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1 Introduction
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Guidelines for Designing
Micropillar Structures for
Enhanced Evaporative Heat
Transfer

Over the last several decades, cooling technologies have been developed to address the
growing thermal challenges associated with high-powered electronics. However, within
the next several years, the heat generated by these devices is predicted to exceed 1 kW/
cmz, and traditional methods, such as air cooling, are limited in their capacities to dissi-
pate such high heat fluxes. In contrast, two-phase cooling methods, such as microdroplet
evaporation, are very promising due to the large latent heat of vaporization associated
with the phase change process. Previous studies have shown that nonaxisymmetric drop-
lets have different evaporation characteristics than spherical droplets. The solid—liquid
and liquid—vapor interfacial areas, volume, contact angle, and thickness of a droplet con-
fined atop a micropillar are the primary parameters that influence evaporative heat
transport. These parameters have a strong influence on both the conduction and diffusion
resistance during the evaporation process. For example, a droplet with a higher
liquid—vapor interfacial area will favorably increase heat transfer. Increased droplet
thickness, on the other hand, has a detrimental influence on the evaporation rate. The
dimensions of these droplets will vary in response to changes in each of the aforemen-
tioned parameters. Lowering the droplet thickness can be achieved by decreasing the lig-
uid volume while maintaining a constant solid—liquid area. However, if the solid—liquid
area and volume vary simultaneously, the average droplet thickness may increase,
decrease, or remain constant. Furthermore, changes in the shape of the droplet modify
the local equilibrium contact angle of the droplet for different azimuthal angles. As a
result, the optimal combination of these parameters must be identified to maximize the
heat transfer performance of an evaporating microdroplet. These droplet parameters can
be manipulated by selecting different micropillar cross sections. In this work, we develop
a shape optimization tool using the particle swarm optimization algorithm to maximize
evaporation from a droplet confined atop a micropillar. The tool is used to optimize the
shape of a nonaxisymmetric droplet. Compared to droplets atop circular and regular
equilateral triangular micropillar structures, we find that droplets confined on pseudo-
triangular micropillar structures have 23.7% and 5.7% higher heat transfer coefficients,
respectively. The results of this work will advance the design of microstructures that sup-
port droplets with maximum heat transfer performance. [DOL: 10.1115/1.4052465]

Keywords: microdroplets, evaporative cooling, particle swarm optimization, two-phase
cooling, thermal management

power electronic applications. While single-phase cooling can dis-
sipate large heat fluxes, its performance is fundamentally limited

Evaporation is a ubiquitous natural process: it is how we cool
our bodies through perspiration, how plants transpire, and how
laundered clothes dry in the sun. Evaporation is also the basis of a
diverse range of applications, including cooling of electronic devi-
ces [1-5], inkjet and three-dimensional (3D) printing [6,7], sur-
face coatings [8,9], pesticide spraying [10], spray cooling [11],
thermal desalination [12,13], and the manufacturing of biological
products [14]. In cooling technologies, evaporation is becoming
increasingly important as technical advances in micro- and
power-electronics exacerbate thermal management challenges.
The next generation of high-powered electronics will have heat
densities exceeding 1000 W/em?, and traditional cooling falls
short in dissipating such high heat densities. In the search for a
cooling technology that is capable of dissipating high heat fluxes,
single phase cooling has been implemented for several high-
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by the inverse relationship between pressure head and hydraulic
diameter [2,15]. Two-phase cooling, such as boiling and evapora-
tion, can dissipate high heat loads due to the coolant’s large latent
heat of vaporization. In particular, direct microscale evaporative
cooling has attracted much interest because of its ability to
undergo phase change without a high energy barrier from nuclea-
tion and the ability to operate with a high exit quality [14,16—19].
However, the overall evaporation rate is restricted by the rela-
tively small fraction of the total evaporating area along the contact
line region of the liquid body. A higher heat transfer coefficient
can be achieved by increasing the solid-liquid contact perimeter,
decreasing the film thickness, and increasing the evaporative area.
Considerable research has been devoted to enhancing microscale
evaporative heat transfer by surface treatments, such as applying
nanocoatings or adding micro-and nanostructures and wicking
structures to modify wettability and improve liquid spreading
[19-24]. Other forms of microstructures used to increase evapora-
tive cooling include microgrooves and microcavities, micromem-
brane devices, and hollow micropillar structures. Micromembrane
devices using porous micro-or nanoporous membranes can
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maintain a thin evaporating liquid layer, resulting in low conduc-
tion resistance and increased evaporation [25]. Microgrooves and
microcavities can also be employed to adjust the thickness of the
evaporating liquid layer, resulting in improved evaporation per-
formance [2]. However, using these techniques to improve per-
formance requires decreasing the size of the structures to increase
the thin-film region, which poses reliability challenges [26]. Most
recently, we have investigated microscale evaporative heat trans-
fer from nonaxisymmetric microdroplets [4,22,27-29]. Compared
to capped spherical droplets, nonaxisymmetric droplets have
larger average curvatures, and a larger ratio between the perimeter
and interfacial solid-liquid area (Ay). A larger curvature induces a
higher vapor concentration gradient in the vicinity of the
liquid—vapor interface, while a larger perimeter-to-wetted area
ratio increases the fraction of heat transported from the contact
line region, both of which increase the evaporation rate. Previous
studies on the evaporation of nonspherical droplets confined on
hollow micropillar structures found that, compared to a spherical
droplet, an asymmetric droplet atop a triangular micropillar has
up to a 71% greater heat transfer coefficient, due to its increased
perimeter-to-wetted area ratio and increased radius of curvature
[22,27-29].

Although prior research has shown that microdroplets confined
on triangular micropillars can exhibit increased evaporation rates,
no further research has explored optimizing the micropillar’s
shape. Geometrical features of the droplet such as interfacial area,
droplet volume, droplet thickness, contact angle, and contact line
perimeter all have an effect on the evaporative heat transfer per-
formance. Although a larger contact line perimeter expands the
thin-film region, lower droplet thicknesses in other regions of the
droplet are also important, because a decrease in droplet thickness
in the bulk region can compensate for an increase in droplet thick-
ness in the thin-film region. As a result, adjusting the micropillar
morphologies so that they give a droplet shape with optimal char-
acteristics is essential to maximize the evaporation rate. In our
study, we choose triangular geometry for several reasons. As men-
tioned, in our previous work, nonaxisymmetric droplets atop trian-
gular micropillars were found to outperform droplets atop circular
and square micropillars [22,28,29]. A triangular micropillar cross
section contains sharper corner regions than circular and square
micropillars (Fig. 1(a)). As a result, designing a micropillar struc-
ture with the maximum number of acute angles results in a smaller
thickness along the contact line region. Therefore, geometries
with more sharp edges (acute vertex angles), for example, star-
shaped, are preferable. As a simpler version of a star shape, we
choose a triangular geometry for our optimization study: (1) the
triangular structure is the simplest polygon that can yield sharp-
edged geometries; (2) compared with star-shaped structures, a tri-
angular geometry is much easier to microfabricate; and (3) the
design and optimization of triangular micropillar can be extended
to star-shaped micropillars.

