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Abstract 

     Heat management in electronics and photonics devices is a critical challenge that 

impedes the accelerated breakthrough in these fields. Among approaches for heat 

dissipation, thin film evaporation with micro/nano structures has been one of the most 

promising approaches that can address future technological demand. The geometry and 

dimension of these micro/nano structures directly govern the interfacial heat flux. Here, 

through theoretical and experimental analysis, we find that there is an optimal dimension 

of micro/nano structures that maximizes the interfacial heat flux by thin film evaporation. 

This optimal criterion is a consequence of two opposing phenomena: non-uniform 

evaporation flux across a liquid meniscus (divergent mass flux near three phase contact 

line) and the total liquid area exposed for evaporation. This general criterion is 

independent of the solid material and thermo-physical properties of the cooling liquid. 

This study paves the path for development of high-performance thermal management 

systems.  
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1. Introduction 

     Miniaturization has been the hallmark of electronics and photonics instruments in the 

last few decades. The miniaturization efforts span in an enormous range of dimensions 

from nanoscale transistors to thumbnail-sized chips, smartphones, vehicle electronics, 

and server farms. This miniaturization, accompanied by enhanced functional density, 

necessitates enhanced heat dissipation, which has been the bottleneck of further 

advancement in these technologies.1 The constantly growing CPU power density has 

introduced a high demand for advanced cooling systems.2 A range of approaches has 

been studied to address this high heat flux challenge including jet impingement,3 sprays,4 

and micro-channels.5–8 However, thin film evaporation with nanometer fluid thickness is 

considered one of the most promising approaches to address the future demands.9–21 In 

addition to the electronics/photonics cooling applications, thin film evaporation is a 

critical phenomenon in cooling of satellite solar arrays, shuttle reentry, HVAC systems, 

and medical devices.  

Thin film evaporation phenomenon in micro/nano structures is a coupled multi-physics 

momentum transport, energy transport, and gas kinetics problem. The momentum 

transport governs the fluid flow to the liquid-vapor interface; the energy transport 

governs the heat transfer to the liquid-vapor interface, and the gas kinetics governs the 

evolution of molecules from liquid phase to the vapor phase at the liquid-vapor interface. 

All these physics are essential parts of thin film evaporation phenomenon, and the 

phenomenon will not proceed in absence of any of these transports. Depending on the 

time and length scales and the thermodynamic properties of the liquid-vapor interface, 
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each of these physics imposes a limit on the kinetics of thin film evaporation 

phenomenon. In thin film evaporation, the small fluid thickness decreases the thermal 

resistance between the hot solid substrate and the liquid-vapor interface, maximizing the 

heat flux dissipated by the solid substrate. For a given projected area of a solid, as we 

extend the area of thin film in a structure, the heat dissipation by the structure increases. 

Micro/nano structures have shown a great promise to enhance the area of thin film 

evaporation and consequently offer an efficient platform for heat dissipation.  

Early in the development of micro/nano structures for thin film evaporation, research 

studies focused on transcending the momentum transport limit by development of mi- 

cro/nano structures with a range of materials in various shapes. These micro/nano 

structures include micro-pillar arrays,22–25 copper micro-posts,26 sintered wick 

microstructures,27 and carbon nanotubes.28,29 In these structures, the momentum transport 

of fluid to the thin-film region is driven by the capillary action, resulting into coupling of 

capillary and viscous forces. As we move to smaller pore radius in micro/nano structures, 

the viscous resistance increases and eventually fluid flow will stop, thereby reaching the 

momentum transport limit. How- ever, development of bi-porous approach30–39 allowed 

to partially raise the limit imposed by the momentum transport. In this approach, the 

viscous pressure of fluid flow is divided in two parts, (I) the long length of fluid flow 

occurs in micro-channels with small hydraulic resistance (II) the short length of fluid 

flow occurs in the nano-channels with high hydraulic resistance. Thus, the overall small 

hydraulic resistance allows raising the momentum trans- port limit and consequently 

boosting the interfacial heat flux by the thin-film evaporation. This bi-porous approach 
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partially uncouples capillary and viscous forces and allows for further development of 

advanced micro/nano structures for thin-film evaporation.  

