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a b s t r a c t

Porous wicks are of great interest in thermal management because they are capable of passively supply-

ing liquid for thin film evaporation, a promising method to reliably dissipate heat in high performance

electronics. While dryout heat flux has been well-characterized for many wick configurations, key design

information is missing as many previous models cannot determine the distribution of evaporator surface

temperature. Temperature gradients are inherent to the passive capillary pumping mechanism since the

shape of the liquid/vapor interface is a function of the local liquid pressure, causing spatial variation of

permeability and heat transfer coefficient (HTC). Here, we present a comprehensive modeling framework

for thin film evaporation in micropillar wicks that can predict dryout heat flux and local temperature

simultaneously. Our numerical approach captures the effect of varying interfacial curvature across the

micropillar evaporator to determine the spatial distributions of temperature and heat flux. Heat transfer

and capillary flow in the wick are coupled in a computationally efficient manner via incorporation of

parametric studies to relate geometry and interface shape to local permeability and HTC. This model pre-

dicts notable variations of HTC (�30%) across the micropillar wick, highlighting the significant effects of

interfacial curvature. Further, we are able to quantify the tradeoff associated with enhancing either dry-

out heat flux or HTC by optimizing geometry. Our model provides all of the information needed to guide

the design and optimization of micropillar wicks by resolving evaporator temperature distributions in

addition to dryout heat flux.

� 2019 Published by Elsevier Ltd.

1. Introduction

As emerging technology continues to produce high perfor-

mance, high power density electronics, heat dissipation becomes

an increasingly critical challenge [1–4]. Liquid-vapor phase change

has garnered much interest as a thermal management strategy

since the latent heat of vaporization allows for high-flux heat

removal. While flow boiling in microchannels has been broadly

researched [5–7], flow instabilities and a high pumping power

requirement have led to a separate focus on thin film evaporation

from porous wicks [8–10]. This approach offers the advantages of

passive, capillary-driven flow and a high heat transfer coefficient

(HTC) due to low thermal resistance of the thin (<100 mm) liquid

film. Consequently, use of porous wicks has become widespread

in heat pipes and vapor chambers to cool electronics [3]. These

devices take advantage of low resistance vapor transport to act

as very effective heat spreaders [11], yet improvements in evapo-

rator wick performance remain an active area of research.

To obtain fundamental insights, wicks with well-defined struc-

tures are ideal. Such precise control over geometric parameters can

be achieved using traditional silicon nanofabrication techniques to

create wicks comprised of arrays of micropillars. These micropillar

wicks have been extensively studied [12–18] since they can be tai-

lored and optimized using well-characterized fabrication pro-

cesses. Previous work has primarily been focused on predicting

the maximum heat flux a wick can sustain, typically referred to

as the dryout heat flux. Models to predict dryout heat flux

[12,14] have been developed based on studies of fluid flow in

micropillar wicks [17,19]. These models serve as design guidelines

to optimize geometry for permeability and capillary pressure, both

of which influence dryout. Adera et al. [12] approximated perme-

ability as uniform [17] and used Brinkman’s Equations [20] cou-

pled with uniform evaporative mass loss to calculate dryout heat

flux. Zhu et al. [14] captured the effects of the varying liquid-

vapor interface shape by solving the 3D meniscus profile and per-

forming computational fluid dynamics (CFD) simulations to deter-

mine permeability. Pressure and velocity distributions were then

solved numerically for uniform evaporation over the micropillar

wick to predict dryout heat flux.
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Although these works have been able to accurately model the

effects of micropillar geometry and wicking length on dryout heat

flux, the HTC has not been rigorously characterized. Recently, Wei

et al. [18] addressed micropillar optimization for both dryout heat

flux and superheat by determining an effective thermal conductiv-

ity from finite element calculations for a flat interface. Extending

that approach, Somasundaram et al. [21] solved for the meniscus

shape and effective thermal conductivity using a finite element

solver and modeling interfacial heat transfer with Schrage’s equa-

tion [22]. However, these works did not combine the HTC with a

fluid model that incorporated the variation of interface shape

across the evaporator wick, which can lead to inaccuracies in the

modeling results. Therefore, a combined fluid and heat transfer

model that resolves distributions of interface shape, HTC, and tem-

perature has yet to be demonstrated.

