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Dr. Chung-Lung Chen, Thesis Supervisor 

ABSTRACT 
 

 

Flooding caused by excessive droplet feeding on heat dissipation areas periodically 

occurs for droplet-based thermal management. The conventional highly wettable texture of target 

surfaces, which is designed for thin film evaporation, has negligible effect on improving thermal 

performance during flooding. This work examines a combination of micro-pillar structures and 

engineered wettability that aims to improve the liquid-vapor phase change intensity and heat 

dissipation rate during flooding. Numerical simulation has been made to investigate the thermal 

and dynamic impact of the proposed combination structure on boiling and evaporation. A 

transient 3-D volume-of-fluid (VOF) model has been developed to analyze behaviors of bubble 

growth, coalescence, and departure processes. Parameters including volumetric liquid-vapor 

mass transfer rate, heat source temperature and heat transfer coefficient are examined. It has been 

demonstrated that surface wettability gradient in the pillar height direction can effectively 

facilitate the bubble departure and removal within the pillar forest. Thus smaller bubble size and 

a lower thermal resistance in the fluid domain can be achieved. The structured surface with 

higher pillars and denser pillar array is desirable for heat dissipation. The factor of pillar height 

has more impact on cooling enhancement than pillar array density when the solid-liquid interface 

area was kept the same. For wettability texture on the micro-pillar structure, the resulting heat 

transfer performance is determined by a trade-off between the bubble departure improvement 

within the pillar forest and the bubble pinning at hydrophobic pillar tops. 
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CHAPTER 1: GENERAL INTRODUCTION 
 

With the inherent requirement of reliable operation, miniaturization, weight reduction and 

energy efficiency for electronic systems, Moore’s Law was continued with smaller size of 

electronic components and more transistors per unit area. The simultaneous significant increase 

in power dissipation has led to remarkably challenging thermal issues [1-3]. Improper thermal 

management will cause continuous temperature increase and eventually lead to electronic 

failures. High performance chips are expected to generate a heat flux greater than 150W/cm2 

with localized sub millimeter hot spot heat flux exceeding 1kW/cm2 [4, 5]. The ever increasing 

integration of density and reliability requirements in the microelectronics industries requires 

advanced thermal dissipation technology to remove excess heat flux in hotspots with less 

superheat. Conventional heat transfer from electronic modules to surrounding space has been 

achieved through the natural, forced, or mixed convection of single phase working fluids. A 

representative concept by using that mechanism is a microchannel approach, which has been 

introduced by Tuckerman and Pease three decades ago [6]. Single phase cooling issues were 

primarily investigated in this conventional system by substantial research efforts [7-16]. 

However, the cooling efficiency, by using single phase, is directly determined by the sensible 

heat of the coolant, thus a high volume flow rate for the coolant is required and this approach 

would face substantial pumping power issues [17, 18], which restrict the cooling effect on higher 

heat flux conditions, thereby affecting the digital circuits density and performance. Two-phase 

heat transfer methods, including boiling and thin film evaporation, possess the attractive features 

with large latent heat transfer by vaporization process. The representative two phase cooling 
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method is associated with droplet-based coolant delivery approaches, including electro-wetting 

cooling, spray cooling etc.  

The characteristics of droplet-based coolant delivering thermal management enables 

precise droplet feeding to the designed area, which can potentially create a more uniform 

temperature distribution. Furthermore, as opposed to pool boiling or flow boiling systems which 

always encounter the high incipient superheat problem, droplet-based thermal management like 

spray cooling can maintain a low superheat, if the thin liquid film is formed at the target surface 

with appropriate controlled droplet feeding [19, 20]. In addition, droplet-based thermal 

management can work under higher thermal design limits by providing higher critical heat flux 

[20].  

On the other hand, inadequate coolant feeding frequency by droplet-based thermal 

management can easily cause periodic flooding. A flooded regime is reported as a periodic 

scenario occurring in droplet-based thermal management in Hsieh and Shen’s work [20, 21]. Due 

to the favorable superhydrophilic surface for liquid spreading, micro-structures worked 

efficiently in the thin film and partial dry-out regimes, while for the flooded regime, Hsieh and 

Yao [20] claimed that negligible effect on heat transfer performance can be induced by highly 

wettable surface texture. The flooded regime, which occupied about 20% of the total evaporation 

time [21], comes with boiling phenomenon which may cause large surface heat flux and surface 

temperature oscillations. Thus the heat transfer performance in the flooded regime will 

undoubtedly affect the thermal performance of the entire cooling process. However, boiling and 

evaporation phenomena during flooding were rarely mentioned in former studies. 

In this paper, our research is to numerically investigate the boiling and evaporation 

process during flooding. A micro-pillar structure combined with engineered wettability gradient 



3 
 

is proposed and modeled for understanding its capability on cooling enhancement and facilitating 

bubble departure. The impacts of various micro-pillar dimensions as well as wettability texture 

on two-phase flow dynamics and heat transfer characteristics during flooding were examined by 

several comparative studies. The transient three-dimensional VOF models have been used, which 

have the capability to track the liquid-vapor interface and bubble trajectories continuously for 

visualizing multi-bubble dynamics. The effect of surface wettability was modeled by specifying 

the wall adhesion angle in conjunction with the surface tension model. The solid material and 

working fluid are aluminum and water respectively. Evaporation, boiling and condensation at the 

liquid-vapor interface are modeled by using the Hertz-Knudsen equation derived from kinetic 

theory. Control variables for comparative studies include pillar height, pillar array density and 

wettability texture on pillar top surface. 
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CHAPTER 2: LITERATURE REVIEW 

 

Three sections are included in this chapter which provides a literature review of past 

research in the field of two-phase flow about droplet-based thermal management, bubble 

dynamics and phase change investigation with VOF method.  

 

2.1 Droplet-based Thermal Management 

2.1.1 Electrowetting Thermal Management 

 

As a paradigm-shift technique, electrowetting on dielectric (EWOD) uses electric 

potential to manipulate the movement of a liquid droplet on a dielectric surface. Droplets are 

actuated independently in user-defined patterns over an array of electrode, eliminating the 

demand for an external pump. In this way, droplets can be precisely delivered to the hot spot.  

Cheng  and Chen [22] developed an analytical resistance-capacitor network model for 

estimating the EWOD driving force under AC. They accomplished 2D transport of a liquid 

droplet in any desired flow path with only 40 volts. They further demonstrated the adaptive and 

active thermal management of on-chip hot spot using EWOD. The hot spot surface was 

successfully cooled down by more than 40°C within 2 s. They pointed out the critical 

development issues of EWOD, which include the fast droplet transport for high heat-flux 

situations, real-time hot spot detection via IR imaging, and dynamic cooling target tracking 

protocol. 

In another work published by Cheng  and Chen [23], a hot spot with 27W/cm2 was 

reported to be rapidly cooled down by 30°C by a 14μL droplet, which was transmitted by an 
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actuation mechanism. They also incorporated carbon nanotubes (CNTs) in a parallel-plate 

EWOD configuration. They indicated that the multiscale roughness which is optimized in favor 

of the Cassie state can lead to superhydrophobicity and reduce the pressure loss significantly. 

Paik et al. [24] manipulated the discrete liquid droplet immersed in oil. They 

demonstrated that the minimum voltage required to oscillate a microliter-sized droplet decreased 

as much as 30% for a 50K temperature increase under a fixed frequency. Temperature related 

parameters including interfacial tension and oil viscosities are investigated. The increased flow at 

higher temperatures makes this platform ideal for active chip cooling applications. 

Mohseni [25] proposed active heat management by actuating the discrete droplet of 

metals/alloys. He indicated that by using liquid metal or alloys at room temperature the heat 

transfer of a coolant was enhanced by more than two orders of magnitude. Another idea 

introduced by him is that the EWOD is an efficient, low power consumption actuation method 

for pumping liquids at micro-scales. Liquid velocity above 10m/s can be observed with 

extremely low pumping power consumption and at low actuation voltage of about 2V. 

Mohseni and Baird [26] tested the digitized heat transfer performance using liquid alloy 

galinstan, which is nontoxic and inexpensive. Significant improvement was achieved due to 

galinstan’s orders of magnitude higher values of thermal mass and thermal conductivity. They 

also derived the nature of EWOD force and the velocity of EWOD actuated droplets. 

Bahadur and Garimella [27] developed a model that predicts transient electrowetting-

induced droplet motion by analyzing droplet motion between two flat plates under the influence 

of an electrowetting voltage. They also analyzed the influence of interfacial energies, surface 

roughness parameters and electric fields in determining the apparent contact angle of a droplet in 

the Cassie and Wenzel states under the influence of an electrowetting voltage. An energy 
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minimization-based modeling approach is used to establish preliminary criteria to design rough 

surfaces for use in the hot-spot cooling application. The concept of an electrically tunable 

thermal resistance switch for hot-spot cooling applications is introduced and analyzed. 

Kumari and Garimella [28] quantified the heat dissipation capacity of actuated droplets 

through detailed modeling and experimental efforts. The modeling involves three-dimensional 

transient numerical simulations of a droplet moving under the action of gravity or electrowetting 

on a single heated plate and between two parallel plates. They observed the fluid circulation 

pattern, which shows a strong influence on thermal transport and heat transfer coefficient. The 

complexity of the transient flow patterns emphasizes the necessity for analysis of the flow field 

and its effect on the heat removal capacity of droplet-based systems. The heat dissipation 

capacity of electrowetting-based systems is seen to be comparable to microchannel cooling 

systems operating at the same pumping power. The advantage of an electrowetting-based system, 

including enhanced reconfigurable flow control, noiselessness without mechanical moving parts 

and ease of integration with existing framework for microelectronics packaging, was reported.  