The geometry and dimension of the micro/nano structures have a significant role on the 

heat dissipation through thin film evaporation. Ranjan et al.11,40 developed a numerical 

model to study the role of geometry on thin film evaporation. These authors studied four 

geometries of micro-structures to maximize the interfacial heat flux. These geometries 

include horizontal wires, rectangular ribs, vertical wires, and packed spheres. The authors 

concluded that the horizontal wires are performing worse than the other three geometries, 

which provide approximately the same interfacial heat fluxes. However, rational strategy 

on dimensions of these micro/nano structures remains an open question. Knowledge on 

these micro/nano structuring guidelines provides a path to develop micro/nano structures 

in a systematic approach for thin-film evaporation to address future technological 

demands.  

Here, through detailed theoretical and experimental studies, we develop a rational 

direction for development of micro/nano structures for thin-film evaporation. We present 

optimal dimensions and arrangement of features in the micro/nano structures that 

maximize the interfacial heat flux. In this work, we solve Young-Laplace equation, 

energy equation, and Hertz-Knudsen equation at the liquid-vapor interface to determine 

the evaporative heat flux at the liquid-vapor interface. Through analysis of dimensional 

role in the micro/nano structures, we found an optimal criterion for design of micro/nano 

structures. To support our theoretical analysis, we fabricated microstructures and 

examined the thin film evaporation performance of these structures and compared the 
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results with the theoretical analysis. The goal of this work is to elucidate the general 

optimal criterion for micro/nano structuring for thin film evaporation.  
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        2. Theoretical Analysis  

2.1. Model Development  

     Three common geometries of micro/nano structures are chosen for thin film 

evaporation as shown in Fig. 1. These model structures are the optimal configuration for 

thin-film evaporation as suggested by simulation of Ranjan et al.11,63 We define width-to-

spacing ratio (= w/2r). The top and side views of the studied micro/nano structures are 

shown in Fig. 2. The profile of the liquid-vapor interface and contact angle are shown by 

function z(y) and θ, respectively. As the pitch between the pillars is much smaller than 

the capillary length of the working fluid (order of mm), the gravitational force is 

neglected in these analyses. The meniscus profile of liquid-vapor interface, z(y), for each 

configuration is determined through solving the Young-Laplace equation  

 1
Rc

=
𝑧 𝑦

1+ 𝑧 𝑦 ! !
, 

(1) 

where Rc(= r/cosθ) denotes the radius of curvature of liquid-vapor interface. The second 

curvature is much smaller than the first curvature and is neglected. The boundary 

conditions are defined as  

 𝑧   𝑦 = 0 = −𝑅𝑐 ∗ (1− sin𝜃)   

𝑧   𝑦 = 𝑟 = 0. 

 

(2) 
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Figure 1.  The studied model structures for thin film evaporation are shown. 
 

The Young-Laplace equation with the given boundary conditions (r and θ) is 

implemented in Mathematica to determine the profile of the liquid-vapor meniscus. This 

approach has extensively been used to determine the profile of liquid-vapor interface.64–67 

Once the profile of liquid-vapor meniscus is determined, the evaporation flux at the 

liquid-vapor interface can be determined through Hertz-Knudsen equation,68–71  

𝑚 =
2𝜎
2− 𝜎

𝑀
2𝜋𝑅

  
𝑃! 𝑇!"

𝑇!"
−

𝑃!
𝑇!

