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ABSTRACT 

Electrowetting (EW) has drawn significant research interests in droplet-based 

microfluidics, and most applications focus on electronic displays, lab-on-a-chip devices 

and electro-optical switches, etc.  In this work, we report a novel application of EW in 

enhancing nucleate boiling heat transfer.  The working approach capitalizes on the 

complimentary roles of hydrophobicity and hydrophilicity in the fundamental processes of 

nucleate boiling, and takes advantage of the ability of EW to dynamically alter the surface 

wettability at different thermal loads.  For instance, at low-to-moderate heat fluxes, the 

boiling surface remains hydrophobic so that onset of nucleate boiling (ONB) commences 

spontaneously and excellent boiling heat transfer can be obtained.  When the bubble growth 

and merger intensify at high fluxes, EW will be activated to change the surface to 

hydrophilic, thereby delaying the critical heat flux (CHF).  In this work, we demonstrate 

the creation of such tunable adaptive boiling surfaces, and examine the effects of both 

direct current (DC) EW and alternating current (AC) EW on the overall boiling heat 

transfer characteristics.  A synchronized high-speed optical imaging and infrared 

thermography approach is taken to obtain simultaneous measurements of the bubble 

dynamics and temperature distribution on the boiling surface.  Boiling curves are 

constructed and the boiling heat transfer coefficients are computed for an EW-modulated 

surface, and the comparison with those for hydrophilic and hydrophobic surfaces shows 

clearly the efficacy of using EW to drastically improve the boiling heat transfer 

performance.  Some insights are also offered on the boiling heat transfer mechanisms under 

the influence of EW. 
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Chapter 1.  INTRODUCTION 

For decades, nucleate boiling has been employed as an effective means of 

transferring large amount of thermal energy in various industries involving energy 

conversion and power generation, such as heat exchangers, solar water thermal systems, 

and nuclear reactors, etc.  Currently, significant disparities exist between the available 

thermal performance of nucleate boiling and its enormous potentials.  For instance, the 

theoretical maximum CHF for water is 223.4 MW/m2 at the atmospheric pressure, but the 

highest CHF obtained in nucleate boiling experiments is only about 10% of this value.  

Furthermore, it has been demonstrated that a 32% increase in CHF will lead to at least a 

20% power density increase in pressurized water reactors.  Consequently, innovative 

means of nucleate boiling enhancement will allow greater operating safety margins and 

higher rates of heat transfer in the existing energy systems, and enable more compact and 

economical designs of new energy systems with the same heat transfer capability.   

 The primary goals of nucleate boiling heat transfer enhancement are two-fold: 1) 

to maximize heat transfer per unit temperature rise in the heated surface, i.e., the boiling 

heat transfer coefficient (HTC); and 2) to increase the upper limit of nucleate boiling heat 

transfer, also known as the critical heat flux (CHF), at which the surface is blanketed with 

dry vapor and catastrophic burnout may occur.  The prevailing enhancement methods are 

based on chemically or topographically structuring the boiling surface.  These surface 

enhancement structures are effective, however, the main disadvantage is their static nature.  

Once manufactured, the structures and their functionalities cannot be altered to adapt to the 

spatiotemporally varying processes of boiling.   
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The present research aims to explore a new venue to enhance nucleate boiling by 

creating tunable adaptive boiling surfaces with the aid of electrowetting (EW).  It takes 

advantage of the complimentary roles of hydrophobicity and hydrophilicity played in 

nucleate boiling, and capitalizes on the ability of using EW to modulate the surface 

wettability reversibly and robustly.  With this approach, the engineered boiling surface 

remains hydrophobic at low-to-moderate heat fluxes without EW, so that onset of nucleate 

boiling (ONB) commences spontaneously and excellent boiling heat transfer can be 

obtained.  When the dryout-causing growth and merger of bubbles intensify at high fluxes, 

EW will be activated to change the surface to hydrophilic, thereby keeping the surface 

rewetted and delaying CHF.  Moreover, alternating current (AC)-driven EW, or ACEW, 

can stimulate time-harmonic shape oscillations of the nucleate bubble and generate strong 

streaming flow in the surrounding liquid.  The streaming convection will superimpose with 

the natural convection and the bubble ebullition-induced microconvection in augmenting 

nucleate boiling heat transfer.  Upon the completion of this work, it is expected to provide 

a previously unexplored and powerful tool to actively control nucleate boiling for optimal 

heat transfer performance. 

The overriding objectives of this work is to elucidate the effects of EW-modulated 

reversible surface wetting on the key processes of nucleate boiling, and to demonstrate the 

manufacturing of tunable adaptive boiling heat transfer surfaces.  The far-reaching goal is 

to help transform the state-of-the-art in boiling heat transfer technology from 

phenomenological empiricism to a rational design.  It is also part of an effort to address the 

grand challenge envisioned by Westwater in 1963 (Westwater, 1963) “… in principle, it is 

possible to produce a tailor-made surface which will have … a predetermined boiling 



3 

 

curve …” Upon the completion of this work, it is expected to provide a previously 

unexplored and powerful tool to actively control nucleate boiling for optimal heat transfer 

performance. 

The following specific goals are proposed:  

 To demonstrate that the bubble dynamics can be effectively controlled by EW and 

nucleate boiling heat transfer can be favorably improved over the entire range of boiling 

regimes (from ONB to CHF). 

 To develop experimental facility and measurement techniques to understand the 

physical mechanisms of EW-enhancement of nucleate boiling. 

 To design the optimal electric fields for actuating EW and to explore robust and 

cost-effective methods for manufacturing the EW-enhanced boiling surfaces. 

This Ph.D. Dissertation is organized as follows.  Chapter 2 reviews the background of 

nucleate boiling heat transfer enhancement and the basic concepts of EW.  Chapter 3 

describes the experimental apparatus and the measurement techniques using synchronized 

infrared thermometry and high-speed optical photography for the study of EW-modulated 

nucleate boiling.  Chapter 4 details the experimental procedures and the models of data 

analysis.  Chapter 5 presents the baseline experiments of nucleate boiling on a hydrophilic 

surface and a hydrophobic surface.  Chapter 6 discusses the EW characteristics of a gas 

bubble submerged in a liquid pool.  Chapter 7 examines the effects of EW-modulation on 

various stages of nucleate boiling.  Finally, the conclusions of the present study and 

recommendations for future work are summarized in Chapter 8. 
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Chapter 2.  BACKGROUND 

2.1. Nucleate boiling heat transfer 

Nucleate boiling is a phase change process that allows a large amount of thermal 

energy to be transported with a small driving temperature difference.  In the present 

research, only boiling at the surface immersed in a pool of motionless liquid, which is 

generally referred to as nucleate pool boiling, is considered.  The characteristics of nucleate 

boiling under a uniform and controlled heat flux can be described by the boiling curve 

(Figure 1.3) (Carey, 2008), a plot of heat flux q’’ versus wall superheat, w satT T  , where 

Tw is the wall temperature of the boiling surface and Tsat is the saturation temperature of 

the liquid.   

 

Figure 2.1.  A representative boiling curve. 

In Figure 2.1, natural convection initially prevails at low heat flux levels.  When 

the heat flux is increased, the superheat becomes large enough to initiate nucleation at some 

Fig. 1 A typical boiling curve.
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cavities on the surface, and the onset of nucleate boiling (ONB) occurs.  Depending on the 

fluid/surface material combination, the surface temperature may excurse due to the sudden 

kick-in of a new heat transfer mechanism.  Further increase in heat flux will move the 

system operating point upward into the nucleate boiling regime, where the active 

nucleation sites remain largely isolated.  As more and more sites become active and the 

bubble frequency increases, bubbles from adjacent sites coalesce during the final stages of 

growth and release.  At the peak of nucleate boiling regime, the bubble merger becomes so 

intense that a vapor film will be formed to cover the entire boiling surface.  Thus, boiling 

enters the film boiling regime, and the corresponding threshold heat flux is termed the 

critical heat flux (CHF).  Because the bulk liquid is unable to reach the surface, heat transfer 

at CHF is only through the dry vapor layer.  As a result, the wall temperature will increase 

drastically, even to a dangerous level that can potentially damage the component material.  

For this reason, CHF is also called the burnout heat flux or the boiling crisis. 

From the boiling curve, the major performance-limiting factors of nucleate boiling 

can be identified, which include: 1) A threshold wall superheat, ONBT  , must be satisfied 

to trigger the ONB; 2) The slanted boiling curve represents a limited HTC (defined as the 

slope of the curve h = q''/ SATT ); and 3) The CHF sets the upper bound for heat transfer, 

beyond which the undesired film boiling will occur.  Thus, any nucleate boiling 

enhancement technology must be steered toward improving at least one of these three 

aspects.   

Various system parameters, such as the thermophysical properties of the liquid and 

vapor, the surface material and finish, and the level of heat flux, have an impact on nucleate 

boiling heat transfer.  Physically, promoting ONB requires lowering the energy barrier for 
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nucleation, a steeper boiling curve demands the increase in heat flux be consumed while 

only incurring minimal wall temperature elevation, and higher CHF can be obtained if the 

surface remains wetted by liquid and the vapor phase boundary is restricted.  All three aims 

can be achieved by engineering the wettability of the boiling surface.   

2.1.1. Surface wettability and nucleate boiling 

 Surface wettability plays a critical role in the key processes of nucleate boiling.  

Wetting of a surface by a liquid can be characterized by the equilibrium contact angle, eq  

(Figure.  1.4).  Classical nucleation theory predicts that a free energy barrier G  must be 

overcome to form a bubble nucleus (Carey, 2008) 

 
3 2(2 3cos cos ) / 3eq eq LV cG r       ,  (2.1) 

where rc is the critical bubble size and lv   the liquid-vapor surface tension.  Since, G is 

a fast decreasing function of eq bubble nucleation is more energetically favorable on 

hydrophobic surfaces ( 90eq   ).  In fact, it becomes spontaneous when the surface is 

superhydrophobic ( 120eq   and 0G  ).  On the contrary, the nucleation sites can be 

easily deactivated on hydrophilic surfaces ( 90eq  ) (Carey, 2008; Wang and Dhir, 1993).  

As eq  increases, the number density of active nucleation sites and the nucleation rate at 

which bubble nuclei are continuously generated will increase rapidly.  Consequently, 

hydrophobic surfaces promote bubble nucleation, and are also beneficial to sustaining 

nucleate boiling. 
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Figure 2.2.  Schematic representation of a bubble during nucleate boiling on a hydrophobic surface. 

 Nucleate boiling heat transfer is closely related to bubble dynamics and heat 

transfer mechanisms near the contact line.  Past studies show that the bubble departure size 

decreases and the release frequency increases with decreasing eq  (Dhir, 2005).  Hence, a 

hydrophilic surface will generate smaller detaching bubbles with a higher frequency, and 

the reverse is true for a hydrophobic surface.  Fast-escaping bubbles assist heat transfer by 

creating micro convection in the wake flow.  However, if the bubble release is too immense, 

heat transfer will be hindered by the quickly coalesced vapor columns that hover over the 

boiling surface.  Further, three regions exist near the contact line on a hydrophilic surface 

(Figure 2.3(a)): a non-evaporating adsorbed film, an evaporating microlayer region, and an 

intrinsic meniscus region (Gerardi, 2009; Heng et al., 2010; Kim, 2009; Zhao et al., 2002).  

Strong evaporation in the microlayer produces a very high heat transfer rate, whereas heat 

transfer through the intrinsic meniscus is much less effective.  In contrast, the microlayer 

is absent on a hydrophobic surface (Figure 2.3 (b)), so heat can only go through the thick 

liquid layer.  Despite the intricate heat transfer mechanisms, it was found that, overall, 

hydrophobic surfaces are more advantageous for nuclear boiling heat transfer. 
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Figure 2.3.  Heat transfer near the contact line on: (a) a hydrophilic surface; and (b) a hydrophobic 

surface. 

 CHF originates from the spreading of dry vapor patches on the surface, and is tied 

to the contact line dynamics (Demiray and Kim, 2004; Jung et al., 2014; Theofanous and 

Dinh, 2006).  In Figure.  2.4, when the bubble grows, the contact line first expands outward 

around the nucleation site.  During bubble departure, the contact line shrinks as the liquid 

front advances to rewet the dry patch that previously forms the bubble base, until the bubble 

completely lifts off.  As boiling intensifies, the bubbles merge both horizontally and 

vertically.  Subsequently, CHF may be set off by the following mechanisms (Guan et al., 

2011; Jung et al., 2014): (1) The liquid macrolayer that separates the merged bubbles from 

the surface dries out, or (2) The dry spot covered by vapor cannot be rewetted and continues 

to expand.  In this regard, hydrophilicity enhances CHF, while hydrophobic surfaces are 

susceptible to poor CHF.   
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Figure 2.4.  Dynamics of the three-phase contact line (Red arrows indicate the direction of motion). 

Clearly, surface wettability plays a complex role in nucleate boiling.  A dilemma 

exists: on one hand hydrophobicity promotes/sustains nucleation, while on the other hand, 

hydrophilicity enhances CHF.  So, whether a hydrophilic or a hydrophobic surface should 

be used depends on which aspect of the dilemma is dominant under specific boiling 

conditions.   

 

Figure 2.5.  Comparison of the boiling curves and boiling heat transfer coefficients for a hydrophilic 

surface (SiO2, 54eq    and a hydrophobic surface (Teflon, 123eq   ) (Jo et al., 2011). 

Indeed, it has been shown that neither a hydrophobic nor a hydrophilic surface 

alone can yield optimal boiling heat transfer performance.  Figure 2.5 shows the 

comparison of the boiling characteristics of a hydrophobic and a hydrophilic surface (Jo et 

al., 2011).  On the hydrophobic surface, ONB occurs early, the boiling heat transfer 

coefficient is superior, but the CHF is too low, whereas the hydrophilic surface outperforms 
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at high heat fluxes.  Therefore, it is natural to postulate: Can the merits of hydrophobicity 

and hydrophilicity be garnered collectively if the surface carries heterogeneous wettability? 

2.2. State of the art in nucleate pool boiling heat transfer enhancement 

with surface wettability modifications 

In the last decade, a significant amount of research activity has been focused towards 

the enhancement of nucleate boiling performance by the modification of surface wettability 

of the boiling surface by the fabrication of nano and microstructures.  This research 

direction was triggered by the determination of the probable cause for CHF and heat 

transfer enhancement with the use of nanofluids, which is the deposition of the 

nanoparticles on the boiling surface leading to the formation of a porous layer during 

boiling which leads to the change in surface wettability (Bang and Chang, 2005; Das et al., 

2003; Jo et al., 2009a; Kim et al., 2007; Milanova and Kumar, 2005).  The deposited 

nanoparticles resulted in modification of the boiling performance due to the modification 

of the nucleation site density, surface roughness along with its change in wettability.  The 

performance of the surface was found to change with time due to the increased thickness 

of the nano-particle coating during multiple boiling cycles with the nanofluids (Shahmoradi 

et al., 2013; Vafaei and Borca-Tasciuc, 2014).  However, the deposition of nanoparticles 

during the nucleate boiling of nanofluids is an uncontrolled process and hence the 

enhancements are erratic when the data is compared across the findings in the literature.   

 

Thus, in order to achieve consistent enhancement of the nucleate boiling heat transfer 

phenomena, studies have been conducted by fabricating different nano and micro structures 
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on the boiling surfaces.  In an early work O’Connor et al.  (O'Connor and You, 1995) and 

Chang an You (Chang and You, 1997) studied the nucleate boiling performance on porous 

and micro-porous surfaces by applying coatings of diamond, copper and aluminum 

particles using a painting technique on a LEXAN surface.  They found a decrease in the 

superheat required for ONB an increase in the CHF.  An overall increase in the heat transfer 

rate was also observed.  The enhancement of ONB was attributed to the increase in the 

nucleation site density due to vapor entrapment and an increase in the growth of a 

superheated liquid film over the boiling surface.  Whereas, the enhancement in CHF was 

reported to be caused by the smaller size of the nucleated bubbles which delays the 

coalescence process responsible for the determination of CHF.  They also reported that 

with the increase in the thickness of the coated layer the heat transfer rates decreases.   

In recent years, most attention has been given to the study of nucleate boiling on 

surfaces with combined micro and nanostructures fabricated on them.  Launay et al.  

(Launay et al., 2006) in their work investigated the effects of various micro structures 

fabricated on a silicon substrate on the CHF values obtained for saturated nucleate boiling 

experiments.  Along with a control surface of plain Si, seven different structures were 

fabricated which include a roughened Si surface, surface fully coated with carbon 

nanotubes (CNT), a CNT pin fin structure, two 3D silicon structure one of which was 

coated with CNT’s on its top surface.  They reported enhancements in CHF with for the 

3D Si structures but did not compare the effect on ONB.  Moreover, they observed that the 

CNT based structures demonstrated heat transfer enhancement only at low heat fluxes.   

In multiple subsequent studies regarding the enhancement of boiling heat transfer on 

CNT coated surfaces an enhancement ONB and the CHF values were reported (Ahn et al., 
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2009; Ahn et al., 2006; Sathyamurthi et al., 2009; Ujereh et al., 2007).  However, the 

enhancement in CHF was found to be dependent on the size of the CNT used, the pitch 

between the CNT arrays, their density and the fractional area covered by the CNT on the 

substrate. Additionally, the wall superheat required to initiate ONB is higher than that on 

a hydrophobic surface (Nam et al., 2009).   

Hendricks et al.  (Hendricks et al., 2010) reported enhancement of CHF values on 

nanostructured surfaces fabricated by depositing ZnO nanostructures on Al and Cu 

substrates.  The enhancement was observed due the lowering of the contact angle form 

104°C for bare Al surface to values from 0 – 45° for the different coatings used.  It was 

also observed that the pattern of the coating had a significant impact on the obtained CHF 

values even for the same contact angle values.  Moreover, no significant change in the heat 

flux and superheat required to initiate ONB was observed.   

In their work Forrest et al.  (Forrest et al., 2010) in their study of nucleated boiling 

enhancement developed nanostructured surfaces by coating Ni by using a layer-by-layer 

method.  The resulting surfaces were categorized in three groups: hydrophilic, 

superhydrophilic and hydrophobic.  They found that the enhancement in the CHF and the 

heat transfer coefficient compared to that on the bare Ni wire was the maximum for the 

hydrophobic surface.  They attributed this finding to the contact angle hysteresis associated 

with a hydrophobic surface in general since the observed static and advancing contact 

angles were 140° and 160° respectively whereas the static receding contact angle was 

found to be 20° only.  However, no information regarding the effect on ONB was reported.   

Phan et al.  (Phan et al., 2009b) studied the effect of wettability on the nucleate pool 

boiling process by nanocoating a stainless steel surface with different monomeric 
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hydrocarbons to achieve the desired wettability of the resulting surface.  The resulting 

surfaces displayed a water contact angles ranging from 22- 112°.  They observed that the 

heat transfer coefficient was highest for the surface with a contact angle of 85°.  However, 

the earliest ONB was observed for the hydrophobic surface.  They also reported that the 

HTC deteriorates with the decrease in contact angle for contact angles within the range of 

45-90° whereas below 45° the reduction in contact angle showed an improved HTC value.  

They developed a model for predicting the CHF values for different contact angles ranging 

from 0-90° in a later work (Phan et al., 2012) which showed a decreasing trend with 

increasing contact angle values.   

Based on the observations that nucleation is promoted on a hydrophobic surface 

whereas a higher CHF is achieved by increasing the wettability of a surface, Betz et al.  

(Betz et al., 2010) fabricated heterogeneous surface patterns combining hydrophobic and 

hydrophilic zones.  Some of the fabricated surfaces were treated with a dilute solution of 

hydrofluoric acid (HF) in order to enhance the wettability.  They found that the surface 

with a hydrophilic base with hydrophobic dots or islands and treated with HF showed the 

maximum enhancement in the CHF values.  The distance of the separation of the 

hydrophobic dots also had a significant impact on the CHF enhancement.  It was found that 

the surface with a pitch of 100 µm demonstrated the maximum CHF enhancement.   

