. This suggests that: 1) It is possible to achieve a significant heat flux only over a small
area, however this does not necessarily correspond to an optimized wick surface. 2) Achieving
high heat fluxes as the wick surface scales up is difficult, since Qqry-out quickly decreases with L2
However it is possible to extend the reservoir region to the heat transfer surface by incorporating
channels with minimal pressure drop from the main reservoir (inset of Figure 8b). This offers an
opportunity to further enhance the dry-out heat flux by reducing the characteristic wicking length

L while still increasing the total heat transfer surface length Ls (i.e., Ls > L).
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4. CONCLUSIONS

We have demonstrated a modeling framework to predict thin film evaporation in micropillar
wick surfaces and we validated the model with experimental data. The model accurately captures
the effect of the three-dimensional meniscus shape, which varies along the wicking direction, by
solving the Young-Laplace equation. Dry-out heat flux for various micropillar structure
geometries (height, pitch and diameter) in the length scale range of 1-100 um with water as the
working fluid was predicted and the optimal geometries to maximize the dry-out heat flux are
suggested (d/h ~ 0.4-0.6 and I/d ~ 3). The dry-out heat flux qary-out IS Very sensitive to the wicking
length L and is governed by Qary-out ~ L. This suggests opportunities to enhance Qary-out DY
incorporating multiple reservoir channels inside the wicking area to reduce L. This work can be
extended to other micropillar geometries such as squares but the non-uniformity of the contact
angle around a pillar can result in a partial receding and partial pinning state, which needs further
consideration. This work provides an important understanding of the heat transfer limitations of
capillary-pumped thin-film evaporation on surfaces, and serves as a guideline for the design of

high performance thermal management systems.
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