Here, we present a comprehensive numerical model for opti-
mizing the micropillar shape to maximize evaporative heat trans-
fer. We use the particle swarm optimization (PSO) algorithm to
optimize the micropillar shape in MATLAB. A droplet atop an opti-
mal pseudo-triangular micropillar has a higher heat transfer coeffi-
cient than either a droplet on a circular micropillar (23.7% higher
at a supplied heat flux of 500 W/cm?) or on a regular equilateral
triangular micropillar (5.7% higher at a supplied heat flux of
500 W/cm?) due to higher perimeter-to-solid liquid area. The find-
ings from this research will be helpful in the development of an
evaporative cooling module for high-powered electronics. In par-
ticular, the Nanoscale Energy and Interfacial Transport Labora-
tory (NEIT Lab) has developed a concept for embedded two-
phase cooling technology that uses evaporative cooling through
an array of hollow micropillar structures for 2.5D and 3D stacked
chips [30,31]. The system has multiple chip layers, liquid delivery
layers, and evaporation layers. A constant pressure microfluidic
system drives liquid through the hollow micropillar structures,
forming stable microdroplets. Silicon microposts, silicon layers,
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Fig. 1 (a) Different candidate micropillar cross section geome-
tries. Triangles are the simplest polygons with acute angle verti-
ces; (b)—(d) Top view and dimensions of hollow micropillars
with an outer hydraulic diameter, Dy =10um, an inner hole
diameter, d =5 um, and an azimuth angle of «; (b) top view of a
Reuleaux triangular micropillar, (¢) top view of a regular equilat-
eral triangular micropillar, and (d) top view of a pseudo-
triangular micropillar.

and microbumps are additional features of the liquid delivery
structure. This research will also enable a comprehensive under-
standing on designing structured surfaces for evaporative
enhanced heat transfer.

2 Shape Optimization Algorithm

Microscale evaporation is affected by the droplet’s perimeter-
to-area ratio, volume, liquid vapor area, contact angle, and thick-
ness. In previous studies, the heat transfer performance of an equi-
lateral triangular micropillar has shown a higher performance than
those of square and circular micropillars [27-29]. Here, we study
how optimizing a triangular micropillar shape refines the heat
transfer performance. We begin by identifying specific triangular
shapes to optimize further.

As shown in Figs. 1(b)-1(d), the equilateral triangle can have
three different shapes, and we adapt a comsoL simulation model to
analyze the heat transfer performance of each shape. To enable
fair comparisons, a constant heat flux of 500 W/cm? is applied,
and each shape is assigned the same perimeter and liquid vapor
area of 39.4 um and 139.1 um?, respectively. We find that, a drop-
let confined on a pseudo-triangular micropillar achieves higher
heat transfer performance than droplets atop either Reuleaux or
regular equilateral triangular micropillars due to an increase in
contact line perimeter-to-area. The PSO is then used to optimize
the pseudo-triangular micropillar to further maximize the heat
transfer performance.

2.1 Optimization Problem. Mathematically, the optimiza-
tion problem finds the minimum or maximum value of a function,
f(x), such that, for the optimal element x,,, f(x,) < f(x) for mini-
mization, or f(x,,) > f(x) for maximization of the function. Here,
the element x is the decision variable, while f(x) is usually known
as the objective function, cost function, or fitness function. The
decision variable that gives the maximum or minimum of the
objective function based on the optimization problem, x,,, is
defined as the optimal solution [32].

In this study, the decision variable is the shape of the micropil-
lar. Since we seek the decision variable that maximizes the
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evaporative heat transfer, we use the heat transfer coefficient as
the objective function. In optimization problems, the objective
function is mathematically related to the optimal solution. How-
ever, for this study, since no direct mathematical relationship con-
nects the heat transfer performance to the shape of the micropillar,
we use an indirect method to calculate the heat transfer coeffi-
cient. comsoL provides a heat transfer analysis for each shape gen-
erated, and the heat transfer coefficient calculated from the
comsoL analysis is then used as the objective function.

The shape optimization performed starts by determining the
two-dimensional geometry of the shape of the micropillar, as dis-
cussed in detail in Sec. 2.2. Then, based on the geometry, a shape
is generated using SURFACE EVOLVER and SOLIDWORKS, which is then
exported to comsoL to analyze the heat transfer performance.

2.2 Particle Swarm Optimization. Shape optimization is
ubiquitous in the field of optimal control theory. Usually, most
shape optimization involves complex multiphysics problems
whose solutions require advanced optimization algorithms, such
as generic algorithms (GA), PSO, ant colony algorithms, and
immune algorithms [33,34]. Compared to the benchmark evolu-
tionary GA, PSO explores the search space more effectively, mak-
ing PSO more suitable for complex applications [33]. In addition,
PSO has appealingly few parameters to modify, so a small modifi-
cation to one version of the algorithm allows it to operate in a
wide range of applications [35].

Particle swarm optimization consists of individual candidate
solutions, called “particles,” which efficiently search n-
dimensional space to find the optimal solution: a group of these
particles is called a “swarm.” Any specific jth particle at a given
ith iteration for kth dimensional space has two attributes:

e A current position x! for n-dimensional space is represented
i i i i i
by vector, X = (xj;, X}, ..., X)) where  Xipouna <,
< Xubound> With Xjpouna and Xypoung defined as the lower and
upper bound, respectively.
S Vi — (v i i
e A current velocity Vi = (v, Vi, .o, Vi)

In each iteration, the particle position and velocity are updated
using Eqgs. (1) and (2). When particles arrive at a better position
than their previous location, the new best position is saved as the
personal best (ppesr) for the next iteration. In addition, the best
position of the entire swarm of particles is saved as the group best
position (gnes)- The position of a particular particle is then modi-
fied incrementally according to its current velocity, which is deter-
mined from the group and individual particle best positions, and
its current position. The solution for the optimization can be deter-
mined by rigorously searching and updating ppes and gpes

o e . ; .
Vil = wVi + airt (Phes e — X)) + €272(8hest — X)) (1)