The volume of fluid (VOF) method was used by Annapragada et al. [29] to predict the 

transient behavior of water droplets on smooth hydrophobic surfaces under electrowetting 

actuation. Electrowetting and dynamic frictional forces are included as an effective dynamic 

contact angle through a force balance at the contact line. The predictions are in agreement with 

experimental measurements. The internal fluid motion is explained, and the droplet motion is 

shown to initiate from the contact line. They also developed an approximate mathematical model 

to understand the physics of the droplet motion and to describe the overall droplet motion and the 

contact line velocities. 
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The theoretical and numerical results for digitized heat transfer investigated by Baird et 

al. [30] reflect the enhancement of the heat transfer coefficient brought by droplet internal 

circulation, and summarized that the digitized heat transfer has the capability for active, on-

demand suppression of transient hot spots.  

 

2.1.2 Spray Cooling Thermal Management 

 

Spray cooling denotes the cooling process when liquid forced through a small orifice 

shatters into a dispersion of fine droplets which then impact a heated surface. The droplets spread 

on the surface and evaporate or form a thin liquid film, removing large amounts of energy at low 

temperatures due to the latent heat of evaporation in addition to single-phase convection effects. 

Higher heat transfer rates, the possibility of uniformly cooling large surfaces, low droplet impact 

velocity, and no temperature overshoot are the advantages of spray cooling [31].  

Kim [31] gives a review for spray cooling heat transfer in aspects of the spray cooling 

heat transfer mechanism and some models, effects of non-condensable gas, surface enhancement, 

spray inclination and gravity were also contained in the discussion. He concluded from the 

majority of the experimental data in the review that spray cooling mechanisms in both single-

phase and two-phase regimes have yet to be identified.  In his point of view, new experimental 

techniques to measure spray parameters and to record high speed videos are required for further 

understanding of spray cooling. 

Yang et al. [32] discussed the effect of liquid film thickness on heat transfer. In spray 

cooling, if the number of droplets falling on the surface is large enough, a uniform continuous 

film on the surface is then formed. The liquid film and its thickness were reported to play an 
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important role in the nucleate boiling heat transfer contribution of spray cooling. Depending on 

the heat flux, the heat transfer coefficient can increase by as much as 50 percent as the liquid 

level is reduced, until dryout occurs. 

Horacek et al. [33] measured wall heat transfer during spray cooling. The contact line 

length was shown to correlate with wall heat flux rather than the surface wetted area. The 

presence of non-condensable gas was verified to cause a shift in the saturation temperature of the 

liquid and increased the subcooling of the liquid being sprayed onto the surface. 

Spray cooling on microstructured surfaces, which include microscale indentations and 

surface protrusions, was studied by H. Bostanci et al [34]. Heat flux up to 500W/cm2 was 

removed. For microstructured surfaces with protrusions and indentations, the increases in the 

heat transfer coefficient were 112% and 49% over that of a smooth surface, respectively.  

Another spray cooling investigation using ammonia by Bostanci et al. [35] shows a high 

CHF value of approximately 1100W/cm2. The heat transfer enhancement of microstructure 

surfaces was validated again over the reference smooth surface. They demonstrated that 

enhanced surfaces are capable of retaining more liquid compared to a smooth surface, and 

efficiently spread the liquid film via capillary force within the structures. Fluid retention delays 

the occurrence of dry patches at high heat fluxes, and leads to higher CHF. 

Zhang el al. [36] experimentally studied the spray cooling heat transfer on flat and 

microstructure enhanced surfaces. In both single phase and two phase regions, the heat transfer 

enhancement for structured surfaces was observed and compared with the enhanced surface. The 

structure with smaller feature size had better heat transfer performance. The optimal flow rate for 

the enhanced surface was found to be larger than that of the flat surface, while the optimal 

orifice-to-surface distance for the enhanced surface is smaller than the flat one. The optimal 



9 
 

distance decreases as the groove size is reduced. The effect of inclination angle and surface 

roughness were discussed too. 

 

2.2 Bubble Dynamics 

 

Li and Peterson [37] evaluated the boiling incipience and bubble dynamics on a micro-

fabricated heater using a high-speed digital camera. It is reported that explosive boiling can take 

place on a smooth surface, with roughness equal to the critical bubble size, no matter how slow 

the heating rate. In addition, the boiling incipience and bubble behavior from a smooth surface 

were observed to be much different than for the boiling taking place on a rough surface, even if 

the size of the nucleation cavity is in the range of microns, which represents the more 

conventional boiling phenomena, and can be explained by Hsu’s proposed theory of bubble 

survival. Bubble growth from a smooth surface was found to have a dynamic stage. The duration 

of the dynamic stage depends on heating rate and pulse duration, the presence of non-

condensable gas, and the degree of subcooling present.  

Luke and Cheng [38] Carried out the experiments on bubble formation and heat transfer 

measurements. The number and location of active nucleation sites was obtained in images of the 

video sequence and some selected results for bubble departure diameter and frequency. Results 

for the bubble formation on a horizontal copper tube in boiling propane were discussed. 

Additionally, the fluctuation by time and in the location on the tube is recorded. Individual 

bubble growth on its nucleation site and movement along the heated tube was tracked. Their 

results showed that the bubbles sliding up the superheated tube surface grow at a similar rate as 

those staying on their nucleation site.  
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Frank et al. [39] investigated the nucleation and growth of CO2 bubbles. At an immobile 

nucleation site the bubble grows rapidly followed by a linear increase in bubble diameter with 

time. After reaching a critical size, the bubble detached from its stagnant point and rose in the 

liquids with an exponential temporary increase in both the diameter and distance. The growth 

rate and flow fields around a CO2 micro-bubble were measured. Relevant information including 

fluid hydrodynamics, mass transfer and interfacial phenomena in the microscale quantified the 

dynamic bubble growth at a nucleation site and corresponding flow fields around the bubble. 

Chao et al. [40] studied the formation and growth processes of a bubble in the vicinity of 

graphite micro-fiber tips on metal-graphite composite boiling surfaces and their effects on 

boiling behavior. It was discovered that a large number of micro bubbles are formed first at the 

micro scratches and cavities on the metal matrix in pool boiling. Due to the hydrophobic feature 

of graphite, once the growing micro bubbles touched the graphite tips, those bubbles were 

sucked by the tips and merged together into larger micro bubbles sitting on the end of the tips. 

The micro bubbles coalesced to form macro bubbles, each spanning several tips. The necking 

process of a detaching macro bubble was also analyzed. They revealed that a liquid jet is 

produced by a sudden break-off of the bubble throat. The composite surfaces were validated to 

not only have higher temperatures in micro- and macro-layers but to also raise the frequency of 

the bubble departure, which increased the average heat fluxes in both the bubble growth stage 

and in the bubble departure period. 

Siedel et al. [41] described experimental results of pentane pool boiling on either a single 

nucleation site or on two adjacent nucleation sites. Bubbles growth was recorded and oscillations 

were observed during growth, showing the interaction of one bubble with the preceding bubble 

released from the same nucleation site, which illustrated that the bubble interaction is therefore a 
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significant factor that should definitely be taken into account while modeling of bubble growth. 

The bubble volume at detachment is independent of the wall superheat, whereas the growth time 

is dependent on the superheat. The bubble growth law they summarized is very different from 

most analytical models, especially on the issue of vapor production rate during the bubble 

growth. Bubble coalescence between two neighboring bubbles had also been studied, which 

showed that coalescence does not have a great impact on vapor production during merging.  

 

2.3 Phase Change Investigation with VOF Method 

 

A numerical model was developed by Ranjan et al. [42] for the evaporating liquid 

meniscus in different wick microstructures under saturated vapor conditions. Steady evaporation 

was modeled and the interface shape was assumed to be static and obtained by Surface Evolver 

during evaporation. Evaporation at the interface was modeled by using heat and mass transfer 

rates obtained from kinetic theory. The evaporation heat transfer was noted to occur from the 

thin-film region and occupied more than 80% of the liquid meniscus. Evaporation heat transfer 

decreases with increasing contact angle and with increasing wick character length, because of a 

smaller thin-film area.  

The VOF model was widely used in describing the evaporation and boiling phenomena 

together with appropriately implemented source terms. Yang et al. [43] conducted the boiling 

flow experiment of R141b in a horizontal tube. A corresponding numerical simulation was 

carried out using the VOF multiphase model. Good consistence of phase evolution was achieved 

between the numerical predictions and experimental observations. The simulation result was 
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reported to exhibit the evolution of flow mode comprehensively, depending on the thermal and 

hydro-dynamical conditions.  

A three dimensional VOF simulation of R134a condensation process has been reported 

by Riva and Col [44]. Computational results displaying the evolution of the vapor–liquid 

interface and heat transfer coefficient are reported and validated against experimental data. 

Zhang et al. [45] numerically investigated the forced convective condensation in 

miniature channels. They used the VOF method to simulate the capillary blocking phenomenon, 

which happens due to condensation in a horizontal miniature tube and between parallel plates. 

Nusselt condensation of steam vapor on a vertical flat plate as well as forced film condensation 

on a horizontal flat plate was numerically solved for comparison with the analytical solution. The 

overall verification result showed agreement between simulation and the analytical solution. 