In this work, we have formulated a framework to comprehen-

sively model thin film evaporation in micropillar wicks based on

three principal design criteria: source temperature (Ts), evaporator

temperature (Te), and dryout heat flux (q00
dryout). In practical applica-

tions, source temperature is constrained by the operating limit of

the electronics, while evaporator temperature is constrained by

the boiling limit to avoid undesirednucleation [11]. Dryout heat flux

is defined as the operating point at which the working fluid evapo-

rates fromthewick faster than it can be replenished. Under specified

working conditions, the temperature at the evaporator surface is

directly dependent on the HTC, and source temperature can be

extrapolated by considering conduction in the substrate. Therefore,

all three design criteria can be addressed by determining HTC and

dryout heat flux for a given porous wick. Further, the variation of

HTC on the evaporator due to liquid-vapor interface shape must be

considered: our model shows that HTC varied by �30% on a

1 cm � 1 cm micropillar wick under specific operating conditions.

However, considering the distribution of HTC amongstmicron scale

features on a millimeter scale wick presents a challenge for compu-

tational efficiency. Our framework consists of performing paramet-

ric studies of singlemicropillar cells and incorporating those results

into a device-level model. In this manner, the microstructure is not

directly simulated, yet rather is lumped into a set of pressure depen-

dent properties. This efficient method is capable of resolving distri-

butions of pressure and temperature on the wick, as well as

predicting dryout heat flux, thus addressing all three evaporator

design criteria. Since the modeling framework used here is valid

for any wick with a periodic structure, its potential impacts extend

beyond thin film evaporation in micropillar wicks.

2. Model formulation

An input heat flux (q00
in) is applied to a micropillar wick of wick-

ing length L (edge to center of device) and is dissipated via thin film

evaporation (q00
e xð Þ) into pure vapor (Fig. 1). Capillary forces wick

liquid into the micropillar array from the supply at the saturation

temperature (Tsat), thus passively maintaining a wetted surface.

The micropillar array treated here is comprised of a square unit cell

(Fig. 1(b)) repeated in a periodic fashion and defined by its diame-

ter (d), pitch (l), and height (h). Due to the capillary pressure gradi-

ent across the substrate that drives flow, the liquid-vapor interface

shape varies from cell to cell. The local interface shape can be

described by its mean curvature (H), which is related to the capil-

lary pressure (Dp ¼ p� p0) according to the Young-Laplace Equa-

tion (Eq. (1)) where r is the liquid-vapor surface tension.

Dp ¼ 2rH: ð1Þ

This relation applies to all cases presented here as the Bond number

is small (Bo ¼ Dqgl2=r � 10�5, see A.1. for characteristic values used

to determine dimensionless parameters).

Accounting for local effects of interface shape on heat transfer

and capillary flow is crucial to this model. To accomplish this, we

conducted parametric studies to determine the evaporative heat

transfer coefficient (he) and local permeability (j) of the wick over

a range of micropillar geometries and interfacial curvatures.

Throughout this study, we considered water as the working fluid

and silicon as the micropillar material. The key assumptions

behind this model are that convection in the thin film is negligible,

lateral conduction in the fluid is much smaller than conduction

towards the interface, the variation of curvature within a unit cell

can be neglected, and evaporation is near equilibrium (see A.1. for

validation of these assumptions).

2.1. Interface shape

When operating below the dryout limit, the three phase contact

line is pinned to the top of the pillars and forms a meniscus. We

solved for the 3D meniscus profile using a method identical to

those used by [14,23]. The shape of the capillary surface

(F ¼ f x; yð Þ � z) can be determined by differential geometry [24],

which relates the outward unit normal vector (bn ¼ rF=jrFjj) of

the interface to its mean curvature. By this method, the interface

is described by a static normal stress balance (Eq. (2)), where H

is defined as positive when the liquid surface is convex, effects of

gravity and inertial perturbation are neglected, and curvature is

approximated as constant over the unit cell (see A.1.).

r � bn ¼ 2H: ð2Þ

This nonlinear differential equation was solved in COMSOL Multi-

physics [25] on the domain shown in Fig. 2(a) by imposing z ¼ 0

at the pillar edges and symmetry at the cell boundaries (all mesh

convergence details can be found in A.2.). Once resolved, the inter-

face shape was imported as a mesh into the heat transfer and fluid

parametric studies. For each parametric study, the maximum curva-

ture corresponded to the dryout capillary pressure (Dpdryout) as

determined by a force balance at the contact line when the receding

contact angle (hrec) is formed (Eq. (3)).

