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ABSTRACT 

Superhydrophobic micro/nanostructured surfaces for dropwise condensation have recently 

received significant attention due to their potential to enhance heat transfer performance by 

shedding positively charged water droplets via coalescence-induced droplet jumping at length 

scales below the capillary length, and allowing the use of external electric fields to enhance 

droplet removal and heat transfer, in what has been termed electric-field-enhanced (EFE) 

jumping-droplet condensation. However, achieving optimal EFE conditions for enhanced heat 

transfer requires capturing the details of transport processes that is currently lacking. While a 

comprehensive model has been developed for condensation on micro/nanostructured surfaces, it 

cannot be applied for EFE condensation due to the dynamic droplet-vapor-electric field 

interactions. In this work, I developed a comprehensive physical model for EFE condensation on 

superhydrophobic surfaces by incorporating individual droplet motion, electrode geometry, 

jumping frequency, field strength, and condensate vapor-flow dynamics. As a first step towards 

my model, I simulated jumping droplet motion with no external electric field, and validated my 

theoretical droplet trajectories to experimentally obtained trajectories, showing excellent 

temporal and spatial agreement. I then incorporated the external electric field into my model and 

considered the effects of jumping droplet size, electrode size and geometry, condensation heat 

flux, and droplet jumping direction. My model suggests that smaller jumping droplet sizes and 

condensation heat fluxes require less work input to be removed by the external fields. 

Furthermore, the results suggest that EFE electrodes can be optimized such that the work input is 

minimized depending on the condensation heat flux. To analyze overall efficiency, I defined an 

incremental coefficient-of-performance and showed that it is very high (~10
6
) for EFE 
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condensation. I finally proposed mechanisms for condensate collection which would ensure 

continuous operation of the EFE system, and which can scalably be applied to industrial 

condensers. This work provides a comprehensive physical model of the EFE condensation 

process, and offers guidelines for the design of EFE systems to maximize heat transfer. 
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CHAPTER 1: INTRODUCTION 

1.1. Jumping Droplet Condensation and External Electric Fields 

Condensation of water vapor is a ubiquitous process utilized in nature and industry. 

Dropwise condensation on non-wetting surfaces has received much attention over the past 

century due to its potential to enhance heat transfer by 500-1000% compared to filmwise 

condensation.
1-10

 More recently, researchers have discovered that when small microdroplets 

(~10-100 µm) condense and coalesce on a suitably designed superhydrophobic surface, the 

merged droplet can jump away from the surface irrespective of gravity due to surface-to-

kinetic energy transfer.
11-16

 This phenomenon has been termed jumping-droplet 

condensation and has been shown to further enhance heat transfer by up to 30% when 

compared to classical dropwise condensation due to a larger population of microdroplets 

which more efficiently transfer heat to the surface.
17

 A number of works have since 

fabricated superhydrophobic nanostructured surfaces to achieve spontaneous droplet 

removal
18-28

 for a variety of applications including self-cleaning,
29-31

 thermal diodes,
30, 32

 

anti-icing,
33-36

 vapor chambers,
37

 electrostatic energy harvesting,
38-40

 and condensation heat 

transfer enhancement.
41-52

 

However, heat transfer enhancement can be limited by droplet return to the surface due to 

(1) gravitational force (i.e., horizontally aligned condensing surface with jumping occurring 

on top) (2) entrainment in a bulk convective vapor flow occurring adjacent to the condensing 

surface (i.e., due to buoyancy effects on vapor near the surface), and (3) entrainment in the 

local condensing vapor flow toward the surface (i.e., the flow required for mass conservation 

of the condensing vapor).
17, 37

 The first two return mechanisms (gravity and bulk vapor flow) 

can be mitigated with suitable geometric design of the macroscale condensing surface and 
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vapor supply. However, the third return mechanism (local vapor flow) is more difficult to 

eliminate due to the need to conserve mass of the condensing vapor flowing towards the 

surface. Although previous studies have experimentally characterized the effects of 

gravitational return,
53-54

 further study of local vapor flow entrainment on droplet return and 

its effect on heat transfer is needed. An improved physical understanding will not only 

enhance heat transfer but prevent progressive surface flooding and extend high performance 

condensation operational time due to the reduction in large pinned droplets on the 

condensing surface. 

