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Abstract 

 

Electrowetting-based Control of Water Adhesion to Surfaces 

 

Christopher D. Galvin, M.S.E 

The University of Texas at Austin, 2015 

 

Supervisor:  Vaibhav Bahadur 

 

This thesis lays the foundations for the electrical control of adhesion of water 

drops and films to surfaces. Electrowetting (EW) is the increase in wettability of 

conducting liquids via the application of a concentrated interfacial electric field. EW 

can be exploited to keep a surface water-wet and displace non-conducting liquids 

away from the surface. This concept has various applications in the field of oil-gas 

flow assurance, such as hydrocarbon fouling mitigation, and heavy oil pumping via 

core annular flows.  

This dissertation presents experimental results that are the first step towards 

experimental validation of the concept of keeping surfaces water-wet under 

hydrocarbon flow conditions. The first experiments involve measurements of the 

electrically tunable water drop-surface adhesion. Adhesion is measured in terms of 

the tilt angle needed to roll off an electrowetted drop from the surface. 

Measurements show a 67 % increase in drop-surface adhesion at a 20 V/µm electric 

field.  
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The second set of experiments show that electrowetting forces are strong 

enough to displace very viscous oil from a surface and wet the surface with water. 

The influence of the magnitude and frequency of the AC voltage on oil displacement 

with water is experimentally quantified. Along with the experimental efforts, first 

order modeling results to predict the retention of electrowetted water films under 

hydrocarbon shear conditions are presented. These efforts map the technical 

feasibility of the proposed concept for field conditions. It is seen that EW is a 

powerful tool to enforce water wetting under relevant field conditions; furthermore 

the benefits of using this concept will be transformative.  
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Chapter 1 

Introduction 

 

 
Electrowetting (EW) is the increase in wettability of a conducting liquid on an 

underlying substrate upon the application of an electric field [1]. Figure 1 illustrates 

electrowetting, wherein a drop is spread to the extent that it resembles a thin film.  

The fundamental principle underlying EW is electrical attraction of water towards 

the surface by the action of a concentrated interfacial electric field. This attraction 

causes a drop to spread out and “wet” a surface. The requirements to electrowet are 

finite electrical conductivity of the liquid and a surface capacitance, which is 

typically provided by an insulating coating on the surface. Electrowetting works for 

liquids with finite electrical conductivities (water, salt solutions) as well as polar 

organic solvents like methanol, acetone, isopropanol, etc.  EW has been utilized for 

microfluidic pumping and to control the fluid-surface interactions of drops, thin 

films and bubbles. It should be noted that electrowetting has been studied for about 

two decades and has been implemented in multiple, existing commercial applications 

[2], [3]. 
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Figure.1. Illustration of electrowetting at 50 Volts. It is seen that a drop can be spread to the 

extent that it resembles a thin film. [4] 

 

This thesis is the starting point for the development of electrowetting technology 

for oil-gas flow assurance applications. Hydrocarbon buildup and deposition can be 

reduced by protecting the target surface with an electrically wetted water layer, like 

in Figure 1. This concept relies on the difference in the electrical properties of water 

and hydrocarbons to keep a surface water-wetted. Replacing the interfacial water 

layer with hydrocarbons will require additional energy to separate the water. This 

additional energy requirement will significantly reduce the possibility of 

hydrocarbon deposition on surfaces.  It is expected that this concept could prevent 

surface nucleation and deposition of multiple types of hydrocarbons including 

asphaltenes, waxes and hydrates.  

It should be noted that the concept of water-wetting a surface has been studied by 

other researchers.  The previously studied [5], [6] concept of core annular flows (for 

heavy oil transport) relies on a water-wet pipeline which lubricates oil flowing in the 

core. It should be noted that viscous hydrocarbons, such as low API crude oils, 

require substantial pumping power. Enormous benefits in pumping power reduction 

can follow from this friction reduction concept. However, one of the biggest 
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challenges in implementing this technology is the instability of the water film and 

issues related to stratification after shutdown. Electrowetting offers an alternative 

strategy to keep surfaces water-wet. Electrowetting could be used to separate water 

from oil to create and maintain thin water films to maintain core annular flow. 

In order to investigate the feasibility of such solutions for oil-gas flow 

assurance, the effects of electrowetting on adhesion are examined in this dissertation. 

The change in the adhesion of water drop due to electrowetting and the ability of 

electrowetting to displace oil with water at a surface is quantified. Additionally, the 

penetration depth of an EW signal into the liquid stream to attract water to a surface 

is also estimated. 

 

  1.1. Introduction to electrowetting 

This section describes the physical mechanisms underlying electrowetting. 

Classical electrowetting research and more recent breakthroughs are discussed and  

the theoretical background of electrowetting is briefly reviewed. Finally, grounded 

from below electrowetting, which is the configuration used in the present work is 

discussed.   
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1.1.1. Mechanisms underlying electrowetting 

Electrowetting relies on the reduction in the solid-liquid interfacial tension 

via the use of an applied electric field [1]. EW-based wettability control is a strong 

tool in microfluidics, due to the dominance of surface forces at millimeter length 

scales [1]. The basis for modern electrowetting is electrocapillarity, which was first 

described by Gabriel Lippman [7]. Lippman demonstrated the ability to alter the 

capillary depression of mercury in contact with an electrolyte by applying a voltage. 

A major obstacle to further advances was the electrolytic decomposition of water 

with an applied voltage. This decomposition, also known as electrolysis, occurs 

because of current flow. In 1993, Berge solved this problem by using a thin dielectric 

layer to prevent current flow [8]. The addition of the dielectric layer represents the 

advent of modern electrowetting. Electrowetting on dielectric (EWOD) is a recent 

field and is being explored by multiple researchers [1], [4] for various microfluidic 

applications. 

Macroscopically, electrowetting reduces the contact angle of an electrically 

conducting drop. Figure 2 shows a schematic of a commonly utilized experimental 

setup to study EW. The grounded bottom substrate is covered by a thin dielectric 

layer, which can be a polymer, oxide or any other insulator. This dielectric layer 

stores the capacitive energy that leads to electrical attraction; additionally the 

dielectric layer also prevents current flow. An EW voltage can reduce the contact 

angle significantly. On low energy surfaces, a water drop (on the left) has a contact 
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angle of over 90 degrees; such a surface is said to be hydrophobic. Upon the 

application of an EW voltage; the contact angle can be reduced to less than 90 

degrees, and the surface will resemble a hydrophilic surface.   It should be noted that 

the entire EW potential difference acts across the dielectric layer, since the drop is 

electrically conducting. The bottom substrate is electrically grounded and the high 

voltage is typically applied by a wire inserted directly into the drop. 

 

Figure.2. Schematic of an electrowetting setup and the resulting contact angle change of a 

water drop. EW can tune the wettability of a surface from hydrophobic to hydrophilic.  

  

1.1.2. Theoretical background underlying electrowetting 

Electrowetting relies on the electrical modulation of the solid-liquid 

interfacial energy to reduce the contact angle of a drop. Young’s equation predicts 

the contact angles in terms of interfacial energies as:  

cos(𝜃𝑌) =  
𝜎𝑠𝑣−𝜎𝑠𝑙

𝜎𝑙𝑣
                                                 (1) 
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where 𝜃𝑌 is Young’s contact angle, 𝜎𝑠𝑣 is the solid-vapor interfacial energy, 𝜎𝑠𝑙 is 

the solid-liquid interfacial energy and 𝜎𝑙𝑣 is the liquid-vapor interfacial energy. The 

effect of an EW voltage can be represented as a decrease in the solid-liquid 

interfacial energy; it is interpreted as the interfacial energy being reduced and stored 

in the capacitance beneath the drop. Lippman’s equation captures this reduction in 

interfacial energy as: 

𝜎𝑠𝑙(𝑈) = 𝜎𝑠𝑙 −
𝜀𝑜𝜀𝑑

2𝑑
𝑈2                                              (2) 

where U is the applied voltage, d is the dielectric layer thickness, 𝜀𝑑 is the dielectric 

constant and 𝜀𝑜 is the permittivity of vacuum. It should be noted that the capacitance 

is a series combination of the dielectric layer capacitance and the capacitance of the 

electric double layer formed at the solid-liquid interface [9]. However, the net system 

capacitance is determined by the dielectric layer capacitance, since the double layer 

thickness is very small. Lippman’s equation can be combined with Young’s equation 

to obtain a relation for the EW voltage dependent contact angle as: 

cos(𝜃) =  cos(𝜃𝑌) +
𝜀𝑜𝜀𝑑

𝜎𝑠𝑙2𝑑
𝑈2  =  cos(𝜃𝑌) + 𝜂                         (3) 

where ƞ is the electrowetting number defined as 
𝜀𝑜𝜀𝑑

𝜎𝑠𝑙2𝑑
𝑈2. [10]. There have been 

numerous experimental studies confirming the validity of this equation [11]. In all 

tests, the experimental data matches equation 3 up to a certain limit. The subsequent 

divergence from equation 3 is called contact angle saturation and is discussed next. 