Dpdryout ¼
4r cos hrec

d
4

p
l

d

� �2

� 1

 !
ð3Þ

2.2. Parametric studies

Modeling physics in microscale features on a millimeter scale

wick entails an inherent tradeoff between computational efficiency

and accuracy. We have approached this problem by parametrically

studying the evaporative heat transfer coefficient and permeability

of single micropillar cells as functions of geometry and capillary

pressure (interface shape). These studies produced lookup tables

for the device-level model that allow the wick to be modeled as

a flat surface with pressure dependent properties.

The parametric study of heat transfer was conducted by deter-

mining he (Eq. (4)) for a known q00
in being rejected to a pure vapor

ambient at Tsat where the average evaporator temperature (Te)

was solved by a finite element calculation (Fig. 2(b)).

he ¼
q00
in

Te � Tsat

ð4Þ

In the computational domain, a uniform heat flux is supplied to the

bottom of the cell, 1 lm below the base of the pillars to account for

constriction resistance. Since symmetry conditions are enforced at

the lateral boundaries of the cell (see A.1.), heat is dissipated from

the unit cell solely by evaporation from the liquid-vapor interface

(q00
e). Natural convection from the tops of the silicon pillars is
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neglected as the thermal resistance to natural convection was

estimated to be 3 orders of magnitude higher than thermal resis-

tance to evaporation (see A.1.).

We calculate q00
e T lð Þ, where T l is the temperature of liquid at the

interface, using a solution to the linearized Boltzmann Transport

Equation (BTE) for Boltzmann-Krook-Welander molecules (Eqs.

(5) and (6))

pk

pl

� 1 ¼
c�4uk

2RT lð Þ1=2
ð5Þ

Tk

T l

� 1 ¼
d
�
4uk

2RT lð Þ1=2
ð6Þ

where the coefficients are given as c�4 ¼ �2.13204 and

d
�
4 = �0.44675 [26], R is the specific gas constant, and the subscript

‘‘k” indicates a variable evaluated at the Knudsen layer boundary.

Low Mach number (near equilibrium) evaporation is an implicit

restriction when using the linearized BTE (see A.1.). After addition-

ally constraining the pressure at the Knudsen layer boundary to

equal the far field pressure, the evaporative heat flux can be

expressed as a function of the mean vapor speed at the Knudsen

layer (Eq. (7)).

q00
e ¼ qkukhlv : ð7Þ

The accommodation coefficient for evaporation/condensation [27]

was chosen as a = 0.052 to match data from Adera et al. [12] and

was accounted for using the method outlined by Meland and

Ytrehus [28]. We solved this steady state problem using COMSOL

Multiphysics for numerous geometries at capillary pressures rang-

ing from zero to Dpdryout .

A parametric study of laminar flow in micropillar cells was con-

ducted by adapting the methods of Zhu et al. [14]. In summary, the

Navier-Stokes Equations were solved in COMSOL for laminar flow

(Reynolds number Reh ¼ quh=l � 101) over a range of geometries

and interfacial curvatures. A pressure difference was imposed

across the cell and the mass flux (C) was reported (Fig. 2(c)), from

which the Darcian permeability (j) could be back calculated from

Darcy’s Law (Eq. (8)) where l is the dynamic viscosity of the liquid.

u ¼ �
j
l
rp: ð8Þ

For a fixed geometry, permeability is a function of interface shape

only, which is set by the local capillary pressure. More pronounced

curvature yields lower permeability since the effective cross section

of the flow is reduced. The effect of curvature was accounted for by

importing the corresponding interface shape and setting it as a

symmetry boundary, which enforces no flux and no shear stress

at the interface. By this method, a look up table for permeability

as a function of geometry and capillary pressure was compiled.