The refrigerant flow boiling in a horizontal serpentine tube experiment and numerical 

study with VOF model was conducted by Wu et al. [46]. The comparison indicates that both the 

experimental observation and numerical simulation are consistent with each other. Particularly, 

the simulation well explains the effects of phase redistribution and thermal non-equilibrium 

release observed in the experiments. 

De Schepper et al. [47] performed 3D-simulations of the evaporation process of a 

hydrocarbon feedstock. The heating, evaporation and boiling phenomena occurring were 

modeled by VOF model with a source term that had been derived from the Hertz-Knudsen 

equation. The simulation results show a succession of horizontal two-phase flow regimes in 

agreement with the literature. 

Fang et al. [48] present a 3D numerical simulation result of the vapor-venting process in a 

rectangular microchannel with a hydrophobic porous membrane for phase-separation. The 
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simulation is based on the VOF method together with capillary force models and an interphase 

mass transfer model which is derived from the Hertz-Knudsen equation. A comparison between 

the vapor-venting channel and the conventional channel for the two-phase flow patterns, the 

pressure drop, and the temperature profile was discussed for providing insight into the 

optimization of vapor-venting heat exchangers.  
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CHAPTER 3: NUMERICAL MODEL 
 

3.1 Volume of Fluid Method 

 

The Volume of Fluid Model (VOF) model is a surface tracking approach used for two or 

more immiscible fluids where the evolution and location of the interface between the fluids is of 

interest. This technique is applied to updating the phase volume fraction in the fixed grid. In each 

computational cell the fraction of each fluid is tracked. Thus the transient tracking of the liquid-

gas interface can be achieved by using the VOF model in this research, for visualizing the bubble 

dynamic motion, bubble merging, and bubble departure process. The impacts related to the 

bubble dynamics on two-phase cooling performance can also be understood by solving the VOF 

model as well as the continuity equation, momentum equation, energy equation and mass 

transfer equation.  

 

3.1.1 Phase Conservation 

 

In the VOF model, a scalar field representing the portion of phase volume occupation in a 

certain computational cell is defined as phase volume fractions. In each control volume, the sum 

of liquid and gas phase volume fractions should keep a constant, 

𝛼𝑙 + 𝛼𝑣 = 1      (1) 

It is assumed that the cell represents the liquid region if 𝛼𝑣 = 0, the cell represents the 

gas region if 𝛼𝑣 = 1, and 0 < 𝛼𝑣 < 1 indicates the cell contains both liquid phase and vapor 

phase, and the liquid-vapor interface is located inside the cell.   
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3.1.2 Physical Properties 

 

On condition that the volume fraction of each phase is known at each position, the 

physical properties in any computational cell are either purely representative of liquid phase or 

gas phase, or representative of a mixture of the phases. Based on the local value of the volume 

fraction 𝛼, the properties for each cell can be obtained by following equations.  

𝜌 = 𝛼𝑙𝜌𝑙 + 𝛼𝑣𝜌𝑣     (2-1) 

𝜇 = 𝛼𝑙𝜇𝑙 + 𝛼𝑣𝜇𝑣     (2-2) 

𝜆 = 𝛼𝑙𝜆𝑙 + 𝛼𝑣𝜆𝑣     (2-3) 

𝐸 = (𝛼𝑙𝜌𝑙𝐸𝑙 + 𝛼𝑣𝜌𝑣𝐸𝑣)/(𝛼𝑙𝜌𝑙 + 𝛼𝑣𝜌𝑣)   (2-4) 

 

3.1.3 Interface Representation 

 

In the VOF model, the phase volume fraction field is updated according to the velocity 

field and the phase volume fraction field in the previous time step. Based on the volume fraction 

of each phase in that cell and in the neighboring cells, the interface shape of each cell is 

approximated using piecewise-linear approach by the geometric reconstruction scheme, which is 

the most accurate scheme in software ANSYS FLUENT. The interface between the two fluids is 

assumed to have a linear slope within each cell. Therefore the computational cells containing the 

interface are cut by a line segment, such that the phase volumes in the cell correspond with the 

values of the phase volume fraction in that cell. The resulting interface polygon is then used for 

calculation of the advection of fluid through the cell faces.  
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In geometric reconstruction scheme, the location of the linear interface of each partially 

filled cell is solved in the first step, based on information of the volume fraction and its 

derivatives in the cell. Then the advecting amount of fluid through each cell face is calculated 

using the linear interface representation and velocity distribution information on the face. The 

third step is volume fraction calculation in each cell, based on the balance of fluxes calculated 

during the previous step. 

 

3.2 Governing Equations 

 

With the concept of volume fraction, the VOF model can model two fluids by solving a 

single set of equations including the continuity equation, momentum equation and energy 

equation. Tracking the interface between liquid phase and gas phase in the system is 

accomplished by solving the continuity equations with mass transfer source term as follow: 

𝜕𝛼𝑙

𝜕𝑡
+ ∇ ∙ (�⃗�𝛼𝑙) =

�̇�𝑔→𝑙

𝜌𝑙
     (3-1) 

𝜕𝛼𝑣

𝜕𝑡
+ ∇ ∙ (�⃗�𝛼𝑣) =

�̇�𝑙→𝑔

𝜌𝑣
     (3-2) 

where �̇�𝑔→𝑙  and �̇�𝑙→𝑔 is the source term indicating the volumetric mass transfer rate through 

the bubbles interface.  The momentum equation, which is shared between phases through the 

physical properties 𝜇 and 𝜌, is shown below: 

𝜕

𝜕𝑡
(𝜌�⃗�) + 𝛻 ∙ (𝜌�⃗��⃗�) = −𝛻𝑝 + 𝛻 ∙ [𝜇(𝛻�⃗� + 𝛻�⃗�𝑇) −

2

3
𝜇𝛻 ∙ �⃗�𝐼] + 𝜌�⃗� + �⃗�𝑣𝑜𝑙  (4) 

The gravity and the volumetric surface tension force �⃗�𝑣𝑜𝑙 were taken into account, which will be 

discussed in section 3.3. The energy equation shared between phases is: 
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𝜕

𝜕𝑡
(𝜌𝐸) + ∇ ∙ (�⃗�(𝜌𝐸 + 𝑝)) = ∇ ∙ (𝑘∇𝑇) + 𝑄    (5) 

The energy, 𝐸, and temperature, 𝑇, are treated as mass-averaged variables in VOF model. 

The properties 𝜌 and 𝑘 are shared by the phases. The energy source term can be represented as 

follow: 

𝑄𝑙→𝑔 = �̇�𝑔→𝑙ℎ𝑙𝑣     (6-1) 

𝑄𝑔→𝑙 = �̇�𝑙→𝑔ℎ𝑙𝑣     (6-2) 

3.3 Surface Tension 

 

Surface tension is a force; the result of attractive forces between molecules in a fluid. 

Because of the existence of higher pressure on the concave side of the spherical interface, the 

surface tension force at interface acts to maintain the equilibrium between the radially outward 

pressure gradient force across the interface and the radially inward intermolecular attractive 

force. When one of two separated fluids is not in the form of spherical bubbles, the surface 

tension acts to minimize the surface free energy by decreasing the area of the interface. The 

following Young-Laplace equation relates the pressure difference across the interface to the 

interfacial tension and the geometry of the interface at equilibrium: 

𝑃I − 𝑃II = 𝜎(
1

𝑟1
+

1

𝑟2
)     (7) 

where 𝑟1 and 𝑟2 represent the two radii in orthogonal directions. The pressure inside the drop or 

bubble 𝑃I exceeds the pressure outside 𝑃II. 

For the cells containing the vapor-liquid interface, the surface tension is computed by the 

continuum surface force (CSF) model proposed by Brackbill [49] in ANSYS FLUENT. The 

surface tension can be written in terms of the pressure jump across the surface with finite 
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thickness. By using the divergence theorem, the force at the surface can be expressed as a 

volume force and act as a source term in the momentum equation with the following form: 

𝐹𝑣𝑜𝑙 = 𝜎
𝛼𝑙𝜌𝑙𝜅𝑣∇𝛼𝑣+𝛼𝑣𝜌𝑣𝜅𝑙∇𝛼𝑙

1

2
(𝜌𝑙+𝜌𝑣)

     (8) 

where 𝜎  is the interfacial tension force between the liquid and vapor, and was specified as 

0.0589N/m in this study. In CSF mode the surface curvature is computed from local gradients in 

the surface normal at the interface. With the surface normal 𝑛 defined as the gradient of the 

volume fraction 𝛼, 

𝑛 = ∇𝛼      (9) 

the curvature is defined in terms of divergence of the unit normal, �̂� [49]: 

𝜅 = ∇ · �̂�      (10) 

where  

�̂� =
𝑛

|𝑛|
      (11) 

The curvatures of the liquid and vapor phases are thereby defined as  

𝜅𝑙 = ∇ ·
∇𝛼𝑙

|∇𝛼𝑙|
      (12-1) 

𝜅𝑣 = ∇ ·
∇𝛼𝑣

|∇𝛼𝑣|
     (12-2) 

 

3.4 Wall Adhesion 

  

In VOF model, with the wall adhesion angle in conjunction with the surface tension 

model, the contact angle that the fluid is expected to contact with the wall is applied to adjust the 
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surface normal in cells near the wall. This dynamic boundary condition enables the adjustment of 

the interface curvature near the wall. If 𝜃𝑤 is defined as the contact angle at the wall, the surface 

normal at the cell next to the wall is  

�̂� = �̂�𝑤cos𝜃𝑤 + �̂�𝑤sin𝜃𝑤    (13) 

where �̂�𝑤  and �̂�𝑤  represent the normal unit vectors and tangential unit vectors to the wall, 

respectively. The local curvature of the surface is determined by the combination of this contact 

angle with the surface normal one cell away from the wall. The body force term is adjusted by 

this local curvature in the surface tension calculation. 