, 
(3) 

where 𝑚 denotes the mass flux, σ the accommodation coefficient, 𝑀  the molar mass of 

fluid, 𝑅    the molar gas constant, 𝑃! saturation pressure of the liquid, 𝑇!" liquid 

temperature at the interface, 𝑃! vapor pressure at the interface, and 𝑇! the vapor 

Configuration I Configuration II 

Configuration III 
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temperature at the interface. The formula is derived through Kinetic Theory of Gases and 

there are a few assumptions involved: (1) an equilibrium exists in the Knudsen layer, (2) 

the mechanical equilibrium is always established at the interface during the evaporation 

and no spatial pressure gradient exists in the vapor phase and (3) the liquid pressure 

corresponds to the saturation pressure of liquid at Tlv. Both of assumptions (2) and (3) are 

justified by recent studies.
44,48,49 The accommodation coefficient is defined as the 

probability of crossing the interface by a molecule impinging on the surface, defined by 

Knudsen
50 to explain the experimental findings. The experimental measurements never 

showed accommodation coefficient larger than unity except in the MD simulations 

conducted by Holyst et al.
51 The authors argued that the Hertz-Knudsen theory is only 

strictly valid at equilibrium and low vapor pressure and the theory should be modified for 

non-equilibrium conditions. Although this coefficient seems conceptually simple, it is 

extremely hard to measure. Here, the accommodation coefficient of 0.3 for an 

evaporating water interface is considered.
52 The equilibrium condition at the Knudsen 

layer suggests that the vapor pressure at the interface corresponds to the saturation 

pressure at the vapor temperature and is determined through Clausius-Clapeyron equation 

similar to the liquid pressure  

 
𝑃! = 𝑃!"#exp  (

𝑀ℎ!"
𝑅

(
1
𝑇!"#

−
1
𝑇!
)), 

(4) 

where ℎ!" denotes the enthalpy of liquid-vapor phase change, and 𝑃!"# and 𝑇!"# 

correspond to the thermodynamic variables in an arbitrary reference point. Hertz-

Knudsen equation, along with Eq. 4, suggests that two thermodynamic variables are 
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needed to determine the mass flux at the liquid-vapor interface, 𝑇! and Tlv. The value of 

Tv is equal to Ts - ∆T, where Ts is the temperature of solid in contact with the vapor and 

∆T is the superheat value. As thermal conductivity of the solid is few order of magnitudes 

higher than the liquid, the solid can be considered as a lumped model with a uniform 

temperature, 𝑇!, as shown by Ranjan et al.
40 As ∆T is an input parameter in this model, 

the only unknown to determine the mass flux is Tlv. The energy conservation at the 

liquid-vapor interface is written as 

 𝑞! = 𝑘! 𝑇! − 𝑇!"
𝑠𝑖𝑛𝛼
𝑟 − 𝑦 −

𝑐𝑜𝑠𝛼
𝐻 + 𝑧 𝑦  

= 𝑚ℎ!" +
1
2𝑚

! 1
𝜌!!
−
1
𝜌!!

, 

(5) 

where α denotes turning angle at the liquid-vapor interface and is determined through the 

profile of the meniscus, dz/dy = tanα at each (y,z) position. The inertia term at the 

interface (!
!
𝑚! !

!!!
− !

!!
! ) is few order of magnitude smaller than the enthalpy term in the 

energy conservation and is neglected. The Eqs. 3, 4, and 5 are solved simultaneously by 

Mathematica to determine the local liquid temperature at the liquid-vapor interface (Tlv), 

local mass flux (𝑚), and local interfacial heat flux (𝑞!). The determined value of 𝑞! 

provides the opportunity to calculate the total interfacial heat flux by the micro/nano 

structure. The total interfacial heat flux is written as  

 
𝑞! =

𝑞!!!"
𝑑𝐴 + ℎ  𝐴! 𝑇! − 𝑇!

𝐴!"#$
  , 

(6) 
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where h denotes the convective coefficient at the solid-vapor interface, and As the area of 

solid surface exposed for the convective heat transfer, and Aproj the total projected area of 

micro/nano structure. The determined value of h is 38-180 Wm−2K−1 in these 

calculations,40 depending on the geometry of micro structure. We emphasize that the heat 

dissipation through thin film evaporation is two orders of magnitude higher than the heat 

transfer by the natural convection at the solid-vapor interface. In configuration I, the 

integration of mass flux over the total area of liquid-vapor meniscus is straightforward. In 

configuration II, the heat flux in the center region between pillars should be calculated 

separately. For this region, we take the average temperature of Tlv between pillars and 

α=0 in Eq. 6 to determine the evaporative heat flux through. In configuration III, in 

addition to heat flux in the center region, the boundary conditions, r, varies in the area 

between the vertical wires. That is, the boundary condition to solve Young-Laplace 

equation varies. We determined r as a function of geometry of the cylindrical pillars and 

solved the Young- Laplace, Hertz-Knudsen, and energy equations correspondingly to 

determine the interfacial heat flux in configuration III.  
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Figure 2. The unit cell of each studied configuration is shown. The top and side views are labeled      
by (a) and (b), respectively.  