Here, V/*! is the velocity of particle j at the (i + 1)th iteration,
and V; is the current position of particle i at the ith iteration. Fur-
ther, ppesc and gpes are used to adjust the path of the particle
toward the desired position. The parameters inertia weight (w),
individual (c¢), and social cognition parameter (¢;) can be varied
to improve the accuracy of the exploration. For example, if w=1,
the search is heavily influenced by the motion of the previous iter-
ation, so the new position may move toward the previous itera-
tion’s position. If, on the other hand, 0 < w < 1, the influence of
the previous position is reduced, allowing the particle to explore
other regions. As a result, using a smaller inertia weight allows
the algorithm to search for more areas, increasing the likelihood
of finding the global optimum; however, this significantly
increases the simulation time [36]. The random numbers, 0 <
rp <1 and 0 < ry < 1, avoid premature convergence, while ¢,
and ¢, weigh the importance of the swarm’s individual and global
learning, respectively. After the velocities of all the particles are
obtained, their positions are updated as [36]
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Xt = X 4 it @)

The values of ppes; and gpesy are calculated by the following
equations

i+l {pfaesu' h(X;) < h(p{wsw’)
P LX) > B
8best S {pbest,l s Pbest,25 +- ~7pbesLm} |h(gbest)
= max(h(gbest,l )7 h(gbesll)a ceey h(gbesl,m)) 3)

where £ is the objective function, which in this study is the heat
transfer coefficient and m is the number of particles.

As mentioned, the shape optimization starts by determining the
geometry of the shape. To parameterize a pseudo-triangular pillar,
a Bezier curve defined by specific numbers of control points is
used to generate one edge of the triangle, using MATLAB. The Bez-
ier curve is not only flexible and easy to manipulate but also yields
a simple geometric control polygon and a firm mathematical foun-
dation [37]. It is defined by the polynomial equation shown below,
with a degree ranging from 2 to »n and point position, P

B(’):i(’?)(l—f)"*jl"& 0<r<1 @

J=0

In this paper, the curve that defines the edge of the triangle is
described by a third degree binomial polynomial equation. As
shown in Fig. 2, points Py and P3, at the ends of the curve, are
symmetrical about the perpendicular bisector of the curve’s mid-
point. Points P, and P, are similarly symmetrical; hence, for opti-
mization, it is sufficient to determine the optimal position of just
one of those points. The positions of these four moving control
points are updated in every iteration (generation), creating a new
shape accordingly.

After the shape of the curve has been determined, an integrated
triangular shape is generated by rotating the curve three times to
obtain a pillar shape with three vertices, and a droplet with the
given triangular geometry is constructed using SURFACE EVOLVER.
The micropillar is then extruded based on the droplet shape from
SURFACE EVOLVER Using SOLIDWORKs and exported into coMmsoL to
perform the evaporation simulation. Next, the heat transfer coeffi-
cient from the comsoL simulation is utilized in the optimization
algorithm as the objective function.

As discussed in the previous section, the optimization uses the
PSO algorithm to iteratively search for the best positions of the
control points. PSO is performed by arranging four particles as a
swarm to track the desired position. In the PSO algorithm, the
number of particles chosen depends on the type of problem being
solved. In our study, a constraint is set on the lower and upper
bounds of the particles’ positions. In preliminary studies, we find
that a pseudo-triangle has higher heat transfer performance than a
regular or Reuleaux triangle, so we set the upper constraint on the
particles’ position to create only pseudo-triangles. On the other
hand, to avoid an irregular shape, we also set a lower constraint
on the particles’ positions. These lower and upper constraints con-
fine the search space to a relatively small area, so a large number
of particles are not required to evaluate the optimal positions of
the control points. Therefore, the optimization is conducted with
just four particles. The position of each particle is updated in each
generation, based on its velocity and position, as expressed in
Egs. (1) and (2), respectively. Figure 2 shows a detailed flowchart
for the micropillar shape optimization. The optimization calcula-
tions shown continue until a stopping criterion is met. Using
eleven different stopping criteria for eight different functions, Zie-
linski et al. [38] compared two different optimization algorithms,
differential evolution and PSO. The author highly recommended
using p, percent of the swarm particles, where p, is an arbitrary
number, differ from one another by amounts below a set threshold
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Update the position
using Eqn. 2

Update the velocity
using Eqn. 1

f

No
I
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criteria met?
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If 1 (X)) > I(gpesr)
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I End 2

Fig. 2 Flowchart for optimization of the micropillar shape where a PSO algorithm starts by
inputting the initial random position and velocity factors. The objective function for the opti-
mization, which is heat transfer coefficient, is calculated by performing an evaporation simu-
lation on a droplet on top of a micropillar generated by surrace EvoLver and designed on

SOLIDWORKS.

value, 7y, as a possible stopping criteria, out of the eleven stopping
criteria studied, chosen primarily for their reliable convergence
behavior. We selected this criterion for our problem, except that
instead of only taking the best p, percent, our optimization waited
until the variance between all the particles is below z, for at least
three consecutive generations. We set the threshold, #y,, to a value
of less than 0.05.

3 Mathematical Modeling

As discussed in the previous sections, one of the inputs for the
optimization algorithm is the objective value, which in this study
is the heat transfer coefficient. However, since there is no mathe-
matical formula that relates the heat transfer coefficient to the
shape of a micropillar, we use a numerical simulation developed
using comsoL to calculate the heat transfer coefficient for the spe-
cific shape model. The simulation is analyzed as a steady-state
condition where the water microdroplets are fed through the cen-
tral pore, as shown in Fig. 3, and the droplet is a fixed shape from
which it evaporates at a constant rate. To replace the liquid evapo-
rated from atop the micropillar, a constant mass flux of liquid is
pumped in by employing a constant pressure boundary condition
at the bottom of the micropillar. The hydraulic diameter of the
micropillar is 10 um, while the water is supplied through a 5 um
channel. The micropillar is 10 um high. A constant heat flux
boundary condition, ¢” = 500 W/cm?, is assigned to the base sur-
face of the micropillar.