 

3.5 Mass Transfer Model 

  

The liquid-vapor mass transfer rate for evaporation and boiling processes is a critical 

issue for two-phase flow problems. Based on the temperature field, the interface mass transfer 

can be calculated, and represented by the source term in the continuity equation and energy 

equation. Different forms of the phase change rate were used by researchers. The energy source 

term with the assumption of linear temperature distribution in the liquid layer is formulated by 

Nusselt [50] when solving the laminar film condensation problem, which is can be introduced 

by: 

𝑄𝑔→𝑙 = 𝑘𝑙
𝑇𝑠𝑎𝑡−𝑇𝑤

𝛿𝑙

𝐴

𝑉
     (14) 

where 𝐴 is the area of the interface and 𝑉 is the cell volume. Wang and Sunden [51] simulate the 

phase change phenomena based on the temperature gradient at the interface, they directly 
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calculate the normal component of the heat transfer rate vector to the liquid-vapor interface as 

follows: 

𝑄𝑙→𝑔 = 𝑘𝑙
𝜕𝑇

𝜕|�⃗⃗�|

𝐴

𝑉
      (15) 

where 𝜕𝑇/𝜕|�⃗⃗� | is the temperature gradient at the interface. In NEPTUNE CFD theory manual 

the energy source term is dependent on the ratio between temperature difference and enthalpy 

difference as follows: 

𝑄𝑔→𝑙 =
𝐻𝑇𝐶𝐿(𝑇𝑠𝑎𝑡−𝑇𝑙)

ℎ𝑣,𝑠𝑎𝑡−ℎ𝑙
ℎ𝑙𝑣      (16) 

where 𝐻𝑇𝐶𝐿 represents the liquid heat transfer coefficient; ℎ𝑣,𝑠𝑎𝑡 and ℎ𝑙 stand for the saturation 

enthalpy for the vapor and liquid enthalpy, respectively. In the study of Aghanajafi and 

Hesampour [52], the source term in the energy and VOF equation is determined using an energy 

balance at the interface. It can be expressed as: 

𝑄 = [𝛼𝑙𝑘𝑙𝛻𝑇𝑙 − 𝛼𝑣𝑘𝑣𝛻𝑇𝑣]𝛻𝛼𝑙    (17) 

However, all the introduced mass transfer models above have corresponding limitations. 

The linear temperature distribution was assumed at Nusselt’s model, which is not able to 

describe a complex temperature field precisely. Wang and Aghanajafi’s model requires an 

existing interface for mass transfer. Otherwise, the term 
𝜕𝑇

𝜕|�⃗⃗�|
 and 𝛻𝛼𝑙 will be zero, which means 

new bubbles cannot be generated based on this model. For Lavieville’s model, the volume 

fraction term is not included, therefore the bubble dynamic tracking cannot be achieved. 

In the two-phase system with boiling, evaporation, and condensation, the most commonly 

used model is based on the well-known Hertz-Knudsen formula [53], which is derived from 
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kinetic theory for flat interfaces. It is used for the calculation of the net mass flux over the 

vapor/gas-liquid interface as follows: 

𝐹′ = 𝛽√
𝑀

2𝜋𝑅
(

𝑃∗

√𝑇𝑣
−

𝑃𝑠𝑎𝑡

√𝑇𝑙
)     (18) 

where P∗ represents the partial vapor pressure at the interface on the gas side. In the case of 

evaporation, the accommodation coefficient β is defined as the portion of liquid molecules going 

to the vapor/gas surface and becoming absorbed by this surface. By approximation with 

Clausius-Clapeyron equation 

𝑑𝑃

𝑑𝑇
=

ℎ𝑙𝑣

𝑇(𝑣𝑔−𝑣𝑙)
     (19) 

and considering the volumetric interfacial surface area with the relation of interfacial area 

density  

𝐴𝑖

𝑉𝑐𝑒𝑙𝑙
=

6

𝐷𝑠𝑚
𝛼      (20) 

where 𝑉𝑐𝑒𝑙𝑙 is the cell volume and 𝐷𝑆𝑚 represents the mean Sauter diameter [54]. The mass flux 

over the liquid vapor interface can be represented with 

𝐹 = 𝐹′
𝐴𝑖

𝑉𝑐𝑒𝑙𝑙
=

6

𝐷𝑆𝑚
𝛼𝛽√

𝑀

2𝜋𝑅𝑇𝑠𝑎𝑡
(

ℎ𝑙𝑣

1/𝜌𝑣−1/𝜌𝑙
)

𝑇−𝑇𝑠𝑎𝑡

𝑇𝑠𝑎𝑡
   (21) 

Mass transport in this simulation was implemented using the evaporation-condensation 

mechanistic model [55] in FLUENT. This model primarily concerns phase change at a quasi 

thermo-equilibrium state, and depends on the temperature difference between local temperature 

and saturation temperature. If local temperature is higher than the saturation temperature, the 

evaporation and boiling occurs, liquid water mass is transferred to a water vapor species of gas 
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phase. Otherwise condensation will take place. The direction and magnitudes of mass transfer 

can be described based on different temperature regimes as follows 

�̇�𝑙→𝑔 = {
𝐶𝑙 ∙ 𝛼𝑙𝜌𝑙(𝑇𝑙 − 𝑇𝑠𝑎𝑡)/𝑇𝑠𝑎𝑡      𝑇𝑙 > 𝑇𝑠𝑎𝑡

                       0                         𝑇𝑙 ≤ 𝑇𝑠𝑎𝑡
   (22-1) 

�̇�𝑔→𝑙 = {
𝐶𝑣 ∙ 𝛼𝑣𝜌𝑣(𝑇𝑣 − 𝑇𝑠𝑎𝑡)/𝑇𝑠𝑎𝑡      𝑇𝑣 > 𝑇𝑠𝑎𝑡

                        0                           𝑇𝑣 ≤ 𝑇𝑠𝑎𝑡
   (22-2) 

�̇�𝑙→𝑔 represents the rate of mass transfer from the liquid phase to vapor phase, and has units of 

kg/(s·m3), which is regarded as the source term in the continuity equation and energy equation. α 

and ρ are the phase volume fraction and density, respectively. Thus the source term in the energy 

equation can be obtained by the multiplying of the mass transfer rate by the latent heat. 𝐶𝑙 and 𝐶𝑣 

are coefficients and can be interpreted as relaxation time. 

Based on Eq. (2), the introduced coefficients 𝐶𝑙 and 𝐶𝑣 can be represented by 

𝐶𝑙 =
6

𝐷𝑆𝑚
√

M

2πRT𝑠𝑎𝑡

𝜌𝑣ℎ𝑙𝑣

𝜌𝑙−𝜌𝑣
     (23-1) 

𝐶𝑣 =
6

𝐷𝑆𝑚
√

M

2πRT𝑠𝑎𝑡

𝜌𝑙ℎ𝑙𝑣

𝜌𝑙−𝜌𝑣
     (23-2) 

Both 𝐶𝑙 and 𝐶𝑣 were specified as 100 s-1 for this study. The same value has been used in studies 

proposed by Yang et al [43], Fang et al [48], and Wei et al[56]. The 100 s-1 validated by Yang et 

al [43] and the numerical results was in good agreement with experimental observations. 
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3.6 Computational Domain 

3.6.1 Definition of Flooding Scenario and Boundary Settings 

 

 

Fig. 1 Computational domain 

 

Fig. 1 exhibits the computational domain during a flooding scenario, which is composed 

of solid, liquid and gas parts. L and W represent the length and width of the domain. The height 

of solid, height of liquid, and height of gas are denoted by Hs, Hl and Hg respectively. The height 

of the domain, H, is the sum of the height of solid, liquid and gas. Pillar height was symbolized 

with Hp. The flooding situation is defined as the pillar being fully immersed by the liquid film, 
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that is Hl > Hp. The four vertical boundary surfaces in this 3-D domain are considered to be 

periodic boundaries, which enables the limited computational domain to be considered as a 

horizontal extensive domain. The energy was input from the solid bottom surface and left from 

the defined outlet on the top. The outlet of the computational domain, located on the top of the 

computational domain, was defined as a pressure outlet to allow free access for gas phase 

mixture containing both species of water vapor and air. The backflow gas species was defined as 

dry air with temperature equal to 370K. Based on the hydrophilic solid substrate, surface 

wettability modification is made upon the pillar’s top surface to become hydrophobic.  

 

3.6.2 Microstructure topologies 

 

Table 1 summarizes the models of different structures built to investigate the cooling 

effect brought by the structure’s dimensions and arrangement. A total of eight surfaces, including 

five micro-structured surfaces and three kinds of flat surfaces, have been modeled and simulated 

for understanding the influence of microstructure geometry on thermal performance as well as 

surface wettability patterns on bubble dynamic behavior.  

 

Table 1 Surface topology dimensions in comparative studies 
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For all cases the dimensions of the computational domain are H=30μm, L=30μm and 

W=30μm. The thickness of the solid substrate Hs=5μm. All micro-pillars are immersed by a 

water film with a thickness Hl=10μm. The remaining space is occupied by vapor/air mixture, 

with height Hg=15μm. For the solid substrate, two thermal boundary conditions were imposed on 

the bottom surface: a constant temperature boundary condition with Tw=400K, and a constant 

heat flux boundary condition with 700W/cm2. The corresponding initial temperature for the 

whole domain was set to 370K for both cases.  The solid material is set as aluminum. The 

variation range for pillar height is 3μm to 7μm, which is lower than the thickness of the liquid 

film of 10μm, thus ensuring the flooded condition. The pillar cross-sectional area ranges from 

L=3μm by W=3μm to L=5μm by W=5μm. The contact angle for the hydrophilic substrate is 5°, 

and for the hydrophobic surface pattern is 108°.  