	
  

2.4. Theoretical Results  

     In all the theoretical analysis, the working fluid is water, the solid material is copper 

with temperature of 300.5 K, and the superheat value is 2.5 K, unless otherwise specified. 

The dimension of simulation box for all the model structures is a square of 2r + w= 100 

µm. Through the discussed approach, we determined the interfacial temperature of liquid 

along the liquid-vapor interface and the corresponding local mass flux as shown in Fig. 2. 

As shown, the liquid near the three-phase contact line is at higher temperature than the 

liquid in the centerline. This temperature profile is consistent with the previous 

studies.40,44,53,54 Also, the major portion of evaporative mass flux occurs near the three-

phase contact line. We determined the interfacial heat flux for all these configurations 

w 2r 

H 

(a) (b) 
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satellite solar arrays and shuttle reentry and in elec-
tronic components to maximize heat transfer rate. In
heat pipes capillary force acting at solid-liquid-vapor con-
tact line in the porous media wicks the liquid from the
condenser to the evaporator. The liquid in the evap-
orator absorb thermal energy and goes through liquid-
vapor phase change. The generated vapor phase reject
the heat in the condenser and complete a closed loop cy-
cle. The simple physics of this cooling alternative and
broad range of its application has stimulated significant
interests to optimize this cooling alternative. One of
main challenges is to maximize the liquid-vapor phase
change in the evaporator through micro-nano structur-
ing [? ? ]. Ranjan et al.[? ] studied four geome-
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flux at the evaporator and consequently maximize the
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design of evaporator in heat pipes, the role of micro-
structuring and the optimal geometry of micro-structure
remains to be addressed. In the present work, we provide
an approach with short convergence time to determine
the optimal geometry and the dimension of evaporator
in the heat pipes. The presented approach determines
the profile of meniscus through solving Young-Laplace
equation and apply the energy conservation only to the
liquid-vapor interface rather than the entire volume of the
bulk fluid. Through analysis of several geometries,role of
contact angle, pitch to diameter aspect ratio, superheat
and porosity in the heat flux of evaporator is determined.

Model development

Here, we have considered three common geometries for
micro-structures as shown in Figs.??,?? and ??. The
porosity is defined as the ratio of void volume to the
total volume in each configuration. In these structures, l
denotes length, H height of the pillars and w the width of
pillars, r the radius of pillars and AR(= 2r

w ) aspect ratio.
The meniscus profile of liquid-vapor interface, z(y),

for each configuration is determined through solving the
Young-Laplace equation

1

Rc
=

z00(y)

(1 + z0(y)2)1.5
(1)

where Rc denotes the radius of curvature of liquid-vapor
interface. The boundary conditions are defined as

z(y = 0) =
�r ⇤ (1� sin ✓)

cos ✓
(2)

z(y = r) = 0

where ✓ denotes the contact angle at the three-phase
contact line. The Young-Laplace equation with the given

z 
y 

Configuration II 

l 

w 2r 

l H 
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equation and apply the energy conservation only to the
liquid-vapor interface rather than the entire volume of the
bulk fluid. Through analysis of several geometries,role of
contact angle, pitch to diameter aspect ratio, superheat
and porosity in the heat flux of evaporator is determined.
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total volume in each configuration. In these structures, l
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Heat pipe provides an e�cient alternative to conven-
tional method of electronics cooling. This cooling al-
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tronic components to maximize heat transfer rate. In
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main challenges is to maximize the liquid-vapor phase
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design of evaporator in heat pipes, the role of micro-
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the optimal geometry and the dimension of evaporator
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equation and apply the energy conservation only to the
liquid-vapor interface rather than the entire volume of the
bulk fluid. Through analysis of several geometries,role of
contact angle, pitch to diameter aspect ratio, superheat
and porosity in the heat flux of evaporator is determined.
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micro-structures as shown in Figs.??,?? and ??. The
porosity is defined as the ratio of void volume to the
total volume in each configuration. In these structures, l
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Young-Laplace equation