Contact angle saturation occurs at high voltages, wherein the drop does not 

exhibit reduced contact angles at increasing voltages. Experiments have found the 
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saturation angle to be anywhere between 30 and 80 degrees, depending on the 

particular EW system [12], [13], [14]. Multiple theories and modified equations have 

been proposed to explain this saturation phenomenon, but there is no universally 

accepted explanation for contact angle saturation.  

A few interesting theories and discoveries related to contact angle saturation 

are briefly mentioned. The electric field diverges near the three phase contact line 

and can reach very high values approaching hundreds of volts per micrometer [15]. 

Local electrical breakdown can prevents further increase in the electric field-induced 

wettability. Vallet et al. showed differing behavior between conductive and 

nonconductive drops at the contact angle saturation point. Conductive drops 

emanated a series of short burst of light with durations of less than 100 ns that 

corresponded to discharge events when the drops were at the saturation point. 

Conversely nonconductive drops, such as DI water, at the saturation point became 

highly unstable and ejected satellite drops. The instability experienced by non-

conducting drops at the contact angle saturation point was duplicated by others in the 

field [16]. All these effects were seen in the present adhesion experiments as well; 

and care was taken to report results below the contact angle saturation limit.  

 

1.1.3. Grounded from below electrowetting 

The classical electrowetting setup significantly complicates the proposed 

drop adhesion measurements; this will be elaborated in Chapter 2. An alternate 
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electrowetting setup developed by Cooney et al. allows experiments to be performed 

in a single plate configuration, where all the electrodes are fabricated in one plate 

and there is no top electrode [17]. This form of electrowetting is called grounded 

from below because the grounded and high voltage electrodes are beneath the drop, 

and on the same substrate, as shown in Figure 3. A similar setup is used in the 

present adhesion measurements since it eliminates the influence of a top plate or wire 

electrode on adhesion measurements. It is important to note that grounding the drop 

is essential and ungrounded drops reduce the actuation force on the drop [18], [19].  

 

 
 

Figure.3. Single planar electrowetting setup developed by Cooney et al [17]. 

 

1.2. Introduction to drop-surface adhesion 

A primary focus of this dissertation is to measure the adhesion force on an 

electrowetted drop on a surface. Liquid-surface adhesion can be characterized in 
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terms of the wettability; however there are various methods of measuring and 

quantifying it. This section briefly discusses various parameters which affect 

adhesion and the techniques for quantifying it. 

Adhesion of a water drop on a surface is determined by the surface tension, 

shape and length of the contact line and the contact angle [20]. As discussed earlier, 

the equilibrium contact angles of a drop can be determined by Young’s equation. To 

a first order, lower contact angles (hydrophilic surface) imply high adhesion and 

higher contact angles (hydrophobic surface) imply low adhesion. It should be noted 

that the contact angles and adhesion on a smooth planar surface depend upon the 

surface chemistry alone.  

Surface roughness is another important parameter which can influence the 

contact angles and adhesion. The role of surface roughness on drop wettability has 

been captured by analyzing two contrasting states, shown in Figure 4, in which a 

drop can rest on a rough and textured surface [21], [22]. In the Cassie state, the drop 

rests on the tips of the roughness causing elements and there is very little solid-liquid 

contact area. The Cassie state therefore has very low adhesion and is considered a 

low friction state. The Cassie state can be obtained on superhydrophobic surfaces, 

which involve a combination of surface texturing and a low surface energy coating. 

On the other hand, in the Wenzel state, the drop wets the surface completely, 

including liquid penetration inside the roughness causing elements. The large surface 

area increases the drop adhesion significantly. The Wenzel state is a high friction 
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state and drops in the Wenzel state can be completely immobile, even on inverting 

the surface. 

 

Figure.4. Drops on rough surfaces (a) Cassie-Baxter state (b) Wenzel State [4]. 

                                                          

 In addition to the contact angles themselves, the contact angle hysteresis is an 

important indicator of drop-surface adhesion. Contact angle hysteresis is defined as 

the difference between the receding and advancing contact angles corresponding to 

the three phase line motion. These angles are obtained by tilting a drop on a surface 

and measuring the contact angles at the leading and trailing menisci at the point 

when drop motion is detected. Alternatively the advancing contact angle can also be 

obtained by dosing liquid into the drop, till the point that the three phase line starts 

moving ahead. The receding contact angle can be obtained by withdrawing liquid 

from the drop till the point that the three phase line starts receding.  

Milne and Amirfazli showed that the adhesion force could be estimated from 

the following parameters: maximum and minimum contact angles, a shape factor k, 
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the baseline length and the surface tension [20]. Eqn.10 gives their definition of 

adhesion as: 

𝐹𝑎𝑑ℎ = 𝑘𝐿𝛾(𝑐𝑜𝑠𝜃𝑚𝑎𝑥 − 𝜃𝑚𝑖𝑛)                                           (4) 

Their study computed the adhesion of a water drop in a shearing air flow. Adhesion 

is obtained as a balance between the drag force versus the surface forces which hold 

the drop in place. The air velocity for shearing the drop was used to calculate the 

shape factor, and the contact angles were measured via sideview imaging at the point 

when drop motion was detected at the front and rear contact lines. 

 These estimates of the adhesion force can more conveniently be carried out 

via static roll off angle measurements instead of in a wind tunnel. Adjustable tilt 

stages can slowly increase the angle of inclination till the drop rolls off the surface. 

This roll off angle can also be used to calculate the drop adhesion. This technique is 

especially popular in measuring the adhesion of water on superhydrophobic surfaces.  

Such roll off-based adhesion measurements can be compared to the contact 

angle hysteresis-based measurements and different procedures have been developed 

to estimate adhesion values. Brown [23] assumed a circular contact line in a finite 

element model which estimated the contact angle distribution for a drop on an 

inclined surface. The circular approximation was also assumed in a mathematical 

model which estimated the volume of a drop required for roll off for a given angle 

[24]. ElSherbini and Jacobi [25] demonstrated that a double-ellipse model provided a 

good approximation for a drop at incipient motion. In an effort to have a precise 
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general methodology for the drop shape at incipient motion, image based adhesion 

force analysis (IBAFA) was proposed [26]. This technique reconstructs the contact 

line for multiple images taken from different perspectives and accounts for the 

perspective error. This method produces the most accurate contact line estimate but 

requires a complex test stage with multiple camera views. The adhesion experiments 

in this dissertation calculate adhesion based on the roll off angle measurements only, 

due to complications with contact angle measurements at high inclinations.  

 

1.3. Motivation for current study 

This dissertation aims to quantify water-surface adhesion in the presence of 

EW fields. This work is eventually aimed at the development of a new technique to 

keep a surface water wetted in the presence of a shear flows. One of the target 

applications of the proposed work is in the area of oil-gas flow assurance. By 

keeping a surface water wetted in the presence of hydrocarbon shear flow, 

hydrocarbon-surface contact can be minimized, which will reduce the chances of 

fouling and deposition of organic entities such as asphaltenes, waxes and hydrates. In 

the absence of an EW field, the adhesion of an interfacial water film will depend on 

the surface chemistry alone. Under most flow conditions, this adhesion will not be 

sufficient to maintain a stable water film. The use of an EW force to control the 

adhesion force, can keep a water film stable under varying flow conditions. An 

understanding of the EW-induced water-surface adhesion is critical to the further 
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development of this concept. Equally important is a study of the ability of water 

drops or films to displace existing hydrocarbon films away from the surface under 

the action of an EW voltage. Under EW fields, water will preferentially be attracted 

towards the surface, the ability of water to displace oil from the surface is critical to 

the success of the proposed flow assurance concept. This dissertation thus studies the 

basic building blocks that will eventually lead to the development of new flow 

assurance technology. 