2.3. Device-level model

We formulated a device-level model for micropillar wicks by

coupling fluid and conduction domains for an arbitrary heat load

(see A.4. for a non-uniform heat load example) into a substrate of

Fig. 1. (a) Side view schematic of a micropillar wick operating during thin film evaporation. An input heat flux q00
in is applied to the bottom of the substrate and is rejected by

evaporation into pure vapor. Capillary pressure maintains a wetted surface by passively pumping liquid from the supply (x ¼ 0) to the center of the device (x ¼ L). (b)

Schematic of a micropillar cell, which can be defined by its geometry (d; l;h) and the local mean curvature of the liquid-vapor interface (H xð Þ). (c) Top view of the micropillar

wick. Net flow is along the x coordinate only in the case where the liquid supply contacts only the sides of the wick normal to the x axis.

Fig. 2. (a) Top view showing the lines of symmetry of the micropillar unit cell. Only the region enclosed by the dashed lines is treated as the domain. (b) Side view depicting

the heat transfer parametric study where heat from q00
in is dissipated solely via evaporation. Symmetry (insulated) boundary conditions are applied to the lateral faces and

pillar tops. The temperature of the evaporator (Te) is evaluated as the average temperature at the surface (red line). (c) Side view depicting the flow parametric study. Mass

flux due to an imposed pressure drop is reported in order to calculate the permeability from Darcy’s Law. The interface is set as a symmetry boundary to impose no flux and

no shear stress.
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thickness ts. The fluid domain is considered as a continuous, porous

medium modeled by Darcy’s Law. Given a wick of uniform geom-

etry, the permeability is a function only of local pressure as

described by the parametric study. Reference pressure is set at

the inlet while x ¼ L is a symmetry boundary. Due to the low speed

of liquid moving toward the interface (Peclet number

Peh ¼ uehqcp=k � 10�2, see A.1.), evaporation could be modeled as

a volumetric mass loss (Eq. (9))

r � quð Þ ¼ Qm; ð9Þ

where Qm ¼ �q00
e xð Þ= hlvhð Þ.

The conduction domain takes an arbitrary heat flux input that is

dissipated from the evaporator surface according to

q00
e xð Þ ¼ he xð ÞDT , where he xð Þ is a function of the local pressure

solved in the fluid domain according to the parametric study

(he xð Þ ¼ f Dp xð Þð Þ) and DT is the local superheat (T � Tsat). q
00
e xð Þ is

then returned to the fluid domain for the next iteration such that

the distribution of evaporative heat flux is accounted for in the

pressure calculation. In this way, the fluid and conduction domains

are coupled by passing pressure and heat flux distributions, respec-

tively (see A.3. for visual reference). For all device simulations pre-

sented in this work, this process was iterated until the Euclidean

norms of the pressure and heat flux distributions each converged

to a relative tolerance of at most 10�6. Symmetry boundaries were

assigned to x ¼ 0 and x ¼ L, which is reasonable so long as liquid is

supplied at Tsat .

3. Results and discussion

3.1. Heat transfer coefficient

Beyond allowing for accurate modeling of micropillar wick per-

formance, the parametric study of heat transfer shows the effects

of geometry and local pressure on the evaporative heat transfer

coefficient. We present two studies of evaporation into pure water

vapor at 100 �C that highlight these effects: varying lwhile holding

constant d = 10 lm and h = 25 lm (Fig. 3(a)); and varying h while

holding constant d = 10 lm and l = 30 lm (Fig. 3(b)). q00
in was set

to 50 W/cm2 for both parametric sweeps in Fig. 3. For each geom-

etry, he was determined for Dp ranging from zero (flat interface) to

the Dpdryout corresponding to hrec = 15� (receding contact angle for

water on silicon dioxide [29]). We observed that for a fixed geom-

etry, he increased with capillary pressure. As interfacial curvature

becomes more pronounced, the effective thickness of the evaporat-

ing film decreases, thus lowering the conduction resistance of the

liquid. In addition, the augmented interfacial area additionally

enhances the evaporation rate. For increasing pillar height, he

dropped steadily since film thickness scales with h, effectively

increasing conduction resistance (Fig. 3(b)). It can be seen that

the effect of curvature was dampened for tall pillars, i.e., less vari-

ation of he across a wick will be observed for larger values of h=d.