1

Rc
=

z00(y)

(1 + z0(y)2)1.5
(1)

where Rc denotes the radius of curvature of liquid-vapor
interface. The boundary conditions are defined as

z(y = 0) =
�r ⇤ (1� sin ✓)

cos ✓
(2)

z(y = r) = 0

where ✓ denotes the contact angle at the three-phase
contact line. The Young-Laplace equation with the givenH 

z 
y 

(a) (b) 
Configuration III 

l 

Center region  

Center region  
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through the discussed approach. The interfacial heat flux as a function of width-to-

spacing ratio for all three configurations is shown in Fig. 3. Note that the small values of 

interfacial heat flux are caused by the small value of superheat consistent with the 

previous studies.40 In the experimental section, high interfacial heat fluxes are achieved 

by adjusting the superheat.  

 

Figure 3. Interfacial liquid temperature and the local mass flux along the meniscus is determined 
through solution of Young-Laplace, Hertz-Knudsen, and energy equations.  

	
  

As shown, in configuration I, the interfacial heat flux is a decreasing function of width-

to-spacing ratio and reaches a maximum value for the minimum value of width-to-

spacing ratio  (maximum r). In contrast, both configurations II and III show an optimal 

value of width-to-spacing ratio to maximize the interfacial heat flux. The optimal value of 

AR for configurations II and III are 1.27 and 1.5, respectively. Two opposing parameters 

lead to this optimal aspect ratio: non-uniform evaporative flux across the liquid-vapor 

interface (i.e. divergent mass flux near the three-phase contact line and negligible mass 
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flux at the centerline) and the total area of liquid-vapor interface for evaporation. For a 

given area of microstructure (square of 2r + w= 100 µm), at small width-to-spacing ratio 

compared to the optimal point (large r between pillars), the total length of three-phase 

contact line is short resulting into a sharp drop in the evaporative heat flux. In contrast, at 

higher width-to-spacing ratio compared to the optimal point (small r between pillars), the 

total area for evaporation decreases resulting into small evaporative heat flux.  

 

Figure 4. Interfacial heat flux of micro-structures as a function of width-to-spacing ratio for all   
the three configurations are shown.  

	
  

We have re-plotted Fig. 3 as a function of porosity of the micro-structure in Fig. 11. To 

examine the generality of this optimal aspect ratio, the role of other variables on this 

optimal aspect ratio is studied. We considered configuration II and analyzed the role of 

pillar height, H, and contact angle, θ on the value of the optimal width-to-spacing ratio. 

These analyses are shown in Fig. 4. The salient point of these figures is the generality of 
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the optimal width-to-spacing ratio for various contact angles and height of the pillars. 

This suggests that the optimal width-to-spacing ratio is a general criterion on dimension 

of micro/nano structures for thin film evaporation. At high values of H, the contribution 

of normal heat conduction from the solid substrate to the liquid-vapor interface is small. 

However, at small values of pillar height, this conduction plays a small role in the 

interfacial heat flux and can slightly change the optimal AR. Furthermore, lower contact 

angle boosts the interfacial heat flux.  