The heat transport in the liquid domain includes both the con-
duction and convection. Fluid flow through the micropillar holes,
the fluid flow by the Buoyancy effect, and the Marangoni flow all
contribute to convection heat transfer in evaporation from micro-
droplets. In our previous study, to determine the relative impor-
tance of the convection effect in the simulation, the dimensionless
parameters: the Péclet number, Rayleigh number, and Marangoni

041106-4 / Vol. 143, DECEMBER 2021
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Fig. 3 Schematic representation of the numerical problem for
evaporation from microdroplets on heated micropillars on com-
soL with the boundary conditions and computational domain

numbers were calculated [27,28]. The Péclet number, which rep-
resents the relative strength of convective transport within micro-
droplets in comparison to diffusive transport, was calculated to be
less than one. Rayleigh and Marangoni numbers were also found
to be less than 0.03 and 600, respectively. Hu and Larson [39,40]
found that the theoretical calculation of Marangoni numbers over
predict the Marangoni strength in evaporation experiments by 100
times. Furthermore, other investigations have demonstrated that
the effect of Marangoni flow on evaporation for volumes greater
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Table 1 Mesh sensitivity analysis on microdroplet confined on regular equilateral triangle for four different mesh sizes

Parameters Course Medium Finer Finest
Number of elements 2.2x10* 6.0x10* 2.8x10° 1.2x10°
Max element size on the droplet surface (um) 32.80 17.50 7.66 4.38
Tsup (K) 356.10 354.38 353.53 351.90
Percentage difference compared to the finest (%) 1.2 0.70 0.46 —

than 1nL is insignificant [41,42]. Thus, these values imply that
the convection effect for a pillar characteristics length of 10 um is
negligible. Therefore, the energy equation is solved, considering
only conductive heat transfer across the droplet. The conduction
heat transfer equation in both the liquid and solid domains is then
given by

VT =0 )

The evaporative mass transport only considers the diffusion
species transport equation since the convective flux part of the
equation is neglected as mentioned above. The diffusion transport
equation is then given by

V(DdiffVCv) =0 (6)

where Dy is the vapor—air molecular diffusion coefficient, and
C, is the vapor concentration at the liquid—vapor interface. The
evaporative flux, J, and the total evaporation rate, 71, are then cal-
culated using Eqs. (7) and (8), respectively

acC,
J = —MD gt on 7
n

i — “st ®)

s

where M is the molecular weight, s is a control surface, and 7 is a
normal vector.

The energy balance at the interface is imposed to satisfy energy
conservation between conduction and evaporative transport

aC,
(kVT) — k,VT,) - m = Dgisrhy, on )

where k; and k, are the thermal conductivity of water at the liquid
phase and vapor phase, respectively, and &g, is the latent heat of
vaporization. The right term represents the evaporative heat trans-
fer at the liquid—vapor interface. The left term represents the con-
ductive heat transfer at the liquid—vapor interface. For the
solid—vapor interface, a zero diffusive flux condition is assigned
as a boundary condition. Semenov et al. [41] showed that if a
droplet is large ( > 1077 m), the liquid—vapor interfacial pressure
is not affected by the curvature of the droplet. Therefore, we
assume the concentration at the liquid—vapor interface is equiva-
lent to the saturation concentration, described by

Cv,lv = Csal(Tlv) (10)

where C,, is the saturated vapor concentration. The saturation
concentration can be derived using the ideal gas law and the
Clausius-Capeyron equation, and expressed as Eq. (11) after sub-
stitution [27]

sat.re Mh 1 1
Cou(Tiy) =22 fexp[ -fg( )} (11)

- RT]V R TsaLref B TN

Here, purer is the saturation pressure associated with the
Tsatrer- In the far field, a constant concentration boundary

Journal of Electronic Packaging

condition is set, which is equal to 25% of the concentration near
the droplet at a temperature of 25°C. To simulate the far-field
vapor domain surrounding the droplet, a hemisphere with a diam-
eter 16 times larger than the micropillar’s hydraulic diameter is
modeled.

A mesh sensitivity analysis is conducted to investigate the
mesh size effect on the substrate temperature bottom of the micro-
pillar, Ty,. Table 1, shows T, for four different mesh sizes for a
droplet atop regular equilateral triangle. The course mesh has a
percentage difference of 1.2% while, the finer mesh has only a
0.46% difference from the solution yielded by using the finest
mesh. Hence, the finer mesh with a maximum element sizes of
0.2 um for the droplet surface and 5.78 um for the rest of the
geometry are used.

Table 2 summarizes the simulation parameters and solver
details used for both preliminary study and the optimization of
pseudo-triangular micropillars.

4 Results and Discussion

Unlike hemispherical droplets on circular micropillars, droplets
on triangular micropillars have nonaxisymmetric shapes. The non-
axisymmetric behavior of droplets on triangular micropillars
forces the evaporation rate of the droplets to be nonuniform
[22,27-29]. The droplet thickness decreases as azimuth angle («)
increases from 0 deg to 60 deg along the radial direction r/R =
0 — 1 (Fig. 5(e)). The highest evaporation rate is observed in the
contact line region, because the thickness of the liquid layer in the
vicinity of the contact line is very small relative to the bulk of the
liquid, which corresponds to a lower conduction resistance
through the liquid film. In addition, changing the droplet shape by
changing the micropillar shape from circular to pseudo-triangular
results in a higher perimeter-to-solid liquid area with a larger con-
tact line region. For droplets atop micropillars with cross-sectional
area shaped of circles, Reuleaux triangles, regular equilateral trian-
gles, and pseudo-triangles, we analyze the effect of the droplet
geometry on the fractional area of the thin-film region by dividing
the meniscus profiles into 20 uniform adjacent segments along the
z-axis. For each segment, the liquid vapor surface area correspond-
ing to the evaporation area is calculated using comsoL, and its frac-
tional percentage relative to the total liquid—vapor area is calculated
and plotted against the thickness of the segments. Figure 4 shows
the percentage distribution of the liquid—vapor area for different
film thickness ranges. The hemispherical droplet from the circular
micropillar has a uniform liquid—vapor area across all film thick-
nesses. For the other shapes, however, the evaporation areas across
different film thicknesses are not uniform. For the droplet atop of
the pseudo-triangular micropillar, more than 7.3% of the total
liquid—vapor interfacial area has less than 5% of the maximum
droplet height. Similarly for the droplet atop the regular equilateral
triangle the percentage decreases to around 6.3% of the total evapo-
rating area. This fraction decreases further, to around 5.7% and 5%
of the total liquid—vapor area for droplets atop the Reuleaux triangle
and circular micropillars, respectively.

On the other hand, for the bulk liquid, for example, for a per-
centage thickness greater than 95%, the droplet on top of the
pseudo-triangle has the lowest evaporation area percentage, less
than 4.5%. Among all the shapes considered, the hemispherical
droplet has the highest evaporation area percentage, around 5%
for a film thickness percentage higher than 95%. Since the

DECEMBER 2021, Vol. 143 / 041106-5

~de/6151229/901 L ¥0//E YL APd-alonte/BuiBexoedoiuonosie/bio-swse uonos|oojelbipswse/:dny woy pspeojumod

¥0 £Vl

120z JaquianoN Z0 uo Jasn Aysianiun Buy-Bunyp Aq jpd 9oL L0



Table 2 Simulation setups. The same simulation setup is used for both the optimization studies and the prelimi-
nary studies simulations, with the exception that for the optimization simulations, A, and perimeter are not con-
stant, rather, the ratio of the liquid—vapor area to the solid-liquid area is kept constant (Ag /A, = 0.56).