Dependence of he on the input heat flux is weak for this represen-

tative geometry (Fig. 3(a)): a 10% change of q00
in resulted in a 0.082%

average difference in predicted he.

3.2. Device simulation

Results of the device-level model for a single set of conditions

are shown in Fig. 4, where d = 10 lm, l = 30 lm, h = 25 lm,

L = 5 mm, ts = 100 lm, and the ambient was pure water vapor at

Tsat ¼ 100 �C. These chip dimensions are standard and the

micropillar geometry was shown to be near-optimal for dryout

[14] with a large HTC (he > 60 kW/m2 K). We prescribed a uniform

input heat flux q00
in ¼ 82 W/cm2, which is the dryout heat flux for

the given set of geometry and operating conditions. For simplicity,

this micropillar wick was considered to contact the liquid supply

only at the two edges normal to the x axis (Fig. 1(c)), reducing

the distributions to one dimension. Our model was able to resolve

the distributions of evaporator (DTe) and source (DTs) superheats

(Fig. 4(a)), as well as capillary pressure and heat transfer coefficient

(Fig. 4(b)). While Dp was determined by the finite element solver,

he was calculated directly from Dp via the lookup table from the

parametric study, thus making this device-level model computa-

tionally feasible. Given that heat transfer is enhanced by curvature,

he was highest near the center of the device (x=L ¼ 1) where Dp

reached a minimum. Under these specific conditions, he varied by

�30% across the micropillar wick. It follows that the superheat

reached a minimum at the center and was the highest at the edge

of the wick: in this simulation, we observed a �3 �C difference in

surface temperature, meaning that the inlet is more susceptible

to boiling. The source and evaporator temperature design criteria

can be addressed because the model predicts the maximum tem-

peratures and their locations.

Fig. 3. (a) Parametric sweep of pitch and capillary pressure, with d ¼ 10 lm and h ¼ 25 lm constant. he increased with capillary pressure and was higher on average for

smaller pitches. (b) Sweep over height and capillary pressure, with d ¼ 10 lm and l ¼ 30 lm constant. Taller pillars had a lower he that became increasingly invariant to

interface shape. The last point of each curve represents the dryout condition for hrec ¼ 15�.

G. Vaartstra et al. / International Journal of Heat and Mass Transfer 136 (2019) 170–177 173



3.3. Optimization

We used this model to compare dryout heat flux and HTC for

various geometries to demonstrate its potential as an optimization

tool. For this study, we considered a wick of standard microproces-

sor dimensions (L ¼ 5 mm and ts ¼ 100 lm) with the receding con-

tact angle for water on silicon dioxide (hrec ¼ 15�) in a pure water

vapor ambient at Tsat = 100 �C. As in the previous section, only

the sides of the wick normal to the x axis contacted the liquid sup-

ply (Fig. 1(c)) and the input heat flux was uniform. We varied h

from 5 lm to 50 lm while maintaining d=h ¼ 0.4 and l=h ¼ 1.2

according to geometric ratios that Zhu et al. [14] reported as opti-

mal for dryout heat flux. q00
dryout was determined by solving for the

minimum heat flux at which Dpdryout was reached on the wick.

Fig. 5 shows the effect of increasing h on he and q00
dryout , where he

is the average heat transfer coefficient on the wick at dryout con-

ditions. For improved accuracy, q00
dryout was first calculated for uni-

form evaporation and the result was then used for the

parametric study as q00
in, thus capturing any temperature depen-

dence of he. The device-level model was iterated once more—now

accounting for non-uniform evaporative flux—to determine he

and q00
dryout . As h increased, q00

dryout increased monotonically, scaling

with h
2
. The dryout heat flux is enhanced by taller micropillars

since the wick becomes more permeable, thus lowering the viscous

resistance to capillary pumping. The permeability increases since

fluid further from the no slip surface experiences weaker viscous

effects. Conversely, he decreased with micropillar height because

conduction resistance grows with film thickness. Since our model

is capable of quantifying this tradeoff, it can be used in design opti-

mization schemes that consider dryout and temperature. In con-

trast to prior studies that provided upper [21] and lower [18]

bounds on HTC, our model resolves the distribution of HTC to

obtain an accurate average corresponding to the specific

conditions.