The above analysis provides a general strategy for optimal dimension of micro/nano 

structures for thin film evaporation. In the next part, we focus on the micro-structures 

with the optimal width-to-spacing ratio and study the role of density of the pillars per unit 

area on the interfacial heat flux (i.e. role of dimension of the pillars). The results of this 

analysis are shown in Fig. 5. This figure suggests that the interfacial heat flux is directly 

proportional to the density of pillars in the micro/nano structures; as the density of pillars 

increases, the interfacial heat flux increases. That is, smaller size pillars enhance 

interfacial heat flux. For a given area of micro-structure and at the optimal width-to-

spacing ratio, smaller size pillars enhance the total length of three-phase contact line in 

the micro-structure leading to a rise in the evaporative mass flux. Also, configuration I at 

small width-to-spacing ratio performs superior to the other model structures. As the 

dimension of spacing between pillars becomes comparable to thin-film evaporation 

region, the evaporation rate may reach to a threshold value. We should emphasize that at 

small-length scale (≤1-2 nm), the length scale can affect the thermo physical properties 
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(e.g, saturation pressure, density,80 heat capacity, and thermal conductivity) and the 

Fourier equation of heat flux and subsequently the above analysis may break. 

 

Figure 5. (a) The role of height of pillars on the optimal width-to-spacing ratio for configuration 
II is shown. (b) The role of contact angle on the optimal width-to-spacing ratio of 
micro-nano structures is shown. 	
  

 

Figure 6. At the optimal width-to-spacing ratio, the role of density of pillars on the interfacial 
heat flux is shown.  
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3. Experimental Studies  

3.1 Development of Micro-Structures  

Once we found the optimal dimension of micro/nano structures for thin film evaporation, 

we experimentally examined these predictions. We developed a range of micro-structures 

through micro-fabrication process and we examined their performance for thin-film 

evaporation. In this work, we developed a range of samples to examine the predictions of 

the developed theoretical model. For development of micro-structures, 2” Si wafers were 

obtained from NOVA Electronic Materials; the photolithography masks were developed 

by Outputcity; the AZ1512 and AZ300 developer were purchased from Integrated Micro 

Materials; Chromium was purchased from R. D. Mathis Company and Chromium etchant 

was purchased from Sigma Aldrich. As we need to fabricate deep micro-structures, the 

conventional micro-fabrication process needs to be modified. Initially, the Si wafer is 

coated with a thin layer of Cr with thickness of 100-150 nm through e-beam evaporation. 

On top of this Cr nano-film, a layer of photoresist material, AZ1512 was coated through 

spin coating method. The thickness of photoresist layer measured by the profilometer is 

1.4 ± 0.1 µm. ABM mask aligner in contact mode was used to pattern the photoresist. 

The time for development of the mask was 50 s. After, we transferred the pattern to the 

Cr film. We used ion mill for 10-15 mins to pattern the Cr film. The parameters of the ion 

mils were optimized to only remove the Cr film and not Si substrate. The remaining 

photoresist material was removed by Acetone and Plasma cleaning. As we need to 

develop deep micro-structures (depth of 30µm), we used Bosch process for the etching. 

Once the micro-structure is developed, we removed the extra Cr material from the surface 
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of the pillars using Cr etchant. The developed micro-structures are divided into two 

groups and are shown in Figs. 6 and 7. 

The micro-structures in Fig. 6 are developed to examine the predictions of optimal aspect 

ratio at the constant value of 2r + w=100µm, while the micro-structures in Fig. 7 are 

fabricated to examine the role of density of pillars on the interfacial heat flux.  

 

Figure 7. The developed Si micro-structures with various width-to-spacing ratios, but same 
density of pillars (100 pillars per mm−2) are shown.  

 

 

 

 

 

	
  

(S1) (S2) 

(S3) (S4) 
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3.2. Experimental Procedure and Results  

	
   An experimental setup is developed to assess performance of these micro-

structures in heat dissipation. The experimental setup is shown in Fig. 14. In these 

experiments, we used Isopropyl alcohol (IPA) as the working fluid to increase the 

wettability of the structures by the working fluid. The measured contact angle of IPA on 

the flat Si substrate (with no micro/nano structuring) is 25o±1o. Note that this measured 

angle represents the angle of meniscus between the pillars in the micro-structure, θ. The 

experimental setup provides the opportunity to measure the interfacial heat flux by each 

of the micro-structures in a steady- state condition. At a steady-state condition, the fluid 

dispensing rate will be equal to the evaporation flux. The heater size placed underneath of 

the micro-structured surface has 2 cm diameter. The micro- structures in steady-state 

evaporation condition (corresponding to Fig. 6) are shown in Fig. 8a. Note that these 

micro-structures are intended to examine the prediction of optimal aspect ratio. In the 

steady-sate condition, the wetted area of the fluid evaporation is fixed and does not 

change with time. We ran each experiment for more than 30 mins and the change in area 

for each case is less than 1%. The superheat in these experiment kept constant at 15± 0.5 