Input parameters Value Units
Dy 10 um
d 5 um
A 139.1 um?
Perimeter 39.4 um
Operating pressure, Pamp 101.325 kPa
Ambient temperature, T 25 °C
Relative humidity, ¢, 25 %
M 18 g/mol
hig 2260 I/g
Duite 2.82 x107° m?/s
p 9.97 x10? kg/m?
Liquid thermal conductivity, & 0.58 W/m-K
Micropillar’s thermal conductivity (silicon), kg 149 W/m-K
Solution methods setup Setup
Mesh type Tetrahedral

Circular Reuleaux Regular equilateral triangle Pseudo-triangle
Number of cells 380,257 407,185 511,099 386,910
Maximum element size 5.78 um
Maximum element size for droplet surface 0.2 um

Study type

Time dependent

Solver segregated

Geometric multigrid solver

GMRES

8.0%

Percentage of liquid-vapor interfacial area

W Pseudo-Triangle

I Regular Equilateral Triangle
B Reuleaux Triangle

B Circular

0%- 5%-  10%- 15%- 20%- 25%- 30%- 35%- 40%- 45%- 50%- 55%- 60%- 65%- 70%- 75%- 80%- 85%- 90%- 95%-

5% 10% 15% 20% 25% 30% 35% 40% 45%

50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 100%

Normalized film thickness regions (%)

Fig. 4 Film thickness distributions of droplets on top of pseudo-triangle, regular equilateral
triangle, Reuleaux triangle, and circular micropillars. The pseudo-triangle micropillar gener-
ate a droplet where a fraction of the total liquid—vapor interfacial area evaporating with a
smaller thin-film thickness is higher than a droplet generated by a circle, Reuleaux triangle,

and regular equilateral triangle micropillar.

conduction resistance is a function of the film thickness, the
change of the evaporation area distribution across the liquid film
thickness has a significant effect on the conduction resistance of
the droplet. Having the evaporation area concentrated in the thin-
nest part of the fluid improves the heat transfer through evapora-
tion, because the conduction resistance decreases as the thickness
of the fluid decreases. If we simplified the conduction resistance
to a one-dimensional analysis, the resistances would have a paral-
lel thermal configuration. By calculating the effective thickness of
the entire droplet, Shan et al. quantified the total change in ther-
mal resistance caused by different distributions of the evaporation
area for different film thicknesses [29]. The effective thickness is

041106-6 / Vol. 143, DECEMBER 2021

calculated by dividing each meniscus segment’s evaporation area
by its normalized thickness, as shown in Eq. (12)

19
L _ @Alv,i
e =0

(12)

where #7;; is the effective thickness, (JAj,; is the fraction of the
liquid—vapor interfacial area associated with each thickness range,
t7 is the normalized film thickness of each meniscus segment, and
i is the index for each segment. As described previously, the drop-
let is uniformly divided into 20 segments. Thus, 7 is
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Fig. 5 The heat transfer coefficient values for the shape optimization at each generation: (a) the swarm’s best (maximum)
value of heat transfer coefficient based on the comparison at the given generation as well as previous generations, (b) the cal-
culated heat transfer coefficients of each particle at a given generation, (c) the optimized shape’s cross section with control
points, P; (-0.426, —0.165) and P, (0.426, —0.165), (d) the optimized pseudo-triangle micropillar with a droplet on top where lig-
uid is supplied by a constant pressure at the base of the hollow micropillar to generate the droplet shape, (e) droplet radial
location scheme for « = 60 deg and the description for the equilibrium contact angle, 0, which is defined as the angle between
the tangent to the liquid—vapor interface and the solid-liquid interface at different r/R, and (f) isometric view of the microdrop-
let atop pseudo-triangular micropillar with cross-sectional views taken at « = 0 deg, « = 30 deg, and « = 60 deg

Table 3 Below shows Tg,,, the heat transfer coefficient, and
the total thermal resistance for the four shapes?®

Micropillar shape Riora M’K/W)  To (K) 7 (W/m*K)
Circular 1.28x1073 362.18 7.81x10*
Reuleaux 1.16x107° 356.14 8.62x10*
Regular equilateral triangle 1.10x1073 352.67 9.17x10*
Pseudo-triangle 1.04x107° 34991 9.66x10*

For a 500 W/cm? heat flux.

approximately (2.5 + i -5)%. Calculating the effective thickness
for each shape gives 0.202, 0.185, 0.177, and 0.16 for droplets
atop circular, Reuleaux triangle, regular equilateral triangle, and
pseudo-triangle micropillars. These values show that a droplet
evaporating from a pseudo-triangular micropillar has lower con-
duction resistance than a hemispherical droplet evaporating from
a circular micropillar. As shown in Table 3, the heat transfer coef-
ficient increases by 23.7% as the shape of the micropillar changes
from circular to pseudo-triangle, increasing the ratio of the contact
line perimeter to the solid—liquid area.

After determining the pseudo-triangular micropillar yields of the
highest heat transfer, we optimize the shape further by using PSO.
Figure 5(a) shows the swarm’s best value, which is the group’s best
value for each generation, while Fig. 5(b) shows the heat transfer
coefficient values of each particle per generation. The optimization
is run for 16 generations, during which the maximum heat transfer
coefficient occurs in generation 13 and the variance between par-
ticles stays significantly low (less than 0.05). The cross section of
the optimized shape’s control points are P(-0.426, —0.165) and
P>(0.426, —0.165). Figures 5(c) and 5(d) show the optimized cross
section and micropillar shape, respectively. To determine whether

Journal of Electronic Packaging

the optimal shape is local or global optimal, the control points of
generation 13 are parametrically varied by multiplying with a con-
stant variable. The results revealed that generation 13 is a global
optimal with a higher heat transfer coefficient than the other shapes
generated. In optimizing the pseudo-triangular micropillar, we keep
the ratio between the solid-liquid and liquid vapor areas constant,
which allows us to control the general effect of the interfacial areas
on the optimization. Since the thickness of the liquid layer in the
vicinity of the contact line is very small relative to the bulk of the
liquid, the highest evaporation rate is observed in this region, where
there is a lower conduction resistance through the liquid layer. Prac-
tically, increasing the length of the contact line can increase the
overall evaporation rate, as demonstrated previously by changing
the shape of the droplet from spherical to nonspherical by using cir-
cular and triangular micropillars [22,28,29]. Increasing the evapora-
tion area, i.e., the liquid—vapor interfacial area, will also enhance
the heat transfer performance of the droplet. Additionally, this
change in the droplet shape can increase or decrease the volume of
the droplet, and an increase in the droplet volume might indirectly
affect the liquid—vapor interfacial area, solid-liquid interfacial area,
and droplet’s thickness. Increasing the volume will increase either
the liquid—vapor area or solid-liquid area, but at the same time it
may also increase the thickness of the droplet, which will increase
the conduction resistance across the droplet.