Meanwhile, researchers have recently discovered and exploited the fact that jumping 

droplets attain a positive charge (~ +10 fC) after departing the superhydrophobic surface due 

to electric-double-layer charge separation at the coating-droplet interface.
40

 This discovery 

has allowed for the development of electric-field-enhanced (EFE) condensation, whereby an 

external electric field was used to enhance the removal of jumping droplets from a radial 

(tube) condensing surface by counteracting the three droplet return mechanisms described 

above.
55

 Through the elimination of droplet return, a heat transfer enhancement of ≈100% 

was experimentally demonstrated, compared to state-of-the-art dropwise condensing 

surfaces.  

Although the previous studies have been instrumental at demonstrating EFE condensation, 

understanding of the effects of surface/electrode geometry and field parameters on droplet 

removal is currently lacking. In this study, I develop a comprehensive model of EFE 

condensation to study the critical electric fields needed for complete removal of charged 

jumping droplets, considering the effect of different parameters such as the size of the 
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jumping droplets, the geometry and orientation of the charged electrodes/condensing 

surfaces, as well as the condensation heat fluxes. 

1.2. Scope of Research Work 

I begin by validating the jumping droplet mechanisms via a jumping droplet trajectory 

analysis (without EFE condensation). By expanding my model to include external electric 

fields, I subsequently show that EFE condensation can indeed be optimized via suitable 

electrode design and consideration of condensing conditions. To better understand the 

efficiency of EFE condensation, I use my model to show that the incremental coefficient of 

performance (𝐶𝑂𝑃inc), defined as the ratio of the heat transfer enhancement due to removal 

of droplets to the power required to maintain the external electric field, is heat flux 

dependent, and ~10
6
 for the condensation conditions typically seen in industry. The high 

𝐶𝑂𝑃inc makes EFE condensation inherently advantageous when compared to jumping-

droplet condensation without electric fields, and translates to an overall system COP 

enhancement, defined as the ratio of the overall condensation heat transfer to the work 

required to supply the cooling water and maintain a fixed electric potential, directly 

proportional to the EFE heat transfer enhancement (≈+50%). Lastly, I utilize my developed 

model to provide guidelines for designing electrodes capable of efficiently collecting the 

removed droplets while maintaining operational integrity. This work offers design guidelines 

for EFE condensation applications and insights into new avenues for performance 

improvement and optimization of jumping-droplet condensation. 
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CHAPTER 2: THEORY 

2.1. Jumping Droplet Condensation Critical Heat Flux 

Two fundamentally separate limitations exist for jumping droplet heat transfer. The first 

one, termed nucleation mediated flooding, is characterized by the saturation of the 

condensing surface with nucleation sites at elevated supersaturations.
56

 As the nucleation 

density increases, droplet coalescence within unit cells of the surface structures do not 

allow the formation of discrete droplets which are able to coalesce and jump. Although 

detrimental to heat transfer, surface flooding can be avoided through the suitable design 

of superhydrophobic surfaces, either by the careful spatial control of nucleation sites,
57-60

 

or by the reduction of structure length scale.
41-42

  

The second limitation, termed progressive flooding, is characterized by the 

entrainment of droplets in the local condensing vapor flow back toward the surface.
38, 55

 

Upon return, droplets can coalesce again, become larger in size, and impede heat transfer 

until they either jump again or finally shed due to gravity.
21-22, 53

 This poses the problem 

of removing the droplets from the condensing surface at the microscale in order to 

enhance heat transfer. Naturally, jumping droplets cannot be removed if the condensing 

surface is oriented upwards (jumping against gravity). The droplets can be shed by 

gravity if the surface is oriented downwards (inclined surfaces would exhibit an 

intermediate behavior between these two limits). However, for downward facing 

surfaces, progressive flooding still exists at high heat fluxes. To obtain an estimate of the 

upper bound of the progressive flooding critical heat flux, I write the equation governing 

the motion of the droplet at the point of return (where the drag is only due to the vapor 
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flow). By neglecting the effect of the droplet’s inertia for small increments of velocity, I 

can write a balance between the drag force and the gravitational force: 

6𝜋𝜇v𝑢v𝑅d ≈
4

3
𝜋𝑅d

3𝜌w𝑔, (1) 

where 𝜇v = 10.3 µPa·s is the water vapor viscosity, 𝑢v is the vapor velocity, 𝑅d is the 

droplet radius, 𝜌w = 992 kg/m
3 

is the water density, and 𝑔 = 9.81 m/s
2
 is the gravitational 

constant. I note that the properties of water and vapor throughout the manuscript were 

taken at saturation conditions corresponding to 40°C commonly seen in industrial 

condenser applications. I approximated the drag on the droplet as Stokes flow
61

 over a 

sphere since the Reynolds number was much less than 1 (Re = 2𝜌v𝑢v𝑅d/𝜇v ~ 0.1, where 

𝜌v = 0.05 kg/m
3
 is the water vapor density). 