On the other hand, the surface with a hydrophobic base showed largest enhancement of the 

HTC but had a lower value of CHF.  In a later work, Betz et al.  (Betz et al., 2013)  further 

studied the boiling enhancements for heterogeneous surfaces where superhydrophobic 

(water contact angle ~ 150-165°) patterns were fabricated on a superhydrophilic surface 

(water contact angle ~ 7°).  It was found that the HTC value reached over 150kW/m2-K 
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and at low wall superheats (5 to 10 K) the HTC value was one order of magnitude higher 

and 300% higher for larger superheat values.  However, they did not report about the 

resulting CHF values and the effects on the onset of nucleate boiling. 

Jo et al.  (Jo et al., 2011) parametrically studied the enhancement of the CHF and 

HTC on a heterogeneous surface.  They fabricated hydrophobic patterns on a hydrophilic 

surface and varied the pitch distance, the pattern size and the density.  All the patterned 

surfaces demonstrated promotion of nucleate boiling and enhancement of CHF.  From the 

parametric study they found that at low heat fluxes, the pattern size and the pitch distance 

affect the HTC significantly whereas at high heat fluxes the pattern density and the size are 

more important for enhancement of HTC.   

The above mentioned studies clearly indicate that with the manipulation of 

wettability of the boiling surface, very high enhancements of overall boiling heat transfer 

can be achieved.  The most promising method reported so far is the fabrication of 

heterogeneous surfaces for the enhancement of the HTC values.  However, all the above 

mentioned wettability enhancement methods involve micro and nano-fabrication of 

different structures.  Thus, one specific surface with a specified structure leads to a fixed 

wettability value or gradient.  None of these methods provide a means to achieve an active 

control of the wettability of the surface.  An active control over the wettability of a surface 

would enable the choice of optimal surface wettability properties for achieving desired 

enhancements of the nucleate boiling process during different boiling regimes at different 

wall heat flux conditions.   
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2.3. Hydrophilic and hydrophobic surfaces 

In case of a liquid droplet resting on a solid wall, both surrounded by a gas or vapor, 

the wettability of the surface is usually characterized by the angle the liquid-gas interface 

forms with the solid surface at equilibrium.  This angle is known as the contact angle which 

results as a consequence of the minimization of the free energy of the system by which the 

droplet achieves mechanical equilibrium under the action of various interfacial forces.  For 

a system as shown in Figure 1.1, the equilibrium contact angle is given by 

 cos SV SL
eq

LV

 





 .   (2.2) 

 

Figure 2.6.  Illustration of equilibrium contact angle. 

The wetting characteristics of a system comprising of a liquid and a solid surface are 

defined by the value the equilibrium contact angle attains.  A surface where 90eq    is 

known as hydrophilic where as one with 90eq   is known as hydrophobic.  In any such 

system involving all the three phases, liquid, gas and solid, there exists a line which 

separates the liquid covered region on the solid wall from the region exposed to the gaseous 
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phase.  This line is known as the three phase contact line.  The wetting properties of a given 

surface are usually defined based on the behavior of this three phase contact line.   

2.4. Basic overview of electrowetting 

Based on Gabriel Lippmann’s (Lippmann, 1875) discovery of electrocapillarity, 

Berge (Berge (1993) introduced the idea of electrowetting on a dielectric (EWOD).  This 

phenomenon comprises of the change in wettability of a conducting liquid on a non-wetting 

and electrically insulating surface by the implementation of an applied electric field across 

it.  Electrowetting provides the means to actively control the contact angle by applying an 

electric field to achieve the desired value of contact angle.  The change in the contact angle 

when an electrical potential of V, is applied across the dielectric layer, as shown in Figure 

1.2 is given by the Young-Lippmann equation (Berge, 1993) 

 20cos cos
2

d
EW eq

LV

V
d

 
 


   . (2.3) 

As V increases, EW  decreases and as a result, the droplet spontaneously spreads 

out on the surface.  However, this decrease in EW happens only for a certain range of 

voltages.  It has been found that, based on the system, beyond a certain threshold voltage, 

the change in contact angle becomes independent of the applied electrical potential (Jones 

et al., 2003; Jones et al., 2004; Papathanasiou and Boudouvis, 2005; Peykov et al., 2000; 

Shapiro et al., 2003; Vallet et al., 1999; Verheijen and Prins, 1999).  EW offers attractive 

features for droplet control and manipulation (Mugele and Baret, 2005): (1) excellent 

reversibility; (2) extremely low power consumption; and (3) superb robustness.  Therefore, 
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it has been used in practical applications in lab-on-a-chip, liquid lenses and electronic 

displays. 

 

 

Figure 2.7.  Schematic illustration of electrowetting: (a) Droplet shape on a hydrophobic surface (b) 

Droplet shape after application of electrowetting voltage. 

2.4.1. DC and AC electrowetting 

 The previous discussion on the phenomena of electrowetting is for the case of a 

static voltage being applied to the system.  In principle, the droplet should display perfect 

reversibility of contact angle based on the state of the applied voltage.  But it has been 

widely reported that with DC electrowetting, very high contact line hysteresis is observed 

(Gupta et al., 2011; Maillard et al., 2009; Nelson et al., 2011).  For droplets of size smaller 

(a)

(b)
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than the capillary length scale, the static resistance for the liquid vapor interface to slide on 

a solid surface is characterized by the contact angle hysteresis.  This leads to different 

values of EW  for the same voltage depending on the history of the applied voltages 

(Nelson et al., 2011).  Thus, the electrowetting characteristics showed by the same liquid 

changes when a set of DC voltages are used.  The contact angle hysteresis has been 

attributed to the effect of the pinning of the three phase contact line.  Some researchers 

have also proposed that the contact angle hysteresis in DC electrowetting may be caused 

due to the ion adsorption at the liquid-solid interface. 

 However, when an alternating electric field is used, the effect of contact angle 

hysteresis has been found to decrease considerably (Klarman et al., 2011; Li and Mugele, 

2008; Nanayakkara et al., 2010) since it mitigates the ion adsorption phenomena at the 

liquid-solid interface.  Moreover, the saturation contact angle is also reduced and the 

threshold saturation potential is also increased when AC electrowetting is implemented in 

comparison with DC.   

2.5. Electrowetting and nucleate boiling 

 It is thus clear that the surface wetting characteristics play a very important role in 

determining the efficacy of the nucleate boiling process.  In order to achieve an overall 

enhancement of the boiling process, one thus needs to address the problem of fabricating a 

surface which would promote an early onset of nucleate boiling and at the same time ensure 

a higher value of CHF.  This translates into having a surface which could exhibit both 

hydrophobic and hydrophilic properties as and when preferred to obtain the desired 

enhancement of the overall boiling performance within the systemic and theoretical limits.  
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As discussed earlier, the phenomena of electrowetting provides the means to alter the 

wettability of a hydrophobic surface by a conducting liquid.  In the last two decades, most 

of the electrowetting work has focused on manipulating small quantities of liquids on 

surfaces.  However, recently electrowetting effects on bubble dynamics have also been 

investigated (Arscott, 2013a, b; Chung et al., 2010; Ko et al., 2009; Lee et al., 2013; Lee 

et al., 2012; Zhao and Cho, 2007) which connotes EW’s potential to be used as a 

mechanism to meet the aforementioned challenge with regards to enhancement of the 

nucleate boiling process.   

Zhao and Cho (Zhao and Cho, 2007) in their work used EWOD to transport gaseous 

bubbles in a liquid filled environment.  They demonstrated that by applying an electrical 

voltage a bubble surrounded by liquid sitting on a hydrophobic dielectric layer would 

contract from its original state. They also observed reversibility of this phenomenon and 

used it to perform splitting of a bubble into two, merging two separate bubbles and also 

elimination of bubbles on their EWOD device.   

 In their work Ko et al. (Ko et al., 2009) generated a streaming flow in a pool of 

liquid through oscillations of an electrowetting driven bubble as observed in case of an 

acoustically oscillating bubble.  They manipulated the surface wettability in a time 

dependent manner by applying AC potentials with varying frequencies across a 

hydrophobic dielectric surface.  They used 10-3 M NaCl for the liquid medium and studied 

the streaming effect of a bubble of the volume of 1-5 µl and applied an AC electric field 

with VR.M.S =80 V.  Different modes of oscillations of the bubble were observed at a given 

frequency whereas at the natural frequencies only one mode dominated.  Similar findings 

were also observed when the bubble was replaced by an oil droplet suggesting that the 
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electrowetting phenomena was responsible for the oscillation of the interface of the 

different fluids used and these oscillations were strong enough to create a streaming flow 

in the aqueous NaCl solution.  Many other applications using electrowetting effects on 

bubbles have been developed recently (Chung et al., 2010).   

 The electrowetting effects on bubbles promises to be an excellent avenue for 

enhancing nucleate boiling heat transfer.  For example, the liquid stream generated by an 

oscillating bubble may be able to enhance convective energy transport near the heated 

surface immersed in a pool and undergoing nucleate boiling.  Moreover, based on the study 

of the splitting and merging of bubbles electrowetting has the prospect of increasing the 

CHF of a hydrophobic surface.   

Hence, based on the above observations, we have explored the applicability of the 

EW effects and its effects on nucleate boiling in this work.  This dissertation details the 

development and fabrication of a device based on EW principles for implementation of 

dynamic surface wettability control of a boiling surface along with a detailed investigation 

of its effect on the nucleate boiling process.  The following sections include details of the 

development of a novel and state of the art experimental setup which enables local wall 

temperature measurements along with simultaneous acquisition of information regarding 

bubble dynamics during a nucleation cycle with the help of high speed and high resolution 

synchronized optical imaging and infrared (IR) thermography techniques. 

In the experiments, the response of sessile bubbles on the boiling surface to 

different EW signal has been studied at both room and saturation temperatures in order to 

identify key parameters of the physical process which could possibly effect nucleate 

boiling.  Following this base line experiments to study the nucleate boiling process on both 
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hydrophilic and hydrophobic surfaces have been conducted.  Some salient features of these 

processes have been discussed here with the help of the measured local temperature 

variations and the associated bubble dynamics.  And finally, the effects of both DC and 

AC EW on the nucleate boiling process have been investigated.  Key observations 

regarding the differences in bubble dynamics, local heat transfer variations, effects on ONB, 

CHF and boiling heat transfer co-efficient have been reported.  The reasoning behind the 

observed effects of EW has also been discussed and finally a plan for future research for 

further in-depth studies regarding EW modulated nucleate boiling has been proposed. 
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Chapter 3.  EXPERIMENTAL SETUP 

 To elucidate the impact of electrowetting on various aspects of nucleate boiling 

experimentally, the bubble dynamics, surface temperature and wall heat flux must be 

measured with high spatial and temporal resolution.  The present research employs a 

synchronized high-speed optical imaging and infrared (IR) thermography approach that 

enables simultaneous measurement of the bubble ebullition cycle and time-resolved two-

dimensional (2D) temperature and heat flux distributions on the boiling surface.  To do so, 

special cares are exercised in the design of the test device, the experimental platform, and 

the control and measurement systems.  This chapter provides the details of the experimental 

facility and the measurement techniques. 

3.1. Overview of the experimental facility 

The experimental facility for the study of EW-modulated nucleate boiling is shown 

schematically in Figure 3.1.  It consists of five modules: 1) the boiling chamber, which 

hosts the test piece and the working fluid; 2) the imaging system, which includes a high-

speed optical camera, an IR camera, a hot mirror, and a digital pulse generator; 3) the EW 

control unit, which comprises of a function generator and a signal amplifier; 4) the power 

supplies; and 5) the data acquisition system.  The boiling chamber is set up on a heavy-

duty test rig that is custom-built to accommodate both the optical and IR cameras.   
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Figure 3.1.  Schematic of the overall experimental setup. 

3.2. Boiling chamber 

 The nucleate boiling experiments are conducted in the boiling chamber shown in 

Figure 3.2.  The chamber is made up of aluminum alloy, and it houses 4.5 L of the working 

fluid, deionized (DI) water.  Five observation windows are installed on the boiling chamber, 

four on the sides and one on the top cover, to facilitate the optical imaging of the boiling 

process.  On the top cover of the chamber, there are also three access ports for hosting 

thermocouples and pressure sensor to monitor the bulk fluid temperature and the inside 

pressure during the experiments.  A reflux condenser (CG-1216-01, CGI) is fitted via a 

custom-made ground glass joint to the top of the test chamber, which is connected to a 

liquid-liquid heat exchanger (M25, NESLAB) to condense the hot vapor generated during 

the boiling experiment.  The open end of the condenser is sealed with a soft plastic 

membrane.  The condensate then drips back to the boiling chamber, minimizing the loss of 

the working fluid and allowing test runs for extended periods.  Moreover, this configuration 

guarantees the boiling experiments are conducted at atmospheric pressure.   
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Figure 3.3 depicts the isometric view of the inside of the boiling chamber.  The 

silicon test piece is held in place by a fixture.  The fixture consists of an acrylic holder, a 

G-10 block, and an aluminum base plate.  The acrylic holder (shown in Figure 3.6) has a 

circular pocket with a diameter slightly larger than the diameter of the test piece and a 

depth about the same as the thickness of the test piece.  Once set in the pocket, the test 

piece is glued to the holder using high-temperature silicone sealant (Supreme Silicone, GE).  

The G-10 block (Figure 3.5) has two through holes to provide the electrical connection 

between the power supply to the film heater at the backside of the test piece.  The G-10 

block is screwed to the base plate (Figure 3.4) with an EPDM O-ring in between to avoid 

leakage.  There is a 1’’ × 1’’ open hole through the fixture which allows the thermal energy 

radiated from the test piece to be collected by the IR camera for real temperature 

measurement over the entire heated surface area.  Additionally, four cartridge heaters are 

installed in the boiling chamber.  They can provide a combined total power of 800 W, and 

are used to de-gas the working fluid before the experiments.  During the experiments, the 

input power to the cartridge heaters is carefully controlled so that, while the heat loss to 

the ambient is offset and the bulk fluid temperature maintained at the saturation point, the 

bulk fluid motion induced by the natural convection from the heaters has a minimal impact 

on nucleate boiling at the boiling surface.  The latter is ensured by monitoring the wall 

temperature of the test piece when regulating the cartridge heaters.   
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Figure 3.2.  Nucleate boiling chamber.   

  

Figure 3.3.  Cross-sectional view of the boiling chamber. 
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Figure 3.4.  Aluminum base plate: (a) Top-view, (b) Bottom-view, (c) Isometric top-view and (d) 

Isometric bottom view (all dimensions are in inches).  

  

Figure 3.5.  G-10 block: (a) Top-view, (b) Bottom-view and (c) Isometric-view (all dimensions are in 

inches).  
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The test piece is attached to the acrylic holder (Figure 2.6) using high temperature 

silicone based sealant (Supreme Silicone, General Electric Company).  The acrylic holder 

has a circular seat with a diameter slightly larger than the Silicon wafer’s diameter and 

depth slightly larger than the thickness of the silicon wafer.  The test piece is placed on this 

seat at an orientation which is optimal for the enabling the largest field of view of the heater 

for IR imaging.  The silicone based sealant is then applied to the edge of the wafer which 

fills in the gap between the inner walls of the seat and edge of the wafer.  Once the sealant 

is applied, the assembled device on the acrylic holder is allowed to rest for 3 hours in order 

to allow for the sealant to dry and harden in order to be absolutely leak proof.   

 

Figure 3.6.  Acrylic holder: (a) Top-view, (b) Bottom-view a and (c) Isometric-view (all dimensions are 

in inches).  
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3.3. Test piece for EW-modulated nucleate boiling  

 Incorporating the electrowetting phenomenon into nucleate boiling imposes a 

variety of new challenges to the device fabrication.  The basic requirement for the test piece 

is that it must function both as a boiling device and an EW device.  A myriad of device 

configurations have been proposed for conducting the EW experiments.  The prevailing 

one is a multilayer structure (Figure 3.7), where the actuation electrode deposited on the 

silicon substrate is passivated by a dielectric polymer layer to avoid direct contact with the 

working fluid, and the surface hydrophobicity is rendered by a thin Teflon coating as the 

third layer on top of the polymer.  This configuration works well for droplet manipulation, 

however, it suffers several drawbacks for the present nucleate boiling heat transfer 

application.  First, a film heater is required at the backside of the test wafer in order to 

generate heat input to initiate and sustain nucleate boiling.  Thus, multiple fabrication 

processes must be developed to align and produce the patterns on both sides of the wafer, 

making the manufacturing costly and time-consuming.  Second, the mismatch in thermal 

expansion coefficients of the various materials used in the multilayer structure often leads 

to cracking and peeling-off of the surface patterns during boiling heat transfer experiments.  

Third, the commonly used Teflon coating cannot survive the harsh boiling conditions and 

will lose adhesion to the underlying layer at elevated temperatures.  Therefore, a new 

configuration of the test piece is devised in the present research.  The cross section of the 

test piece is shown schematically in Figure 3.7 (a).   
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Figure 3.7.  Schematic representation of the test-piece. 

The substrate is a standard 3” double-side polished silicon wafer (Silicon Quest) 

with a thickness of 385 µm.  The wafer has a 500-nm thick native layer of silicon oxide 

(SiO2) thermally grown on its both sides.  The SiO2 layer is a high-quality electrically 

insulating layer that has been used routinely as a dielectric in numerous semiconductor 

devices.  Thus, the need for an additional dielectric layer is obviated.  Further, since silicon 

has a reasonable electrical conductivity of 1.56 × 10-3 S/m (at 20°C) and, more importantly, 

there is no current flow in EW, the silicon substrate itself is used directly as the electrode 

for EW.  Additionally, a thin layer (~ 50 – 70 nm) of Teflon (AF2400, Dupont) is spin-

coated on the oxide to serve as the hydrophobic layer.  To improve the affiliation of Teflon 

to SiO2, a silane-based adhesion promoter (FSM-660-4, Cytonix) is first dip coated on the 

SiO2 layer before spin-coating Teflon AF 2400.  On the other side of the silicon wafer, a 
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chromium (Cr) thin-film heater (20 mm × 20 mm × 200 nm) is fabricated in the center 

(shown in Figure 3.7 (b)).  An additional layer of copper (Cu) is deposited on the side ends 

of the heater as the contact pads.  The heater circuit is electrically separated from the EW 

circuit by the SiO2 layer.  On the heater side a port is opened to establish a connection to 

the Silicon for applying the electrowetting signal.  By adopting this configuration, the 

device fabrication is greatly simplified without sacrificing any functionality. 

The detailed fabrication procedures are as follows: 

(1) The silicon wafer was rinsed with acetone and isopropanol and dried under 

nitrogen flow.  After this cleaning step, the wafer was exposed to ozone cleaning for a 

period of 5 minutes in an ozone chamber UVOCS Ultraviolet Ozone Cleaning Systems and, 

afterwards, it was baked at 300°C for 10 minutes, to assure the dryness of the surface.   

(2) The silicon wafer was dipped in the 0.4 v% FSM 660-4 solution (diluted with 

a fluoro solvent (FCL-52, Cytonix)) at 70°C for 5 minutes.  After drying at room 

temperature, the wafer was baked at 100°C for 10 minutes and at 150°C for another minute, 

and was then rinsed with FCL-52 to remove the excess fluorosilane.  Subsequently, the 

wafer was spin-coated with 0.8 v% Teflon AF2400 (diluted by FC-40) at 1000 rpm for 1 

minute.  Afterward, it was baked at 175°C for 10 minutes followed by another baking cycle 

at 245°C for 5 minutes.  Finally, in order to achieve the maximum uniformity of coating 

thickness and to enhance adhesion, the coated wafer was heated to 300°C for 15 minutes.  