Chapter 2 presents experimental measurements of the EW-induced water-

surface adhesion; it is seen that EW can increase the adhesion force by as a much as 

60 %. Chapter 3 presents experimental results to demonstrate that interfacial oil can 

be squeezed out of contact with the surface by an electrostatically attracted water 

drop or film. Both qualitative and quantitative analyses of this oil displacement 

phenomena are presented. Chapter 4 presents first order modeling results to map the 

performance parameters and the benefits of the proposed concept. Chapter 5 presents 

the conclusions and suggestions for future work. 
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Chapter 2 

Electrowetting and adhesion 

 

Electrowetting modifies the wettability of electrically conducting fluids via 

an interfacial electric field in a dielectric layer below the liquid. An electrically 

conducting water drop on a dielectric layer with an underlying electrode has its 

contact angle markedly decreased when a voltage is applied across the dielectric 

layer. The decreased contact angle for a drop also implies that electrowetting 

increases the adhesion of water drops. This increase in adhesion can partly be 

explained by the increase in contact area upon electrowetting. In addition to the 

interfacial forces between the surface and water, there will also be an electrical force 

attracting water to the surface in the presence of an electric field.  Estimation of the 

adhesion force on electrowetted water drops has been challenging because of the 

nature of EW experimental setups. In particular, the necessity for a top electrode, 

typically in the form of a wire in direct contact with the water drop hinders adhesion 

measurements. The adhesion of the drop to the wire can be large enough to prevent 

the isolation of electrowetting-induced adhesion. Additionally, if there is any 

movement away from the wire, the drop is no longer in electrical contact with the 

electrowetting setup and the effect of electrowetting is lost. In addition, drops exhibit 

instability (in the process of being charged) in the form of rapid movement and often 
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completely leave the testing surface. Better understanding of the magnitude of EW-

induced adhesion is essential to gauge its suitability for various applications.  

Various options to measure EW-induced adhesion were conceived and 

analyzed. The next section briefly describes early experimental efforts to measure 

adhesion. These efforts were important in identifying a reliable experimental setup 

for adhesion measurements which is described later in this chapter.  

 

2.1. Initial experiments to measure adhesion 

The largest complications associated with measuring the effects of 

electrowetting on adhesion of water drops are due to the high voltage electrode 

inserted into the drop. This electrode, typically a non-stranded wire, provides a large 

amount of surface area for the water drop to adhere to. Additionally, the drop is 

presented no other surface to be attracted towards as it is pulled away from the wire. 

Coating this wire with Teflon will reduce adhesion, but still presents a lot of surface 

area for the drop to cling onto. This situation is very different from the case of water 

drops moving on a surface. As the water drop moves, it is always in contact with 

newer areas and does not need to lose sudden contact with any surface. The wire-

drop adhesion thus complicates adhesion measurements significantly. A set of 

experiments were conducted to eliminate this issue of drop-wire adhesion.  

Figure 5 shows the first experimental setup, which has two high voltage wires 

placed parallel to the shearing air flow used to move the drop. The wires were 
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positioned such as to allow the drop to be continuously in contact with the dielectric 

covered grounded substrate as well both of the wires. Two wires were used to 

prevent the drop from losing electrical contact upon motion. The horizontal 

configuration of the wires prevented the water drop losing contact with the top 

electrode if it was sheared off the surface. Thus the contribution of the adhesion from 

the top electrode was decreased, since the drop never completely detached from it. In 

an effort to further decrease this adhesion force, the wires were coated with a 

commercial superhydrophobic coating NeverWet [27]. A second set of top electrodes 

were coated with Teflon. These surface treatments altered the surface chemistry of 

the wires and greatly reduced the adhesion of the water drop to the top electrodes. 

Contact angle measurements for water drops on Teflon and NeverWet surfaces yield 

contact angles of 115° and 150° respectively, which indicates the low friction 

properties of these coatings. A small acrylic stand with a rounded edge was 

constructed for adhesion measurements in a wind tunnel. 
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Figure.5. Horizontal wire setup for measurement of drop-substrate adhesion. 

 

The horizontal wire setup was placed in the test section of a wind tunnel. 

However, no adhesion change was measured from the case with no electric field to 

the maximum electric field of 40 V/µm. The drop was observed to move and the 

contact angle decreased when a potential difference was applied. The primary 

problems observed were drop deformation and aerodynamic problems associated 
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with having the ends of wires directly upstream of the drop. The drop did not deform 

in the expected manner in the airflow, it attempted to remain in contact with the top 

electrodes and presented a large frontal area. Additionally, the effects of wires 

sticking into the airflow continued to make the tests inconsistent. It was decided that 

the presence of a top electrode would not help in the present adhesion efforts. This 

led to the creation of a no top electrode, planar electrowetting setup for adhesion 

measurement, which is described next.  

 

 2.2. Planar electrowetting setup for adhesion measurements  

Figure 6 shows a schematic of the EW setup without any top electrode. 

Electrically grounded copper tape was attached to an acrylic base. Kapton tape was 

used as the dielectric layer on top of the copper electrode. The high voltage electrode 

was placed parallel with grounded electrode but was separated from the ground 

electrode by the Kapton tape. All the electrodes were thus at a nearly uniform height. 

Finally, the surface was coated with superhydrophobic NeverWet. 

Wind tunnel results from this experimental setup were useful and more 

consistent than in the earlier setup. A positive correlation was seen between the 

electric field and the air velocity needed for rolling off the drop. However, there was 

considerable scatter caused by the nonuniformity of the NeverWet coating as well as 

the orientation of the electrodes and the copper tape. The largest problem observed 

was the effect of a nonsymmetric electric field. Drop adhesion also depends on the 
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proportion of the water drop that is above each electrode. It was difficult to maintain 

the drop’s position while it was charging. It was observed that relatively low air 

speeds were sufficient to get the drops moving. This indicated that an inclined stage 

for drop roll off angle measurements would be sufficient to measure the strength of 

EW-induced adhesion using the planar EW setup discussed in this section. 

 

 

Figure.6. Setup to measure adhesion without an EW top electrode. 

 

2.3. Roll off experiments to characterize drop-substrate adhesion 

This section describes the surface design and fabrication procedures used to 

make planar electrowetting devices. In the subsections ahead, surface designs and 

fabrication, experimental characterization and post-processing steps will be 

described in detail.  
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2.3.1. Surface design and fabrication 

The surfaces used in the water drop roll off experiments are shown in Figure 

7. The substrate was a polished aluminum wafer, which was cut to 5 cm by 2.5 cm 

using a dicing saw. Kapton tape (polyimide film) was used as the EW dielectric and 

it was ensured that no bubbles were present between the substrate and the tape. The 

surface was cleaned using ethanol, isopropanol and DI water. The surface was then 

dried on a hot plate at 50 °C. A mask, cut from a silicon wafer was placed on the 

surface to mask that region from a subsequent gold deposition step. This mask 

covered a 3 mm wide channel in the center of the surface and the edges of the 

surface. The surface was then placed in an argon gold sputter coater and coated with 

a 500 nanometer thick layer of gold. The gold layer was used as the high voltage EW 

electrode. The surface was then cleaned in the same manner as previously described. 

Teflon AF1600 [28] was then deposited uniformly on the surface using a spin coater. 

The spin coating conditions were 1000 rpm for 1 minute with 100 rpm/s ramp up and 

down. The Teflon AF 1600 surface was baked at 260 °C for 30 minutes to cure and 

harden the Teflon film. Finally, the gold sputtered areas separated by the center 

channel were connected via silver paint at one end.  
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Figure.7. Schematic showing top and side views of the planar electrowetting devices used in 

the present adhesion studies. 

 

This surface design eliminates most issues associated with previous 

experimental setups. The high voltage electrodes are on both sides of the channel. 

These electrodes bias the water drop in the 3 mm channel; the non-gold sputtered 

area acts as the dielectric layer underneath the drop. The aluminum substrate is 

grounded to complete the EW circuit. A 3 mm channel width was selected to ensure 

that a 20 µl drop would maintain contact with the high voltage electrode on both 

sides. However the drop electrode contact was minimal enough that the drop would 

not move significantly. Through this device, all drops maintained contact with the 

high voltage and grounded electrodes. These surfaces were also much smoother than 
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those in the previous attempt. The scatter in the measured data was significantly 

reduced as a consequence of all these efforts.  