3.4. Model validation

Finally, we validated our model by comparing its he and q00
dryout

results to previously reported experimental values. he was vali-

dated against work by Adera et al. [12], who measured heater tem-

perature with a resistance temperature detector to monitor

evaporator superheat. Their micropillar wick was placed in an

environmental chamber at 3 kPa and surrounded by liquid water

on all sides. They incrementally increased heat flux and reported

superheat by assuming 1D conduction through the 650 lm thick

silicon substrate. We first determined the accommodation coeffi-

cient a ¼ 0.052 by fitting to one set of data from [12] (A1) and then

verified that our model matched well to their other data (A2) using

the same value of a (Fig. 6(a)).

We compared q00
dryout to experiments by Zhu et al. [14] where one

side of their micropillar wick was dipped into a water bath in an air

ambient. Although the ambient being air rather than vapor greatly

affects he, their experiment can validate the q00
dryout predicted by our

present model since the ambient has little effect on dryout heat

flux. This model accurately captured the trend shown by the exper-

iments of q00
dryout to decrease as L increases (Fig. 6(b)).

4. Conclusions

We have formulated a comprehensive model for thin film

evaporation in micropillar wicks that provides a complete

understanding of performance in terms of three design criteria:

Fig. 4. Device simulation with d ¼ 10 lm, l ¼ 30 lm, h ¼ 25 lm, L ¼ 5 mm, and q00
in ¼ 82 W/cm2 in a vapor ambient at Tsat ¼ 100 �C. (a) Distributions of evaporator (DTe) and

source (DTs) superheat when the substrate thickness was 100 lm. DTe was �3 �C higher at the inlet than the center of the device. (b) Capillary pressure and he at position x=L

relative to the liquid supply. he was directly calculated from Dp using the parametric study results. For the specified conditions, he varied �30% across the evaporator surface.

Fig. 5. Performance in terms of dryout and average HTC when micropillar height is

varied. While previous models [12] have predicted the increase in q00
dryout with h, we

now provide a comparison against the effect on he . These results can be used to

optimize wick design for both maximum heat load and temperature constraints.

Each he was evaluated at the corresponding q00
in ¼ q00

dryout to account for temperature

dependence. The geometric ratios were fixed at d=h ¼ 0.4, l=h ¼ 1.2 with wicking

length L ¼ 5 mm.
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source temperature, evaporator temperature, and dryout heat flux.

Whereas previous models are only capable of bounding the HTC,

this work has fully resolved the local HTC, including the effects

of both local curvature and micropillar geometry. Our model incor-

porates these curvature effects by coupling fluid flow and heat

transfer to map distributions of HTC and temperature on the

micropillar wick, giving the complete picture for evaporator per-

formance. We have established the importance of our model by

showing that the HTC can vary by �30% over the evaporator sur-

face and lead to inaccurate predictions with uniform HTC models.

By identifying the location of the maximum temperature, we pro-

vide a means to efficiently mitigate boiling where the risk is high-

est. We characterized the tradeoff between dryout heat flux and

HTC associated with film thickness, thus demonstrating a platform

for comprehensive design optimization. Our model serves as a

valuable tool to evaluate micropillar wicks for specific evaporator

uses and has potential to guide design for other applications, such

as wicking condensation [30]. Furthermore, our modeling

approach can be applied generally to porous media with well-

defined, periodic microstructure.
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Appendix A