This allows the polymer to spread uniformly over the substrate and level any hills or valleys 

formed during the drying process (DuPont, 2013).  The resulting Teflon layer has a 

thickness of ~ 70 nm.  
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(3) Once the hydrophobic surface of the test piece was completed, the thin-film 

heater and the electrical connection pads were fabricated on the other side of the silicon 

wafer by using an electron beam (e-beam) evaporator (Thermionics).  First, a layer of 200-

nm thick chromium was deposited over a rectangular area of 45 mm × 20 mm for the heater 

and a smaller area of 5 mm × 3 mm for the electrical connection of EW.  The patterns were 

defined by a mask made of Kapton® polyimide film (DuPont Inc).  Second, a 200-nm Cu 

layer was deposited on the Cr layer to facilitate the soldering of electrical leads to the heater 

and the electrical connection pad for the EW circuit (Note: Cr adheres well both to Si and 

to Cu, acting as an adhesion layer).  Third, a wet etching process was developed with the 

help of a second mask to remove Cu from the desired heater area (20 mm × 20 mm), which 

then only consists of Cr with desired electrical resistance for heat generating purpose.  The 

remaining Cu-coated area serves as the contact pads for soldering electrical leads that are 

connected to external power supplies and multimeters.  A representative test piece 

fabricated is shown in Figure 3.8. 

 

Figure 3.8.  Fabricated device: 3" silicon dioxide wafer with (a) the hydrophobic surface on one side 

and (b) the thin film heater on the other side. 

 

(a) (b)
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3.4. IR thermography 

 Acquisition of the real-time temperature distribution on the boiling surface was 

accomplished using infrared thermography technique.  A high-speed and high-resolution 

IR camera (SC 7650E, FLIR) was employed for this purpose.  The IR camera (Figure 3.9) 

has an Indium Antimonide (InSb) sensor array which operates in the mid-wave IR range 

(1.  5 – 5.  1 µm) and can measure temperature between 5°C – 300°C.  The camera has a 

focal plane array with 640 × 512 pixels, and the frame rate can be varied from 100 Hz with 

full frame to a maximum of 3400 Hz with 48 × 4 pixels. The temperature measurement 

accuracy is ±1°C.  The sensitivity, or the so-called noise equivalent temperature difference 

(NETD), is < 25 mK, which measures the capability of the camera to detect small 

temperature differences.  The temperature measurement accuracy is ±1°C.  The sensitivity, 

or the so-called noise equivalent temperature difference (NETD), is < 25 mK, which 

measures the capability of the camera to detect small temperature differences. Two lenses 

can be used to resolve the temperature field.  One is a close up lens that has a fixed focal 

length of 30 cm and a spatial resolution of 15 µm.  The other one has a variable focal length 

and a resolution of 147 µm, and is used extensively in this research due to its dynamic 

working distance.  The resolution is sufficient to capture the temperature history of 

individual bubble nucleation events since the typical bubble size is on the order of 1 mm 

in the present experiments.   
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Figure 3.9.  IR Camera (FLIR System, SC 7650E) 

 The IR camera is connected to a computer using the gigabit Ethernet (Gig-E) 

digital port.  A built-in software package, ExaminIR, is used to display the real-time 

temperature measurement as a video stream.  The software allows the recording of static 

imagery and/or a collection of image sequences, and the analysis functions include multiple 

spot meters, rectangles, circles, polygons, line profiles (straight and bendable), and 

isotherms.  For area measurements, the minimum, maximum, average and standard 

deviation of temperature can all be generated automatically.   

Infrared temperature measurement works on the principle of thermal radiation.  The 

IR camera that is used to measure the temperature of a surface captures the emitted 

radiation from that surface, and displays a temperature field based on the internal 

calibration curve.  The spectral properties of the measured surface, such as emissivity and 

absorptance, play a critical role in the interpretation of the captured radiant energy into 

accurate temperature readings.  Also, the ambient conditions, such as temperature and 

transmissivity of the medium between the measured surface and the camera, modify the 
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radiant energy incident on the IR sensor.  Thus, all these parameters must be accounted for 

in order to obtain an accurate temperature measurement from the thermal radiation received 

by the IR sensors. 

 

Figure 3.10.  Black body calibrator (Omega Inc., BB702) 

The IR camera (FLIR SC7650E) was equipped with a factory calibration, which 

converts the measured radiance into a temperature scale.  This calibration was performed 

at tightly controlled conditions where the parameters such as emissivity and transmissivity 

are known or can be accurately determined.  If these parameters deviate from the factory 

settings over time, the IR camera should be re-calibrated.  In this research, the IR camera 

was re-calibrated using a black body calibrator shown in Figure 3.10 (BB702, Omega).  In 

doing so, the known emissivity value of the black body surface was first input to ExaminIR.  

At each calibration point, the calibration source was set to that specific temperature.  The 

camera was then pointed at the source.  The software measures the thermal radiance from 

the blackbody and assigns the input temperature to the measured radiance after applying 

the non-uniformity correction algorithms for all pixels.  In this work, a multipoint 
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calibration was performed with a temperature step size of 5°C over two temperature ranges 

of interest, 80.2°C – 148°C and 120.2°C – 250°C.  The first temperature range is typically 

encountered in the nucleate boiling regime, and the second on in the film boiling regime.   

 Other than the re-calibration of the IR camera, the surface conditions are also 

critical to an accurate temperature measurement.  In this work, the boiling surface 

temperature is inferred from the measured temperature of the thin-film heater.  

Unfortunately, the surface emissivity of the heater cannot be determined straightforwardly.  

Furthermore, the direct measurement of a shiny metallic surface will give rise to the 

narcissus effect (Lau, 1977; Scherr et al., 1996).  The narcissus effect refers to the 

appearance of a dark spot which is visible in an otherwise bright background when a 

Sterling-cooled IR detector array is directed towards a flat reflective surface.  When the 

reflection of the internal sensor array is registered by the sensors themselves, which are at 

a much lower temperature (77 K) than the background, the acquired IR image will show 

an abrupt change in the measured radiation distribution.  The narcissus effect was induced 

by three factors, namely, the image formation, the surface spectral reflectance, and the 

temperature difference (Lau, 1977).  In this work, the first and the third factors cannot be 

modified to eliminate the narcissus effect, since they are dependent on the IR camera and 

the boiling condition being measured, respectively.  Thus, a water-based black paint 

(8MJ24-311(01), Createx Colors) was spray-painted on the heater surface to control the 

surface spectral reflectance.  The paint has an emissivity of 0.97 according to the vendor.  

With the application of a thin layer of the black paint (~ 6 µm), it is observed that the 

narcissus effect can be effectively removed, and spatially resolved temperature 

measurements can be obtained.  However, it is noted that care must be taken during the 
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painting process in order to attain a uniform layer of paint; otherwise, artificial temperature 

gradients may be observed in the IR measurements. 

As shown in Figure 3.1, the radiated thermal energy from the test piece is not 

directly incident on the sensor array of the IR camera; instead, it is reflected from a hot 

mirror (N-BK7, Edmund Optics).  The mirror is essentially a right-angle prism coated with 

a protective gold layer that acts as the reflection plane (shown in Figure 3.11).  The 

reflectance of the gold coated surface is > 97% over the wavelength range of 1.5 – 2.5 µm 

(Figure 3.11 (b)). 

 

Figure 3.11.  IR mirror: (a) Schematic representation of the hot-mirror.  (b) Percentage reflectance of 

different coatings for different wavelength ranges.  [Image courtesy: Edmund Optics 

Inc.].  

3.5.  High speed optical imaging 

 An ultra-high-speed camera (FASTCAM-ultima APX, PHOTRON) was used to 

visualize the nucleate boiling process.  The frame rate was varied from 1000 frames per 

second (fps) to 8,000 fps, and the shutter speed was set to 1/1000 1/16000 s to capture the 

bubble dynamics at different stages of boiling.  A high-power illumination source was used 

to compensate for the short exposure time at the high frame rates.  Two different lenses 

were used to visualize the boiling phenomena.  A Nikon micro-lens (105mm f/2.8G ED-

(a) (b)
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IF AF-S VR Micro-Nikkor) was used to resolve the details of individual bubbles during 

nucleate boiling, and a Nikon 18-105 mm lens (AF-S DX VR Zoom-Nikkor 55-200mm 

f/3-5.6G IF-ED) was used to study the overall changes of the liquid-vapor interface during 

the film boiling transition.   

3.6. Electrical and data acquisition systems 

 A function generator (294-U 115V, Fluke) was used in combination with an 

inverting amplifier (BOP 200-1D-BIT 4886, KEPCO) to generate the desired electrical 

signals to control EW.  In this work, a 50% duty cycle square waveform with a DC offset 

is used as the input EW signal (Figure 3.12).  The amplitude of the signal alternates at a 

steady frequency between fixed minimum and maximum values, with the same duration at 

minimum and maximum.  The applied DC offset is adjusted for difference cases such that 

the signal oscillates between zero and a desired peak amplitude value.  The root mean 

square value of this signal is calculated as 

 2 2

.m.sr DCV a V  , (3.1) 

where VR.M.S is the root mean square value of the signal, a is the amplitude and VDC is the 

magnitude of the applied DC offset. 

 

Figure 3.12.  Schematic representation of the AC EW waveform. 
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A pulse generator (BNC 565, Berkeley Nucleonics) was used to produce the 

transistor-transistor logic (TTL) pulse that triggers both the IR and optical cameras to 

record an image simultaneously to allow the synchronization of the image sequences.   

The power to the thin-film heater was supplied using a DC power supply (N5771A, 

Agilent).  Four cartridge heaters (HT 20873, Thermal Solutions of Texas.) were powered 

by two variacs to degas the bulk fluid and to maintain its temperature at the saturation point.   

The temperature of the liquid in the pool was monitored using a thermocouple.  A 

data acquisition system (34970A, Agilent Inc.) was used to record the room temperature, 

bulk liquid temperature, power supplied to the heater.  
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Chapter 4.  EXPERIMENTAL PROCEDURE AND DATA 

REDUCTION 

 A synchronized high-speed optical imaging and IR thermography approach is 

developed in the present research for the EW-modulated nucleate boiling experiment.  It 

allows the bubble dynamics, local distributions of wall temperature and heat flux on the 

boiling surface to be measured simultaneously with superb spatial and temporal resolution.  

However, this novel technique also creates some challenges in the experimentation, signal 

acquisition and data analysis, which are further complicated by the incorporation of the 

EW effect into the boiling process.  This chapter is devoted to the discussion of these 

challenges on the test procedures, the data analysis models and the uncertainty analysis. 

4.1. Experimental procedures  

4.1.1. Nucleate boiling experiments 

Prior to each nucleate boiling experiment, the DI water in the boiling chamber was 

degassed by vigorously boiling for about three hours using the four immersion cartridge 

heaters.  Once the degassing process was completed, the power level to the preheaters was 

lowered just enough to maintain the bulk liquid at saturation temperature (100°C at 

atmospheric pressure in Houston, Texas).  Cautions were exercised to make sure no bubble 

nucleation was observable on the surface of the preheaters.  Subsequently, the nucleate 

boiling heat transfer experiments were conducted by slowly increasing the power input to 

the thin-film heater on the test piece.  Once the power input was set, it usually took 10-15 

minutes for the system to attain the steady state.  A steady state was deemed to have reached 
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when the average temperature measured by the IR camera over a representative region of 

interest became and remained stable for at least 5 minutes (Note: the instantaneous 

fluctuation depends on the specific boiling regime).  The measured parameters, including 

the applied voltage and current, the bulk fluid temperature, and the stream of synchronized 

optical and IR images, were recorded by the data acquisition system.  Following that, the 

power input was increased with small increment, and the test procedure is repeated for 

subsequent experiments.  All the experiments were performed at atmosphere pressure.   

In the EW-modulated nucleate boiling experiments, the EW signals were controlled 

independently with regard to the power input to the film heater.  The function generator 

and the signal amplifier were first regulated to obtain the EW waveform with the desired 

frequency and voltage amplitude.  Once the EW signal was established, the power supply 

for heating was switched on and the test procedure for nucleate boiling experiments was 

followed.  The frequency/voltage of the EW signal was varied only after one boiling test 

was completed.  One exception was that, to demonstrate the drastic wall temperature drop 

induced by EW, the EW signal was turned on and off abruptly when boiling enters the film 

boiling regime in one specific experiment.   

4.1.2. Bubble EW experiments 

The vast body of knowledge on EW has been derived primarily from the droplet-

substrate systems (Mugele and Baret, 2005).  In contrast, only limited research has been 

undertaken to characterize the EW behavior of gas/vapor bubbles on a substrate (Ko et al., 

2009; Zhao and Cho, 2007), and all the available studies were conducted at room 

temperature.  Consequently, very little, if anything at all, is known about what can be 

expected for a bubble-substrate system under EW at elevated temperature.  For instance, 
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since the liquid-vapor, liquid-solid and solid-vapor surface tensions decrease sharply with 

temperature, it is unclear if the EW will still follow the Lippmann equation as the 

temperature increases.  In this work, the basic EW experiments were performed for an 

injected gas bubble at both room temperature and the saturation temperature.   

In the experiments, an air bubble (~ 9 µl in volume) was injected onto the Teflon-

coated surface of the test device with the help of a micropipette.  The film heater was 

powered off.  Experiments were carried out to observe the time response of the bubble 

under both applied DC and AC EW signals.  The high-speed optical camera was used to 

measure the time history of the contact angle, the height and the footprint size of the bubble 

on the surface.   

4.2. Data reduction  

4.2.1. IR temperature measurement 

All the important information of the temperature and heat flux fields is acquired 

using IR thermography in the present research.  As compared to other temperature sensing 

techniques, such as thermocouples, RTDs and thermistors, IR thermography requires no 

contact with the object and is able to provide 2D mapping of the temperature field over a 

large area.   

As shown in Figure 4.1, the heater surface temperature, Th, is the measurand.  

However, the thermal radiation energy intercepted by the IR camera comes from various 

sources, including the heater, the hot mirror and the ambient, etc.  Therefore, the 

temperature registered by the IR camera is not necessary the true temperature Th.  An in-

depth understanding of the radiation heat transfer between the IR sensor and various 
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external sources is required in order to make correct interpretation of the measured 

temperature data.   

  

Figure 4.1.  Schematic diagram showing the IR measurement setup. 

The radiation energy incident on the IR sensor array, Et, is primarily from the hot 

mirror (both emitted and reflected) and the atmosphere is can be written as  

 
t mE E E  ,                 (4.1) 

where Em is the total radiation energy emitted/reflected by the mirror and E∞ is the 

atmospheric radiation.  The total energy reflected by the mirror is given by 

  
em m h h a mE E E E E       ,                             (4.2) 

where ρm is the reflectance of the mirror (~0.98), and τ∞ is the transmittance of air (= 0.98) 

(Gerritsm.Cj and Haanstra, 1970) and 
emE  is the radiation emitted by the mirror which is 
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neglected since the emissivity of the mirror is very low (εm ~0.02) as result of its high 

reflectance ρm.  Eh is the energy radiated by the heater and is given by 

 
4

h h hE T   .                 (4.3) 

Here, εh is the emissivity of the heater surface (εh = 0.97), which means the corresponding 

reflectance, ρh = 0.03; and σ is the Stephan-Boltzmann constant (σ  = 5.67 × 10-8 Wm2/K4). 

In Eq. (4.2), Ea refers to the energy radiated by the surfaces in the half sphere when 

observed from a point on the heater surface.  In our case the temperature of all such surfaces, 

Ta, is assumed to be similar since they form a part of the boiling setup as shown in Figure 

4.1.  Ea is thus given by 

 
4

a a aE T   ,               (4.4) 

where εa is the emissivity of these surfaces which is very low (~0.05).  The emission from 

the atmosphere is given by 

 
4E T     ,                 (4.5) 

where T∞ is the atmospheric temperature and ε∞ is its emissivity which can be calculated 

as 

 (1 )     .                  (4.6) 

Hence, Eq (4.  2) can be written as 

 
4 4 4{ (1 ) (1 ) }m m h h h aE T T T              .                    (4.7) 

Substituting the expressions of Em and E∞ in Eq. (4.1) yields,  
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4 4 4 4{ (1 ) (1 ) } (1 )t m h h h aE T T T T                    .          (4.8) 

 On the other hand, the radiation energy received by the IR sensor can be written as  

 
4 4( )t s t sE T T   ,                                       (4.9) 

where Tt is the total measured temperature, Ts is the sensor temperature (= 77 K) and αs is 

the absorptance of the sensor array (~ 1) (Kaiser and Fan, 1955; Moss and Hawkins, 1958).   

Therefore, the actual heater surface temperature, Th can be calculated as: 

0.25
4 4(1 ) (1 )h a

h

h

B T T
T

 



 
         
  

,                                  (4.10) 

where  

 

4 4 4( ) (1 )t t s
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 .     (4.11) 

In Eqs.  (4.10) – (4.11), Tt is the raw data recorded from ExaminIR and all other 

parameters can be found from the foregoing discussions.  Based on this equation, a Matlab 

algorithm was programmed to convert Tt to the actual heater surface temperature Th.   

4.2.2. Boiling surface temperature  

Figure 4.2 shows the cross-sectional view of the test piece, where the 3” silicon 

wafer is 385 µm thick with a 500-nm SiO2 layer on each side and the chromium thin-film 

heater at the backside measures 20 mm × 20 mm × 200 nm (The thermophysical properties 

of the materials are numerated in Table 4.1). 
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Figure 4.2.  Cross-sectional view of the test piece.. 

 During the experimental operations, Joule heating is generated uniformly in the 

film heater.  However, due to the thin thickness of the heater, a constant heat flux boundary 

condition can be assumed over the heater area.  Further, the front side of the test piece is 

exposed to the boiling water, and the backside is open to the ambient air.  Once the heater 

surface temperature Th is known, the boiling surface temperature, Tw, can be estimated as 

follows.   

4.2.2.1. Heat loss due to natural convection 

Since the backside of the test piece is facing the ambient air, heat loss due to natural 

convection must first be considered.  For this kind of lower surface of a hot plate, the 

McAdam’s (McAdams, 1954) correlation can be used to calculate the Nusselt number 

0.250.27 LNu Ra ,    (4.12) 

where the Rayleigh number is    3

hRa g T T L    in which sL A P  and As and 

P are the surface area and perimeter of the thin-film heater.  The natural convection heat 

transfer coefficient is then calculated as 

 a
NC

Nu k
h

L


 , (4.13) 
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where ka is the thermal conductivity of air.  The heat lost due to natural convection is then 

calculated as 

 ( )NC NC h hq h A T T  .    (4.14) 

 Accordingly, the net heat flow through the test piece into the bulk liquid is  

 
Gen NCq q q  , (4.15) 

where qGen is the Joule heating generated in the thin-film heater and is calculated as  

 GENq V I  ,  (4.16) 

where V and I respectively are the measured voltage drop across the film heater and the 

corresponding current flow. 

Table 4.1.  Dimensions and thermo-physical properties. 

 

4.2.2.2. Heat conduction through the test piece 

 To estimate the boiling surface temperature Tw, a 3D heat conduction problem 

should be solved in a computational domain consisting of the entire test piece.  However, 

the area ratio of the heater to the wafer is found to be very small (0.02), and, therefore, the 

thermal spreading resistance is so high that the heat conduction flow is restricted to the 

Material 
Density 

(kg/m3)

Specific Heat 

(J/Kg-K)

Thermal 

Conductivity 

(W/m-K)

Cr 7160 449 93.7

Cu 8933 385 401

Si 2329 700 149

SiO2 2150 5.168 0.01
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volume right above the film heater, as shown in Figure 4.3 (Lee et al., 1995; Naraghi and 

Antonetti, 1993).  In other words, the heat input only affects an area of the same size of the 

heater on the other side of the wafer, i.e., the boiling surface. 

 

Figure 4.3.  Schematic representation of the simplified conduction domain. 

Thus, the governing equation is 

2 2

2 2
0

T T

x z

 
 

 
, (4.17) 

with the boundary conditions being, 

( ,0) , L x Lh h hT x T for    ,                           (4.18) 
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,  (4.19) 

and  

 " A ( ) , L x L
SiNB h w b z t h hq h T T for     .                    (4.20) 

 Further considering the extremely small cross sectional area, the in-plane heat 

conduction flow can be neglected and only the cross-plane heat transfer is considered.  