 

2.3.2. Experimental setup and procedures 

As mentioned in an earlier section, the wind tunnel experiments revealed that 

gravity would be sufficient to provide the motive force to move drops on 

hydrophobic surfaces. The objective of the present experiments is to see an increase 

in the adhesion force with the use of EW voltages. There are a number of advantages 

associated with roll off experiments compared to adhesion measurements which 

involve shear flow. Roll off experiments offer a simpler and more direct method for 

calculating the adhesion of a water drop at the instant when the adhesion forces are 

overcome and the drop starts moving. In contrast, drop shearing experiments have a 

variable force exerted on the drop since their frontal area changes under shear. A 

frontal area and a drag coefficient corresponding to the deformed area have to be 

estimated in order to calculate the adhesion force. In order to properly estimate these 

terms, the drop needs to be imaged from multiple angles. Finally, the fewer 

experimental constraints and the flexibility of not having to work in a confined wind 

tunnel space, allows more precise imaging.  

The One Attension goniometer was used to image the drops under roll off 

conditions. This system provides high resolution back lit photos of the drop. 

Additionally, it automatically determines the contact angles of the drop. Both roll off 
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angles and the contact angle hysteresis measurements can be used to quantify drop 

adhesion.  

The Newport SR50CC Rotation Stage integrated with CONEX Controller 

was used to rotate the surface. The stage has a unidirectional repeatability of 0.01 

degrees and a wobble of 50 µrad. The rotation angle can be incremented in steps of 

0.001 degrees. Figure 8 shows the stage with EW surface attached to the bracket. 

The hole through the back of the stage allows it to be used with goniometer. Another 

high zoom camera with a macro lens was used to image the drop from above. This 

camera was used to estimate the drop-surface contact area and record the drop shape 

change upon applying the EW voltage.  

 

 

Figure.8. Rotation stage with surface mounted on it. 
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The experimental procedure for measuring EW-induced adhesion is 

described next. It should be noted that the same procedure was followed for all 

experiments detailed in this dissertation. 

Images were recorded by the goniometer at 5 fps. 20 microliter DI water 

drops were used in all experiments. The drop was deposited using a pipette on to an 

uncharged surface; care was taken to make sure that the drop is placed in the same 

location for every test. The high voltage electrode was charged to the prescribed 

voltage under a set current limit of 0.1 mA to discourage drop movement during 

charging. The rotation stage was set to rotate at 0.2 degrees per second until drop 

motion was detected.  After every experiment, the surface was air cleaned. It is 

important to note that all tests reported in a particular figure are conducted on the 

same surface. This is important in filtering out sample to sample variability in these 

tests. Occasionally, surface damage and defects were observed; in this event the 

testing sequence was abandoned and tests were initiated on a completely new 

surface. Despite all these precautions, dust particles were occasionally seen sticking 

to the surface and influencing roll off. This can be easily detected by the nature of 

the roll off; the drop clings to a specific point on the surface and the rear contact 

angle becomes very small. This translates to more stretching of the drop and higher 

roll off angles. Such cases were excluded from the analyses; all the results shown 

represent experiments done with great care to filter out extraneous factors that would 

muddle the adhesion measurements. 
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2.3.3. Post processing - Image analysis  

In order to determine the adhesion strength based on the roll off angle, a 

definition of drop roll off for this study is required. Defining a roll off angle for this 

situation is complicated by two facts. Firstly, electrowetted drops elongate and 

increase the surface contact area. This may not be followed by further motion and 

therefore should not be considered roll off. On close examination it was seen that 

electrowetted drops displayed slight movements at either contact line without bulk 

drop motion that is typical in regular roll off characterization experiments. Secondly, 

due to experimental setup constraints the camera could not rotate with the surface. 

Therefore the drop continuously moves towards the upper right quadrant of the 

screen. This further complicated the determination of true drop roll off since the drop 

could be moving slowly without the coordinates of its contact lines moving. To 

overcome these challenges, two definitions of roll off were utilized. Roll off was 

determined to occur if the front and rear contact lines moved two or more pixels in a 

single frame or if the front and rear contact lines moved zero or more pixels over a 

five frame period. The contact lines move with the stage rotation and over a five 

frame period typically increase by 2 pixels. Thus no movement over a five frame 

period was representative of slow drop movement being counteracted by the stage 

rotation. The first definition was used primarily to detect roll off that occurred 

quickly. If the drop left the frame during the 5 frame period the second definition 
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fails to detect roll off. The second definition was the most utilized definition in this 

work because of the fact that a majority of the drop roll offs were slow.  

A Matlab program was created to analyze the image sequence recording from 

the goniometer and determine roll off angles. This program converts the 

uncompressed black and white video into a tiff stack. Each image is then converted 

to an intensity matrix. The edge command is used to find sharp changes in intensity, 

such as from the dark drop to the well-lit background. Unfortunately the edge 

command finds significant edges in the background and creates a considerable 

amount of noise in the image, making further analysis difficult. Figure 9 shows the 

unfiltered logical matrix.  

 

 

Figure.9. Unfiltered image from the Matlab program used for estimating roll off angles. 

 

 In order to successfully filter the background noise and the edges found along 

the surface, two filtering approaches were used. The first filter finds positives in the 

logical matrix and then counts the number of connected points. The drop is shown as 

a long string of connected positives. Thus the filter removes shorter positive 

sequences and any single points. This filter helps remove the back scatter near the 
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edges of the drop. The second filter identifies all of the points associated with the 

drop and records their coordinates. A new logical matrix with only these points is 

created, leaving only the drop outline to be analyzed.  

Figure 10 shows the drop image after using these two filtering approaches. 

The previously discussed definitions of roll off were applied to the filtered images, 

and the frame in which roll off occurred was noted. To validate the filtered data, the 

raw video data was also analyzed for roll off. The low intensity areas inside the drop 

were used to determine if the drop moves. Essentially, the edges of the dark spaces 

were analyzed for movement as well as for the mean location of the low intensity 

area. This simpler method generally confirmed the filter programs findings but was 

less sensitive and would often detect roll off late. As a final check, roll off frames 

were also checked visually. Roll off was never determined visually, but in some 

cases the first roll off frame was ignored and the subsequent frame was used. 

 

 

Figure.10. Filtered images of drop for use in drop roll off angle estimates.  
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2.3.4. Adhesion force calculations 

The adhesion force in the roll off angle method can be estimated using the 

simple equation below: 

𝐹 = (𝑔)(𝑉𝑤𝑎𝑡𝑒𝑟)(𝜌𝑤𝑎𝑡𝑒𝑟)(sin(𝛼))                            (5) 

where 𝑔 is the acceleration due to gravity, 𝑉𝑤𝑎𝑡𝑒𝑟 is the volume of the drop, 𝜌𝑤𝑎𝑡𝑒𝑟 is 

the density of water and 𝛼 is the roll off angle. The drop volume is set by the pipette 

and is reconfirmed by volume measurements by the goniometer’s image analysis 

program. The roll off angle was obtained via the image processing steps described 

earlier in this section. 

It is important to note, that drops spread and increase their contact area under 

EW voltages. It is important to normalize the drop adhesion force with the contact 

area in order to ensure that the increase in adhesion is not simply a consequence of a 

larger contact area. Figure 11 shows the drop shapes at different levels of the electric 

field.  
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Figure.11. Drop shapes under electric fields of 0 10, 20 and 30 V/µm. 

 

The goniometer measures the diameter of the base of the drop. For the case of 

zero potential difference, the liquid-solid contact area can be easily calculated as a 

circle with the measured diameter. In order to have an accurate estimate of the area 

under EW voltages, images from a top view camera were analyzed. High speed 

visualizations of water drops spreading under EW voltages were also analyzed. 

These indicate that the drops do not expand outside of the channel. Thus the liquid-

solid contact area can be approximated by the area of an ellipse. The major axis was 

recorded by goniometer and the minor axis was measured from the top camera and 

compared to the 3 mm channel width. As a limiting case, the area for the spread drop 

was also calculated for a circle with the radius equal to the major axis. The contact 

angles, dimensions, and relevant areas for a 20 microliter drop as a function of the 

EW field are shown in Table 1. 
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Table 1. Estimates of drop-surface contact area. 