A.1. Validation of assumptions

Our model operates under the following assumptions: a static

normal stress balance (Eq. (2)) describes the interface, the rewet-

ting flow is laminar, heat transfer in the liquid is purely by conduc-

tion, evaporation occurs in the near-equilibrium regime, and

lateral heat conduction in the fluid is negligible. We demonstrate

that these assumptions are valid using the following characteristic

values: l ¼ h ¼ 10 lm, L ¼ 1 cm, q00
in ¼ 100W/cm2 (Fig. 1), and

superheat DT ¼ 10 �C. All properties are evaluated for saturated

water at 100 �C, the liquid phase is indicated by default unless

the subscript ‘‘v” is used to denote vapor. Gravity and inertia have

negligible effects on the interface shape compared to surface ten-

sion since the Bond (Bo ¼ Dqgl2=r � 10�5, where Dq is the differ-

ence in density between the liquid and vapor phases, g is the

acceleration due to gravity, and r is the liquid-vapor surface ten-

sion) and Weber (We ¼ qu2l=r � 10�2, where u ¼ q00
inL=ðqhlvhÞ

and hlv is the latent heat of vaporization) numbers are small. Cur-

vature can be considered as constant in the unit cell if the viscous

pressure drop over the cell is negligible compared to Laplace pres-

sure, which is valid here since the Capillary number is small

(Ca ¼ lu=r � 10�3, where l is the dynamic viscosity of the liquid).

The rewetting flow is in the laminar regime since the Reynolds

number Reh ¼ quh=l � 101. Liquid velocity towards the interface

(ue ¼ q00
in=ðqhlv Þ) is slow enough that vertical convection can be

neglected compared to conduction (Peh ¼ uehqcp=k � 10�2, where

k is the thermal conductivity of the liquid). Given that liquid enters

the wick at Tsat , the low Jakob number (Ja ¼ cpDT=hlv � 10�2, where

cp is the specific heat at constant pressure of the liquid) shows that

liquid superheat is negligible, which is equivalent to negligible lat-

eral convection. Therefore, only conduction must be considered.

The Mach number of the vapor flow is sufficiently low

(Ma ¼ uv=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
cRTsat

p
� 10�3, where uv ¼ q00

in=ðqv
hlv Þ is the vapor

speed, c is the ratio of specific heats, and R is the specific gas con-

stant) to be considered near-equilibrium. Finally, for the device

shown in Fig. 4, the maximum temperature gradient between adja-

cent cells was 0.19% of the local gradient between the evaporator

and ambient, verifying that symmetry conditions could be applied

at lateral boundaries. Although the finite element nature of this

model allows for simple integration of non-uniform heat loads

(i.e., hotspots), accuracy of the symmetry assumption should be

evaluated by comparing the lateral temperature gradient to

superheat.

We neglect natural convection from the pillars according to an

estimation of the resistance to natural convection (Rnat). Approxi-

mating the exposed pillar top as a flat plate, we have calculated

Rnat from the Nusselt number correlation for low Rayleigh numbers

and additionally have corrected for low Nusselt numbers as

described in [31]. This method shows that Rnat is at least 2–3 orders

Fig. 6. Comparison to prior literature shows the model matches experimental data. (a) Superheat calculated by the model at various q00
in corresponding to experimental

conditions from [12]. The accommodation coefficient was fit to A1. (b) Predicted dryout heat flux curves compared against experimental results from [14] over a range of

wicking lengths. The device geometries (in lm) are A1: d ¼ 5, l ¼ 12, h ¼ 82; A2: d ¼ 12, l ¼ 20, h ¼ 90; B1: d ¼ 7, l ¼ 20, h ¼ 20; B2: d ¼ 6, l ¼ 50, h ¼ 19. Since the devices

from [12] contacted the liquid reservoir on all sides, we accommodated for 2D flow in our fluid model for (a).
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of magnitude higher than the interfacial resistance (Rint) to

evaporation.

A.2. Mesh convergence

Mesh refinement studies were performed on all finite element

calculations to quantify mesh independence of the results. To that

end, we report mesh independence (Eq. (A1)) of a scalar variable Y

as the relative difference between the result calculated on the

mesh used in the study (Y i) and that of a mesh with one additional

degree of refinement (Y iþ1).

Urelative ¼ abs
Y iþ1�Y i

Y i

� �
ðA1Þ

This analysis was applied to representative cases of each group of

finite element calculation: interface shape, cell HTC, cell permeabil-

ity, device-level Darcy flow, and device-level conduction. Table A1

lists the parameter evaluated, number of degrees of freedom

(DOF) solved to determine Y i, and Urelative for the device simulated

in Fig. 4. Urelative is reported at the most extreme interfacial curva-

ture (dryout conditions) for all parameters.