Thus the computational domain reduces to the volume right above the heater (as shown in 

Figure 4.3).  Hence, the Eq. (4.17) can be simplified to 
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with the boundary conditions being, 

 
0|h zT T  ,  (4.22) 
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,  (4.23) 

and  

 " A ( ) |
SiNB h w b z tq h T T   .   (4.24) 

 The nucleate boiling heat transfer coefficient, hNB in Eq. (4.24) is unknown in our 

case.  However, considering the negligible thermal spreading and cross-sectional area of 

the Si wafer, the wall temperature, Tw can be calculated based on the heat generated by the 

film heater as 

"Si
w h

si

t
T T q

k
   , (4.25) 

where q” is the heat flux from the thin film heater into the Si wafer and is given by  

 " GEN hq q A ,  (4.26) 

where GENq  is the heat generated by the film heater and Ah is area of the heater.   

 The accuracy of the calculated Tw based on the above analysis has been verified by 

comparing the results from a numerical model.  For the verification purpose, thermal 

analysis on a CFD based numerical model is performed using ANSYS FLUENT 15.0 on a 
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2-dimensional domain as shown in figure 4.4 (a).  This domain represents the cross-

sectional geometry of the Si wafer.  In the analysis, the temperature of the wall on the 

boiling side exactly above the heater region is calculated by specifying the heater wall 

temperature and other boundary conditions explained below.  The development of a 

suitable meshing scheme for discretization of the domain presented a small challenge due 

to the large aspect ratio of the domain.  Hence, a very fine grid with a maximum spacing 

of 40 µm was chosen after performing a grid independence study. 

The bottom wall, which is on the heater side, is divided into three sections by the 

heater region which is located centrally. A constant wall temperature boundary condition 

is specified on the heater region of the bottom wall.  The temperature values specified in 

this boundary condition are obtained from the measurement centerline temperature of the 

heater (as shown in figure 4.4(b)) during a nucleate boiling experiment.  The choice of the 

centerline temperature is made to account for a very high temperature gradient along the 

heater wall in the numerical analysis.  Here the hot spots represent nucleation sites covered 

with bubbles.  The measured temperature is incorporated in the model using a profile file 

generated after interpolating the measured temperature values in order to map them on the 

nodes of the generated mesh.   
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Figure 4.4.  Numerical simulation for Tw verification: (a) Domain, (b) Heater temperature (Th) and (c) 

Temperature distribution in the wafer cross section from the simulation results. 

For the remaining two regions of the bottom wall and the side wall of the domain 

adiabatic boundary conditions are used.  A convective boundary condition is specified at 

the wall on the boiling side of the domain.  Here, the free stream temperature is specified 

as 100°C and an average heat transfer co-efficient of 105 W/m2-K (Duffey and Porthouse, 

1973) is used to simulate a very high nucleate boiling heat transfer coefficient.  The choice 

of a very high value of the heat transfer co-efficient is intentional in order to determine the 

maximum possible difference in the values of Tw computed from the numerical analysis 

and obtained from Eq. (4.25).  The boiling surface temperature, Tw is determined by solving 

the steady energy conservation equation.  Figure 4.4(c) shows the temperature distribution 

in the domain obtained from the numerical simulation. 
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The comparison of the values for Tw obtained from the numerical simulations and 

conduction based model is shown in Figure 4.5 along with the measured heater wall 

temperature, Th, which is used as one of the boundary conditions.  The Tw from Eq (5.25) 

is calculated based on the measured heat flux generated by the thin film heater for the same 

experimental data point.  It is observed that the average difference in the values of Tw is 

0.8% which corresponds to a maximum value of 0.85°C.  This value is within the 

measurement accuracy of the IR camera (~1°C).  Hence, based on the above analysis it is 

clear that the boiling surface temperature, Tw can be accurately calculated by using a 1-

dimensional heat conduction analysis. 

  

Figure 4.5.  Comparison of boiling surface temperatures. 

4.2.2.3. Steady vs unsteady state considerations 

In the previous section, a steady-state heat conduction problem was solved to 

estimate the boiling surface temperature Tw, based on the IR measurement of the heater 

temperature Th.  The underlying assumption is that Th is the projection of Tw, and they are 

simultaneous, i.e., any change in Tw will lead to an instantaneous change in Th with no time 
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delay.  However, nucleate boiling is a highly dynamic process with a typical bubble 

departure frequency of 1 – 100 Hz.  Thus, it is questionable if the steady-state assumption 

will still hold under the transient conditions of boiling. 

Table 4.2.  Comparison of penetration distance of a thermal wave with actual thickness of different 

layers in the test piece. 

 

Gerardi and Boungriorno in their work (Gerardi, 2009) investigated the rate at 

which a harmonic thermal wave would penetrate through a semi-infinite medium (shown 

in Figure 4.6).  The transient conduction equation T is  

 

2

2t t

 


 


 
,  (4.27) 

with the following boundary conditions 
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where θ is the non-dimensional temperature, α is the thermal diffusivity and f is the 

frequency of the harmonic temperature wave.  Solving Eq. (4.27) the distance at which the 

magnitude of the wave applied at the boundary would reduce by 90% can be calculated as 

Material α (m2/s) f (Hz) L10% (m)
Thickness 

(m)
Thickness/L10%

Silicon 8.80 x 10-5
1 1.22 x 10-2

3.85 x 10-4
3.16 x 10-2

100 1.22 x 10-3 3.16 x 10-1

Silicon 
dioxide

8.30 x 10-7
1 1.18 x 10-3

1.00 x 10-7
8.47 x 10-4

100 1.18 x 10-4 8.47 x 10-3

Chromium 2.92 x 10-5
1 7.01 x 10-3

2.00 x 10-7
2.85 x 10-5

100 7.01 x 10-4 2.85 x 10-4
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 .   (4.29) 

For a domain with finite thickness, the temperature wave will penetrate through it almost 

instantaneously with no decay if the thickness is considerably smaller than L10% (Pioro et 

al., 2004a, b). 

 

Figure 4.6.  Schematic of the problem defined in equation 4.27 

 Using this model, L10% in three solid materials (silicon, silicon oxide and chromium) 

can be computed.  The lower bound and higher bound of the bubble departure frequency, 

1 Hz and 100 Hz, are used as the frequency of the applied periodic boundary condition.  

The calculation results are summarized in Table 4.2, which also includes the ratio of the 

actual material thickness with respect to the penetration distance.  It can be seen clearly 

that the silicon substrate and the two coating layers are several orders of magnitude thinner 

than L10%.  Consequently, the two temperatures, Tw and Th, can be treated as a simultaneous 

pair, and the steady-state heat conduction model is reasonable in the estimation of the 

boiling surface temperature. 
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4.2.3. Local wall heat flux calculation 

While a constant and uniform heat flux is assumed on the heater surface, the actual 

distribution of wall heat flux on the boiling surface is inhomogeneous.  This is because 

various heat transfer mechanisms, including natural convection, conduction and 

evaporation, exist simultaneously in the boiling process; however, each mechanism may 

take dominance at different locations on the boiling surface and/or at different stages of 

boiling.  Thus, knowing the local wall heat flux distribution will help to determine the 

energy partitioning pathways of different heat transfer modes during nucleate boiling, 

which is a long-standing puzzle in the study of boiling.   

 

Figure 4.7.  Control volume used for estimation of local boiling heat flux. 

Unfortunately, only the surface temperatures are readily available from the 

experimental measurements, and estimating the wall heat flux from known surface 

temperature is an infamous ill-posed problem, i.e., the inverse heat conduction problem 

(IHCP) (Gross et al., 2005; Heng et al., 2010).  Various methods have been proposed to 
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tackle the IHCPs encountered in boiling research (Heng et al., 2010; Jung et al., 2014; Jung 

and Kim, 2013; Wagner and Stephan, 2009).  However, the solutions are often 

mathematically involved and are very sensitive to errors in the temperature measurements.   

In the present research, an energy balance-based model was developed to estimate the 

local wall heat flux, which is simple, robust and easy to implement.  Figure 4.7 shows the 

differential control volume (CV) used for the model.  The x- and y-direction dimensions 

of the CV (dx and dy) are equal to the pixel size of the IR image, whereas the z-direction 

dimension (dz) is the thickness of the silicon wafer.  Applying the energy conservation to 

the CV yields.   

 
x y h x dx y dy b p

T
q q q q q q C dx dy dz

t
 


       


,  (4.30) 

where qx, qy, and qh represent the heat transfer rates entering the CV in the x, y and z 

directions, whereas qx+dx, qy+dy, and qb are the heat transfer rates leaving the CV;  is the 

equivalent heat transfer rate due to Joule heating in the heater, 
" ( ) /h hq V I A   where, Ah 

is the area of the heater;  is the heat transfer rate the boiling surface, and dxdydz 

is the energy storage term. By using Taylor series expansion and neglecting the higher 

order terms Eq. (4.30) transforms to 
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The conduction heat rates can be evaluated from Fourier’s law 
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where k is the thermal conductivity of the medium in the control volume and is isotropic 

in our case.  Accordingly, the equation 4.31 becomes, 
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where dV is the volume of the control volume under consideration and is equal to dxdydz.  

From Eq. (4.33), the boiling heat flux, 
" ( )b bq q dx dy  , can be estimated as 

 
"2 2
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2 2
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.   (4.34) 

  In order to evaluate the wall heat flux, the temperature field needs to be discretized 

in both space and time.  The discretization of the spatial terms is based on a central 

differencing scheme of a second order accuracy and is given by  
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The temporal term which relates to the energy storage is discretized using a backward Euler 

discretization scheme as  

 

1n n nT T T

t t

 


 
.   (4.36) 

In the above equations, Δx, Δy and Δt refer to the discretization length and time scales, 

Δxi,j = the pixel size of the IR image, and Δt = 1/frame.   
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4.3. Uncertainty analysis   

Table 4.3.  Uncertainty values for different temperature measurements. 

Measurand Accuracy Uncertainty 

Th ± 1 K ± 1 K 

Ta ± 1 K ± 1 K 

T∞ ± 1 K ± 1 K 

V ± 0.01 V ± 0.01 V 

I ± 0.01 A ± 0.01 A 

l ± 0.01 mm ± 0.01 mm 

b ± 0.01 mm ± 0.01 mm 

tSi - ± 25 µm 

 

A standard uncertainty analysis was conducted using the Kline-McClintok 

approach (Kline and McClintok, 1953).  The measurement uncertainty in the heater wall 

temperature, δTh, can be calculated from Eq. (4.10), 

      
2 2 2

h aT P B Q T R T          ,  (4.37) 
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and B is given by Eq (4.11).  δTt, δTa and δT∞ are the uncertainties associated with the 

measurement of the heater temperature using IR camera, the bulk fluid temperature and the 

atmospheric temperature.  Similarly the measurement uncertainty within Tw is  
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and  
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, (4.47) 

where l and b are the length and width of the heater, and tsi is the thickness of the silicon 

wafer.  The terms δV, δI, δl, δb and δtSi are the measurement uncertainties associated with 

the voltage, current, length, width and the thickness, respectively.  Their values are 

tabulated in table 4.3. 
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Chapter 5.  NUCLEATE BOILING ON HYDROPHILIC AND 

HYDROPHOBIC SURFACES 

 In order to gain some fundamental knowledge of nucleate boiling on surfaces with 

different wetting properties, two baseline experiments were conducted on a hydrophilic 

surface and a hydrophobic surface, respectively, in the present research. The synchronized 

high-speed optical imaging and IR thermography approach was utilized to study the bubble 

dynamics and boiling heat transfer characteristics over the entire range of boiling process, 

from the ONB, fully developed nucleate boiling to CHF. By comparing the experimental 

measurements on the two surfaces, the emphasis was on revealing the effect of surface 

wettability on the basic boiling heat transfer mechanisms.  Another purpose of the work is 

to validate the integrity of the experimental facility, the test procedures and the data 

analysis models.  This chapter presents the details of the experimental observations and 

discusses the key differences in nucleate boiling heat transfer that are induced by the 

distinctive surface wettability. 

5.1. Overview of the nucleate boiling experiments 

The nucleate boiling heat transfer experiments were carried out on a hydrophilic 

and a hydrophobic surface.  The hydrophilic surface consists of the mirror-finished SiO2 

layer of a bare silicon wafer with the thin-film heater fabricated at its backside.  The 

inherent contact angle of a sessile water droplet on this surface was measured to be 38°.  

The EW-modulated boiling test piece was used to conduct the boiling experiments on a 

hydrophobic surface, but the EW circuit was switched off during the tests.  The static 
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contact angle on the Teflon coating was found to be 120°.  The experimental procedures 

described in Chapter 4 were followed. 

5.2. Onset of Nucleate Boiling 

5.2.1. Hydrophilic surface 

On the hydrophilic surface, the ONB occurs at ΔTsup = 12 °C and q’’ = 35.9 kW/m2.  

a bubble ebullition cycle at the ONB conditions, which includes the bubble nucleation, 

growth and departure on the boiling surface. Once the liquid above the heater surface 

reaches the required wall superheat to activate the nucleation site, the nucleation process 

initiates.  It is noticed that, after nucleation, the bubble grows almost axisymmetrically with 

a truncated sphere shape.  The three-phase contact line spreads on the surface till it is 

pinned at t = 10.83 ms, at which moment the footprint of the bubble reaches its maximum.  

Afterwards, the bubble continues to grow in the vertical direction.  Once the bubble attains 

a sufficiently large volume, the buoyancy force becomes dominant over the surface tension 

force acting on the contact line.  As a consequence, the contact line starts to contract and 

the bubble base on the boiling surface gradually shrinks (t = 13 ms).  The bubble eventually 

detaches from the surface at t = 21.67 ms when the vapor-solid interface completely 

disappears.  The corresponding bubble departure frequency is 46.14 Hz. 
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Figure 5.1.  Nucleation cycle at ONB on a hydrophilic surface at q”= 35.9 kW/m2: (a) Optical images 

and (b) Local wall temperature (°C). 
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The evolution of the local wall temperature at the nucleation site is shown in Figure 

5.1 (b).  The color bar at the bottom indicates the temperature scales, i.e., the wall 

temperature varies between 100°C and 115°C in this graph.  Once nucleation occurs, it is 

found that the wall temperature drops significantly in a small circular region, and the time 

development of this cold region correlates well with the bubble dynamics illustrated in 

Figure 5.1 (b).  The reduced temperature in the cold region is due to the strong evaporation 

in the microlayer beneath the bubble (Gerardi, 2009; Wagner and Stephan, 2009).  When 

the contact line retracts (t = 13 ms), the cold region also diminishes in size till it almost 

disappears at the bubble departure (t = 21.67 ms).  However, it is not completely gone, as 

evidenced by the light-colored region in Figure 5.1 (b).  This is because, right after the 

bubble departs, the cooler liquid flowing in from the bulk is able to rewet the surface and 

keeps the wall temperature low.  A waiting period is then needed before the wall 

temperature can increase via transient conduction and reach the superheat value required 

for bubble nucleation in the next ebullition cycle. 

5.2.2. Hydrophobic surface 

The ONB occurs at a much lower wall superheat and heat flux (ΔTsup = 4 °C and 

q’’ = 3.7 kW/m2) on the hydrophobic surface.  The bubble dynamics shown in Figure 5.2 

(a) is drastically different from that on a hydrophilic surface.  First of all, the bubble 

nucleation initiates from a residual vapor patch left from the preceding ebullition cycle.  

Second, the bubble footprint does not exhibit significant variation between t = 659.75 ms 

and t = 913.5 ms.  During this period, the bubble volume growth is primarily along the 

vertical direction, thereby deforming the bubble to an elongated shape.  Third, bubble 

departure occurs quite abruptly, i.e., the neck of the vapor bubble pinches off between t = 



63 

 

1.4715 s and t – 1.523 s, in sharp contrast to the gradual process in Figure 5.2 (a).  Lastly, 

the departing bubble leaves a trace amount of vapor on the boiling surface which evidently 

facilitates the next nucleation event.  Overall, the entire ebullition cycle takes about 1.523 

s with a corresponding departure frequency of 0.656 Hz. 

The variation of the local wall temperature on the hydrophobic surface is shown in 

Figure 5.2(b).  Again, a clear correlation between the temperature distribution and the 

bubble dynamics can be identified, similar to Figure 4.1.  However, the footprint of the 

bubble registers a hot spot on the boiling surface, i.e., a region of higher temperature than 

its surrounding.  This is a striking distinction from what was found on the hydrophilic 

surface.  It is primarily caused by the difference in the microlayer structures, and the 

detailed physical mechanism will be discussed in a later section.  Another observation from 

Figure 5.2 (b) is that the overall temperature variation is very small, i.e., between 101.1°C 

– 102.1°C across the entire domain.    

5.2.3. Quantitative comparison of bubble dynamics at ONB 

Bubble dynamics on a hydrophilic surface for different contact angles (20-90°) are 

well researched both experimentally and numerically (Phan et al., 2012; Phan et al., 2009a, 

b; Xu and Qian, 2014) however, there is only very limited work on hydrophobic surfaces 

(Nam et al., 2009).  Thus, many important details are missing in the fundamental 

understanding of the different nucleation processes on the hydrophilic and hydrophobic 

surface.  In the following, some salient features in this regard will be discussed based on 

the experimental observations in the present work.   
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Figure 5.2.  Nucleation cycle at ONB on a hydrophobic surface at q”=3.7 kW/m2: (a) Optical images 

and (b) Local wall temperature (°C).  

t = 0 ms t = 101.5 ms t = 659.75 ms

t = 913.5 ms t = 1.1167 s t = 1.3195 s t = 1.370 s

t = 1.421 s t = 1.4715 s t = 1.523 st = 1.522 s

t = 406 ms

6 mm (a)
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t = 1.421 s t = 1.4715 s t = 1.523 st = 1.522 s

t = 406 ms

12.79 mm (b)
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 The bubble footprint on the boiling surface defines the three-phase contact line 

region, which serves as the primary window for the mass, momentum and energy exchange 

among the liquid, vapor and solid phases.  Figure 5.3 compares the evolution of the bubble 

footprint radius on the hydrophilic and hydrophobic surface.  Similar to the optical 

observations in Figures 5.1 and 5.2, it is seen that the base of the bubble first grows to a 

certain size and then becomes pinned on both surfaces.   

However, the growth rate is very different: the contact line expands at a speed of 

251.62 mm/s on the hydrophilic surface whereas the growth speed is 1.83 mm/s on the 

hydrophobic surface.  The variance in the contact line speed is primarily due to the different 

evaporation rate near the contact line region, which is governed by both the applied heat 

flux and the structure of the microlayer.  The ONB heat flux for the hydrophilic surface 

(3.7 kW/m2) is almost ten times higher than that on the hydrophobic surface (3.7 kW/m2).  

More importantly, as will be discussed later in the chapter, the wedge-shaped microlayer 

on the hydrophilic surface does not exist on the hydrophobic surface, and, therefore, the 

evaporation rate near the contact line is much weaker.   

 

Figure 5.3.  Bubble footprint radius evolution: (a) Hydrophilic surface and (b) Hydrophobic surface 
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Additionally, the bubble departure can be characterized by the retraction of the 

bubble footprint in Figure 5.3.  On the hydrophilic surface, the bubble footprint shrinks at 

a speed of 204.8 mm/s, and it is 34.85 mm/s on the hydrophobic surface.  It is further 

noticed that the maximum radius of the bubble footprint on the hydrophilic surface (3.0 

mm) is larger than that on the hydrophilic surface (2.25 mm) (Figure 5.3).  This can be 

explained by examining the force balance at the contact line.  As shown in Figure 5.4, the 

horizontal component of the surface tension force , reverses its direction on a non-

wetting surface, and this added forces aids in the spreading of the contact line on the 

hydrophobic surface.  On the other hand, the surface tension force exerting on the contact 

line is proportional to the perimeter of the bubble footprint 

 2F d    . (5.1) 

Since it is the surface tension force that acts against the buoyance force holding the 

bubble on the boiling surface, the results in Figure 5.4 suggests the bubble tends to linger 

more favorably on the hydrophobic surface and it must grow to a larger volume before 

departure is possible.   