‰. The evaporative flux by these microstructures includes (1) the thin-film evaporation 

in the microstructure and (2) the evaporation of free-surface fluid in the inner region. We 

measured the area of each region by analyzing the experimental pictures with ImageJ 

software. To compare performance of these micro-structures for thin film evaporation, 

we need to determine the interfacial heat flux in region (1). To do so, the evaporative heat 

flux in region (2) is subtracted from the total heat flux. The evaporative heat flux in 
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region (2) is determined through measurement of evaporation of the working fluid on a 

flat Si substrate. 	
  

The developed theoretical model is used to predict the inter- facial heat flux of the micro-

structures shown in Fig. 6. The inputs to the model are the superheat, contact angle of the 

working fluid on the structure, and the height of pillars. The predicted and measured 

interfacial heat flux are shown in Fig. 8b. As predicted, there is an optimal ratio in 

dimensions of micro-structures that maximizes the interfacial heat flux. This agreement 

between experimental and theoretical results confirms the predictions in the previous 

section.  

  

Figure 8. The developed Si micro-structures with the same width-to-spacing ratio, but different density of 
pillars is shown.  

 

 

(S5) (S6) 
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Figure 9. (a) The top view of steady-state evaporation experiments on the micro-structures, shown in Fig. 
7, are presented. (b) The interfacial heat flux by these structures are predicted with the discussed 
model above and are compared with the experimental measurements.  

	
  

In the next step, we examine the role of density of pillars on the interfacial heat flux. The 

evaporation experiments are similar to the one presented above. The studied 

microstructures are those shown in Fig. 7. The experimental samples for this set of 

experiments are shown in Fig. 9a. We compared the performance of these samples with 

the prediction as shown in Fig. 9b. We emphasize that the inputs to the predictions are 

only superheat, contact angle, and the height of pillars. The agreement between the 

measurements and the theoretical predictions confirms that the higher density of pillars in 

the micro/nano structures boost the interfacial heat flux. Higher density of pillars boosts 

the three-phase contact line in the micro/nano structure resulting to higher interfacial heat 

flux.  
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Figure 10. (a) The top view of steady-state evaporation experiments on the micro-structures, shown in Fig. 
8, are presented. (b) The interfacial heat fluxes by these micro-structures are predicted with the 
discussed model above and are compared with the experimental measurements.  
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4. Conclusions  

     In summary, through theoretical and experimental studies, we show a rational strategy 

for development of micro/nano structures for thin film evaporation. The opposing roles of 

non-uniform evaporative heat flux along the liquid-vapor interface and the total area for 

evaporation leads to an optimal criteria on the dimension of micro/nano structures to 

maximize the interfacial heat flux. For micro/nano structures with square vertical pillars, 

the optimal ratio of pillars dimension to the pitch between the pillars is 1.27, and for 

vertical wires (e.g. nanowires), this ratio is 1.5. At these optimal ratios, as the dimension 

of pillars decreases (i.e. density of pillars per unit area increases), the interfacial heat flux 

increases. This optimal ratio is a general criteria and independent of the pillars height, 

contact angle, and superheat. This work provides a rational direction for micro/nano 

structuring for thin- film evaporation and provides a platform to develop high-

performance thermal management systems to address the future technological demands.  
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 Appendix  

Optimal porosity for thin-film evaporation  

     The interfacial heat flux for different micro-structures as a function of porosity of the 

structures are shown in Fig.11. The porosity in these structures is defined as the ratio of 

void volume to the total volume in each model structure.  