Electric 

field 

(V/µm) 

Contact 

angle 

 

(degrees) 

Major 

axis 

 

(mm) 

Minor 

axis 

 

(mm) 

Circular 

area  

 (mm
2
) 

Increase 

from 

baseline 

case 

(%) 

Elliptical 

area  

(mm
2
) 

Increase 

from 

baseline 

case 

(%) 

0 115.8 3.64 3.64 10.44 N/A 10.44 N/A 

10 106.9 3.93 3.65 12.14 16.3 11.24 7.7 

20 100.3 4.14 3.63 13.48 29.1 11.84 13.4 

30 99.4 4.33 3.64 14.74 41.2 12.38 18.6 

 

2.4. Adhesion measurements under DC electrowetting conditions  

The first set of experiments conducted involved the use of DC voltages. A 

2000 Volt DC power supply from Kepco was used to setup DC EW fields. A 25 µm 

thick polyimide layer of Kapton tape (polyimide) was used as the EW dielectric.  

The maximum voltage in these experiments was 750 V; at higher voltages several 

practical issues like sparking and drop instabilities were noticed. It should be noted 

that all the results in a particular figure are from the same surface, in order to 

eliminate the variability between different samples.  

Figure 12 shows the EW-dependent adhesion force versus the applied electric 

field. In general, a very clear trend of increased adhesion at high electric fields is 

observed. The increase in adhesion from no voltage to a 20 V/µm electric field is 

approximately 90 percent. At higher voltages, the adhesion is seen to slightly 

decrease. This is most likely due to drop instabilities under such high electric fields. 

In the present experiments, it looked like the drops were being expelled from the 

surface at such high fields instead of rolling off.  
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Figure.12. Drop adhesion versus electric fields for 20 microliter water drops. Square markers 

indicate average values. 

 

In order to factor out the influence of the increased contact area due to EW, 

the adhesion force was normalized by the contact area. The area normalized adhesion 

force versus electric field is depicted in Figure 13. It should be noted that circular 

contact areas were used for zero voltage conditions and elliptical shapes were 

assumed for electrowetted drops. Figure 13 shows that the adhesion is approximately 

3.67 N/m
2
 (with a standard deviation of 0.63 N/m

2
) in the absence of an EW voltage. 

The adhesion increases with electric fields; an increase of 67 % is recorded at 20 

V/µm; the adhesion at this electric field is 6.14 N/m
2
 with a standard deviation of 
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1.05 N/m
2
. Interestingly, the standard deviations for the adhesion normalized by 

contact areas are significantly larger than the adhesion measurements which are not 

normalized by the contact areas. In particular, the large variation in the results at 20 

V/µm was caused by drops with relatively small contact areas having similar or 

larger adhesion than the drops with large contact areas. 

 

 

 

 

There is another way to attribute the increased adhesion at higher voltages to 

electric fields and not just the increase in contact areas. Figure 14 shows adhesion 

versus the drop contact area for all experiments in this study. There is a clear positive 
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Figure.13. Drop adhesion (normalized by contact area) versus electric fields for 20 

microliter water drops. Square markers indicate average values 
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correlation between higher adhesion values and larger contact areas. However, the 

large scatter in the adhesion values at a particular contact area also indicates that 

adhesion is not solely determined by the contact area but also by the electrical 

voltages. 

 

 

Figure.14. Drop adhesion versus contact area for all experiments in this study. 

. 

2.5. Adhesion measurements under AC electrowetting conditions  

Experiments with variable frequency AC voltages were also conducted with 

the same procedure as that for DC experiments. These experiments were conducted 

at a single electric field strength of 20 V/µm. The frequency was varied from 5 Hz to 

1 kHz. However, several problems were encountered while conducting these 

20

30

40

50

60

70

80

90

100

10 11 12 13

A
d

h
e

si
o

n
 F

o
rc

e
 (

µ
N

) 

 Contact Area (mm2) 



 34 

experiments. It was seen that the drops were often expelled from the surface upon the 

application of AC voltages. Furthermore, dielectric breakdown and sparking were 

also experienced in these experiments. The results of the experiments with AC 

voltages were not repeatable or conclusive, and are therefore not detailed in this 

dissertation. 
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Chapter 3 

Electrowetting-based water wetting in oil environments 

 

This chapter details experimental investigations on the use of electrowetting 

to water-wet surfaces in an oil environment. The approach and experimental results 

in this chapter are the first step in developing a new concept for preventing surfaces 

from coming in contact with hydrocarbons by keeping them water wetted under flow 

conditions. This concept has several flow assurance applications like preventing 

hydrocarbon fouling (asphaltene, wax, and hydrate mitigation) and reducing 

hydrocarbon flow friction, as detailed in Chapter 1. 

Proof of concept experiments were conducted to show the feasibility of 

displacing hydrocarbons with water using electrowetting. To start with, these 

experiments additionally involved displacing oil with water drops lifted electrically 

against gravity. It should be noted that under favorable gravity conditions, water will 

automatically have a tendency to displace oil because of its higher density. Both AC 

and DC voltages were used in these experiments and the experimental results differ 

significantly in a qualitative as well as a quantitative sense. Better water drop liftoff 

results were obtained with AC voltages and the detailed reason for this will be 

analyzed in future work. The penetration depth of AC electrowetting fields (i.e. the 

extent to which the electric field can liftoff water drops away from the wall) was 

measured as a function of the applied voltage. Also, the experiments involved drop 
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liftoff of various sizes ranging from 5 microliters to 2 milliliters. All these tests 

provide the foundation for more detailed studies of electrowetting-induced water 

film formation in oil environments.   

 

3.1. Preliminary experiments to validate oil displacement by water 

 Figure 15 shows a schematic of the first simple experiments performed to 

validate the concept of displacing oil with water under adverse gravity conditions A 

small liquid cell was machined out of an acrylic block. The acrylic block was milled 

in order to have a center cavity with a height of 2 cm and a width of 5 cm. A 

roughened aluminum bottom plate was placed at the bottom of the liquid cell. The 

rough aluminum surface (roughened using large grain sandpaper) imparted 

hydrophobicity to the surface and reduce water-surface adhesion. Oil fills the 

textures in the rough aluminum surface and significantly increases the water contact 

angles. The top plate of the fluid cell was an aluminum slide which was covered by a 

25µm thick polyimide film (Kapton tape). This polyimide film acted as the EW 

dielectric. The top electrode was grounded and the bottom electrode was connected 

to a high voltage power supply. All the initial experiments were conducted at 2000 

Volts DC.  
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 Successful initial experiments showed water drops lifting and displacing oil 

near the top plate. Figure 16 shows still images from a video sequence of the oil 

displacement. The water drop is lifted completely off of the bottom surface in 

approximately 3 seconds. This lift sequence is typical of all water displacements 

recorded in this study. Initially, the drop starts slowly elongating and reaching 

towards the upper plate. After the drop contacts the grounded electrode, the rise of 

the drop accelerates and more oil is squeezed out from the top surface. At the same 

time the portion of the water drop near the bottom plate begins to thin; eventually the 

drop is fully lifted and contact with the bottom plate is almost completely severed. 

The drop volume in these experiments was 100 µl.  

 

 

 

Figure.15. Fluid cell used for preliminary proof of concept tests to demonstrate oil 

displacement by water. 
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Figure.16. Image sequence indicating progressive displacement of oil from the top surface 

by a water drop rising against gravity under the influence of a 2000 V DC EW voltage. The 

drop volume is 100 microliter. 
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This experimental setup was also used to lift larger water drops. However, 

the setup was not very flexible and was not well suited to measure a variety of drop 

sizes. Also, the setup had no mechanism to vary the plate spacing or do experiments 

involving multiple drops. Additionally, there was no easy way to replace the water 

drop and redo an experiment without completely draining the fluid cell. A new 

experimental setup was designed and built for detailed characterization of EW-

induced oil displacement by water. 

 

3.2. Detailed characterization of EW-induced oil displacement by water  

This section describes oil displacement experiments with water drops in a 

static fluid cell. The section starts with a discussion about cell fabrication, and the 

experimental procedure employed. Both DC and AC voltages were used in this study 

and the qualitative differences in water drop liftoff are discussed. Quantitative data 

on the threshold voltage required to lift water drops as a function of the applied 

voltage and frequency is also detailed.    