 

Figure 5.4.  Schematic diagram illustrating different forces on a sessile bubble at equilibrium: (a) On 

a hydrophilic surface and (b) On a hydrophobic surface. 

LV
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 Thus, the surface tension force on the contact line increases with the increase in the 

radius of the bubble footprint.  Thus, a higher volume is required for a bubble to overcome 

the effects of surface tension in order to depart from the surface.  It is also observed that 

after for the hydrophobic surface the bubble gets pinned the height keeps on increasing at 

a steady rate (Figure 5.5).  This happens since the pinning of the bubble does not allow for 

any more expansion of the bubble base, thereby increasing the temperature of the vapor 

inside the bubble which in turn causes rapid evaporation at the liquid-vapor interface near 

the wall.  This evaporation process causes the bubble volume to expand.  The buoyancy 

effects arising due to the increased vapor volume stretches the bubble in a direction 

opposite to gravity thereby causing the increase in height of the bubble.  Once, the volume 

of the bubble is high enough the buoyancy forces overcome the surface tension force and 

the contact line starts receding.  It is observed that the shrinking of the contact line is very 

rapid as compared to its rate of growth during the early stages of the bubble cycle.  At this 

time, the bubble height also increases rapidly and the bubble departs leaving behind a small 

volume of vapor on the surface which forms the next bubble.  Similar observations have 

been reported by Nam et al.  (Nam et al., 2009).   

The variation in the contact angle at different stages of the ebullition cycle is 

illustrated in Figure 5.6.  On a hydrophilic surface, the contact angle starts off at ~ 70° upon 

the bubble nucleation, and it decays quickly to 30° when the contact line gets pinned at t = 

5 ms, as shown in Figure 5.6 (a).  During this process, the receding contact angle is assumed 

since the liquid-vapor interface is retreating from the original position.  It is thus not 

surprising that the contact angle drops below its intrinsic equilibrium value of 38°.  At t = 

12 ms, the bubble dynamics enters the departure phase and the footprint begins to shrink.  
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Accordingly, the receding contact angle changes to the advancing contact angle, and it 

increases till the bubble departs from the surface.  Nonetheless, the contact angle varies 

fairly smoothly and remains below 90° throughout the entire ebullition cycle.   

 

Figure 5.5.  Time evolution of bubble growth at ONB on a hydrophobic surface. 

Figure 5.6 (b) shows that on the hydrophobic surface, although the receding and 
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oscillatory behavior even after the contact line is pinned at t = 800 ms.  This is a well-

known feature for wetting behavior on hydrophobic surfaces (Quere, 2008). 

5.2.4. Quantitative comparison of wall temperature at ONB 
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similar cyclic behavior; however, the peak and valley of temperature correspond to 

completely different boiling events in the two cases.   

 

Figure 5.6.  Variation of bubble contact angle at ONB: (a) Hydrophilic surface and (b) Hydrophobic 

surface. 
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Figure 5.7.  Local average wall temperature variation at a nucleation site at ONB on: (a) Hydrophilic 

surface and (b) Hydrophobic surface. 
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5.2.5. Wall heat flux 

To further examine the effect of surface wettability on nucleate boiling heat transfer, 

the local heat flux distribution is calculated from the wall temperature data, following the 

approach described in Chapter 4.  Figure 5.8 shows the distributions of the local wall 

temperature and the corresponding wall heat flux at q’’ = 35.9 kW/m2 on the hydrophilic 

surface during an ebullition cycle.  The temperature field in Figure 5.8 (a) has been 

discussed in the previous section, and will not be repeated for brevity.  From the wall heat 

flux plot in Figure 5.8 (b), the microlayer can be clearly identified at t = 2.17 ms.  The ring-

shape structure indicates the heat flux is the highest near the contact line due to strong 

evaporation in the microlayer, while it is significantly lower in the interior and the exterior 

regions of the ring, where the heat transfer is governed by convection to the vapor and the 

bulk liquid, respectively.  When the bubble grows (t = 4.33 – 6.5 s), the microlayer also 

expands outward; however, the heat flux decreases in magnitude as the superheat is getting 

depleted.  The microlayer vanishes completely at t = 13 ms at which point the bubble is 

departing from the surface.  Similar observations were also reported by other researchers 

(Jung et al., 2014; Jung and Kim, 2013; Wagner and Stephan, 2009).  This suggests that 

the wall heat flux calculation methodology implemented in this work is valid and can 

provide accurate details of the local wall heat flux evolution process during a nucleation 

cycle.  The resolution of the images however are as not as good as reported in (Wagner and 

Stephan, 2009) and (Jung and Kim, 2013) since their boiling substrates were much thinner 

than the silicon wafer used here.  With the validation of the methodology of the heat flux 

measurements and the insight it offers regarding a bubble nucleation process we applied 

the same technique to study the nucleation process on a hydrophobic surface. 
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Figure 5.8.  Local wall temperature and heat flux variation during boiling on a hydrophilic surface at 

35.9 kW/m2: (a) Temperature (°C) and (b) Heat flux (W/m2). 
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Figure 5.9.  Nucleation sequence on a hydrophobic surface at q” = 25 kW/cm2: (a) Optical images, (b) 

Temperature (°C) and (c) Wall heat flux (W/m2). 
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Figure 5.9 (a) the distributions of the local wall temperature and the corresponding 

wall heat flux at q’’ = 25 kW/m2 on the hydrophobic surface during an ebullition cycle.  

The temperature evolution is very similar to that in Figure 5.2 (b).  From the heat flux 

contour (Figure 5.9 (b)), it is observed that the wall heat flux in the area covered by the 

bubble is the smallest whereas the surrounding area beyond the contact line has a better 

heat transfer with the fluid.  Figure 5.9 (b) also shows that, once the bubble leaves the 

surface (t = 112.8 s), the heat transfer is immediately improved by the inflow of the bulk 

liquid that wets the surface. 

Based on the foregoing discussions, it can be deduced that one of the key differences 

in nucleate boiling on a hydrophilic surface and a hydrophobic surface is how the bubble 

nucleation affects the boiling heat transfer. On a hydrophilic surface, the maximum wall 

heat flux is dissipated when the microlayer is present during the bubble nucleation and 

growth period, whilst, on a hydrophobic surface, it is the bubble departure that contributes 

dominantly to the boiling heat transfer. The detailed transport mechanisms will be 

discussed in the following.   

Considering the liquid-vapor-solid interface near the contact line, different heat 

transfer zones can be classified on the hydrophilic surface and the hydrophobic surface 

there are three zones on the hydrophilic surface, as shown in Figure 5.10 (a) (Phan et al., 

2009b).  Zone I comprises of the dry vapor patch.  No evaporation occurs in Zone I, and 

the heat transfer is via conduction through the poorly conductive vapor.  Zone II is the 

wedge-shape microlayer region of the meniscus where a thin layer of liquid separates the 

bubble from the heater wall.  Strong evaporation takes place at the liquid-vapor interface 

and is arguably the primary source of the nucleate boiling heat transfer.  Zone III is the 
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extended microlayer region of the meniscus, however, with a much thicker liquid layer 

which adds to a large thermal resistance between the wall and the liquid-vapor interface.  

Hence, only weak evaporation occurs in Zone III, and heat is transferred mainly through 

convection and conduction.  Together, Zones I, II and III contribute to the overall boiling 

heat transfer, among which the existence of the microlayer in Zone II is the key contributor. 

 

Figure 5.10.  Zones of heat transfer on: (a) Hydrophilic surface and (b) Hydrophobic surface (Phan et 

al., 2009b).  

On the hydrophobic surface, there is no microlayer near the contact line due to the 

geometry of the nucleate bubble (Figure 5.10 (b)).  Therefore, heat can only be transferred 

through Zone I, the dry patch region, over the area underlying the bubble.  Accordingly, 

the wall heat transfer deteriorates when the vapor bubble is present.  Once the bubble 

departs, the bulk liquid rewets the boiling surface and an increase in the wall heat flux is 

observed.   

5.3. Fully developed nucleate boiling 

When the applied heat flux is increased, more and more nucleation sites become 

active, and the bubble frequency generally increases at each site.  Bubbles can still be 

discerned from isolated sites during the nucleation and growth stages.  Eventually, when 

the bubbles grow to certain size, they will merge together with adjacent ones, and boiling 

enters the fully developed nucleate boiling regime.  In this section, the characteristics of 
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fully developed nucleate boiling on the hydrophilic and hydrophobic surfaces will be 

discussed.   

5.3.1. Hydrophilic surface 

On the hydrophilic surface, the fully developed boiling regime was observed at q’’ 

= 205 kW/m2.  The wall superheat, ΔTsup, varied from 5 – 25° C with an average value of 

around 18°C.  Under these conditions, the boiling phenomenon is characterized by the 

formation of vapor slugs and columns along with some individual nucleate bubbles.   

Figure 5.11 (a) depicts the typical bubble morphology during an ebullition cycle in 

fully developed nucleate boiling.  The formation process of vapor slugs and columns on 

the boiling surface is clearly visible.  Moreover, it shows that, in spite of having multiple 

nucleation sites, the boiling surface is not entirely covered by the vapor and a large portion 

is still exposed to the bulk liquid.  Figure 5.11 (b) shows the corresponding wall 

temperature variations.  The low temperature regions correspond to the bubbles nucleating 

at the center of the optical image in Figure 5.11 (a), whereas the hot spots occur at locations 

in direct contact with the bulk liquid.  From the IR images, multiple isolated nucleation 

sites can be still observed in the fully developed nucleate boiling regime, which confirms 

that the merger of nucleated bubbles does not occur all over the boiling wall.  It is also 

found that there is almost not waiting period between the consecutive departure and 

nucleation of bubbles at the same nucleation site, indicating a very fast bubble departure 

frequency on the hydrophilic surface. 
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Figure 5.11.  Fully developed nucleate boiling on a hydrophilic surface at q” = 205 kW/cm2: (a) Optical 

images, (b) Temperature (°C).   
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5.3.2. Hydrophobic surface 

On a hydrophobic surface, the fully developed boiling regime was observed at q’’ = 

25 kW/m2.  The wall superheat varied from 2.5 – 5.5°C.  Even the heat flux is only 

moderate, Figure 5.12 (a) shows a large number of active nucleation sites can be found on 

the boiling surface.  Due to the hydrophobicity of the surface, the bubbles spread and come 

in contact with the neighboring ones, finally leading to coalescence.  During the 

coalescence process, two or more neighboring bubbles merge to form a larger bubble.  

 As discussed earlier, the increased bubble footprint on the boiling surface results in 

an increase in the wall temperature underneath the center of the merged bubble.  The 

evolution the wall temperature and wall heat flux is shown in Figures 5.12 (b) and (c).  The 

merging process of a bubble can be clearly identified from the time-dependent 

development of the temperature contours.  It was observed from the thermal signature of 

two merging bubbles that the merger bubble has a larger footprint, and, consequently, the 

wall temperature underneath the bubble is increased immediately after the coalescence 

process.  The resulting high temperature region indicate that the boiling surface is covered 

by the vapor of the merging bubbles which leads to a lowered heat transfer rate from the 

boiling surface as seen in Figure 5. 12 (c). This coalescence process acts as the precursor 

to the transition of the fully-developed nucleate boiling regime to the film boiling regime 

which is explained in the next section.  
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Figure 5.12.  Boiling phenomena at 2.5W/cm2 on a hydrophobic surface: (a) Optical images, (b) 

Temperature contour of the heater wall (°C) and (c) Local wall heat flux in W/m2.   
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5.4. Film boiling and CHF 

At increased heat increased heat flux levels, the active nucleation sites become so 

densely distributed that the bubbles coalesce immediately after nucleation.  The boiling 

surface is blanketed by a vapor layer, and liquid is unable to reach the surface to keep it 

wetted.  Due to the poor heat transfer through the vapor layer, any further increase in heat 

flux will cause the surface temperature to rise drastically even to a dangerous level.  The 

threshold value is called the critical heat flux (CHF), and the corresponding boiling regime 

observed in this work is film boiling.  In the following section, the characteristics of film 

boiling and CHF on the hydrophilic and hydrophobic surfaces will be presented 

5.4.1. Hydrophilic surface 

Figure 5.13 shows the boiling dynamics and the distribution of wall temperature 

and heat flux at q’’ = 603.8 kW/m2.  Since further increasing the heat flux causes the 

burnout of the test device, CHF is deemed to have reached.  From the optical images 

(Figure 5.13 (a)), it is seen that most of the boiling surface is covered with vapor.  The 

vapor columns have increased in size and form a continuous pathway for the generated 

vapor to escape from the boiling surface.  The wall temperature distribution in Figure 5.13 

(b) shows that the nucleation sites are surrounded by regions of very high temperatures.  

For instance, the temperature at the nucleation sites are typically around 115°C while the 

surrounding regions are at 135°C.  The number of individual nucleation sites appears to be 

very few.  The local wall heat flux contours (Figure 5.13(c)) show that heat transfer mainly 

occurs at few discrete locations where the bubbles nucleate on the surface.   
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Figure 5.13.  Nucleate boiling on a hydrophilic surface at q” = 60.38 W/cm2: (a) Optical images, (b) 

Temperature contour (°C) and (c) Local wall heat flux contour (W/m2). 
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Figure 5.14. Film boiling on a hydrophobic surface at 76.9 kW/m2: (a) Optical images, (b) Temperature 

contour (°C) and (c) Local wall heat flux (W/m2).  
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5.4.2. Hydrophobic surface 

On the hydrophobic surface, the nucleation site density increases with the increase 

in the applied wall heat flux.  It leads to the coalescence of multiple bubbles on the boiling 

surfaces, which, in turn, causes the wall temperature to rise.  It is observed that when the 

wall temperature reaches around 118°C, the boiling surface is almost completely covered 

with dry vapor, and film boiling occurs (shown in Figure 5.14 (a)).  As a consequence, the 

surface temperature suddenly increases to a very high value (Figure 5.14 (b)) as there is 

very less heat transferred through the vapor film.  This marks the onset of film boiling.  The 

corresponding CHF is found to be 77 kW/m2. 

5.5. Boiling curve and heat transfer coefficient 

Boiling curves were constructed using the recorded average wall temperature and the 

applied heat fluxes.  Figure 5.15 shows the comparison of the boiling curves for the 

hydrophilic surface and the hydrophobic surface.  The ONB is observed to occur at an 

average wall superheat of ΔTsup = 12°C for the hydrophilic surface whereas on the 

hydrophobic surface it occurs at ΔTsup = 2°C.  The corresponding incipient heat fluxes are 

35.9 kW/m2 for the hydrophilic surface and 3.7 kW/m2 for the hydrophobic surface, 

respectively (Figure 5.15 (b)).  The early ONB on a hydrophobic surface has been 

documented by several researchers in the literature (Blander, 1979; Jo et al., 2011; Jo et al., 

2009b; Nam et al., 2011; Nam et al., 2009; Phan et al., 2009b; Takata et al., 2006).  

Following the ONB, the boiling curve shows the boiling quickly enters the fully developed 

nucleate boiling regime on the hydrophobic surface.  However, the range of the fully 

developed nucleate boiling regime is much shorter than that for the hydrophilic surface.  
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Additionally, it can be seen that CHF occurs pre-maturally at very low heat flux for the 

hydrophobic surface. 

 

Figure 5.15.  Boiling curves for a hydrophilic and hydrophobic surface: (a) Overall boiling curves and 

(b) Zoomed-in view. 

The nucleate boiling heat transfer coefficient is calculated from the measured 
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Figure 5.16 shows the comparison of the h for the hydrophilic and hydrophobic 

surfaces.  The advantage of the hydrophobic surface appears to be at the low heat flux 

range.  At moderate to high heat fluxes, the hydrophilic surface clearly outperforms the 

hydrophobic surface.   

 Based on the discussions in the chapter, it is evident that the surface wettability 

plays a crucial role in nucleate boiling heat transfer, and, more importantly, hydrophobicity 
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then various aspects of the bubble dynamics and the nucleate boiling process can be 

0 5 10 15 20 25 30 35 40
0

100

200

300

400

500

600

700

800

 Hydrophilic surface

 Hydrophobic surface

W
a

ll
 h

e
a

t 
fl

u
x

 (
k

W
/m

2
)

Wall superheat (°C)
0 5 10 15 20 25 30 35 40

0

10

20

30

40

50

60

70

80

90

100

 Hydrophilic surface

 Hydrophobic surface

W
a

ll
 h

e
a

t 
fl

u
x

 (
k

W
/m

2
)

Wall superheat (°C)

(b)(a)

ONB



85 

 

regulated.  A proper control mechanism would enable the utilization of the high heat 

transfer rate of a hydrophobic surface at low heat fluxes as well as the extension of CHF 

on hydrophilic boiling surface, thereby making it possible to achieve a better overall 

boiling heat transfer performance.  

 

Figure 5.16.  Heat transfer coefficient for the boiling curves.  
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Chapter 6.  EW EFFECTS ON A SESSILE BUBBLE SUBMERGED IN 

A LIQUID POOL 

 The phenomenon of EW provides an avenue to actively control the surface 

wettability by the application of an electrical potential across it.  In the literature, a lot of 

information is already available on the effects of electrowetting on a liquid droplet (Mugele 

and Baret, 2005).  However, studies on the effects of EW modulation of sessile gas bubbles 

in a liquid pool are limited.  Thus, in order to perceive the effects EW modulation can have 

on nucleate boiling it is very essential to investigate and understand the EW effects on gas 

bubbles.  This chapter discusses the observed effects of EW on a gas bubble submerged in 

a liquid pool and evaluates the feasibility to achieve active control on the wettability of the 

boiling surface. 

6.1. DC EW effects on a sessile bubble  

Zhao and Cho  (Zhao and Cho, 2007) pioneered the EW experiments on a gas bubble 

submerged in a pool of liquid.  In their work, they measured the modulation of the contact 

angle of a bubble submerged in liquid under the influence of an applied DC EW signal.  

From the experiments, they found that the resulting contact angle change due to EW, 

followed the prediction for the equilibrium contact angle based on the Young-Lippmann 

equation (Eq. (2.3)) (Berge, 1993).  Contact angle saturation was observed at 80 V at a 

corresponding contact angle of 75°.  The major difference that they found in comparison 

to the EW effects of droplets was that the bubble base shrunk under the effect of EW where 

as a liquid droplet spreads under the same effect.  This observation may be counterintuitive 
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however it makes perfect sense since the shrinking of the bubbles indicates an increased 

surface wettability which promotes spreading of the surrounding liquid on the surface. 

 

 

Figure 6.1.  Effect of electrowetting on a stationary bubble at room temperature in a liquid pool. 

In order to test the applicability of EW in our experimental setup and the 

functioning of the fabricated test piece, similar experiments were conducted at first.  In 

these set of experiments the change in contact angle, the saturation potential and the 

corresponding contact angle of a stationary bubble of known volume under DC EW 

modulation were studied.  The experiments were conducted on a bubble 9 µl in volume, 

which was placed on the hydrophobic surface of the test piece.  The test piece was 

submerged in a liquid pool at room temperature in the boiling chamber as in case for a 

boiling experiment.  A positive DC potential was applied to the test piece and the boiling 

chamber was connected to a ground potential to complete the EW circuit.  Thereafter, the 

contact angle, radius and height of the bubble were measured once the bubble reached an 

equilibrium state.  Fresh gas bubbles were used in every measurement to minimize any 

effects of trapped charges. 

The change in the bubble geometry under the EW influence is shown in Figure 6.1.  

Without the influence of an EW potential, the equilibrium contact angle of the bubble was 
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steady change in the contact angle was observed and the base of the bubble started to shrink 

suggesting a change in the wettability of the surface. 