The vapor flow velocity toward the condensing surface is the result of mass 

conservation at steady state: the mass flow rate of condensate per unit area 𝑚̇c
′′ is equal to 

the mass flow rate per unit area of vapor near the surface 𝑚̇v
′′. Using the latent heat of 

phase change per unit area, 𝑞′′ = 𝑚̇c
′′ℎfg , where ℎfg = 2407 kJ/kg is the latent heat of 

phase change of water, and the water vapor mass flow rate 𝑚̇v
′′ = 𝜌v𝑢v, I obtain the vapor 

velocity in terms of the heat flux: 

𝑢v =
𝑞′′

𝜌vℎfg 
 (2) 

Combining Eqns. (1) and (2), I obtain the progressive flooding critical heat flux, 𝑞′′
crit

: 

𝑞′′
crit

≈
2

9

𝜌w𝜌vℎfg𝑅d
2𝑔

𝜇v
 (3) 
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Figure 1 shows the progressive flooding heat flux as a function of jumping droplet radius. 

As the droplet radius increases, the critical heat flux increases due to the larger 

gravitational body force counteracting the vapor drag force. For droplets up to 100 µm in 

radius, the maximum heat flux does not exceed 10 W/cm
2
, representing a limit for the 

desired performance if no external body forces are applied to the departing droplets. For 

cylindrical and spherical condensing surfaces I expect a similar order of magnitude for 

the critical heat flux, with larger values due to the decaying vapor flow velocity away 

from the surface. The calculated critical heat flux (Eq. (3)) matches with previous scaling 

for maximum vapor chamber performance.
37

 

In order to further enhance jumping droplet condensation heat transfer beyond the 

limited threshold of ≈10 W/cm
2
, additional body forces such as those provided with 

external electric fields (EFE condensation) must be utilized in order to effectively delay 

the onset of the critical heat flux. To better understand EFE condensation process, I 

developed a model for charged jumping droplet motion during condensation in electric 

fields. 

2.2. Jumping Droplet Model 

To develop a comprehensive high fidelity model for EFE condensation, I first began by 

modeling the trajectory of a single jumping droplet originating from a superhydrophobic 

flat plate facing upward and comparing my model trajectory to an experimental trajectory 

captured in a previous study.
12

 The experimental trajectory was obtained through 

condensation of water vapor on a superhydrophobic copper sample coated with SPF 

functionalized CuO nanostructures (for CuO nanostructuring and SPF functionalization 
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details, please see references 17 and 55, respectively). The flat geometry of the sample 

allowed for simultaneous high-speed imaging of droplet jumping against gravity. To 

visualize the behavior, the CuO samples were tested in a controlled condensation 

chamber interfaced with a high-speed camera (see Supporting Information section of 

reference 12). Figure 2a shows the free body diagram on a droplet jumping upward. By 

balancing the forces acting on the droplet, I obtain the following differential equations 

governing the motion of the droplet in the x and y directions: 

𝑚𝑎d,x = −
1

2
𝜌v𝜋𝑅d

2𝐶D(𝑢d,x)
2𝑠𝑔𝑛(𝑢d,x) , (4) 

𝑚𝑎d,y = −
1

2
𝜌v𝜋𝑅d

2𝐶D(𝑢d,y + 𝑢v,y)
2𝑠𝑔𝑛(𝑢d,x + 𝑢v,x) − 𝑚𝑔 , (5) 

where 𝑢v⃗⃗⃗⃗  is the vapor velocity (Eq. (2)), and 𝑎d⃗⃗⃗⃗  is the droplet acceleration, 𝑚 is the mass 

of the droplet (𝑚 = (4/3)𝜋𝑅d
3𝜌w), and 𝐶D is the Reynolds number dependent drag 

coefficient.
62

 The symbol sgn is used to define the sign function (𝑠𝑔𝑛(𝑢d,x) = +1 

for 𝑢d,x > 0, and 𝑠𝑔𝑛(𝑢d,x) = −1 for 𝑢d,x < 0). I assumed that, due to the relatively 

small size of departing droplets (~10-100 μm), the shape of droplets remained spherical 

during flight. This assumption is justified given that the Bond, Webber, and Capillary 

numbers are all much less than one (Bo = 𝜌𝑤𝑔𝑅d
2/𝛾 ≪ 1,We = 𝜌vUv

2𝑅d/𝛾 ≪ 1, Ca =

𝜇v𝑈v/𝛾 ≪ 1, where 𝛾 = 73 mN/m is the water surface tension).
63

 