Table 4 demonstrates parameters, which change with each gen-
eration, yielding different droplet morphologies. These character-
istics cause nonuniform changes in the droplet’s local thickness
and contact angle. To demonstrate this, we plot the thickness ver-
sus 7/R at different azimuthal angles in Fig. 6(a). To plot the local
thicknesses for each generation, we use a cylindrical coordinate
system and radial location, as shown in Figs. 5(e) and 5(f).

The plot reveals the droplet’s thickness varies nonuniformly
across different azimuth angles. The thickness of the droplets can
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Table 4 The parameters including the volume, Ay,
liquid—vapor area (A,) and perimeter for three generations
(generations 2, 12, and 13) which were chosen based on their
heat transfer performance from the optimization

Parameters Gen 2 Gen 12 Gen 13
Volume (um?) 192.08 188.72 189.22
Ag (um?) 78.47 78.35 78.40
Ay, (um?) 138.8 139.40 138.66
Perimeter (um) 38.16 40.58 39.30
Average thickness (um) 2.57 2.49 2.44

Average contact angle® (deg) 99.65 103.36 100.61

“For azimuthal angles < 30.

be differentiated into three regions (Fig. 5(e)): bulk (/R < 0.4),
mesoscale (0.4 < r/R < 0.75), and thin-film (0.75<r/R <1). For
o =0 deg, generation 2 yields a droplet morphology with a higher
thickness in the bulk region than generations 12 and 13. Com-
pared to generations 2 and 12, generation 13 has a 10.1% and 3%
lower average thickness in this bulk region, respectively. As /R
increases, this trend also continues in the mesoscale region. In the
mesoscale region, generation 13 has a 6.10% and 2.92% lower
thickness than generation 2 and 12, respectively. For r/R > 0.9,
all three generations converge to equivalent thicknesses in the

4
.
g
=2 34 Gen 2ata=0°
e Gen 12 ata=0°
E Gen 13 ata=0°
2 —— Gen 2 at o = 30°
-E 21 ——Genizata=30°
ot —— Gen 13 at a.=30°
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14 ——Geni2ata=60°
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Fig. 6 (a) The local droplet thickness for generations 2, 12, and
13 at « = 0 deg, « = 30 deg, and « = 60 deg and (b) contact angle
measurements of droplets at the contact line (r/R = 1) for drop-
lets of generations 2, 12, and 13 at different azimuth angles
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thin-film region. The shapes of the droplet thickness follow the
same trend for the bulk region as the azimuth angle increases to
30 deg, where the droplet thicknesses for the three generations
incrementally increase from generations 13, 12, and 2. Compared
to generations 2 and 12, generation 13 is, respectively, 3.23% and
9.71% thinner in the bulk region, and 2.61% and 6.35% thinner in
the mesoscale region. However, when /R > 0.83, generation 2
yields a thinner droplet than generations 12 and 13. In this thin-
film region, generation 13 is 5.6% thicker than generation 2 and
10.3% thinner than generation 12. In the bulk region at o= 60
deg, compared with generations 2 and 12, generation 13’s droplet
shape is 8.2% and 1.83% smaller in average thickness Nonethe-
less, as /R increases, the thickness of generation 13 increases. In
the mesoscale region, generation 13 has an average thickness that
is 9.2% greater than generation 12, while the difference in thick-
ness between generations 2 and 13 is only 1.46%. In the thin-film
region, generation 2 is only 0.15% thicker than generation 13. In
summary, the table summarizes the various parameters that affect
overall evaporative heat transfer performance. While the thin-film
region has a significant effect on evaporation performance, the
thickness in the bulk and mesoscale regions also has an impact on
evaporative heat transfer performance. The changes in thickness
near the thin-film region can be compensated for by changes in
droplet thickness in the bulk and mesoscale regions.

Figure 6(b) shows the droplet’s equilibrium contact angles at
different azimuthal angles for the three generations. For o < 35,
the contact angle remains constant or gradually decreases. These
azimuth angles represent the region which corresponds to the
straight section of the droplet contact line (Fig. 5(d)). However,
when o > 35, the contact angle decreases drastically. This region
has the lowest thin-film thickness (Figs. 5(d) and 5(e)). As a
result, the conduction resistance will be lowest in this region,
allowing for greater evaporation. At higher contact angle regions,
the evaporation rate is significantly reduced for two reasons: (a)
the conduction resistance is very high due to the greater thickness
of the droplet and (b) because the local contact angle at lower « is
greater than 90 deg (e.g., for generation 2 at o =0 the contact
angle is 104 deg), the diffusion of vapor is hindered by the solid
substrate below the micropillar structure [4,29]. Previous studies
have shown that the contact angle has a significant impact on
evaporation transport behavior [43]. Previously, Li et al. [27]
investigated the confinement effect on the evaporation behavior of
droplets atop a micropillar by varying the micropillar height and
contact angle. They showed that as the contact angle exceeds 90
deg for a given micropillar height, vapor diffusion is hampered by
the micropillar’s impermeable side walls and solid substrate. This
hindrance is attributed to the vapor diffusion being more directed
toward the sidewalls and substrate of the micropillar for contact
angles greater than 90 deg. In this case, the molecules collide with
the micropillar’s side wall and the solid substrate beneath the
micropillar, causing them to bounce back toward the droplets.
Although their research focused on hemispherical droplets, the
physics is applicable to nonaxisymmetric droplets as well. Gener-
ation 2 has a larger average droplet thickness than generation 12,
as indicated in Table 4. The heat transfer coefficient for genera-
tion 2 is, however, greater than that of generation 12. This is
attributed to the higher confinement effect produced on generation
12 as a result of the higher average contact angle for o < 30. The
contact angle for smaller azimuth angles (« < 30) indicates that
generation 2 yields a lower contact angle, while generation 12 has
the highest, indicating that generation 12 has the maximum con-
finement effect.