The measured contact angles of the bubble for different magnitudes of the applied 

EW signal are shown in Figure 6.2 (a).  The saturation of the contact angle was observed 

at 50 V and the corresponding contact angle value was 90°.  It is observed that the 

experimental data did not match well with the EW theory.  As discussed earlier the 

experiments in the study conducted by Zhao and Cho (Zhao and Cho, 2007)  exhibited very 

good agreement between the experimental data and the EW theory.  The mismatch in our 

case may be due to the difference in the device (test piece) used in the experiments, volume 

of the bubble and the polarity of the electrodes (Raj et al., 2009).  However, the contact 

angle values followed a decreasing trend overall with the increase in the EW voltage till 

saturation which is an indication of improved surface wettability.   

Other than the contact angle, the change in height and foot print radius of the bubble 

has also been measured (Figure 6.2(b)).  These values are calculated based on the initial 

values without the EW influence.  It is observed that the bubble base shrinks which is 

similar to the observations of Zhao and Cho (Zhao and Cho, 2007).  The maximum change 

in the footprint radius and height was observed at 50 V.  The values are 20% and 30% 

respectively. Hence, based on the observations of the change in contact angle, bubble 

footprint radius and height it is clear that the fabricated test piece is able to demonstrate 

improved surface wettability under EW modulation in our experimental setup. 
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Figure 6.2.  DC EW effects on a bubble at room temperature: (a) Contact angle variation, (b) 

Normalized radius and height variation.   
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from the EW theory.  It is observed that at saturation conditions a higher EW potential is 

required to achieve similar values of contact angle change at room temperature.  

Consequently, the saturation potential is also increased to a value of 110 V compared to 

that of 50 V at room temperature.  However, the corresponding contact angle at saturation 

is observed to be 88° which is lower than that for room temperature conditions.  Moreover, 

it indicates the transformation of the surface from hydrophobic to a hydrophilic state.  The 

deviation of the measured contact angle at saturation temperatures might be caused by the 

change in the surface tension, trapping of charges and other thermophysical properties of 

the liquid.  However, a definite increase in the wettability of the surface is observed from 

the contact angle measurement though at higher EW potentials. 

 

Figure 6.3.  Comparison of contact angle variation under DC EW at saturation temperature with room 

temperature and theory. 
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nature of the nucleate boiling process, it is important to understand the dynamics of the 

transition process of a bubble from its initial to the equilibrium state when an EW signal is 

applied.  Thus, transient DC EW wetting experiments were conducted at both room and 

saturation temperatures and the change in the contact angle, radius and height were 

measured.   

In these experiments, a step DC signal with a peak amplitude of 110 V was applied 

to the test piece and synchronized high speed images (f = 6000 Hz) of the transition process 

of a bubble were gathered.  The applied step signal was synchronized with the high speed 

camera with the help of an external trigger such that EW signal was applied after a specified 

short duration of time upon the initiation of the image acquisition process.  This facilitated 

the study of the bubble’s response during one full cycle of the step signal.  The goal here 

was to determine the response time of the bubble and to identify the presence of any 

hysteresis effects. 

The measured evolution of contact angle, bubble footprint radius and height of the 

bubble during its transition from a non-wetting to a wetting state under EW modulation is 

shown in Figure 6.4.  It is observed that the response time of the bubble to the EW step 

signal at room temperature is around 20 ms (Figure 6.4 (a)) and 10 ms at saturation 

temperature (Figure 6.4(b)).  Here, the response time is defined as the time taken by the 

bubble to attain maximum change in its contact angle, radius and height after the EW 

potential has been applied.  After the step signal returns to its zero state, the bubble returns 

back to the non-wetting state after a duration of 20 ms.  However, there is a mismatch 

between the initial and final states of measured parameters of the bubble especially at 
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saturation temperature which is due to hysteresis effects caused by a small amount of 

residual charge on the test piece (Mugele and Baret, 2005). 

The measured response time provides an estimate of the resonant frequency of the 

bubble.  If an AC EW signal is applied to the bubble with a frequency higher than the 

resonant frequency it will undergo only partial transformation i.e. the wettability of the 

surface would not be modified to the maximum attainable limit for the magnitude of the 

AC signal applied.   

Furthermore, it was also observed that the amplitude of the applied signal had no 

effect on the response times at both room temperature and saturation temperature.  

However, the amplitude of change in radius and height varied with the applied DC 

potentials.  The maximum change in contact angle, radius and height was observed at 110 

V after which the values saturated.  Thus, based on these observations it can be inferred to 

achieve maximum changes in the contact angle, footprint radius and height of a bubble 

with AC EW modulation a peak voltage of 110 V would be required and the frequency 

should be close to 100 Hz. 

6.3. AC EW effects on a sessile bubble 

From the DC transient electrowetting experiments considerable amount of hysteresis 

effects were observed in the contact line behavior at saturation temperatures.  It has been 

reported in the literature that if an AC signal is used then these hysteresis effects can be 

minimized since it prevents the accumulation of ions on the three phase contact line.  (Li 

and Mugele, 2008).  Moreover, with the application of an AC EW signal, the surface would 

oscillate between a hydrophobic and hydrophilic state which may aid in promoting nucleate 

boiling heat transfer as a result of induced interfacial oscillations of the nucleated bubbles.   
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Figure 6.4.  Evolution of contact angle, radius and height of a bubble subjected to a DC step potential 

of 110 V at room temperature: (a) Room temperature and (b) Saturation temperature. 

The AC EW signal’s peak value and frequency range has been established in the 

previous section.  However, the choice of the right waveform is also crucial in order to 

achieve a maximum contrast in the wettability of the surface during the signal’s on and off 

states.  Here, a square waveform with a DC offset as explained in Chapter 4 has been used 

as the EW signal.  With the use of this waveform it is expected that the surface should 

exhibit hydrophilicity during when the amplitude is maximum (on state) and 

hydrophobicity when the amplitude is zero (off state).   

The peak value of the AC EW signal is chosen to be 110 V based on the saturation 

potential determined from the DC EW experiments at which maximum change of contact 

angle, bubble footprint and height are observed.  This 50% duty cycle square signal remains 

at a potential of 0 V for one half of a cycle (off state) and at 110 V for the other half (on 

state).  Hence, the root mean square value of this signal is 78 V.  Such a signal would 

additionally ensure the elimination of the possibility of any electrolysis due to the 

breakdown of the dielectric layer as a result of frequent reversal of its polarity.   
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 Experiments were conducted to study the effect of AC EW on a bubble at both 

room and saturation temperatures.  However, for brevity only the results at the saturation 

temperature condition are discussed here.  In the experiments, the AC EW signal was 

programmed by using the function generator.  The desired R.M.S value for the signal was 

attained with the use of the signal amplifier.  As in the earlier experiments, the positive 

terminal of the EW circuit was connected to the test piece and the boiling chamber was 

connected to the ground terminal.  The saturation state of the liquid was attained following 

the same procedure as explained in section 6.1.  A bubble was introduced on the surface of 

the test piece submerged in the liquid pool.  Once the AC EW signal was applied, optical 

images were recorded at 6000 f.p.s and analyzed to study the AC EW effects on the contact 

angle, footprint radius and height of the bubble.  The effects of two different signal 

frequencies were also studied for comparison purposes. 

Figure 6.5 shows the oscillations of a bubble subjected to an AC EW signal (VR.M.S 

= 78V, f = 100 Hz).  From the images it can be seen the bubble exhibits oscillations at the 

interface along with the oscillations at the footprint and its height.  The image at t = 0 ms 

displays a state when the surface is hydrophobic and hence the spreading of the bubble 

base which also results in the reduced height of the bubble.  At t = 5 ms, the bubble footprint 

shrinks and the height reaches its maximum value.  This indicates a reversibility in the 

surface wetting properties i.e.  the surface transforms from a hydrophobic to hydrophilic 

state under the AC EW influence.  Since the applied frequency is 100 Hz, the square signal 

is in the off-state for 5 ms and in its on-state for the rest 5 ms.  Hence, the oscillations of 

the bubble footprint and the bubble height have the same frequency as that of the applied 
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AC EW signal.  It can be seen that the bubble returns to its initial state at t = 10 ms thereby 

completing one full oscillation cycle with an effective oscillation frequency of 100 Hz 

Figure 6.6 (a) and (b) show the oscillation of the normalized footprint radius and 

height of the bubble and the contact angle respectively.  The normalization is done based 

on the maximum value attained by each of the parameters during their oscillations.  The 

radius and height oscillation plot (see Figure 6.6 (a)) clearly shows an oscillatory pattern 

with a frequency of 100 Hz whereas the oscillation of the contact angle is not very periodic 

(see Figure 6.6 (b)).  The maximum change in the footprint radius and the height of the 

bubble are 15% and 45% respectively.  And the contact angle oscillates between 85° - 110° 

at an average.  The oscillation in the contact angle values, footprint radius and height of 

the bubble clearly show that with the application of AC EW the wettability of the boiling 

surface of the test piece can be periodically modulated at saturation conditions.  The same 

is also observed to be true at room temperature conditions.  It should be noted that the 

maximum change in the bubble footprint and height or in other words the amplitude of 

their oscillation provides a measure of the wettability change of the surface under EW 

modulation.  This is because, an increased wettability allows for a higher extent of the 

spreading of the liquid phase on the surface which would result in the shrinking of the 

bubble’s footprint by an equivalent degree and vice versa.  
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Figure 6.5.  AC Electrowetting effects on a bubble at Vr.m.s = 78 V, f = 100 Hz at saturation temperature 

conditions.  

 

Figure 6.6.  Bubble dynamics under the influence of AC EW (VR.M.S = 78 V, f = 100 Hz) at saturated 

conditions: (a) Variation of radius and height and (b) Variation of contact angle. 
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and the contact angle at a frequency of 10 Hz for the same R.M.S value of 78 V.  Well 

defined oscillation patterns of the footprint and height of bubble are also observed here.  

Additionally, the time period for once cycle of oscillation is 100 ms which corresponds to 

a frequency of 10 Hz and thus is in accordance with the applied AC EW frequency.  

However, it should be noted that once the wettability of the surface changes the measured 

oscillation parameter (radius and height), after transforming to a state corresponding to the 

wetting state of the surface, remains stagnated in the same state till the beginning of the 

next half of the AC EW signal cycle.  For example, in Figure 6.7 (a) the radius of the bubble 

decreases sharply at 26 ms indicating the onset of enhanced wettability of the surface and 

remains at a constant value till 76 ms when the surface returns back to its hydrophobic state 

as a result of the beginning of the off-state of the EW signal.  Such a behavior was not 

observed for the 100 Hz signal.  This happens since the applied EW signal frequency is 

lower than the resonant frequency of 100 Hz of the bubble at saturated conditions.   

 

Figure 6.7.  Bubble dynamics under the influence of AC EW (Vr.m.s = 78 V, f = 10 Hz) at saturated 

conditions: (a) Variation of radius and height and (b) Variation of contact angle. 
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suggests that the change in wettability of the surface is sensitive to the applied EW 

frequency.  In order to gauge the effect of the AC EW signal frequency on the wettability 

change, the amplitude of oscillation of the footprint radius and height of a bubble for 

different signal frequencies for the same R.M.S value of 78 V are compared in Figure 6.8.  

The amplitude Δ is calculated based on the normalized foot print radius and height values 

as 

 
  -  Maximum Minimum

Maximum
  .   (6.1) 

From the Figure 6.8 it is observed that the amplitude of oscillation of the bubble is 

the highest for an applied AC EW frequency of 100 Hz which is the resonant frequency of 

the bubble.  Moreover, the oscillation amplitude is higher at frequencies lower than 100 Hz 

compared to the same at AC EW frequencies more than 100 Hz. 

  

Figure 6.8.  Oscillation amplitude vs AC EW signal frequency: (a) Room temperature and (b) 

Saturation temperature. 
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  Hence, based on the observations of the effects of EW on a bubble in our 

experimental setup it can be concluded that the fabricated test piece is capable of exhibiting 

wettability modulation when either a DC or an AC EW signal is applied.  The wettability 

change is amplified under the effect of AC EW for a specific R.M.S value at the resonance 

frequency which are 78 V and 100 Hz respectively in our case.  However, the change in 

the surface wettability is in general higher at frequencies which are lower than 100 Hz 

compared to that for frequencies higher than 100 Hz.  This provides a guideline for 

designing the EW signals which should be used for studying the EW modulated nucleate 

boiling. 
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Chapter 7.  ELECTROWETTING MODULATED NUCLEATE 

BOILING 

 The nucleate boiling experiments discussed in Chapter 5 show that, at low heat 

fluxes, the hydrophobic surface exhibits superior boiling heat transfer characteristics, such 

as an early ONB and a higher HTC, as compared to the hydrophilic surface.  However, as 

the applied heat flux is increased, the nucleate bubbles quickly expand and merge with the 

neighboring ones before departure.  The excessive bubble coalescence will cause a dry 

vapor layer to form over the entire boiling surface that insulates it from the cooling liquid.  

Subsequently, transition/film boiling is triggered and the HTC deteriorates abruptly, which 

will further exacerbate the boiling crisis and eventually lead to the CHF conditions on the 

hydrophobic surface.  In contrast, the wetting nature of the hydrophilic surface restricts the 

bubble agglomeration, among other effects, and can sustain nucleate boiling till much 

higher heat fluxes before dryout occurs.  Hence, in order to harness the benefits of both the 

hydrophobic and hydrophilic surfaces at low and high heat fluxes, it is crucial to be able to 

control the bubble dynamics, including the bubble spreading and departure, on the boiling 

surface.   

The experiments in Chapter 6 indicate clearly that, under the EW effect, a gas bubble 

shows a considerable change in the contact angle and footprint radius on the hydrophobic 

surface (i.e., an improved wettability) as well as a well-defined oscillatory behavior when 

an appropriate AC EW signal is applied.  It is thus expected that EW would provide an 

effective way to tune and yield the desired bubble dynamics and, consequently, to modulate 

the nucleate boiling processes on a hydrophobic surface for enhancing heat transfer at high 
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fluxes.  This chapter presents the experimental results of the EW modulated nucleate 

boiling.  The effects of EW on three key boiling processes, which are, the ONB, the fully-

developed nucleate boiling and the film boiling, are examined in detail.  In addition, the 

effects of EW modulation on the overall boiling heat transfer performance is also studied.  

Finally probable reasons for the observed effects of EW modulation on the heat transfer 

performance are also discussed.   

7.1. ONB under EW Modulation 

The boiling heat transfer experiments were first conducted at low heat fluxes (q’’ = 

1 – 10 W/cm2) to study the impact of the EW on ONB and bubble dynamics.  At such heat 

flux levels, the nucleate bubbles are sparsely present on the boiling surface without merger, 

thus allowing the dynamics of the individual bubbles to be clearly visualized.  The EW 

signal employed was a periodic square wave with an R.M.S value of 78 V and a frequency 

of 10 Hz.   

Figure 7.1 compares a single representative bubble cycle on the hydrophobic 

surface with that on the EW modulated surface.  For brevity, the case for the hydrophobic 

surface is referred to Case 1, and the one for the EW modulated surface Case 2 in the 

following discussion.  The images were taken at a frame rate of 4000 fps.  In Case 1 (Figure 

7.1(a)), the ONB starts at q’’ = 3.7 kW/m2 (t = 0 s).  After nucleation, the bubble footprint 

expands on the heating surface as the bubble volume continues to increase due to 

evaporation (t = 101.5 ms – 1.4715 s).  Throughout the growth process, a blunt contact 

angle is clearly maintained at the liquid-vapor-solid three-phase interface.  Departure 

occurs when the neck connecting the bulk of the bubble to a vapor patch on the surface is 

pinched (t = 1.523 s).  The tiny vapor residual will serve as the new nucleus for the next 
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bubble nucleation.  The ebullition processes last for 1.523 s, corresponding to a departure 

frequency of 0.66 Hz.   

As a contrast, in Case 2 when the EW signal is applied (Figure 7.1(b)), the ONB 

does not occur until the heat flux is increased to q’’ = 7. 5 kW/m2 (t = 0 s).  This is expected 

since the improved surface wettability under EW, as represented by the contact angle 

reduction in Figure 6.7, signifies a higher energy barrier which must be overcome for 

nucleation to take place (Carey, 2008).  The bubble growth processes (t = 1.5 – 260.25 ms) 

are similar to that without EW, however, the entire bubble is detached from the boiling 

surface when departure occurs (t = 282.75 ms).  Accordingly, the ebullition period 

decreases drastically to 282.75 ms, and the corresponding departure frequency is 3.5 Hz.  

 

Figure 7.1.  Bubble nucleation cycles at ONB: (a) Hydrophobic surface and (b) EW-modulated 

hydrophobic surface (VR.M.S = 78 V, f = 10 Hz). 

The bubble footprint on the boiling surface defines the three-phase contact line 

region, which serves as the primary window for the mass, momentum and energy exchange 

among the liquid, vapor and solid phases.  The evolution of the bubble footprint radius, rf, 

is depicted in Figure 7.2 as a function of time.  Three stages can be identified in serial: (1) 
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the initial expansion stage (Case 1: t = 100 – 800 ms, and Case 2: t = 1.5 – 125 ms), during 

which the contact line moves outwards and the dry area covered by the bubble expands; (2) 

the intermediate plateau stage (Case 1: t = 800 – 1500 ms, and Case 2: t = 125 – 240 ms), 

during which the contact line is pinned on the boiling surface and the bubble growth is 

mainly along the vertical direction; and (3) the final departure stage, during which the 

contact line quickly retracts, and the bubble departs from the surface when rf approaches 

the minimum value.  The results corroborate the visual observations in Figure 6.1, and 

shows clearly that the induction of the EW effect reduces the bubble departure frequency 

by almost 3.5 times. 

 

Figure 7.2.  Evolution of bubble footprint radius: (a) Hydrophobic and (b) EW modulated. 

Additionally, a subtle feature in Figure 7.2(b) is that the evolution curve is not as 

smooth as that in Figure 7.2(a).  Instead, it has kinks with a discernable periodicity: the 

slope of the curve changes every 50 ms.  This is consistent with the waveform of the applied 

EW signal, which has a frequency of 10 Hz (the corresponding period is 100 ms) and a 50% 

duty cycle, i.e., the electrical force acts on the contact line during the first 50 ms and is off 

for the next 50 ms, and so forth.  It is postulated that this kind of “shaking” action may 

facilitate the easier departure of the bubble in Case 2.      
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Figure 7.3.  Three-phase contact line velocity: (a) Hydrophobic and (b) Electrowetting modulated. 

Based on the data in Figure 7.2, the contact line velocity can be extracted by 

calculating the time derivative of the bubble footprint radius.  To do so, the waveform 

differentiation algorithm discussed in Chapter 3 was employed with a smoothing factor of 

15.  Figure 7.3(a) shows the contact line velocity on the hydrophobic surface increases 

from 0 to 6 mm/s during the first 200 ms, then decreases to 0 mm/s between t = 200 to 800 

ms (when the contact line is pinned), and eventually reverts the direction after t = 1500 ms 

(when the bubble starts to detach from the surface) with the final contraction velocity of 

225 mm/s.  Figure 7.3(b) illustrates that when EW is activated, there are two peak velocities 

during the first 150 ms. 

By its physical origin, one prominent effect of EW on the bubble dynamics is to 

alter the apparent contact angle at the liquid-vapor-solid interface.  However, all the results 

available in the literature (including Chapter 6) are acquired for gas bubbles that are 

artificially introduced onto a solid surface, and there is no information on nucleate bubbles 

under real boiling conditions.  Figure 7.4 shows the instantaneous measurement of the 

dynamic contact angle of a bubble during nucleate boiling.   
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Figure 7.4.  Contact angle evolution at ONB: (a) Hydrophobic and (b) Electrowetting modulated. 