In order to numerically solve the two second order ordinary differential equations 

(Eqns. (4) and (5)), I utilized the initial position and velocity vectors obtained from the 

experimental droplet trajectory. The droplet radius was experimentally measured from 

the video to be 𝑅d,exp ≈ 14 ± 4 µm. In order to match the experimental trajectory, the 
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only parameter that required fitting was the condensation heat flux, which in this case 

was too low to experimentally measure with certainty. Figure 2b shows the simulated and 

experimental trajectories for a droplet of 𝑅d = 14 µm. The obtained trajectories matched 

both in position and in time with the experimental trajectories, which shows that the 

model of the jumping droplet is indeed valid. The heat flux used to fit the trajectory was 

𝑞′′ = 0.01 W/cm
2
, which is in good agreement with the small estimated heat flux used 

during the experiments.
12

 

2.3. Electric-Field-Enhanced (EFE) Condensation Model 

After validating the basic physics that govern the jumping droplet motion, I added the 

effects of external electric fields to my model, i.e. an electrostatic force term to Eqns. (4) 

and (5), which is used to remove the positively charged jumping droplets from the 

superhydrophobic surface. This electric field is established between a positively charged 

inner electrode (the superhydrophobic condensing surface) and a negatively charged 

outer electrode, forming a capacitor. The equations of motions now become: 

𝑚𝑎d,x = −
1

2
𝜌v𝜋𝑅d

2𝐶D(𝑢d,x + 𝑢v,x)
2𝑠𝑔𝑛(𝑢d,x + 𝑢v,x) + 𝑞d𝐸x , (6) 

𝑚𝑎d,y = −
1

2
𝜌v𝜋𝑅d

2𝐶D(𝑢d,y + 𝑢v,y)
2𝑠𝑔𝑛(𝑢d,y + 𝑢v,y) − 𝑚𝑔 + 𝑞d𝐸y, (7) 

where 𝑞d represents droplet electrostatic charge (𝑞d = 10 fC for 𝑅d < 7 μm, and 𝑞d =

(17𝑥10−6)(4𝜋𝑅d
2) for 𝑅d > 7 μm (Coulombs)),

40
 and 𝐸⃗  is the electric field at each 

position (x,y). It is important to note that the droplet electrostatic charge, 𝑞d, is 

hydrophobic coating material dependent. For this model, I have chosen an SPF 

fluoropolymer coating as the material.
40

 My model assumes that the condensing surface 
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is superhydrophobic and suitably designed to enable droplet jumping.
12, 46

 In addition, I 

assume that condensing droplets being created on the superhydrophobic surface have the 

partially wetting morphology,
44

 similar to the CuO surface previously analyzed, allowing 

for enhanced heat transfer to be achieved.
17

 

 Three different capacitor geometries were considered: cylindrical (Fig. 3a), 

spherical (Fig. 3a), and parallel plate (Fig. 3b). For a fixed applied voltage 𝑉, the electric 

field magnitude 𝐸 in a parallel plate capacitor is given in terms of the electrode spacing 𝑠 

by 𝐸 = 𝑉/𝑠. For cylindrical and spherical capacitors, 𝐸 is given, respectively, by the 

following
64

: 

𝐸 =
𝑉

𝑟𝑙𝑛(
𝑅2

𝑅1
⁄ )

 , 
(8) 

𝐸 =
𝑉𝑅1𝑅2

𝑟2(𝑅2 − 𝑅1)
 , (9) 

where 𝑅1, 𝑅2 and  𝑟 are depicted in Fig. 3a. 

For the cylindrical and spherical cases, the vapor flow velocity is no longer 

uniform since the vapor flows into smaller surface areas as 𝑟 decreases from 𝑅2 to 𝑅1. By 

applying the ratio of the surface area of the inner cylinder to the surface area of a cylinder 

of radius 𝑟, and using Eq. (2), I obtain the vapor velocity for a cylindrical system in terms 

of the radial position 𝑟.  