A.3. Iterative device-level model

We simulate micropillar wick performance by coupling fluid

flow and heat transfer domains to account for the effects of local

interfacial curvature. To achieve this coupling, we solve the distri-

butions of pressure and evaporative heat flux using the iterative

method depicted in Fig. A1. On the first iteration, the pressure dis-

tribution is calculated for a uniform evaporative flux where the

local permeability is treated as pressure dependent and is solved

using the lookup tables from the parametric study. The pressure

distribution is then translated into a distribution of the heat trans-

fer coefficient (again using the lookup tables), which is inputted to

the heat transfer domain as a boundary condition. The heat trans-

fer domain then calculates the temperature distribution and

returns an updated heat flux distribution to the fluid domain for

the next iteration. For all results presented in this paper, we cycled

the iterative solver until the Euclidean norms of the pressure and

heat flux distributions each converged to a relative tolerance of

at most 10-6.

A.4. Non-uniform heat loads

Since our model can resolve the distribution of HTC by account-

ing for local interfacial curvature, it is capable of accurately simu-

lating device performance when the heat load is non-uniform.

Although this capability is somewhat limited by the validity of

the symmetry argument applied to the unit cell parametric study

(see A.1.), it is nevertheless a valuable contribution of our modeling

framework. We demonstrate this significance by considering a case

where the micropillar wick received a high heat flux (100W/cm2)

at a small ‘‘hotspot” while the remainder of the wick received a

smaller (50 W/cm2) background flux (Fig. A2). The peak tempera-

tures were lower when the hotspot was located at the center of

the wick (Fig. A2(a)) than when the hotspot was shifted to the inlet

Table A1

Representative mesh convergence statistics from the device simulation shown in

Fig. 4.

Calculation Parameter DOF Urelative

Interface shape zmin 5551 1.1e�4

Cell HTC he 21,904 1.4e�4

Cell permeability j 128,363 5.5e�4

Device flow pmin 115 2.3e�6

Device conduction Tmax � Tmin 809 9.9e�7

Fig. A1. Flow chart of the device-level model iterative approach. On the first

iteration, uniform evaporative flux is assumed in the fluid domain, whereas

subsequent iterations utilize the flux distribution. Dp xð Þ and q00
e xð Þ are passed back

and forth between the fluid and heat transfer domains until a relative tolerance of

10�6 is met by the Euclidian norms of both Dp xð Þ and q00
e xð Þ.

Fig. A2. Distributions of superheat obtained from simulations of the same device geometry as the results in Fig. 4 with a non-uniform heat load. (a) Heat load q00
in ¼ 50 W/cm2

on 0 � x=L � 0.9 and q00
in ¼ 100 W/cm2 on 0.9 < x=L � 1. Unlike Fig. 4 (a), the maximum temperatures occurred at the center of the wick due to the localized heat flux. (b) Heat

load q00
in ¼ 100 W/cm2 on 0 � x=L � 0.1 and q00

in ¼ 50 W/cm2 on 0.1 < x=L � 1. For the same dimension and strength of the ‘‘hotspot,” the micropillar wick maintained lower

peak temperatures when the hotspot was placed at the center of the wick where the HTC was highest.
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(Fig. A2(b)) due to favorable concentration of heat flux where the

HTC was highest (as a result of curvature effects). Previous models

that only consider upper/lower bounds of the HTC [18,21] cannot

adequately describe device performance under non-uniform heat

loads because they cannot capture the dependence on input heat

flux distribution, i.e. hotspot location as shown in Fig. A2. Further,

dryout heat flux is typically defined only for uniform heat flux

[12,14], whereas the model presented here can determine the dry-

out condition for arbitrary heat loads since it resolves the pressure

distribution. We quantified the validity of the symmetry argument

for the device in Fig. A2(a) by calculating that the maximum tem-

perature gradient between adjacent cells was 1% of the local gradi-

ent between the evaporator and the vapor ambient.
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