To provide a systematic evaluation of the heat transfer perform-
ance for the three selected generations, the total thermal resist-
ance, Ty, and the average heat transfer coefficient for a supplied
heat flux of 500 W/cm2 are summarized in Table 5.

Generation 13 has a lower total thermal resistance (2.48 x107°
Km?%/W ) than generation 12, which has a total thermal resistance
of 2.57x1073 KmZ/W. Hence, the heat transfer coefficient for
generation 13 increases by ~4% over that of generation 12. The
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Table 5 Droplet’s total thermal resistance without the conduc-
tion resistance across the micropillar, Tg,,, and heat transfer
coefficient value for the three generations

Generations Riorat (M?K/W) Toup (K) h (W/m?-K)
Gen 2 2.52 x107° 350.03 9.64 x10*
Gen 12 2.57x107° 351.77 9.33%10*
Gen 13 248 x107° 349.72 9.70 x10*

lower Ty, for generation 13 is attributed to the lower total thermal
resistance. As shown in Table 4, generation 13 has the smallest
average thickness, which explains why it has a higher heat transfer
coefficient than the other generations. However, when comparing
generations 2 and 12, it can be seen that generation 12’s average
thickness is smaller than generation 2, while generation 2’s heat
transfer coefficient is higher. This is because generation 12 has
higher contact angle (for o < 30) than generation 2, as mentioned,
which increases the vapor diffusion confinement effect from the
bottom solid substrate and side walls. As indicated in Table 5,
Tsup for generation 13 is less than that of generations 2 and 12.
Thermal conduction resistance should be minimized in order for
heat to be dissipated quickly from the micropillar top to the exter-
nal environment. To examine the conduction resistances in greater
depth, the local conduction resistance at different azimuth angles
is presented in Fig. 7(a). The conduction resistance, R.yn4, can be
calculated from the droplet thickness, #, and thermal conductivity,
k, of the fluid as

t
Reond = % 13)

As shown by Fig. 7(a), since all droplet shapes are nonaxisym-
metric, all show a decrease in the conduction resistance over the
normalized radial direction (r/R = 0 — 1). For o =0 deg, genera-
tion 13 has the lowest local conduction resistance compared with
generation 2 and 12, for r/R < 0.9. However, as r/R increases
(r/R >0.9), the local conduction resistance of all generations con-
verges. This is attributed to the droplet thicknesses being rela-
tively similar for each generation at the higher radial locations.
For example, at /R =0.9, the droplet thickness for generations 2,
12, and 13 is all 2.3 um. The local conduction resistance signifi-
cantly decreases near the contact line region for all droplets. Simi-
lar to o= 0 deg, the local conduction resistance varies with radial
location for o =30 deg. Here, we can see that generation 2 has a
larger local conduction resistance than generation 12 or 13 for
r/R < 0.85. For r/R > 0.85, generation 12 has a slightly higher
local conduction resistance than generations 2 and 13. However,
at very high 7/R (r/R > 0.97), the local conduction resistance con-
verge for all three generations. For o= 60 deg, local conduction
resistance is greater for generation 2 than generation 13 for
r/R < 0.65, but it’s local conduction resistance converges for
r/R > 0.65. To examine these data further, we can look at the
droplet thickness of the two generations at two different radial
locations. Generations 2 and 13, at o =60 deg, have equal droplet
thicknesses of 1.4 um and 3.3 um at r/R = 0.7 and r/R = 0.9,
respectively. Compared to generation 13, generation 12 has a
higher local conduction resistance for r/R < 0.35, but the local
conduction resistance for generation 12 is lower than generation
13 for r/R > 0.35. However, generation 13 has the lowest total
thermal resistance due to a smaller average thickness compared
with generations 2 and 12. Generation 13’s average thickness is
2.44 yum, which is 5% and 2% smaller than generations 2 and 12,
respectively.

To further understand the changes in heat transfer performance
for each generation local heat transfer coefficient of the three dif-
ferent pseudo-triangular shapes over the liquid—vapor interface is
shown Fig. 7(b). The local heat transfer coefficients are calculated
using Eq. (14)
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Fig. 7 (a) Local conduction resistance at the liquid-vapor
interface at different radial location, at « =0 deg, « =30 deg,
and « = 60 deg for generations 2, 12, and 13 and (b) Local heat
transfer coefficient variation at the liquid—vapor interface at dif-
ferent azimuth angles of 0 deg, 30 deg, and 60 deg for three
generations

 Jhg
h(r) B Tlv - Tamb (14)

Because of variations in droplet thickness, thermal resistances,
and contact angle, the distributions of these local values are non-
uniform along the liquid—vapor interface. As r/R increases from 0
to 1, the local conduction resistance decreases (Fig. 7(a)). This
decrease in conduction resistance contributes to a higher evapora-
tive flux. Furthermore, as indicated in Eq. (11), the vapor pressure
rises exponentially as T}, increases. A lower conduction resistance
across a droplet results in a smaller temperature drop, which
yields a higher T),. Generation 13 has the lowest average tempera-
ture drop across the droplet which is equal to 8.2 K. This change
in temperature is 4.3% smaller than generations 2. T}, increases
radially for all generations from /R = 0 to r/R =1 as the tem-
perature drop in the contact line area lowers. As a result, the vapor
pressure increases along the radial position, resulting in an expo-
nential increase in evaporative flux. The heat transfer coefficient
is directly proportional to the evaporative flux, as indicated in
Eq. (14). Hence, the local heat transfer coefficient, as illustrated in
Fig. 7(b), follows the same trend as the local evaporative flux. The
heat transfer coefficients have smaller values for r/R < 0.5, but
substantially increase toward r/R = 1, especially for higher o, as
film thickness decreases toward the edge. For example, the heat
transfer coefficient for generation 13 increases by five times, from
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4 x 10°Km*W to 2.3 x 10°Km*/W across radial location
(r/R = 0 —1). In general, the thermal performance of each gener-
ation is enhanced toward the contact line region due to a reduced
contact angle, droplet thickness, and conduction resistance. How-
ever, in order for droplet shapes to perform better, the entire effect
must be taken into account. The thickness of the contact line
region, as well as the thickness of other sections, must all be
considered.