When the EW signal is absent (Figure 7.4(a)), the contact angle first decreases from 

the inherent value of 112° as the bubble expands on the surface, and reaches the minimum 

of 103° shortly after the contact line is pinned (refer to Figure 7.2).  During this process (t 

= 0 – 1000 ms), the receding contact angle is observed.  Afterward, a waist region is formed 

in the bubble when the buoyancy force prevails over the surface tension and pulls the center 

of mass of the bubble upward (refer to Figure. 7.1).  Subsequently, the contact line contracts 

and the advancing contact angle is observed, which then keeps increasing till the bubble 

detaches.  The maximum value of 118° is in fact measured for the vapor residual left on 

the boiling surface by the departing bubble.  In Case 2 under the EW modulation, there is 

no more clear distinction between the advancing and receding angle (Figure 7.4(b)).  The 

contact angle oscillates around a mean value of 80° and remains below 90° almost 

throughout the entire growth cycle.  Thus, under the effect of EW, the inherently 

hydrophobic surface behaves as if it were hydrophilic.  This result has a significant impact 

on nucleate boiling heat transfer because, as shown in Figure 5.10, the wedge-shaped 

microlayer only exists on hydrophilic surfaces and the strong evaporation through it is 

arguably the primary contributor to the overall boiling heat transfer.  Therefore, enhanced 
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boiling heat transfer may be expected on the EW-modulated surface.  On the other hand, 

the strong evaporation in the contact line region may also be responsible for the smaller-

than-expected contact angle observed in Figure 7.4(b) (Note: Figure 6. 7(b) shows the mean 

contact angle under the same EW signal is 105° in the non-boiling case).   

 

Figure 7.5.  Local average wall temperature variation at a nucleation site at ONB: (a) Hydrophobic 

and (b) Electrowetting modulated. 

Local distribution of the boiling surface temperature was obtained using the IR 
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Figure 6.2.  An ebullition cycle of 1.2 – 1.4 s can be identified for Case 1, and 0.4 – 0.5 s 

for Case 2.  Accordingly, it is postulated that the reduced wall temperature may be caused 

by the faster rate of bubble departure, which accelerates the thermal transport from the 

boiling surface into the liquid pool.  

7.2. Fully developed nucleate boiling 

When the applied heat flux is increased, more and more nucleation sites become 

active, and the bubble frequency generally increases at each site.  Bubbles can still be 

discerned from isolated sites during the nucleation and growth stages.  Eventually, when 

the bubbles grow to certain size, they will merge together with adjacent ones, and boiling 

enters the fully developed nucleate boiling regime.   

Figure 7.6 shows the comparison of the dynamics of fully developed nucleate 

boiling at q’’ = 62.6 kW/m2 on the hydrophobic surface with and without the influence of 

EW.  From Figure 7.6(a), it is observed that without EW, the fast-growing bubbles are 

spaced so closely that they coalesce from adjacent nucleation sites, forming a large bubble 

during the final stage of release.  It is also found that an ebullition period is about 70 ms.  

By contrast, Figure 7.6(b) shows that, when the EW signal is applied, the bubbles remain 

separated throughout the ebullition cycle without coalescence, which even makes it 

apparently that more active nucleation sites are present on the EW-modulated surface.  

Consequently, the bubble size at departure is much smaller than that in Figure 7.6(a).  At 

the same time, at least 3 ebullition cycles can be observed during the same 70 ms period, 

i.e., the departure frequency is much higher under EW in fully developed nucleate boiling 

regime.   
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Figure 7.6.  Nucleate boiling at q” = 62.6 kW/m2: (a) Hydrophobic and (b) EW-modulated surface 

(VR.M.S = 78 V, f = 100 Hz). 
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Figure 7.7.  Wall temperature (°C) distribution at q” = 62.6 kW/m2: (a) Hydrophobic and (b) EW-

modulated surface (VR.M.S = 78 V, f = 10 Hz). 
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t = 26.25 ms t = 35 ms t = 43.75 ms

t = 52.5 ms t = 61.25 ms t = 70 ms

18.8 mm (b)
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Figure 7.8.  Comparison of average boiling surface temperature evolution between a hydrophobic 

surface with and without EW modulation at q” = 62.6 kW/m2. 

The effect of the EW-modulated bubble dynamics on fully developed nucleate 

boiling is first examined from the measured local distribution of wall temperature at q’’ = 

62.6 kW/m2.  Figure 7.7 (a) shows the temperature contours at different time instants on 

the hydrophobic surface without EW.  In the images, the brighter color corresponds to a 

higher temperature, and vice versa.  Note that these IR images have been synchronized 

with the optical images in Figure 7.6 (a).  Hence, the highest temperatures (> 108°C, 

marked in dark red) are observed in regions covered by vapor bubbles, whereas the lowest 

temperatures (< 104°C, marked in dark blue) designate the regions that are in direct contact 

with the bulk liquid.  The time sequence clearly depicts the bubble coalescence process, 

during which the moderate temperature regions merge together to form a single large hot 

spot with higher temperatures.  Comparing the temperature distributions in Figure 7.7(a) 

to that in Figure 7.7 (b), it is seen that, due to lesser coalescence under EW, the individual 
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hot spots remain by and large isolated.  Even when they agglomerate, the newly formed 

“hotter” spot does not increase much in the overall size.  The last frame illustrates that after 

the bubble departs, new bubbles start to nucleate again from the discrete active sites.  Most 

of the boiling surface is observed to be at a temperatures of between 105 – 108 °C.  The 

time averaged wall temperature for the EW case is found to be 1 °C lower than the 

hydrophobic surface as seen from Figure 7.7. 

The effect of EW modulation on fully developed nucleate boiling heat transfer is 

further examined from the measured local distribution of wall heat flux.  Although the 

applied heat flux is generated uniformly by Joule-heating, the actual distribution on the 

boiling surface is inhomogeneous owing to different pathways thermal energy takes to 

enter the bulk fluid under boiling conditions.  Figure 7.9 shows the comparison of the local 

wall heat flux contours on the hydrophobic surface with and without the EW modulation.  

The heat flux value at each pixel is calculated from the corresponding IR temperature 

measurement using the energy balance method described in Chapter 4.  According to the 

results in Figures 7.6 and 7.7, the regions surrounding the vapor bubbles are wetted and 

cooled by the bulk liquid and, therefore, are generally more effective in heat transfer than 

the regions that are directly covered by the dry vapor bubbles.  In Figure 7.9, the profile of 

the bubbles can be recognized from the contour plots where the heat fluxes are low.  It can 

be seen that with the EW modulation, larger areas are of high heat flux values than those 

on the hydrophobic surface without EW.   
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Figure 7.9.  Wall heat flux (W/m2) distribution at q” = 62.6 kW/m2: (a) Hydrophobic and (b) EW-

modulated surface (VR.M.S = 78 V, f = 10 Hz). 

t = 0 ms t = 8.75 ms t = 17.5 ms

t = 26.25 ms t = 35 ms t = 43.75 ms

t = 52.5 ms t = 61.25 ms t = 70 ms

(a)18.8 mm

t = 0 ms t = 8.75 ms t = 17.5 ms

t = 26.25 ms t = 35 ms t = 43.75 ms

t = 52.5 ms t = 61.25 ms t = 70 ms

18.8 mm (b)
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Figure 7.10.  Comparison of average boiling surface heat flux evolution between a hydrophobic surface 

with and without EW modulation at q” = 62.6 kW/m2. 

 Furthermore, the average value of the boiling heat flux from the surface to the liquid 

pool under EW modulation shows an increase of around 2% at an average as shown in 

figure 7. 10.  The values reported here are the instantaneous measurement of the spatially 

averaged boiling heat flux for every single pixel.  It should be noted that the maximum and 

minimum values depend greatly based on the location of the measured pixel, i.e., whether 

they lie directly underneath the contact line, vapor covered or liquid covered region.   

7.3. Onset of film boiling and enhanced CHF 

At increased heat flux levels, the active nucleation sites become so densely 

distributed that the bubbles coalesce immediately after nucleation.  The boiling surface is 

then blanketed by a thin layer of vapor, and liquid is unable to reach the surface to keep it 

wetted – the dryout occurs.  Due to the poor heat transfer through the vapor film, any further 

increase in heat flux will cause the surface temperature to rise drastically even to a 

dangerous level.  The threshold value of heat flux is called the critical heat flux (CHF), and 
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the corresponding boiling regime observed in this work is film boiling.  The onset of film 

boiling and CHF occurs at q’’ = 76.9 kW/m2 on the hydrophobic surface.  Since it has been 

shown previously that EW is able to suppress the coalescence of adjacent nucleate bubbles, 

this effect on film boiling and CHF will be examined in this section. 

  

 

Figure 7.11.  Boiling regime at q” = 75.9 kW/m2: (a) Hydrophobic and (b) EW-modulated surface 

(VR.M.S = 78 V, f = 10 Hz). 
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Figures 7.11 and 7.12 show the comparison of the boiling regime and the associated 

wall temperature distributions at q’’ = 76.9 kW/m2 for boiling with and without EW, 

respectively.  It can be seen from the optical images in Figure 6.9(a) that the hydrophobic 

surface is constantly covered by a thin layer of vapor film, irrespective of the bubble 

departure process.  With the EW modulation, the vapor film is clearly absent under the 

same boiling conditions (Figure 6.9(b)).  Instead, multiple nucleate bubbles are present and 

portions of the boiling surface are still directly exposed to the bulk liquid.  Thus, the 

apparent boiling regime is reverted to fully-developed nucleate boiling.  It can be clearly 

seen from the optical images of the boiling regime that on the hydrophobic surface (Figure 

7.11(a)) there is a thin layer of vapor film covering the heater surface whereas under the 

EW modulation the vapor film is absent (Figure 7.11(b)).  Instead multiple nucleated 

bubbles can be seen along with parts of the heater surface exposed to the bulk liquid. 

Figure 7.12(a) shows the temperature distribution of the surface during the film 

boiling process.  The entire boiling surface is seen to undergo high temperatures ranging 

between 120°C and 205°C.  Under long exposure to such a high-temperature condition, the 

hydrophobic coating layer may be damaged and peel off during the test.  This is marked as 

the burnout condition, and the experiment has to be terminated when it happens.  Figure 

7.12(b) illustrates that when the EW modulation signal is applied, multiple isolated hot 

spots replace the single large hot spot on the temperature map, indicating the vapor film 

has disintegrated into smaller nucleate bubbles.  At this high heat flux, it is possible that 

these bubbles coalesce to form a bigger vapor bubble, however, the maximum wall 

temperature is around 110°C, significantly lower than that during film boiling when EW is 

absent.    
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Figure 7.12.  Wall temperature (°C) distribution at q” = 76.9 kW/m2: (a) Hydrophobic and (b) EW-

modulated surface (VR.M.S = 78 V, f = 10 Hz). 

 

 Based on the above discussion, it can be deduced that the EW modulation can delay 

the onset of film boiling and, therefore, improve CHF.  However, it should be kept in mind 

t = 0 ms t = 5.5 ms t = 15 ms
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(a)20.5 mm
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that, even with EW, if the applied heat flux is increased beyond the enhanced CHF value, 

dryout and boiling crisis may still occur eventually.  This limit will be better illustrated 

from the following discussion on the overall effect of EW on the nucleate boiling heat 

transfer performance. 

7.3.1. Transition of boiling regime under EW modulation 

 To further scrutinize the effect of EW on the boiling regime transition, some 

experiments were conducted under dynamic conditions during which the EW signal was 

turned on only after a stable film boiling regime was established.  It was observed that the 

vapor film immediately collapses into multiple smaller vapor patches, and the overall 

footprint on the surface also shrinks significantly.  Figure 7.13 shows the transition of the 

boiling regime from film boiling to fully developed nucleate boiling under the effect of an 

applied AC EW signal.   

In order to observe the transition of boiling regime a wall heat flux (=10 kW/m2) 

higher than the CHF value for a hydrophobic surface wall applied to the boiling surface 

and held constant. This resulted in the formation of a thin vapor film.  Thereafter, the AC 

EW signal was applied.  Synchronous optical and IR images were acquired in order to 

capture the EW effects.  In the set of images in the Figure 7.13, at t = 0 ms, a thin vapor 

film can be seen which represent the film boiling regime.  At t = 860 ms, the AC EW signal 

was applied.  It was observed that the boiling regime transitioned from the film boiling 

regime to fully-developed nucleate boiling regime after 740 ms after the application of the 

EW signal. The images for t = 1.11 s and 1. 36 s show the transition of the film boiling 

regime to the fully developed nucleate boiling regime.  The transition was completed at t 

=1.6 s after which the nucleate boiling regime prevailed.  
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Figure 7.13.  Transition of film boiling to nucleate boiling under AC EW modulation (VR.M.S = 78 V, f 

= 100 Hz) at q” = 10 kW/m2. 

 The transition of the boiling regimes affects the average boiling surface temperature 

directly.  From the IR measurements, a drop of 25°C in the average wall temperature of the 

boiling surface was observed, as shown in Figure 7. 14, as a result of the change in the 

boiling regime.  It can be seen that there is a steady decrease in the wall temperature after 

the application of the AC EW signal from 136°C to 109°C over a duration of 740 ms which 

represent the boiling regime transition process.  The change in the maximum wall 

temperature was observed to be even higher.  As seen earlier, the highest wall temperature 

for film boiling is around 205°C whereas after the application of the EW signal the 

maximum wall temperature was around 115°C.   

t = 0 ms t = 860 ms t = 1.11 s
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Figure 7.14. Evolution of area averaged surface temperature during transition from film to numcleate 

boiling under AC EW modulation (VR.M.S = 78 V, f = 100 Hz) at q” = 10 kW/m2. 

7.4. Nucleate boiling heat transfer performance 

In the foregoing sections, it has been demonstrated that EW modulation can 

effectively alter the bubble dynamics and the distributions of the wall temperature and heat 

flux at various stages of boiling, namely, from ONB, fully developed nucleate boiling, up 

to film boiling.  Next, the experimental results will be presented in terms of the boiling 

curve and boiling heat transfer coefficient (HTC) to examine the overall impact of EW on 

nucleate boiling heat transfer characteristics.   

Figure 7.15 compares the boiling curves of the hydrophobic surface with and without 

the EW modulation.  The wall superheat is calculated from 

 sat w satT T T   , (7.1) 

where the saturation temperature Tsat is based on the local vapor pressure, and the wall 

temperature.  Tw is obtained in three steps: 1) first, taking multiple IR temperature 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
105

110

115

120

125

130

135

140

145

 

 

T
e

m
p

e
ra

tu
re

 (
C

)

Time (s)

 Spatially averaged wall temperature

EW signal applied

0.74 sec



120 

 

measurements over a time scale that is typical to a specific boiling condition (at the given 

heat flux), 2) then, calculating the area average of each instantaneous IR measurement (one 

single frame), and 3) finally computing the mean value of these averages.  .  It is observed 

that there is not much difference between the two boiling curves at very low heat fluxes, 

however, they start to diverge at q’’ = 40 kW/m2.  The boiling curve for the hydrophobic 

surface flattens at q’’ = 77 kW/m2, beyond which a slight increase in heat flux causes the 

wall superheat to jump to 35°C, signifying the CHF condition has been reached.  By 

comparison, the boiling curve under EW modulation is able to extend to a much higher 

heat flux level (q’’ = 141 kW/m2) with reasonable wall superheat before CHF occurs.  

Hence, the CHF is enhanced by 83% under the influence of EW.   

 

Figure 7.15.  Comparison of boiling curves hydrophobic surface and under AC EW-modulation. 

Figure 7.16 shows the comparison of HTC of the hydrophobic surface with and 

without the EW modulation.  The HTC, h is defined as 
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where q” is the applied wall heat flux.  As expected, the HTC for the EW-modulated boiling 

remains a rising trend almost over the entire heat flux range till reaching a maximum value 

of 8.66 kW/m2K, a 40% augmentation compared to that without EW modulation.  The heat 

transfer enhancement is primarily due to the lower wall superheat attained during the EW-

modulated nucleate boiling.  EW alters the bubble dynamics that suppresses the 

coalescence of nucleate bubbles, which may have a two-fold impact: leaving a larger 

surface area being directly exposed to the cool bulk liquid, and delaying the coverage of 

the surface by dry vapor film.  Additionally, the bubble departure frequency is also 

increased under the influence of EW, which may also contribute to the enhanced HTC. 

 

Figure 7.16.  Comparison of boiling heat transfer coefficient on the hydrophobic surface and under 

AC EW-modulation. 

7.5. Heat transfer mechanism with EW 

From the experiments it is observed that under EW modulation the number of 

nucleation sites decrease compared to that on the hydrophobic surface.  However, due to 

the effect of coalescence, the number of bubbles departing the hydrophobic surface is 
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smaller than the EW modulated case.  On the hydrophobic surface determining the number 

of nucleation sites is not enough since it does not give a measure of the number of bubble 

departing the surface.  Moreover, it is also observed that the bubble departure frequency is 

higher under the influence of EW.  Hence, in order to study the effect of EW on bubble 

departure we counted the total number for bubbles departing from the boiling surface in a 

fixed duration of time.  This measurement was done for different frequencies of the applied 

EW signal for the same R. M. S value in order to determine the effect of different 

frequencies on the bubble dynamics. 

Figure 7.17 shows the total number of bubble departing the boiling surface for the 

hydrophobic and the EW-modulated case at different frequencies for a constant applied 

wall heat flux of 15 kW/m2.  It is observed that this value is higher under the EW 

modulation.  Moreover, it increases with the increase in the applied EW frequency till 100 

Hz after which it reduces sharply.  At an EW frequency of 1000 Hz, this value is almost 

similar to the hydrophobic case.  

 We also studied the same for different wall heat flux values but we constrained the 

EW frequency till 100 Hz since at frequencies high than that the number of bubbles 

departing reduced.  Figure 7.18 shows the behavior of the total number of bubbles 

departing the boiling surface at different heat fluxes for boiling on the hydrophobic and 

EW-modulated boiling for frequencies of 10, 50 and 100 Hz.  It is found that with the 

application of AC EW signal the total number of bubbles departing the boiling surface 

increases compared to the hydrophobic surface for the three frequencies used here. 
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Figure 7.17.  Bubble departure frequency variation at q”=15 kW/m2. 

 

Figure 7.18.  Bubble departure frequency at different wall heat flux. 

In order to determine the total amount of heat carried away from the surface by the 

departing bubbles, the average volumes of the departing bubbles were determined.  The 

bubble volumes were calculated from the optical images by assuming them to be 

axisymmetric.  Figure 7.19 shows the variation in the bubble departure volumes at an 

applied wall heat flux of 5.9 kW/m2 for the hydrophobic and the EW modulated cases at 

different frequencies.  It is observed that the bubble departure volume is the largest for the 
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hydrophobic surface.  Under the effect of electrowetting the bubble departure volume first 

decreases for the waveform frequencies from 10 – 100 Hz and then increases after 100 Hz 

however it is always lower than that for the hydrophobic surface. 

 

Figure 7.19.  Bubble departure volume at q” = 5.9 kW/m2. 

The total heat transfer due to evaporation can thus be calculated based on the total 

number of bubbles departing the surface per unit time and their volume by 

 
evap v fgQ n V h     . (7.3) 

Here, n is the total number of bubbles departing the boiling surface per unit time, V is the 

volume of the departing bubbles in m3, 
v  is the density of the vapor in kg/m3, 

fgh  is the 

latent heat of vaporization in J/Kg and Q is the total rate of evaporation heat transfer in W. 

Figure 7.20 shows the average thermal energy transported by the departing bubbles 

from the boiling surface at different applied wall heat fluxes for both the hydrophobic and 

the EW modulated cases.  The effect of the applied EW signal is also studied here.  In this 

plot, the heat transfer values at a frequency of 0 Hz refer to the evaporation heat transfer 
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by the departing bubbles from hydrophobic surface without the influence of EW.  Figure 

7.20 (a) and (b) show the values for Qevap and the percentage of the ratio of Qevap to the 

input thermal energy to the boiling surface, Qin.  Overall it is observed that under the 

influence of EW, the amount of heat transferred by the departing bubbles is reduced in 

comparison with that on the hydrophobic surface.  However for a specific surface wetting 

condition, which here refers to the applied EW signal frequency, this value is found to 

increase with the increase in Qin. This increase is expected due to the increase in bubble 

departure volume and frequency with the increase in the wall heat flux for both EW and 

non-EW cases.   