Fig. 2 displays the corresponding configurations of micro-structured surfaces and flat 

surfaces that were listed in Table 1. 

 

Fig. 2 Scheme for structure geometry 
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The flat surface in Table 1 includes a purely hydrophilic surface (Hydrophilic) and a 

hydrophilic surface with a hydrophobic spot pattern (H0A33_25 and H0A55_9). The structured 

surfaces are composed of several arrays of pillars. Besides the purely hydrophilic structured 

surface (Hydrophilic_H5A33_25), the other structured surfaces are set with hydrophilic substrate 

and relatively hydrophobic pillar-top surfaces, which are designed for pulling bubbles up and 

facilitating bubble departure. The control variables include micro-pillar height, pillar array 

density, and wettability texture on the microstructure. The pillar array density is defined as pillar 

number included per unit area within the computational domain when the solid and liquid 

volumes are kept the same. Four comparative studies have been conducted by using the 

structures in Table 1. The objectives are summarized as follows:  

First, to identify the micro-pillar height’s effect of structured surface on phase change 

intensity and cooling performance by setting the control group to include flat surfaces and 

structured surfaces with different pillars heights, which are 3μm, 5μm and 7μm, but have the 

same size for pillar cross section area and the pitch between pillars (H3A33_25, H5A33_25 and 

H7A33_25);  

Second, to understand the impact of pillar density array on phase change intensity and 

cooling performance by setting the control group including flat surfaces and structured surfaces 

with different size for pillars cross section area and pitches between pillars, so that the number of 

pillars per unit area is different, which are 9 pillars and 25 pillars per unit area. Pillar height and 

initial liquid volume are kept constant (H5A55_9 and H5A33_25);  

Third, To recognize the impact of the above two factors on cooling effect, besides the 

enhancement caused by the additional solid-liquid interface area, two structures with the same 
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interface area but different pillar heights pillar array densities are compared (H3A33_25 and 

H5A55_9). 

Fourth, to realize the wettability arrangement influence on cooling effect, the pure 

hydrophilic structure and the structure with hydrophobic pillar top surface and hydrophilic 

substrate was compared (Hydrophilic_H5A33_25 and H5A33_25). 

With the above four comparative studies we may conclude the criterions of favorable 

pillar dimension and pillar arrangement for phase change cooling. The purely hydrophilic flat 

surface was included in each comparison with structured surface for studying the improvement 

of phase change performance based on surface modifications.  

 

3.7 Numerical Simulation Method 

 

The numerical solution is obtained with the pressure-based finite volume scheme using a 

commercial CFD software, ANSYS 13.0 FLUENT. The terms in momentum and energy 

equations were discretized using the second-order upwind differencing scheme. Pressure-

velocity coupling was achieved using the SIMPLE algorithm. Grids for all microstructures 

considered were generated using structured mesh. The geometric reconstruction interpolation 

scheme [57] was used for interface calculation. Transient time step sizes were chosen from 10-7 

to 10-8 s for calculations. Convergence criteria are set as 10-3 for continuity, momentum and 

volume fraction equation, while that of the energy equation is set as 10-6. A structured mesh was 

used for the geometry with the smallest cell size equal to 0.5μm.  

The continuum method is used in this study by solving Navier-Stokes equations. 

Computational methods applied to such configurations give relatively fast and predictable 
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results. The assumption of the continuous nature of the fluid enables the bulk fluid properties to 

be derived according to well defined theoretical or empirical relations. A non-dimensional 

parameter, the Knudsen number, is introduced to describe the validity of that approximation. It 

relates the average mean free path to the characteristic length as follows: 

𝐾𝑛 =
𝜆

𝐿
      (24) 

where L is the characteristic length scale.λ represents the mean free path of the fluid. It can be 

calculated as: 

λ =
kBT

√2πd2p
      (25) 

where 𝑘𝐵 is the Boltzmann constant in J/K, 𝑇 is the temperature in K, 𝑝 is pressure, and 𝑑 is the 

diameter of the gas particles. The typical value of mean free path for air at ambient pressure and 

room temperature is 68nm [58]. The character length of microstructure geometry ranges from 

3μm to 5μm. Thus the Knudsen number in this study is about 0.01 to 0.02, which fulfills the 

condition  𝐾𝑛 ≤ 0.1 that fluid can be treated as a continuous medium and described in terms of 

the macroscopic variables. 

 

3.8 Grid Independent Test 

 

The grid independence test has been made with different cells numbers as 290,156 for a 

fine mesh, 224,874 for the medium one and 152,555 for the coarse mesh. The bottom surface 

was examined with constant heat flux input as displayed in Fig. 3. The heat source temperature 

was examined with a constant heat flux boundary condition. The largest temperature difference 

http://en.wikipedia.org/wiki/Boltzmann_constant
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between fine mesh and coarse mesh is 1.43K, while the maximum deviation between fine mesh 

and medium mesh is 0.14K. Because of the small deviation between the result of the medium 

mesh case and fine mesh case, the medium mesh was used for each case in this study. 

 

 

Fig. 3 Grid independent test for computational domain 
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CHAPTER 4: RESULTS AND DISCUSSION 
 

The discussion was divided into five parts. The emphasis for each part was summarized 

in Fig. 4. Part 3.1 discusses and compares the bubble dynamic behavior difference between flat 

surface and structured surface, as well as the fluid dynamic difference on structured surface with 

or without wettability texture. The comparative studies 3.2, 3.3 and 3.4 include two thermal 

boundary conditions, constant temperature and constant heat flux. The cases in 3.5 only take the 

constant heat flux boundary condition into account.  

 

 

Fig. 4 Structure diagram of results and discussion 

 

4.1 Structure and Wettability Effect on Bubble Dynamic Behavior 

 

The bubble dynamic behavior on hydrophilic flat surface and wettability patterned flat 

surface are specified by Fig. 5 and Fig. 6. For hydrophilic flat surface, the generated bubble was 

distributed close to the substrate surface initially, while for wettability patterned flat surface most 
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of the generated vapor appears on the hydrophobic spots in the beginning. The yellow color 

zones represent the hydrophobic surfaces and the red part is denoted as a hydrophilic surface. 

The liquid-vapor interface, including the bubble interface, was colored as blue. Consequently, 

the majority of the following coalescence is carried out between these bubbles in a horizontal 

direction. Because those horizontal merging processes can seldom introduce the upward 

momentum for bubble departure, the bubble departure frequency becomes relatively low and the 

average bubble departure size on a flat patterned surface becomes large, which indicates the flat 

surface cannot effectively trigger bubble departure. 

 

 

Fig. 5 Boiling phenomena on hydrophilic flat surface 
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Fig. 6 Boiling phenomena on hydrophobic spot patterned flat surface 

 

The velocity field variation accompanied with the bubble departure process on a flat 

patterned surface is revealed by Fig. 7. The phase change of water is primarily manifested as the 

accumulation of vapor on the hydrophobic spot. The direction of bubble motion is almost 

entirely  kept to the horizontal direction during the merging process. The slight upward velocity, 

especially for the first merge, as the upper right figure depicts, is the result of the upward bubble 

centroid displacement. After experiencing the first merging, the newly composed bubble with 

larger volume has the inertia for keeping its stationary state when merging occurs with smaller 

bubbles. This is the reason for a significant decrease for both horizontal and vertical velocity 

during the second merging process. Bubble departure cannot be detected until the volume of the 
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bubble is large enough for the upper interface to touch with the free surface. Beneficial vertical  

movement trend of bubble can seldom be initiated from the flat patterned surface, which limits 

bubble depature rate. 

 

Fig. 7 Velocity field during bubble departure process on  

wettability patterned flat surface H0A55_9 

 

The bubble dynamics on a hydrophilic structured surface are displayed in Fig. 8. Similar 

to the flat surface, most of the bubble motions induced by the merging process on a hydrophilic 

structured surface are in the horizontal direction. A large volume vapor bubble can be clearly 

observed after the merging and accumulation of small vapor bubbles. The opportunity for bubble 
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departure on a hydrophilic structured surface is not high enough to prevent the large bubble from 

forming.   

 

Fig. 8 Boiling phenomena on hydrophilic structured surface 

 

Because of the relatively small volume of vapor bubbles and their low Bond number, the 

bubble motion is primarily produced by surface tension, and relevant induced dynamic inertia, 

rather than the buoyancy force.  The Bond number can be expressed as: 

𝐵𝑜 =
𝜌𝑔𝐿2

𝜎
      (26) 
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For bubbles with radius smaller than 100μm, the surface tension is over one thousand 

times higher than buoyancy force, thereby the significance of buoyancy force on bubble 

departure is diminished and the utilization of surface tension for bubble dynamic control was 

taken into account in this study.  