The height of the developed micro-structures is examined with scanning electron 

microscopy (SEM) and are shown in Fig. 12.  

2D heat transfer to the liquid-vapor interface  

 

Figure 11. The interfacial heat flux in the micro-structures as a function of porosity of the 
structures is shown. For configuration II and III, there are optimal porosity which 
maximizes the interfacial heat flux.  

 

The mass flux normal to the liquid-vapor interface is given by the Hertz-Knudsen 

equation. To determine this mass flux, one needs to determine the normal heat flux to the 

liquid- vapor interface. The heat transfer to the liquid-vapor interface is two-dimensional; 

one from the pillars, 𝑞!, and one from bottom of the micro-structure, 𝑞!, Fig. 13. We 
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calculate the projection of these heat fluxes in the normal direction to the liquid-vapor 

interface through turning angle, α. 

 𝑞! = 𝑞!𝑠𝑖𝑛𝛼 + 𝑞!𝑐𝑜𝑠𝛼, (A1) 

where tanα = dy/dz at each (y,z) coordinate along the liquid-vapor interface. Once we 

replace the values of 𝑞! and 𝑞! in the above equation through Fourier equation, one finds  

 𝑞! = 𝑘! 𝑇! − 𝑇!"
𝑠𝑖𝑛𝛼
𝑟 − 𝑦 −

𝑐𝑜𝑠𝛼
𝐻 + 𝑧 𝑦 . (A2) 

We should add that in the Hertz-Knudsen model of evaporation, the accommodation 

coefficient appears in a multiplier function in the local evaporative mass flux and does 

not have any dependence on r,  

   𝑚 ∝
2𝜎
2− 𝜎 𝑓 𝑟 , (A3) 

 

 

Figure 12. The height of the pillars are examined with the Scanning Electron Microscope (SEM) and is 
approximately 30µm. For this measurement, a sample of micro structures is cut and assembled 
vertically in the SEM.  

	
  

where r denotes the radial coordinate between the pillars. Since the optimal width- to-

spacing ratio is a direct consequence of f(r) and total area of evaporation, it will be 

unaffected with different values of accommodation coefficient. We determined the 
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optimal width-to-spacing ratio for different values of accommodation coefficient and this 

optimal value is unchanged.  

 

Experimental procedures  

     The experimental setup includes a fluid dispensing system, which continuously 

provides fluid to the micro-structure; a controlled flexible heater with diameter of 2 cm 

attached to the sample and a power system to adjust the temperature of the heater and 

control superheat. The working fluid in this experimental setup is Isopropyl alcohol 

(IPA). The microstructure is placed under the fluid dispensing system and simultaneously 

heated. The fluid from the dispensing system infiltrates to the structures and comes back 

to the surface by the capillary force for thin film evaporation. The dispensing rate is 

finely tuned to reach to a steady- state evaporation condition. Each experiment was 

performed for more than 30 min and the fluctuations in the evaporative mass flux was 

less than 1%. Once the steady-state condition is achieved, the interfacial heat flux was 

calculated through fluid dispensing rate, enthalpy of phase change, and the area of thin-

film evaporation.  
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Figure 13.  The normal heat flux to the liquid-vapor interface is shown. The normal heat flux comprises of 
heat flux by the pillars and the heat flux by the bottom substrate.  

 

Error in the measured interfacial heat flux  

The interfacial heat flux is measured through energy equation 

 𝑞! = (𝑚ℎ!")/𝐴, (A4) 

where 𝑚 denote the evaporative mass flux in the steady state evaporation, hfg enthalpy of 

liquid-vapor phase change and A the area of thin film evaporation. The error in the 

interfacial heat flux δ𝑞 is written as  

 !!
!
= !!

!
 +!"

!
, (A5) 

where δ denotes the error in the measured values. Note that the error in the values of ℎ!"  

is so small and negligible. Through the error in the mass injection rate by the syringe 

pump and the error in the determined surface area of thin film evaporation (ImageJ 

analysis), we determined the error in the interfacial heat flux.  
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Figure 14. The experimental setup for thin film evaporation studies are shown.  