 

Figure 7.20. Comparison of heat transported by the departing bubbles from the boiling surface 

between a hydrophobic surface and EW-modulated hydrophobic surface at different 

applied waveform frequenices with VR.M.S = 78 V. 

 At low wall heat fluxes, the Qevap values are similar for the EW and non EW cases.  

These values account for around 20% of Qin at a wall heat flux of 11 kW/m2 and around 

30% for a wall heat flux of 15 kW/m2 (Fig 7.20(b)).  With the increase in the power input 

to the boiling surface, a sharp increase in the percentage evaporation heat transfer for the 

hydrophobic surface is observed.  Whereas, under EW modulation the increase is moderate.  

For example, the percentage of increase in the ratio of Qevap to Qin for the hydrophobic 
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surface is 70% for the wall heat flux of 25 kW/m2 and 90% for 30 kW/m2 which shows a 

change of 23% for a 20% increase in the wall heat flux.  Whereas, for the same increase in 

wall heat flux, the change in the ratio is around 10% under AC EW modulation at 100 Hz.   

Based on Figure 7.20 it is clear that the rate of evaporative heat transfer under EW 

modulation is lower than that on a hydrophobic surface.  However, as seen earlier, under 

EW modulation the overall energy transferred during the boiling process remains at least 

the same as that on a hydrophobic surface or increases sharply depending upon the applied 

wall heat flux (Figure 7.16).  This indicates towards either the addition of heat transfer 

mechanisms to the existing ones or an enhancement of one or multiple heat transfer 

mechanisms associated with the boiling process on a hydrophobic surface.  The following 

discussion explores the possible addition of heat transfer mechanisms and/or the 

enhancement of the existing ones as a result of the applied AC EW modulation.   

In order to carefully investigate the effects of EW modulation on the heat transfer 

mechanisms, it is important to identify the mechanisms during the nucleate boiling process.  

The mechanisms responsible for the transport of thermal energy from the boiling surface 

during a bubble growth cycle on a hydrophilic surface comprise of the heat transported 

through the liquid microlayer underneath the nucleated bubbles, the evaporation heat 

transfer at the liquid-vapor interface, the transient conduction through the thermal 

boundary layer developed over the boiling surface by the superheated fluid which rewets 

the surface upon bubble departure and the microconvection heat transfer due to the motion 

of the bubbles during their growth and departure (Figure 7.21 (a)).   
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Figure 7.21.  Schematic representation of the dominant heat transfer mechanism during a nucleation 

cycle on different surfaces: (a) Hydrophilic surface, (b) Hydrophobic surface and (c) EW 

modulated hydrophobic surface.  

Whereas, in the case of nucleate boiling on a hydrophobic surface, the microlayer 

region underneath a nucleated bubble is absent due to its geometry (Phan et al., 2009b).  

Based on the observations made from the local wall heat flux evolution plots (see Figure 

5. 9) it is clear that the thermal transport from the boiling surface into the liquid pool during 

the nucleate boiling process is dominated by the quenching process during the bubble 

departure process (Figure 7.21(b)).   

The efficiency of a quenching process depends greatly on the difference in the 

temperature of the surface which would undergo wetting and the wetting liquid.  Moreover, 
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the total heat transferred into the liquid from the vapor covered surface also depends on the 

total area of the surface undergoing quenching.  It has been observed that under EW 

modulation the coalescence of neighboring nucleated bubbles is reduced.  This results in 

the increase of the three phase contact line length on the boiling surface in comparison to 

a hydrophobic surface.  Hence, the effective area of the boiling surface undergoing 

rewetting upon the departure of the bubbles is higher which should enhance the heat 

transfer rate. In addition, the oscillation of the three phase contact line of a nucleated bubble 

under AC EW modulation (Figure 7. 2(b)) causes the liquid surrounding the footprint of 

the bubble to periodically rewet the peripheral region of the vapor covered surface 

underneath the bubble throughout its growth cycle.  This should also enhance the 

quenching heat transfer since it does not occur only at the end of the bubble departure as 

on a hydrophobic surface.   

Moreover, due to the oscillation of the liquid-vapor interface under EW modulation, 

local convection currents surrounding the nucleated bubbles might get developed as 

reported by Ko et al. (Ko et al., 2009).  They observed liquid streaming and secondary 

flows generated in the neighborhood of oscillation bubbles under AC EW modulation.  The 

generation of such secondary flows, enhances the mixing phenomena in the liquid which 

other than improving microconvective effects will also result in a lower temperature of the 

superheated liquid responsible for the quenching process.  As a result, it will lead to a 

higher heat transfer rate from the boiling surface to the liquid pool.   

 Furthermore, the change in the geometry of the bubbles during their growth cycle 

under EW modulation might also contribute to the observed enhancement.  It is observed 

that the contact angle of a nucleating bubble under EW modulation is between 80° - 90° at 
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different stages of the growth process under EW modulation.  This indicates the possibility 

of the formation of a very small microlayer region at the three phase contact line of the 

nucleated bubble which would further enhance the heat transfer from the boiling surface.   

 Thus, to summarize the observed enhancement of the heat transfer during nucleate 

boiling under AC EW modulation may be caused by: (1) the augmentation of the quenching 

heat transfer mechanism as a result of reduced bubble coalescence and three phase contact 

line oscillations, (2) enhanced mixing in the liquid surrounding the nucleated bubbles due 

to their interfacial oscillations and (3) the formation of a liquid microlayer underneath the 

nucleated bubbles as a result of the change in the bubble geometry during its growth cycle 

due to the enhanced surface wettability.  Figure 7.21 (c) summarizes the above postulations 

in a schematic format.  However, in order to determine the most prominent mechanism 

responsible for the heat transfer enhancement under AC EW modulation, further 

investigation is warranted.   

7.6. Effect of AC EW frequency on film boiling 

The effect of different frequencies of the applied AC EW signal has been studied 

on the wall temperatures at CHF.  Figure 7.22 shows the wall temperature distribution of 

the boiling surface at CHF for different EW waveform frequencies.  The heat flux applied 

here is 160.2 kW/m2.  The images shown here represent a larger area than that of the boiling 

surface, which is exactly over the thin film heater, in order to better illustrate the frequency 

effects.  As explained earlier, during film boiling the surface is covered with a thin film of 

vapor which results in a sharp increase in wall temperature.  The vapor film creates a large 

hot spot which has the highest temperature at the center with the temperature decreasing 

radially.  It is observed from the experiments that the applied EW signal frequency has a 
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considerable effect on the wall temperature after the onset of film boiling.  The area covered 

by the vapor film, which can be gauged by size of the hot zone in the wall temperature 

distribution, is found to first decrease with the increase in the EW frequency from 10 Hz 

to 200 Hz.  However, this hot region thus the vapor film covered region increases in size 

drastically for 500 Hz.  And at an applied frequency of 1000 Hz, the vapor film covers an 

area larger than the heater dimension which directly indicates to an increase in the vapor 

film covered region.   

 

Figure 7.22.  Wall temperature variation under EW modulation at different waveform frequencies.  

 The area covered by the vapor film directly affects the average wall temperature.  

Figure 7.22 shows the variation of the average wall temperature for different EW 

frequencies at q”= 160.2 kW/m2.  It is clear that there is a minima in the average wall 

superheat value at the same heat flux for a specific AC EW frequency of around 100 Hz.  

This observation can be explained based on the resonance effects.  As seen in Figure 6. 8, 

an applied EW frequency of 100 Hz, the amplitude of oscillation of the bubble is the highest.  
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As a result of which, with the application of this specific EW frequency, the vapor film 

formed after the onset of film boiling does not coalesce with the other nucleating bubbles 

hence preventing its rapid growth.  Thus, the boiling surface only gets partially covered 

with the vapor film but still remains in contact with the liquid pool resulting in a lower 

average wall temperature.   

 

Figure 7.23.  Average wall superheat variation as a function of the applied AC EW waveform 

frequency. 

7.7. Effect of AC EW frequency on boiling heat transfer 

From the above analysis, it is observed that the frequency of the applied EW alters 

the bubble dynamics including its departure frequency and volume and also delays the 

growth of the vapor film after the onset of film boiling.  Thus, it is prudent to compare the 

effect of different frequencies of the applied electrowetting signals on the overall 

performance of the nucleate boiling process.  Figure 7.24 compares the boiling curves 

under the influence of electrowetting for different waveform frequencies.  Here, the R.M.S 
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phenomena under for different EW frequencies show that the CHF is increased with the 

increase in the applied frequency and it reaches the maximum value at a frequency of 100 

Hz.  For the 100 Hz EW signal the enhancement in the CHF is around 115%.  Similar 

effects are seen when the boiling heat transfer coefficients (HTC) are compared for the 

different frequencies with the hydrophobic surface (Figure.  7.25).  The heat transfer 

coefficient for the 100 Hz signal shows the maximum enhancement (~ 75%) at the CHF.  

The enhancement in CHF was observed to be the highest at 100 Hz since the onset of film 

boiling occurred earlier for all other frequencies.   

 

Figure 7.24.  Boiling curves comparing the effect of applied EW frequencies with that of a hydrophobic 

surface. 
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Figure 7.25.  Comparison of HTC values for different applied EW frequencies with that of a 

hydrophobic surface. 

 The increase in the CHF and HTC values at for the EW frequency of 100 Hz can 

be explained based on the observations made in the previous chapter regarding the change 

in radius, height and contact angle of a sessile bubble in a saturated pool of liquid .  In 

Figure 6.8 it can be seen that at 100 Hz the bubble has the maximum amplitude of the 

oscillation of its base and its height.  In case of boiling this would lead to an increased 

exposure of the heater surface to the bulk liquid due to much lower coalescence effects 

thus increasing the rate of heat transfer from the heater wall to the bulk fluid.   

The effect of DC EW on the nucleate boiling process was also studied in this work.  

Figure 7.26 shows the comparison of the boiling curve under the effect of an applied DC 

EW signal with that for a hydrophobic surface.  The value of the DC potential chosen here 

is 110 V to match the peak to peak potential of the applied AC electrowetting signal.  It is 
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observed that under the influence of the applied DC EW potential the overall boiling 

performance decreases.  Similar observations have been reported by Bralower (Bralower, 

2011) where a study on the effect of different DC EW voltages on nucleate boiling was 

conducted. 

 

Figure 7.26.  Boiling curves comparing the effect of applied DC EW on nucleate boiling with that on a 

hydrophobic surface. 
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performance of a hydrophobic surface can be enhanced.  The maximum enhancement of 
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Figure 7.27.  Comparison of boiling curves for hydrophilic, hydrophobic and EW modulated surfaces. 

 Finally, the performance of the nucleate boiling process under the EW modulation 

is compared with that on a hydrophilic surface to gauge the enhancement by the EW 

modulation with respect to a hydrophilic surface.  Figure 7.27 shows the boiling curves for 

the nucleate boiling process on a hydrophilic, hydrophobic surface and under EW 

modulation.  The maximum CHF attained with the EW modulation is observed to be still 

much lower than the same for a hydrophilic surface.  This observation is understandable 

since even with the EW modulation the contact angle of the nucleating bubble varies 

between 80-90° as compared to that of 38° on a hydrophilic surface.  Hence, the highly 

effective microlayer underneath nucleating bubbles is absent or much smaller in size under 

EW modulation.  Moreover, due to the resulting shape of the bubble footprint with EW 

modulation, the bubbles eventually end up coalescing with each other on the boiling 

surface thereby leading to an early onset of film boiling as compared to the hydrophilic 
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surface. For these reasons, the comparison of boiling performance under EW modulation 

with a hydrophilic surface is not ideal.  

 

Figure 7.28.  Comparison of the boiling heat transfer coefficient. 

 However, the heat transfer rates under the EW modulation on a hydrophobic surface 

at lower heat wall fluxes are much higher than that on a hydrophilic surface.  Figure 7.28 

shows the comparison of the heat transfer coefficients for the nucleate boiling process on 

a hydrophilic, hydrophobic surface and under EW modulation on a hydrophobic surface.  

The EW modulated surface is observed to outperform both the hydrophobic and 

hydrophilic surface at lower wall heat fluxes.  However, the HTC value decreases sharply 

compared to the hydrophilic surface after the onset of film boiling.   

All these observations imply that with an increased wettability overall higher 

performance levels for the boiling process can be achieved and EW can be used as the tool 

to actively control the change in wettability to gain desired enhancement.  However, the 
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so, it is imperative to look into different hydrophobic coatings which allow for a higher 

degree of wettability change under the influence of an applied EW potential.   

Overall it can be seen that, in order to enhance the boiling performance at low heat 

fluxes, a hydrophobic surface can be chosen to attain an early ONB and EW modulation 

can then be implemented to obtain desired heat transfer enhancements based on the results 

presented in this work.  Thus, it can be concluded that with the application of an AC EW 

waveform dynamic control of the boiling process on a hydrophobic surface can be obtained 

which can be used to achieve desired boiling performance levels within the limits of an 

enhanced CHF. 
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Chapter 8.  CONCLUSIONS AND FUTURE WORK 

8.1. Conclusions 

In this work, the effect of electrowetting on nucleate boiling on a hydrophobic 

surface has been studied systematically.  In order to enable the implementation of 

electrowetting in the nucleate boiling process a device (test piece) has been fabricated.  An 

experimental setup to conduct controlled nucleate boiling experiments has been devised.   

In this experimental study, firstly, the fundamentals underlying the nucleate boiling 

process on a hydrophilic and hydrophobic surface are investigated with the use of high 

resolution and high speed optical imaging and IR thermography.  Major differences in the 

nucleation and bubble growth processes are determined.  The temperature response on the 

boiling surface underneath the nucleating bubbles is also studied.  An energy conservation 

based numerical model is developed to estimate the local heat transfer from the boiling 

surface into the fluid bypassing the need for solving an inverse heat conduction problem.   

The comparison of the nucleate boiling on the hydrophilic and hydrophobic surface 

revealed major differences in the bubble dynamics, the temperature and heat flux evolution 

on the boiling surface during a bubble growth cycle.  A major difference in the heat transfer 

mechanism from the boiling surface into the liquid pool during a nucleation cycle is also 

revealed based on the local wall heat flux evolution.  Moreover, the CHF and the HTC 

values are compared for both the cases.  From the comparisons, it is found that the CHF 

value for the hydrophobic surface is much lower that of the hydrophilic surface as a result 

of an early onset of film boiling on the hydrophobic surface.  However, at low wall heat 

fluxes the heat transfer rates and the HTC is higher for the hydrophobic surface.   
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 Secondly, the applicability of electrowetting on a bubble in the designed 

experimental setup and the proper functionality of test piece was examined.  Here, DC and 

AC EW effects were studied on a sessile bubble immersed in a pool of the liquid (DI water) 

at both room and saturation temperatures.  The contact angle measurements at different 

EW potentials revealed a decreasing trend with the increase in the applied DC voltage 

suggesting the enhancement of surface wettability.   The saturation potential was 

determined to be at 110 V for the EW experiment at saturated temperature conditions.  

Transient DC EW experiments were also conducted to determine the response time for the 

bubbles and the contact line hysteresis effects.  It was found that at saturation conditions 

the bubble response time was 10 ms compared to 18 ms at room temperature.   

In addition, AC EW experiments were conducted and the responses of the 

immersed bubbles were studied.  It was found that the occurrence of the maximum 

amplitude of oscillation of the bubbles footprint radius and its height occurred at 100 Hz 

at saturation temperature conditions.  Moreover, a clear oscillatory pattern was observed 

for both the bubble footprint radius and bubble height under an applied AC EW field on 

the fabricated test piece.  Based on the findings, a suitable AC EW waveform (square signal) 

was designed to achieve maximum wettability modulation.  The RM.S value of the AC 

EW signal was set to 78 V. 

Finally, the effect of AC EW on the nucleate boiling phenomena was studied on 

the hydrophobic surface of the test piece.  It was found that under the effect of AC EW the 

ONB was delayed.  The bubble departure frequency increased under the AC EW 

modulation whereas the bubble departure volume was reduced in comparison to the same 

on a hydrophobic surface.  It was also observed that the coalescence phenomena of 
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neighboring nucleated bubbles, which is very strong on a hydrophobic surface, was also 

reduced with the AC EW modulation.  Moreover, at moderate heat fluxes, an increase in 

the local wall heat flux from the boiling surface into the liquid pool was observed which 

has been attributed to the increased exposure of the boiling surface to liquid.   

The CHF value was found to have increased by 71% for an applied AC EW 

waveform at 10 Hz compared to the same on a hydrophobic surface.  The CHF was 

observed to be at its highest value at a frequency of 100 Hz for the applied AC EW potential.  

Hence, the maximum CHF value attained was around 130% higher than in case of the 

hydrophobic surface.  The HTC values also show an increase under the AC EW effects.  

The maximum enhancement in the HTC was found to be around 71% for the 100 Hz signal.  

The effects of DC EW were also studied on the nucleate boiling process which showed 

degradation of the overall boiling phenomena compared to the hydrophobic surface.   

Thus to summarize, it has been determined that with the application of AC EW the 

nucleate boiling phenomena on a hydrophobic surface can be dynamically controlled.  

Under an applied AC EW field, the CHF and the HTC increases which results in the 

increase in the limits of heat flux range at which higher heat transfer rates can be achieved 

during nucleate pool boiling.   

8.2. Future work 

This work clearly highlights the feasibility of the application of EW on the nucleate 

boiling process and shows that with AC EW a dynamic control over the nucleate boiling 

process can be achieved to enhance its performance to a desired level within the limits of 

CHF.  The enhancement observed here is very high but far from ideal.  In order to achieve 

further enhancement in the performance of the nucleate boiling process the limits of the 
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EW modulated nucleate boiling process needs to be investigated.  Some suggestions for 

any follow up work are categorically listed as follows: 

1. Device fabrication: 

a. The adhesion of Teflon® on the Silicon substrate acts as a limiting factor in the 

fabrication of the test piece.  It requires an adhesion promoter coating whose glass 

transition temperature is around 150 °C and thus does not allow to study the effects 

of CHF on film boiling since the coating fails after reaching 200 °C which is the 

usual wall temperature during film boiling processes.  Thus, a better hydrophobic 

material with similar dielectric and better adhesion properties should be used to 

overcome this issue. 

b. The use of Silicon as a substrate is highly convenient due to its easy availability 

and good dielectric properties.  However, due to its high thermal conductivity, 

there is some lateral thermal diffusion in the radial direction of the wafer which 

hampers the resolution during IR thermography and thereby increasing the error 

in the calculation of the local wall heat fluxes.  Thus, the use of a substrate with 

lower conductivity such as quartz should be looked into. 

c. The limits of the wettability change under the influence of electrowetting depends 

on the combined properties of the dielectric, hydrophobic coating, the liquid and 

the experimental setup.  The enhancement in the nucleate boiling performance is 

directly related to the control of achieving higher wettability with the EW 

potentials.  Hence, the use of different combinations of the above mentioned 

parameters should be investigated to achieve much higher enhancements in the 

nucleate boiling performance. 
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2. Experimental measurements: 

a. The dynamics of nucleated bubbles are measured based on the optical images 

recorded using the high speed camera.  However, this does not elucidate the flow 

patterns developed in the liquid during the bubble growth processes with and 

without the EW effects.  Thus, in order to better understand the effects of the 

established flow fields on the local heat transfer better imaging techniques, such 

as PIV should be implemented. 

3. Fundamental studies: 

a. An in-depth experimental and numerical investigation needs to be performed to 

study the effects of electrowetting on sessile bubbles immersed in a liquid pool at 

different temperatures to understand the effects of hysteresis which affect the 

bubble dynamics undergoing EW.   

b. Based on the observations regarding the difference in heat transfer mechanisms on 

a hydrophilic and hydrophobic surface, models for predicting the CHF on a 

hydrophobic surface should be developed. 

c. A more detailed and parametric study on the AC EW modulated nucleate boiling 

on the hydrophobic surface should be conducted in order to determine the limiting 

factors which influence the change in the CHF and HTC values. 
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