 

3.2.1 Static fluid cell for characterization of EW-induced oil 

displacement by water   

Figure 17 shows a schematic of the static fluid cell made out of a rectangular 

glass container. The glass walls are flat to avoid creating any visual distortions 
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during side-view imaging. The grounded top plated is covered by a 50 µm thick 

polyimide film (Kapton tape) and attached to a height gage. The EW dielectric layer 

thickness was doubled compared to previous tests to reduce instances of electrolysis 

and other chemical reactions at the oil-water interface. The height gage allows the 

top plate to be accurately moved to within 0.0254 mm; this was employed to control 

the plate spacing. The bottom plate is roughened aluminum as in the previous 

experiments and is attached to the high voltage power supply. The power supply was 

used in conjunction with a frequency generator to provide AC EW voltages. As 

discussed previously, the roughened aluminum surface in an oil environment offers a 

hydrophobic surface to water and reduces water adhesion to the bottom surface. A 

Canon camera with a 300 mm macro lens was used to visualize the drops as they 

lifted off. Canola oil was used in all these tests; it has a density of 917 kg/m
3
 and a 

viscosity of 0.0642 Ns/m
2
 at 20 °C. Canola oil is approximately 64 times more 

viscous than water. 
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The water drop was dyed green to ensure a clear optical contrast between 

water and oil; dyeing water does not change its surface tension and viscosity. This 

was validated by direct measurements of the contact angles of dyed water and 

undyed deionized water on a roughened aluminum surface. The average contact 

angle for 5 microliter DI water drops was 77.8 degrees and the average contact angle 

for the dyed water was 78.1 degrees. The closeness of these contact angles indicates 

that the interfacial tensions of water are undisturbed by adding the dye. 

Contact angle measurements of water drops in oil environments on other 

surfaces were conducted as well. The goniometer was not used for these 

Figure.17. Schematic of static fluid cell for the water drop liftoff experiments. 
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measurements; instead CCD camera images were processed using the ImageJ 

program to estimate the contact angles. The average contact angle of water in oil on 

roughened aluminum surfaces was 155 degrees (Figure 18a). This surface will thus 

be superhydrophobic in an oil environment. The high superhydrophobicity is a result 

of the oil filling up the grooves on the rough aluminum surfaces, which makes it 

harder for water to wet the surface. This surface can thus be considered as an 

oleophilic-hydrophobic surface. The water contact angle in an oil environment on 

smooth glass was 77.8 degrees (Figure 18b). Table 2 also shows the contact angles 

of water drops on two other surfaces in oil and air environments. Silicon dioxide 

(Figure 18d) surfaces show extreme hydrophilicity in both air and oil environments; 

a water drop spreads almost completely on this surface. Such surfaces will aid EW-

induced water retention at the surface and should be investigated in future work. 

Figure 18b shows water drops in an oil environment on artificially textured surfaces 

made of micropillar arrays. These pillars were made via photolithography using SU8 

photoresist. The micropillared surfaces also preferentially trap oil and offer a very 

superhydrophobic surface to the water drop. Figure 18 shows the significant visual 

differences between the contact angles for the four surfaces. It is seen that the 

roughened aluminum and the micropillar surfaces are hydrophobic-oleophilic in 

nature, whereas silicon dioxide is hydrophilic-oleophilic in nature. 
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Table 2. Contact angles of water drops in air and oil environments on various 

surfaces. 

 

Surrounding 

fluid 

Silicon dioxide Micropillared 
surfaces 

 

Glass Roughened 

aluminum 

Air 8.0 

 

38.8 51.3 78.1 

Oil 35.2 164.5 70.6 

 

155.5 

 

 

 

 

 

Figure.18. Shapes of water drops in an oil environment on  a) roughened aluminum b) 

micropillared surfaces made of SU8 photoresist    c) glass, d) silicon dioxide. Note that the 

drop volume is 5 microliters. 
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3.2.2. Experimental procedure 

This subsection describes the experimental procedure for characterizing EW-

induced oil displacement by water. The majority of the experiments involved 

measuring the threshold distance for water drop lift off. The liftoff threshold is 

defined as the distance between the top of the drop and the top plate at which the 

drop elongates enough to just touch the top plate. Originally, this distance was 

defined as the plate spacing at which the drop contacts the top surface. However, 

later analyses revealed that the distance between the top of the drop and the top plate 

was more insightful. Experiments were conducted to determine the threshold 

distance versus the AC voltage magnitude and frequency.  It should be noted that 

much larger fluid volumes were used in these experiments.  

The following procedure was employed for these experiments. The power 

supply and frequency generator were set to the target values before the start of the 

test. The height gage was set at a zero point, which was the same for all tests. The 

drop visualization camera and the power supply were then turned on and the height 

gauge was lowered in increments of 0.005”. Between each increment the drop was 

visually observed for any motion for 5 seconds. At the threshold distance, the drop 

was seen to elongate towards the upper plate and contact it, as seen in the sequence 

of images in Figure 19. After each test, the drop was allowed to lose its charge and 

relax to the original shape. The height gage was reset to zero. in preparation for the 

next experiment.  
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Figure.19. Images sequence showing progressive liftoff of a 1 ml water drop in an oil 

environment under 2000 volts 5 Hz AC frequency. 
 

 

3.2.3. Postprocessing and image analysis  

All experiments were all recorded in full color at 30 fps by a Nikon D3200 

24.2 MP CMOS Digital SLR camera with a 300 mm macro lens. Due to the large 

size of the videos, the videos were compressed using the Free Video Compressor 
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program. A Matlab code was written to convert the video file into a tiff stack. A 

graphical user interface, GUI, was programmed using the built in Guide function in 

Matlab to process the tiff stacks. The GUI allows the user to cycle through the 

frames of the video to find the frames where the drop has been lifted off and cycle 

backwards to find the frame where the drop is farthest from the plate, with the plate 

not having moved vertically upward. The drop dimensions, the scale dimension, the 

plate distance from the drop, and the plate separation can then be directly measured. 

Additionally, the GUI allows the user to trace the drop and record coordinates for 

later use. The GUI has a function to put the image in grayscale and search for edge 

values in a manner similar to that of the roll off experiments. This function was less 

useful for these images due to the lack of backlighting and the presence of relatively 

similar colors.  

 

3.2.4. Dependence of threshold distance versus AC frequency  

The first set of experiments studied the influence of the AC frequency on  the 

threshold distance. The objective was also to estimate an optimum frequency and use 

that frequency in subsequent tests. Figure 20 shows the threshold height versus the 

AC frequency for a 1 ml water drop, actuated by an AC signal with a magnitude of 

2000 Volts peak-to-peak. The frequency range in the present experiements varied 

from 0-500 Hz; the 0 Hz corresponds to DC voltages. The presently used power 

supply was not able to maintain a 2000 Volt peak-to-peak voltage at frequencies 
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higher than 500 Hz. The results showed that the threshold distance was the highest 

for the 5 Hz waveform. There was no percievable difference in the liftoff threshold 

for any of the other cases. The 5 Hz frequency created visible oscillations of the 

water drop; these mechanical oscillations help in reducing the contact line friction to 

promote drop release, and are a very plausible reason for the high threshold distance. 

The threshold liftoff distance was appoximately 25% higher than the distance at 

higher frequencies. The low frequency drop oscillations also had other benefits, 

which will be descibed subsequently. For all these reasons, subsequent liftoff 

measurements were conducted at 5 Hz.   

  

 Figure.20. Liftoff threshold distance versus AC frequency for 1 ml water drops 

for actuation at 2000 Volts peak-to-peak. 
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3.2.5. Dependence of threshold distance versus voltage magnitude 

This section presents measurements of the liftoff threshold distance versus 

the magnitude of the applied voltage for a 5 Hz sinusoidal waveform. Peak-to-peak 

voltages ranging from 500 to 2000 V were used in these experiments. Figure 21 

shows the threshold liftoff distance versus the applied voltage magnitude. A strong 

positive correlation between the liftoff threshold distance and the voltage is seen. A 

linear regression determined the trend line equation to be  d=0.0012V – 0.3, where 

the distance d is in millimeter and the voltage V is in volts. The R
2
 value for the 

linear regression plot is 0.97. One practical difficulty encountered during these tests 

was that the liftoff threshold distance for the 500 V case was so small, that it was 

difficult to determine when the drop made contact with the top plate. This problem 

was not experienced at higher voltages. The liftoff threshold distance increases by 

approximately 100% from 1000 V to 2000 V case; also the scatter was seen to be 

larger at higher voltages 

These experiments are very significant from the point of view of validating 

the proposed concept of displacing oil with water. In these experiments, highly 

viscous oil was displaced (oil viscosity was 64 times that of water) by a water drop, 

which validates the proposed concept, even for use in high viscosity crude 

environments. These experiments also indicate the strength of the required electric 

fields for successful displacement of interfacial oil films. The results indicate that the 
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threshold distance at which a water drop can be successfully pulled towards a surface 

depends linearly on the applied voltage. 