 

Fig. 9 Boiling phenomena on micro-structured surface with wettability gradient 

 

The impact on bubble growth, coalescence and departure behavior by utilizing the 

structure combined with wettability gradient is displayed in Fig. 9. The objective for designing 

the combination of micro-pillar structure and wettability gradient is to build the surface tension 

gradient between hydrophobic pillar top surface and hydrophilic substrate, which enables those 

bubbles generated close to substrate surface to be pulled up. Most of the bubbles were generated 
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close to the substrate surface because of the relatively higher temperature there with better 

bubble generation circumstance. At the same time, vapor bubbles were also generated at the 

pillar top surface due to its hydrophobic characteristic. From the yellow arrows in Fig. 9, we can 

observe the bubble motion trend in the next step. All the bubbles below the pillar top surface 

were pulled up by coalescence process with the bubble remaining on pillar top surface. This 

upward movement can not only bring bubbles closer to the liquid-gas interface, but also provides 

significant upward inertial momentum for triggering bubble departure, eventually causing 

frequent bubble departure phenomenon. 

 

 

Fig. 10 Velocity field during bubble departure process on structured surface H5A55_9 
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Fig. 10 demonstrates the velocity field variation and the bubble departure process. The 

bubble capturing process by hydrophilic pillar top surface induced a vertical velocity component 

in the upward direction for both vapor bubbles and the surrounding liquid. At the moment of 

departure, the velocity of the interface increases suddenly from 5m/s to a maximum of nearly 

40m/s, along with strong liquid vortices around the bubble.  Liquid vortices conversely 

accelerate the detachment process. Therefore, it can be concluded from the comparisons shown 

in Figs. 5-10 that structured surfaces with engineered wettability have apparent improvement on 

bubble departure frequency. 

 

4.2 Comparative Studies for Structures with Vary Pillars Height 

4.2.1 Constant Temperature Boundary Condition 

 

For understanding the solid-liquid heat dissipation effect of enhanced structured surface 

with various pillar heights, a constant temperature of 400K was imposed on the bottom surface 

of the solid, and the whole domain was initialized with temperature equal to 370K. As time 

progresses, the mass-weighted average liquid temperature gradually increases from the initial 

temperature, which is presented by Fig. 11. The mass weighted average of a quantity 𝜙, which is 

fluid temperature here, can be represented as follows: 

∫ 𝜙𝜌𝑑𝑉

∫ 𝜌𝑑𝑉
=

∑ 𝜙𝑖𝜌𝑖|𝑉𝑖|𝑛
𝑖=1

∑ 𝜌𝑖|𝑉𝑖|𝑛
𝑖=1

     (27) 

The results indicated that liquid temperature on structured surface with higher pillars 

respond faster with rapidly rising temperature, and always reach a relatively higher temperature 

at each time step within the simulation period. The liquid temperature’s increasing rate reflects 
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the solid-liquid heat transport efficiency of different surfaces. Remarkable heat dissipation from 

solid to liquid, such as the higher pillars structure in this case, leads to a better liquid thermal 

response to the heat source. For liquid-vapor phase change processes, higher liquid temperature 

is always accompanied by stronger phase change intensity, which can be represented by the 

parameter of mass transfer rate from liquid to vapor as specified in Fig. 12.  

 

 

Fig. 11 Liquid temperature on surfaces with different pillar height (Tw-bottom = 400K) 

 

For understanding the average value of a certain quantity 𝜙 during a specific period, the 

time averaged value was calculated as follows: 

∫ 𝜙𝑑𝑡

∫ 𝑑𝑡
=

∑ 𝜙𝑖𝑡𝑖
𝑛
𝑖=1

∑ 𝑡𝑖
𝑛
𝑖=1

     (28) 

The corresponding instant value of quantity 𝜙 at time 𝑡𝑖 is 𝜙𝑖.  
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Fig. 12 Mass transfer rate on surfaces with different pillar height (Tw-bottom = 400K) 

 

When compared with  the time averaged mass transfer rate of the hydrophilic flat surface 

during 0.2ms, the rate of the structured surface with 3μm pillars, 5μm pillars and 7μm pillars was 

improved by 60.4%, 93.2% and 110.6% respectively. These results indicate the positive 

correlation between pillar height and phase change intensity within the initial 0.2ms period. As 

time continues, the liquid temperature on the structured surface with 7μm pillars become stable, 

thus the liquid temperature difference and phase change intensity difference among all surfaces 

gradually decreases. The liquid temperature on the structured surface with 5 and 7μm pillars 

comes very close at the time 0.2ms, while due to slow heat dissipation from solid to liquid, the 

liquid temperature of the structured surface with 3μm pillars and of the flat surface are relatively 

lower. At the time 0.2ms, the solid-liquid heat dissipation from structured surfaces are all faster 

than the flat hydrophilic surface, and come with stronger phase change intensity. For example, 

the instant liquid-vapor mass transfer rate of liquid on 3μm, 5μm and 7μm pillar structures, at 
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0.2ms, are higher than the flat surface with 31.8%, 39.9% and 40.8% increases. The major reason 

for better solid-liquid heat dissipation achieved by the structured surface can be summarized due 

to the additional solid-liquid interface area. Therefore the liquid temperature can be heated faster 

and more uniformly with higher pillar structure.  

 

4.2.2 Constant Heat Flux Boundary Condition 

 

The constant heat flux boundary condition affords a more straightforward way to explore 

the thermal performance of different structures by examining the temperature rise of the heat 

source. According to the temperature contours in Fig. 13, as time progresses, the advantage of 

the structured surface on cooling can be clearly distinguished. At 0.1ms, the solid temperature of 

flat surface is above 394K, while the structured solid temperature is around 385K to 388K. 

Lower solid temperature of structured surfaces reflected their heat transfer enhancement effect. 

Furthermore, the relatively lower solid temperature was always attained from the higher pillar 

surface at each time step. This result embodies the prominent heat dissipation capability induced 

by increasing the pillar height. In addition to the comparison of solid temperature among 

surfaces in Fig. 13, the phase change intensity of liquid over different structures can also be 

summarized. Because the liquid-vapor mass transfer rate of the fluid domain is directly 

dependent on the temperature of the liquid and gas phase, the higher average liquid temperature 

will bring a stronger mass transfer from liquid to vapor.  



41 
 

 

Fig. 13 Temperature contours on surfaces with different pillar height 

 

In Fig. 13, due to the limited solid-liquid interface area, only part of fluid domain on the 

flat surface was heated. The temperature of most of the fluid domain was kept at a relatively 

lower level. Thus the mass transfer rate on the flat surface was limited with less thermal energy 

dissipation in the form of latent heat. On the contrary, the fluid domain on the structured surface 

was heated faster and uniformly. Especially for structures with higher pillars, the sufficient solid-

liquid contact enables heat to be transported from the solid to fluid region farther from the 
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substrate surface. Therefore the stronger phase change intensity along with better cooling effect 

can be expected on the higher pillar structured surface; the lower solid temperature on higher the 

pillar surface can be illustrated as well. 

 

Fig. 14 Bottom surface temperature on surfaces with different pillar height  

(qw'' = 700W/cm2) 

As Fig. 14 demonstrated, after a heat flux 700W/cm2 was given to the bottom surface of 

the solid substrate, the corresponding bottom surface temperature increased gradually for 

structures with different pillar heights. The average bottom surface temperature of three 

structured surfaces during the first 0.21ms period are 9.0K lower than the flat surface with 

wettability pattern, and 7.7K lower than the hydrophilic flat surface, which means the time-

averaged temperature rise was reduced by 31.9% with use of structured surface for the initial 

0.21ms when compared with using flat surfaces. At the time 0.21ms, the average temperature 

rise of the structured surface is 13.9K lower than flat surfaces with wettability pattern and 10.4K 

lower than the hydrophilic surface, which implies that the utilization of structured surface can 
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decrease the heat source temperature rise to 72.7% of the value using flat surface. We notice that 

the wettability pattern on the flat surface did not improve the cooling effect. On the contrary, it 

decreases the thermal dissipation performance with higher heat source temperature than 

hydrophilic flat surface. One reason can be attributed to the large hydrophobic area in this 

pattern, which may easily cause bubble sticking on those lowly wettable spots. The presence of 

the bubble on the hydrophobic surface blocked the solid-liquid contact, and increased the 

difficulty of solid-liquid heat dissipation. 

For comparison among structured surfaces, revealed by Fig. 14, surfaces with higher 

pillars structure have noteworthy cooling effect and relatively lower bottom surface temperature. 

The average temperature rise for initial 0.21ms of the 7μm pillar surface is 1.2K and 2.9K lower 

than the surface with 5μm and 3μm pillars. For the heat source temperature at 0.21ms, lowest 

temperature 400.8K was achieved by 7μm pillar surface, while the heat source temperature on 

the 5μm pillar surface and 3μm pillar surface are 1K and 3.3K higher respectively.  

Because of the prominent solid-liquid heat transfer of the higher pillar structure discussed 

before, the phase change intensity on the higher pillar surface was enhanced, as the mass transfer 

rate curves represented in Fig. 15. Higher phase change rate implies more thermal energy was 

taken away in the form of latent heat, which explained the lower heat source temperature 

achieved by the structured surface and higher pillar surface. The time averaged mass transfer 

rates within 0.21ms for two flat surfaces were enhanced by 3μm pillar, 5μm pillar and 7μm pillar 

surfaces with 23.1%, 35.3% and 42.4% increases respectively. As time progress, the mass 

transfer rate was increasing as the temperature of liquid on the structured surface was heated. 

The phase change intensity on the structured surface is always higher than the flat surface, and 

the difference gradually becomes noticeable after 0.03ms. At time 0.21ms, the mass transfer rate 
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for hydrophilic surface and flat surface with wettability pattern are 4,930.3 kg/m3s and 4,806.5 

kg/m3s, respectively. On the basis of mass transfer rate of hydrophilic surface, the structured 

surface with 3μm pillars, 5μm pillars and 7μm pillars improved the phase change intensity by 

13.7%, 23.1% and 26.9% at time 0.21ms. 