5 Recommendations and Guidelines for Micropillar
Structure Design

The most significant advantage of using micropillar structures
for evaporative heat transfer is the ability to control the evaporat-
ing droplet’s size and morphology. The droplet’s average thick-
ness, contact angle, volume, interfacial area, and contact line
perimeter can all be governed. Below, we summarize guidelines
for designing and optimizing micropillar shapes for enhanced
evaporation performance:

(1) One way to improve evaporative performance is to mini-
mize the average droplet thickness, thereby reducing its
conduction resistance. While this study has focused on
triangular and pseudo-triangular shapes, designing a micro-
pillar with more sharp-edged features can yield smaller
thin-film thicknesses. For example, diamond-shaped micro-
pillars (Fig. 8(a)) can reduce conduction resistance by
increasing the contact line and thin-film region. Compared
to a triangular micropillar, a diamond-shaped structure
offers more sharp edges, allowing for a larger thin-film
region. This design can be enhanced further by replacing
the straight-line segment with a curved geometry (Fig.
8(b)), resulting in a larger contact line for a given area.
This shape can be run in our shape optimization tool to
achieve an optimal combination of the droplet’s parameters
in order to further optimize the droplet’s parameters.

(2) As previously discussed, droplet performance is influenced
by the confinement effect created by larger local contact
angles on the straight edge regions of the micropillar. This
confinement can be mitigated by designing a micropillar
with more sharp edges that form acute vertex angles. Fig.
8(c) has a high number of sharp edges, which reduces the
geometry’s straight-line extent and increases the thin-film
region, further enhancing performance by lowering thermal
conduction resistance. However, because of the sharp-
edged features, the liquid may not completely wet the

Fig. 8 Different possible shape for micropillar to enhance
evaporation heat transfer: (a) diamond-shaped micropillar
structures to improve evaporative performance by expanding
the thin-film region, (b) diamond-shaped micropillar with
curved side edges to increase the contact line, (c) star-shaped
micropillar to increase the thin-film region and minimizes the
straight line sides, (d) and (e) micropillar structure with cham-
fered edges to help lessen the confining effect induced by the
droplets’ shape at the straight side edge

041106-10 / Vol. 143, DECEMBER 2021

corner regions of this geometry, leading to a lower wetting
efficiency, defined as the ratio between the wetted liquid
area atop the micropillar and the total micropillar cross-
sectional area. Furthermore, because the sidewalls of the
micropillars face one another, evaporation from a droplet
atop a micropillar with this shape’s cross section may be
impacted by the confinement effect generated by the side-
walls’ blockage of the vapor molecules (Fig. 8(c)). As a
result, the number of edges on this type of shape should be
optimized by considering the vapor confinement effect and
the wettability of the sharp edges.

(3) Chamfered edges on the straight-edge regions of the micro-
pillar, as shown in Figs. 8(b) and 8(c), can minimize the
vapor diffusion confinement effect caused by the contact
angle. The engineered angle of a chamfered edge
(Fig. 8(b)) deflects vapor molecules colliding with the side
walls to the side open space: they are not routed to the sub-
strate and bounced back to the droplet. As a result, the con-
fining effect is minimized. Another option is to develop a
micropillar design like that shown in Fig. 8(e). Because of
the chamfer’s shape, the vapor molecules will not collide
with the side walls, reducing the diffusion vapor confinement
effect that could otherwise have occurred. Furthermore, as
shown in Fig. 8(e), the micropillar can be designed with a
large region beneath the pillar top that compensates for the
confinement effect created by the droplets’ shape.

6 Conclusions

This paper pursued heat transfer improvement by microdroplet
evaporation from a hollow micropillar. We started by conducting
shape effect analyses for droplets on different types of equilateral
triangles. The evaporation characteristics of these shapes were
then compared to the much studied hemispherical droplet.
Although triangles in general have sharp corners near the contact
line region, we found that a pseudo-triangle has a lower thin-film
region than a Reuleaux or regular equilateral triangle micropillar.
The effective thickness of the droplet decreased from 0.185 to
0.16 as the shape of the micropillar changed from a Reuleaux type
to a pseudo-triangle. This decrease led to a more than 12%
increase in the heat transfer coefficient. Next, we demonstrated a
comprehensive numerical model to optimize the shape of a
pseudo-triangular nonaxisymmetric droplet, and we used a PSO
optimization algorithm to find the maximum evaporative heat
transfer coefficient. Although a droplet with a higher thin-film
thickness region has better heat transfer performance due to
reduced conduction thermal resistance, this study revealed that the
average thickness across the droplet must be decreased in order to
improve performance. Therefore, we found that it is not only
important to minimize the thickness of the liquid layer near the
contact line region but also critical to minimize the droplet thick-
ness near the apex of the droplet. In other words, for a given gen-
eration, a droplet shape that yields a small thickness near its
contact region does not necessarily coincide with a small thick-
ness near the apex region. The average thickness is affected by the
morphology of the droplet, which depends on multiple physical
parameters of the droplet and the micropillar, including the
liquid—vapor area, solid-liquid area, perimeter length, contact
angle, and droplet volume. Changing the combination of the
parameters yields different droplet morphologies. As a result,
while designing micropillar structures for evaporative cooling
applications, the effect of the micropillar shape on the aforemen-
tioned parameters must be considered so that the generated drop-
lets have better evaporative performance. Furthermore, when
developing micropillar structures, the effects of the droplets’
vapor diffusion confinement effect due to a larger contact angle
should be examined. The optimization model can determine the
ideal combination of these factors to maximize the heat transfer
coefficient. We found an approximately 23.7% improvement in
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the heat transfer coefficient for the optimized pseudo-triangle, com-
pared to a reference spherical droplet. This model can be extended
to determine the optimum geometric features of pillars, with the
ultimate goal of developing an evaporative cooling module for
high-powered electronics, including 2.5D and 3D stacked chips.
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Nomenclature

t = liquid thickness (m)
v = velocity (m/s)
R = universal gas constant (J/mol-K)
C = molar concentration (mol/m?)

J = evaporative flux (kg/m2~s)
M = molecular mass (g/mol)
P = control points position
R = thermal resistance (m>K/W)

T = temperature (°C)
m = mass flow rate (kg/s)
f, = latent heat of vaporization (J/kg)

¢" = heat flux (W/m?)

Cp = specific heat capacity (J/kg-K)

Dy = outer hydraulic diameter of micropillar (m)
Daire = diffusion coefficient (m?/s)

Greek Symbols

o = azimuth angle (deg)
0 = contact angle (deg)
1t = dynamic viscosity (Ns/m?)
p = density (kg/m?)
V = vector differential operator
& = fraction of liquid—vapor interfacial area

Subscripts

amb = ambient
cond = conduction
conv = convection
diff = diffusion
eff = effective
evap = evaporation
j = substrate
1 = liquid
Ibound = lower bound
Iv = liquid—vapor
ref = reference
sat = saturation
ubound = upper bound
vV = vapor
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