 

 

Figure.21. Liftoff threshold distance versus the applied voltage for 1 ml water drops actuated 

by a 5 Hz AC signal. 
 

A second method of analyzing the liftoff threshold distance is also presented. 

Figure 22 plots the dimensionless distance between the drop and the plate at 

threshold conditions (normalized with the plate spacing) as a function of the applied 

voltage. This normalization produces a power fit with the equation s=1.2V
0.07

 - 1.83 

where the dimensionless distance is s and the voltage V is in volts. The power fit has 

an R
2 

value of 0.95. As per Figure 21, the absolute value of the threshold distance 

increases linearly with the applied voltage; however the normalized distance is a 
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decreasing function of the applied voltage. This dimensionless distance analysis is 

only of limited use though (since the distance does depend on the drop height) and is 

not a full generalization of the liftoff phenomenon.  

 

Figure.22. Dimensionless threshold distance versus the applied voltage for 1 ml water drops 

actuated by a 5 Hz AC signal. 
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was their ability to lift large water drops. In general, AC electrowetting was able to 

lift a larger percentage of the water drop (all sizes) and maintain the drop in a lifted 

position as long as the circuit was turned on. DC electrowetting with a similar 

voltage lifted a smaller percentage of the water drop and resulted in the drop losing 

contact and falling back despite the circuit remaining on. Figure 23 shows a time 

progression of water drop liftoff using AC and DC EW. The time scale is not 

necessarily significant or a reflection of all experiments involving DC voltages. 

While the time required for a drop under the influence of DC electrowetting to return 

back varies, the basic sequence is the same and the drop always returns back despite 

a finite potential difference between the bottom and the top plate. AC electrowetting 

though, can lift large water drops against gravity in a viscous oil medium and keep 

them in contact with the top surface continuously. It can be surmised that the current 

involved in the charging of the system capacitances is responsible for maintaining 

the lift force against gravity. AC electrowetting always has current flow, while DC 

EW has current flow only when the capacitances are being charged; subsequently the 

current falls to zero. 

This hypothesis of a current requirement to promote drop liftoff was 

supported by separate experiments involving the use of pulsed DC voltages. By 

pulsing the DC voltage using a square wave signal, it was shown that water drops 

could remain in a lifted position in a manner similar to AC electrowetting. The drop 

was re-attracted to the surface upon a change in the electrical signal (which indicates 
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current flow). The stoppage of current flow after a drop is completely charged causes 

a loss in the adhesion force and must be avoided to sustain the water film. Further 

experimental investigations into this phenomenon are currently underway. 
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Figure.23. Liftoff of 2 ml water drops using AC (left) and DC (right) voltages.  AC voltages 

lift the water drop and keep the top surface water-wetted. The lifting and water wetting of 

the top surface with DC voltages is only transient, after which the water drop retracts back.  
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In addition to the experiments with very large drops, experiments were 

conducted to demonstrate that much smaller water drops could be lifted off as well. 

Experiments with water drops with volume as low as 2.5 µl were conducted with 

both AC and DC electrowetting. At the maximum voltage of 2000 V both types of 

electrical signals successfully lifted the water drops from a large threshold distance 

of approximately 6 mm. Again, better quality lifting of the water drop was 

demonstrated with low frequency AC EW compared to high frequency AC 

electrowetting. For a set plate separation, the AC power supply was activated at 50 

Hz and the drops were seen to be unresponsive. Without moving the top plate, the 

frequency was reduced to 5 Hz and the drops immediately lifted towards the top 

plate. This experiment demonstrates the advantages of low frequency AC 

electrowetting for lifting drops ranging in size from 2.5 µl to 2 ml. It is important to 

note that the ability to move small drops is especially significant for oil-water 

separation applications, since smaller drops are very difficult to separate using 

conventional gravity separation techniques.  

Another series of experiments were conducted to demonstrate that AC EW 

can lift multiple drops and ‘merge’ them to form a film that would protect the surface 

from oil contact. As mentioned previously, neither AC nor DC electrowetting could 

fully lift the 1 ml water drop from the bottom plate. However, larger volumes of 

water broken into smaller drops could be completely lifted off. Figure 24 shows that 

3 ml of water deposited as smaller drops on the bottom plate can be successfully 
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lifted off the bottom surface using a 5 Hz 2000 Volts peak-to-peak electrical signal.   

This test is an important validation of the ability of this concept to pull water from 

the crude stream(which exists in the form of small drops) and coalesce them together 

to form a water film at the surface. 

 

Figure.24. Demonstration of lifting of individual water drops (total volume is 3 ml) using a 

5Hz 2000 Volts peak-to-peak AC signal. 

 

3.3. Planar device for lifting and attracting water drops  

A novel method for lifting drops using a single planar surface was 

conceptualized and investigated. A single surface which is able to attract and hold 

water is essential to realize practical applications for the concept being studied in this 
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work. Having all the electrodes on a single plate would make implementation 

significantly easier from a practical standpoint instead of relying on two surfaces.   

A planar surface architecture was designed for these experiments and is 

shown in Figure 25. The electrically grounded top plate was covered with Kapton 

tape (dielectric layer). Individual electrodes were 1/8” wide lines of silver paint 

deposited on the dielectric surface with a 1/2” spacing.  Experiments showed that 

100 µl water drops were successfully lifted using this device with a threshold 

distance of approximately 1 mm. Though this threshold distance is small, the electric 

field in this device is concentrated only in the near region away from the surface. 

Having the strip electrodes alternately grounded and at high voltage would cause the 

electric field to propagate through the fluid medium much farther away from the 

surface. This will increase the threshold distance where the surface can capture water 

drops. Additionally various electrode patterns and configurations need to be studied 

to maximize the penetration of the electric field. Such optimization efforts will be the 

focus of future work.  
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Figure.25. Planar device with all the actuation electrodes on one surface to capture and retain 

water drops in an oil medium. The device consists of an electrically grounded substrate 

covered with a dielectric layer; individual high voltage electrodes are deposited on the 

dielectric layer. 
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Chapter 4  

Modeling 

The experimental efforts of Chapters 2 and 3 were supplemented with 

modeling to arrive at first order estimates of the performance parameters of this 

technology under field conditions. A first order model is presented to estimate the 

stability of electrowetted water films under shear flow conditions. This model can be 

used to predict the operating voltages that would be required for successful 

deployment of this technology under conditions encountered during oil and gas 

production. Also, another analytical model is used to predict the benefits of core 

annular flows wherein an electrowetted water film provides lubrication for heavy oil 

transport.  

 

4.1 Modeling the stability of electrowetted water films under shear stress 

Figure 26 shows an electrowetted water film under hydrocarbon shear flow. 

The film is held in place by an EW force which opposes the drag imposed by the 

shear flow. The model assumes that the water film is located at the end of a grounded 

surface covered with an insulating layer. EW will act as a restoring force which 

attracts the water film when it tries to loose contact with the surface because of the 

shear force.   
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 .   