 

Fig. 15 Mass transfer rate on surfaces with different pillar height (qw'' = 700W/cm2) 

 

The heat transfer coefficient is a typical parameter for calculating the heat transfer 

process including convection and phase change, which is the proportionality coefficient between 

solid-liquid interface heat flux and solid-liquid temperature difference. The heat transfer 

coefficient here was calculated with the following equation: 

ℎ =
𝑞𝑤−𝑖

′′

𝑇𝑤−𝑖−𝑇𝑙
      (29) 

Where 𝑞𝑤−𝑖
′′  indicates the heat flux across the solid-liquid interface, the corresponding 

temperature of solid-liquid interface is denoted by 𝑇𝑤−𝑖, and the liquid temperature is 𝑇𝑙. Thus 
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the heat transfer coefficient can be used as an indication to evaluate the energy transportation 

efficiency from solid to liquid. 

 

 

Fig. 16 Heat transfer coefficient on surfaces with different pillar height 

(qw'' = 700W/cm2) 

Higher solid-liquid interface heat flux and lower solid-liquid temperature difference 

creates a higher heat transfer coefficient, just as the value of higher pillar surface demonstrated in 

Fig. 16. Because of the fluctuation of the heat transfer coefficient, the instant value may not be 

able to reflect the real heat dissipation effect of those surfaces. Thus we compare the heat 

transfer coefficient by using the time averaged value during 0.21ms. Similar to former results, 

the flat surface with wettability patterns has the worst thermal performance with the lowest heat 

transfer coefficient, the corresponding time averaged value is 250,941W/m2K, while the value 

for hydrophilic flat surface is 25.6% higher than the patterned flat surface. The heat transfer 

enhancement by the structured surface can also be recognized. The time averaged heat transfer 
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coefficient of structured surface with 3μm, 5μm and 7μm pillars are 8.4%, 33.2% and 217.7% 

higher than the hydrophilic surface, respectively. For the structured surface with 7μm pillars this 

is especially true, because of the excellent thermal dissipation from solid to liquid, relatively 

smaller temperature gaps between solid and liquid can be achieved, thus the heat transfer 

coefficient of structured surface with 7μm pillars is significantly higher than others, revealing 

excellent heat dissipation capacity.  

4.3 Comparative Studies for Structures with Various Pillar Array Density 

4.3.1 Constant Temperature Boundary Condition 

 

Comparative study for pillar array density with constant temperature heat source (400K) 

was made on micro-pillar structures containing 9 pillars and 25 pillars, for recognizing the solid-

liquid heat dissipation effect. Dense pillar array contains more pillars with a slimmer shape, 

which is 5μm high by 3μm long by 3μm wide, while sparse pillar array in this study is composed 

of pillars with dimension 5μm high by 5μm long by 5μm wide. The pillar height and initial liquid 

volume of both cases were kept the same.  

The calculation result showed by Fig. 17 indicates the liquid on structures with 25 pillars 

was heated faster than the liquid on structures with 9 pillars, from the beginning to 0.2ms, so that 

the liquid temperature on a dense pillar array is always higher. Again, the liquid temperature 

response on structured surfaces was far quicker than the liquid temperature response on flat 

surfaces. Thus we may draw the same conclusion that thermal energy can be more easily 

transported from solid to liquid phase by structured surface, especially the structure containing 

dense pillar array with slim pillars.  
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Fig. 17 Liquid temperature on surfaces with different pillar array density 

(Tw-bottom = 400K) 

 

 

Fig. 18 Mass transfer rate on surfaces with different pillar array density  

(Tw-bottom = 400K) 

 



48 
 

With faster temperature increase and higher temperature at each moment, the stronger 

liquid-vapor mass transfer for the phase change process can be achieved at each time step, which 

was presented by the mass transfer variation curve in Fig. 18. The time averaged mass transfer 

rates during 0.2ms of 9 pillar and 25 pillar structured surfaces were 76.7% and 93.2% higher 

than the hydrophilic flat surface respectively. At 0.2ms, the mass transfer rate of the 25 pillar 

structure and 9 pillar structure are 39.9% and 37.7% higher than the instant mass transfer rate of 

hydrophilic flat surface. The solid-liquid heat transfer enhancement on dense array surface 

H5A33_25 can be attributed to its larger solid-liquid interface area rather than sparse array 

surface H3A33_25. 

 

4.3.2 Constant Heat Flux Boundary Condition 

 

Fig. 19 demonstrated the temperature contours on surfaces with different pillar array 

densities. The solid temperature of the dense array surface was maintained at a lower extent at 

each time step. The excellent cooling performance of dense pillar array structures can therefore 

be easily observed. For understanding the liquid domain phase change intensity it is necessary to 

know the average liquid temperature. For both structures H5A55_9 and H5A33_25, the heat was 

conducted to the same distance away from the substrate surface, as a result of the same pillar 

height, at each time step exhibited in Fig. 19. However, in the dense array surface, more widely 

distributed pillars shorten the horizontal distance between pillars. The liquid around the pillars in 

the dense array surface can be heated faster and more uniformly. While for sparse array surface, 

the higher liquid temperature gradient around the pillars can be observed, which presents the 

uneven heating phenomena of liquid domain between pillars. The stronger phase change 
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intensity along with better cooling effect can be expected on the dense pillar array structured 

surface, the lower solid temperature on the dense array surface can be illustrated as well. 

 

 

Fig. 19 Temperature contours on surfaces with different pillar array density 
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After being heated with a constant heat flux 700W/cm2, the bottom surface temperature 

variation of structures with different pillar array densities can be found from Fig. 20; the 

temperature difference between the structured surface and flat surface can still be clearly 

observed.  

 

Fig. 20 Bottom surface temperature on surfaces with different pillar array density  

(qw'' = 700W/cm2) 

 

The time averaged bottom surface temperature of the flat surface during 0.21ms reaches 

395.4K, while the temperature for 25-pillar surface and 9-pillar surface are 7.9K and 6.3K lower 

than the flat one respectively, lower than the total temperature rise of flat surface by 31.1% and 

24.8%, respectively, thus the superior cooling effect induced by the structured surface with dense 

pillar array can be examined. The instantaneous bottom surface temperature at 0.21ms for the flat 

surface, 9-pillar surface and 25-pillar surface are 412.6K, 403.4K and 401.8K, respectively. 
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Compared with flat hydrophilic surface, cooling by structured 25-pillar surface can reduce the 

total temperature rise by 25.4% at 0.21ms, and for the 9-pillar surface, the percentage of reduced 

amount of total temperature rise is 21.6%.  

Similarly, the lower temperature of the heated surface was maintained because the 

microstructure surface enhanced phase change intensity as shown in Fig. 21. The higher liquid-

vapor mass transfer rate can afford faster thermal energy dissipation. The time averaged mass 

transfer rates of structured surfaces with 25 pillars and 9 pillars were improved 33.9% and 27.6% 

based on the value of hydrophilic flat surface during the initial 0.21ms. The instant value for 

mass transfer rate at time 0.21ms was enhanced by 23.1% and 20.4% with the 25-pillar surface 

and 9-pillar surface respectively. 

 

Fig. 21 Mass transfer rate on surfaces with different pillar array density  

(qw'' = 700W/cm2) 
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The greater thermal performance of the dense pillar array structure was also validated by 

the heat transfer coefficient curve displayed in Fig. 22. From the beginning to 0.2ms, the time 

averaged heat transfer coefficient for the hydrophilic surface was improved by 33.2% and 18.8% 

with the utilization of structured surfaces containing 25 pillars and 9 pillars respectively.  

 

Fig. 22 Heat transfer coefficient on surfaces with different pillar array density  

(qw'' = 700W/cm2) 

4.4 Comparative Study for Structures with Same Extra Solid-Liquid Interfacial Area 

4.4.1 Constant Temperature Boundary Condition 

 

For both the comparative studies discussed above, one reason for the heat transfer 

enhancement of the structured surfaces is attributed to the increasing solid-liquid interface area. 

For understanding the impact of pillar height and pillar array density on thermal dissipation, the 

structure H3A33_25 and H5A55_9 with the same solid-liquid interface area were selected to be 

compared. The structure H5A55_9 has higher pillars and a sparser pillar array, while structure 

H3A33_25 has a denser pillar array and shorter pillars.  
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Fig. 23 liquid temperature on surfaces for comparison of impact between  

pillar height and pillar array density (Tw-bottom = 400K) 

 

Fig. 23 exhibits the liquid temperature variation on structures H3A33_25 and H5A55_9 

when the domain was heated by a constant temperature of 400K, and the liquid-vapor mass 

transfer variation under the same condition was shown by Fig. 24. The liquid on structure 

H5A55_9 presents a relatively faster temperature response, higher liquid temperature and 

stronger phase change intensity during 0.2ms. Based on the time averaged mass transfer rate of 

the hydrophilic surface, the structure H3A33_25 enhanced the rate by 60.4% and the structure 

H5A55_9 improved the rate by 76.7%. The instant mass transfer rate on the hydrophilic surface 

at time 0.2ms was improved by 37.7% and 31.8% on structures H5A55_9 and H3A33_25, 

respectively. Thus we can conclude that when the additional area is kept the same, the higher 

pillar structure has better solid-liquid heat transport performance than the dense array structure. 