 

The voltage required to maintain a stable water film can be estimated via a 

force balance between the drag and the electrical forces.  The drag force on an 

annular film inside the pipeline can be estimated by approximating the leading edge 

of the film as a truncated cylinder. The drag coefficient for such an approximation of 

the film is given by the following equation: 

𝐶𝐷 =
24

𝑅𝑒𝐷
=

24𝜇

𝑢𝑚(2𝑎)𝜌
=

3𝜇𝜋𝐷2

𝑎𝜌𝑄
                                       (6) 

where ReD is the Reynolds Number, um is the mean flow velocity, Q is the 

volumetric flow rate, a is the water film thickness (radius of the cylinder in the 

assumed geometry), µ and ρ are viscosity and density of the oil and D is the inner 

diameter of the pipeline. The drag coefficient can be used to estimate the drag force 

exerted on the annular film by the oil flow as:  

Figure.26. Modeling the stability of electrowetted water films. A water film is 

held in place against oil flow-induced shear by electrowetting forces. 
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𝐷𝑟𝑎𝑔 𝑓𝑜𝑟𝑐𝑒 = 𝐶𝐷𝐴𝑝
𝜌𝑈𝑚

2

2
=

24𝜇𝑄

𝐷
                                  (7) 

where Ap is the projected frontal area of the film and CD is the drag coefficient. The 

drag force is seen to scale linearly with the flow rate. The drag force is counteracted 

by the electrical attraction force between water and the underlying electrode. This 

EW force can be estimated using the capacitive energy stored in the underlying 

dielectric layer (which provides the restoring force). If the water film is moved by 

the oil flow, the area in contact with the electrode will decrease.  The electrical 

attraction force which resists this motion can be estimated as: 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 =  
𝑘𝜀𝑜𝑉2

2𝑡
(

𝑑𝐴(𝑥)

𝑑𝑥
) =

𝑘𝜀𝑜𝑉2

2𝑡
(𝜋𝐷)                     (8) 

where t is the insulator thickness, k is the dielectric constant of the insulating layer, 

and the derivative is the change in contact area between the thin film and the 

grounded electrode caused by the movement of the thin film. By balancing Equations 

7 and 8, the minimum voltage to maintain a thin film under specified flow conditions 

can be obtained as: 

𝑉𝑚𝑖𝑛 =  √
48µ𝑄

𝜋𝐷2

𝑡

𝑘𝜀𝑜
                                                (9) 

where Q is the volumetric flow rate of crude oil, µ is the crude oil viscosity, D is the 

pipeline diameter, t is the insulator thickness and k is the dielectric constant of the 

insulating layer.  

Equation 9 shows that the minimum voltage increases with the flow rate and 

the insulator layer thickness. Figure 27 shows the minimum voltage versus flow rate 
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in a 3 inch inner diameter pipe with a 10 mil (254 µm) thick insulator with a 

dielectric constant of 2. Light crude oil is considered with an American Petroleum 

Institute (API) gravity of 30.  It is seen that the required voltage increases with the 

flow rate, due to higher shear forces on the water films at higher flow rates. The 

required operating voltages would range from 100’s of Volts to a few kiloVolts 

depending on the flow conditions.  

 

Figure.27. Minimum EW voltage to maintain a stable water film versus oil flow rate in a 3” 

inner diameter tubing with a 254 µm (10 mil) thick insulating layer having a dielectric 

constant of 2. 
 

Figure 28 shows the influence of the dielectric layer thickness on the required 

voltage to maintain a water film in a 3” ID tubing with a 1000 BPD (barrels per day) 

flow rate. Thicker insulating layers lower the electric field for the same applied 

voltage and reduce the electrical attraction force. Ultrathin insulating layers would 

lower the voltage requirements; however erosion and manufacturing considerations 
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also dictate the thickness selection. Insulation layers which are a few mils (1 mil= 25 

microns) thick can be deposited in tubing internals and as per Figure 29, will need 

operating voltages in the range of 500 V- 1000 V. 

 

 

Figure.28. Minimum EW voltage versus insulation thickness required to maintain a stable 

water film in a 3” diameter pipe with a flow rate of 1000 BPD (barrels per day). 

 

A very important parameter affecting the drag force on a water film is the oil 

viscosity. The viscosity of oil can vary widely depending on the API. Low API crude 

oils (API gravity <10) typically have viscosities which are 1000 times higher than 

water. It should be noted the API gravity of crude oil varies inversely with the 

viscosity. Figure 29 shows the minimum required voltage versus crude oil API 

gravity, to maintain a water film, in a 3” ID tubing carrying 1000 BPD, and with an 



 63 

insulating layer thickness of 254 µm (10 mils). The minimum voltage increases 

significantly at lower API gravity; i.e. higher viscosities. The minimum required 

voltage for 10 API crude oil would be over 10,000 V which presents implementation 

challenges. However, there are no alternative easy solutions to pump such heavy 

oils; and the present concept might still turn out to be economically and technically 

viable.  

 

 

Fig.29. Minimum EW voltage to maintain a stable water film for different crude oils in a 3” 

ID tubing carrying 1000 BPD with a dielectric thickness of 254 µm (10 mils). 

 

4.2 First order estimate of the benefits of core annular flows 

This section quantifies the significant benefits of maintaining a stable water 

film at a surface for pumping heavy crude oil. This water film provides lubrication 
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known as core annular flow. A significant challenge in the implementation of core 

annular flows has been maintaining the water film. The fluid mechanics by itself 

does not always sustain the water film; the present EW-based concept offers a tool to 

keep the walls water wetted. 

This section quantifies the benefits of core annular flows in reducing the 

required pressure drop to pump heavy and viscous oil. The relative reduction in the 

pumping pressure required (versus the case of no water layer) can be obtained by 

solving the Navier Stokes equation for two component pressure driven flow. The 

pumping pressure reduction factor can be estimated as [29]: 



























2

1
12 42factorreductionp                           (10) 

𝛼 = √1 − 𝑊𝐶 

where 𝛽 is the viscosity ratio of oil to water and WC is the water cut or the 

volumetric fraction of water in the pipeline. Figure 30 shows the pumping pressure 

reduction factor versus crude oil viscosity for a 4” ID pipeline, transporting 10,000 

BPD crude oil with a 5% water cut. It is seen that several orders of magnitude 

reduction in pumping pressure requirements is achievable for very heavy crudes 

(API gravity of 10). The reduction in pumping pressure requirements also translates 

to similar reductions in pumping power requirements. The benefits of water 

lubricated pipelines decreases as the API gravity increases (viscosity decreases). At 

high API values 𝛽 is essentially one. Overall, it is clear that this concept can lead to 
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disruptive enhancements in pressure pumping not only for pipelines but in any 

situation involving transport of viscous fluids. While this concept does require the 

presence of water in the flow stream, low and moderate water cuts will be sufficient 

to realize large benefits.   

 

Figure.30. Pumping pressure reduction factor for different crude oils in a 4” ID pipeline 

flowing 10,000 BPD with a 5% water cut. 
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Chapter 5 

Conclusions and future work 

This dissertation presents experimental results that support the concept of 

keeping a surface water wet in the presence of hydrocarbon shear. First order 

modeling results are also presented to map the performance parameters of this 

technology under representative operating conditions. 

 

5.1. Significant findings 

The significant findings and key contributions to the field are listed below: 

1. This work represents the first measurement of EW-based drop-to-surface 

adhesion. A grounded from below EW configuration was used to measure 

drop-surface adhesion via measurements of the roll off angles. The 

experimental measurements show an electrically tunable adhesion 

increase of approximately 67 %.   

2. A static fluid cell was used to demonstrate the displacement of high 

viscosity oil by water under AC EW fields. It is seen that low frequency 

electrowetting is more beneficial at pushing out oil due to the mechanical 

oscillations of the water drop. The threshold distances for lifting off water 

drops and displacing oil were measured for AC electrowetting, and were 

found to linearly increase with voltage.  



 67 

3. The role of AC versus DC EW voltages on water drop liftoff was 

experimentally studied. It was seen that low frequency AC EW yielded 

the most favorable liftoff results. Pulsed DC voltages were seen to result 

in better liftoff profiles than DC voltages.  

4.  A novel ‘single plate’ water drop liftoff configuration was studied 

wherein all the electrodes were positioned on one single flat plate instead 

of on opposing plates. Successful experiments were conducted to validate 

water drop liftoff using this device.  

   

5.2. Future work 

 This work lays the foundations of a new concept for keeping surfaces water 

wet. The following refinements and extensions are proposed for any future efforts in 

this area. 

 The effect of AC electrowetting on water drop adhesion should be investigated 

using a power supply that can supply more current; the present AC experiments 

were current limited. 

 Water liftoff experiments should be conducted for a wide range of fluid volumes, 

ranging from 5µl drops to large area thin films.  

 The electrode configuration for the ‘single plate’ water liftoff device should be 

optimized to maximize the penetration of the field away from the surface. 
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 The most significant future effort will be a measurement of the stability and 

retention of electrowetted water films under oil flow. Measurements of the oil 

flow speed needed to shear water films versus the applied voltage will quantify 

the utility of this approach under field conditions.  
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