The limited pillar height of the dense array structure is not beneficial for heat transfer in the 
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vertical direction. Because of the relatively higher conductivity of solid material than liquid, 

higher pillar structure is able to spread heat faster in vertical direction, thus the liquid domain can 

be heated more uniformly and faster. 

 

Fig. 24 Mass transfer rate on surfaces for comparison of impact between pillar height and 

pillar array density (Tw-bottom = 400K) 

 

4.4.2 Constant Heat Flux Boundary Condition 

 

Fig. 25 demonstrated the temperature contours on surfaces selected to be compared for 

comprehending the impact of pillar height and pillar array density. For precluding the heat 

enhancement influence induced by solid-liquid interface area, the structure with dense array 

H3A33_25 and structure with high pillars H5A55_9 contains the same substrate interfacial area. 

Except for the relatively lower solid temperature achieved by H5A55_9 at time 0.05ms, the solid 

temperature of the two structured surface cannot be observed distinctly in Fig. 25. This result 

indicates that the temperature difference between two structures is less than 1.5K.  
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Fig. 25 Temperature contours on surfaces for comparison of impact weight  

between pillar height and pillar array density 

However, for structure H5A55_9 at time 0.15ms and 0.2ms, the higher temperature 

region denoted by the yellow and green zones was distributed on a larger scale in fluid domain. 
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As described before, stronger mass transfer from liquid to vapor comes with the higher average 

liquid temperature, and eventually results in better heat dissipation and lower heat source 

temperature. Hence the relatively lower solid temperature on structure H5A55_9 can be expected 

beyond 0.2ms.  

 

 

Fig. 26 Bottom surface temperature on surfaces for comparison of impact weight between 

pillar height and pillar array density (qw'' = 700W/cm2) 

 

Fig. 26 presents the temperature variation of the bottom surface, where the heat source 

was located with a constant heat flux of 700W/cm2.  The average bottom surface temperatures 

during 0.21ms of the two structured surfaces are very close. For structure H3A33_25 and 

H5A55_25, the time averaged temperature is 389.24K and 389.10K. Although the cooling 

performance of two structures cannot be distinguished from heat source temperature variation, 
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the future trend of bottom surface temperature curve can still be predicted by considering the 

mass transfer rate on those surfaces.  

 

 

Fig. 27 Mass transfer rate on surfaces for comparison of impact weight between pillar 

height and pillar array density (qw'' = 700W/cm2) 

 

Fig. 27 indicated the liquid-vapor mass transfer rate variation on different structures. The 

time averaged liquid-vapor mass transfer rate of H5A55_9 is 4.8% higher than the rate of 

H3A33_25. When time comes to 0.21ms, the liquid-vapor mass transfer rate on structures 

H3A33_25 and H5A55_9 was increased by 13.7% and 20.4%, respectively. Higher mass transfer 

rate achieved on higher pillar structure implies its stronger phase change intensity. Thus thermal 

energy can be taken away faster on the higher pillar structure and comparatively a lower heat 

source temperature on it can be expected.  
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Fig. 28 Heat transfer coefficient on surfaces for comparison of impact weight between 

pillar height and pillar array density (qw'' = 700W/cm2) 

 

Fig. 28 demonstrates the heat transfer coefficient variation. The time averaged heat 

transfer coefficient of H5A55_9 is higher than the value of H3A33_25 by 9.7%. We can 

therefore obtain the conclusion that the heat dissipation effect of structure H5A55_9 is more 

prominent than the effect brought by H3A33_25. The factor of pillar height plays a more 

significant impact on heat dissipation than the factor of pillar array density. In other words, 

higher pillar structure is more desirable for two-phase heat transfer than dense array structure 

when flooding, if the pillar array density and pillar height requirement cannot be achieved 

simultaneously. 

The fluctuations of the heat transfer coefficient curve reflect the influence of bubble 

accumulation and departure on solid-liquid heat transfer. For the reason that bubble thermal 

resistance is particularly high, the accumulation of bubbles will greatly decrease the heat flux, 
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while departure of a large bubble will suddenly increase the heat flux. Thus bubble behavior 

control and the bubble departure promotion becomes an issue for higher efficiency thermal 

dissipation. This is expected to be solved by the surface wettability gradient in the pillar height 

direction. The impact of wettability texture on structured surface will be discussed in the next 

section. 

 

4.5 Comparative Studies for Structures with Wettability Texture and Hydrophilic 

Structure 

 

The bottom surface temperature variation is displayed by Fig. 29 for structures with 

different wettability arrangements when the thermal energy input with constant heat flux is 

700W/cm2. Although the relatively lower bottom surface temperature of the structured surface 

with engineered wettability (bi-philic structured surface) can be observed in Fig. 29, the 

temperature difference of the two surfaces is so small that the cooling performance was 

improved in limited extent by the bi-philic structured surface. The time-averaged bottom surface 

temperature for bi-philic structured surface is 0.3K cooler than the hydrophilic structured surface 

during the 0.21ms period. The existence of the wettability gradient can only reduce the time 

averaged temperature rise by 1.7%. Similarly, the total temperature rise for the hydrophilic 

structured surface until time 0.21ms is 401.8K, while the corresponding value for the bi-philic 

structured surface is 402.3K. When compared with the total bottom surface temperature rise on 

hydrophilic structured surface, the enhanced cooling capacity of the bi-philic case is merely 

0.5K, decrease the total temperature rise by 1.7%. 
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Fig. 29 Bottom surface temperature on surfaces with different wettability texture  

(qw'' = 700W/cm2) 

 

 

Fig. 30 Mass transfer rate on surfaces with different wettability texture 

(qw'' = 700W/cm2) 
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Fig. 30 demonstrates the liquid-vapor phase change intensity upon the hydrophilic 

structured surface and bi-philic structured surface. The comparatively higher liquid-vapor mass 

transfer rate on the bi-philic structure affords a reasonable explanation for its better cooling 

effect, although the improvement is not apparent. Compared with the hydrophilic structured 

surface, the time-averaged mass transfer rate of the bi-philic structured surface is 1.4% higher, 

and the instant mass transfer rate of the bi-philic structured surface at 0.21ms is enhanced by 

only 1.1%.  

 

Fig. 31 Heat transfer coefficient on surfaces with different wettability texture  

(qw'' = 700W/cm2) 

 

Fig. 31 depicts the heat transfer coefficient of the structured surface with and without 

wettability gradient, and respective enhancement based on the heat transfer coefficient of 

hydrophilic flat surface. Like the former results, the bi-philic structured surface displayed an 

improvement on cooling performance than the hydrophilic structured surface. Compared with the 
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hydrophilic flat surface, the time-averaged heat transfer coefficient improvement by using 

hydrophilic structured surface is 22.8%, and by using the bi-philic structured surface, it is 33.2%. 

From the above data and comparison within the simulation period 0.21ms, we may find 

that the cooling performance of the hydrophilic structured surface and bi-philic structured 

surface is very close. The phase change and cooling enhancement achieved by bi-philic 

structured surface is in limited extent. The main reason for the limited thermal improvement of 

the bi-philic structure is caused by the dramatic loss of heat transfer on hydrophilic pillar top 

surface. The bubble attached on the hydrophobic surface blocked the liquid-solid connection, 

thereby causing an extreme increase in thermal resistant. However, the hydrophobic pattern is 

required for providing the source momentum for facilitating bubble departure.  Thus the resulting 

heat transfer performance is determined by a trade-off between the bubble departure 

improvement within the pillar forest and the bubble pinning at hydrophobic pillar tops. The 

optimized design for bi-philic structure with less hydrophobic surface area was expected with 

higher heat transfer efficiency and better cooling performance. 
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CHAPTER 5: CONCLUSIONS 
  

The present paper developed a transient 3-D Volume of Fluid model for investigating the 

two phase cooling characterisitcs of the enhanced surface, which was modified by the 

combination of microstructures and engineered wettability, under flooding conditions of droplet-

based thermal management. The simulation result confirmed that the bubble motion can be 

guided upward by the combination of microstructures and engineered wettability. This 

combination can reduce bubble sizes and enhance bubble departure rates when compared with 

the flat surfaces and hydrophilic structured surface. When compared to the flat surface, the 

micro-pillar structured surface with engineered wettability can effectively enhance the solid-

liquid heat transportation efficiency, liquid-vapor phase change intensity, and further provide a 

better cooling effect with lower surface temperature attached to the heat source. The structured 

surface with higher pillars, and structure composed by denser pillar array, enable liquid water to 

be heated faster and more uniformly, which is desirable for heat dissipation and phase change. 

The factor of pillar height was validated to play a more significant role than the pillar array 

density on heat dissipation from solid to liquid when the interfacial areas are the same. The 

structure with higher pillars is expected to have a better cooling effect than the dense pillar array 

surface beyond 0.21ms. This result indicates that for achieving better phase change cooling and 

higher heat dissipation efficiency when flooding, the micro-pillar fabrication should place 

emphasis on the factor of pillar height, rather than the pillar array density if the pillar array 

density and pillar height requriement cannot be achieved simultaneously. For wettability texture 

on micro-pillar structure, the resulting heat transfer performance is determined by a trade-off 



64 
 

between the bubble departure improvement within the pillar forest and the bubble pinning at 

hydrophobic pillar tops. 

Our Future work will focus on investigating the effects of different microstructure 

topology and dimension on the thermal and dynamic aspects at different levels of dry-out. The 

cycle from droplet feeding, to flooded regime, and ultimate dry-out regime will be simulated for 

understanding the boiling and evaporation characteristic in whole process of phase change 

cooling. 
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