𝑢v =
𝑞′′

𝜌vℎfg 

𝑅1

𝑟
 (10) 

Similarly, for the spherical case I obtain: 
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𝑢v =
𝑞′′

𝜌vℎfg 

𝑅1
2

𝑟2
 (11) 

For the three geometries considered, I studied the effect of the parameters that 

would affect the critical voltage, 𝑉crit, between the electrodes what would enable the 

effective removal of droplets from the condensing surface to the outer electrode within a 

given unit of time. I chose to set the time reference as the time interval between two 

jumps for a surface of uniform droplet departing size. The number of droplets present on 

a 1 m
2
 surface can be approximated as 𝑛 ≈ [𝑟𝑜𝑢𝑛𝑑(1/2𝑅d)]

2 for an array of uniformly 

spaced droplets
10, 65-66

 where the function 𝑟𝑜𝑢𝑛𝑑 rounds to the result to the nearest 

integer, and the number of droplets jumping unit time and per unit area, 𝑁̇jump
′′ , is given 

by the heat flux formula 𝑞′′ = 𝑚̇c
′′ℎfg  with 𝑚̇c

′′ =  𝑁̇jump
′′ 𝜌w((4/3)𝜋𝑅d

3) : 

𝑁̇jump
′′ =

𝑞′′

𝜌w (
4
3𝜋𝑅d

3) ℎfg

  (12) 

The time between consecutive jumps is 𝜏 = 𝑛/𝑁̇jump
′′ , hence by substituting 𝑛 and 𝑁̇jump

′′  

, I obtain:  

𝜏 =
4𝜌w𝑅dℎfg

3𝑞′′
 

(13) 

By taking this time interval, my model ensures that the jumping droplet would reach the 

outer electrode by the time of the next jumping event at the same departure location. This 

time consideration is critical due to the fact that jumping droplets have been shown to 

interact mid-flight and affect each other’s trajectories.
40

 From an energy perspective, the 

critical voltage is defined as the voltage needed to remove the jumping droplet such that 
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it arrives at the outer electrode with zero kinetic energy. This can be considered the 

minimum voltage required to remove droplets.
39

 

In order to obtain the droplet trajectory in the electric field, the initial condition relating 

the jumping velocity (𝑢d|𝑡=0) of the droplet leaving the surface to the droplet radius (𝑅d) 

is needed. For water droplets of radii 𝑅d > 2 μm, coalescence is governed by an inertially 

limited viscous regime at low neck radii 𝑅min/𝑅d < Oh, where 𝑅min is the radius of the 

neck connecting the two coalescing droplets, and Oh is the characteristic droplet 

Ohnesorge number defined by Oh =  𝜇w/(𝜌w𝛾𝑅d)
0.5 and by an inertial regime at larger 

neck radii (𝑅min/𝑅d > Oh). Due to the relatively low Ohnesorge number, Oh ≈ 0.02 to 

0.1, the majority of droplet coalescence (>90% for 𝑅d = 2 μm) occurs in the inertial 

regime where the time scale is governed by a capillary-inertial scaling.
67

 Balancing the 

excess surface energy and kinetic energy of the jumping droplet, I obtain the 

characteristic scaling for the droplet velocity
68-70

: 

𝑢d|𝑡=0 = √
𝛾

𝜌𝑤𝑅𝑑
 , (14) 

To account for the incomplete conversion of excess surface energy to kinetic energy not 

captured by the scaling, I introduced a proportionality constant C, on the right-hand side 

of Eq. (14). For the experiments on CuO, Eq. (14) best fits the experimental data with C 

≈ 0.23.
12

 

The effect of the applied voltage on the surface tension of water via electrowetting was 

found to be negligible for electrode spacings larger than 1 cm for voltages up to 1200 V 

considered here (see Appendix, Section A1). 
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Combining the initial condition (Eq. (14)) and the vapor flow velocity for each geometry 

(Eqns. (2), (10) and (11)), with the droplet equation of motion (Eqns. (4) and (5)) and 

using a numerical discretization with a Runge-Kutta method, I determined the droplet 

position in the arbitrary electric field as a function of time (t) for varying parameters (see 

Supplementary Information, section S.5, for the associated numerical codes). 

2.4. Figures 

 

Figure 1.  Theoretical maximum condensation heat flux (𝑞"crit) on a jumping-droplet SPF 

coated superhydrophobic surface as a function of jumping droplet radius 𝑅d. The droplet is 

considered to be jumping downwards from a horizontal flat plate, where gravity would be most 
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effective in the removal of the droplet. For heat fluxes larger than 𝑞"crit (top left region), 

downward jumping droplets having radii  𝑅d would return to the surface (inset in top left corner) 

due the vapor drag entrainment and result in progressive flooding of the surface with degraded 

heat transfer performance. For heat fluxes smaller than 𝑞"crit (bottom right region), downward 

jumping droplets having radii  𝑅d would leave the surface (inset in bottom right corner) due 

gravity overcoming vapor drag entrainment. 

 

 

 

Figure 2.  (a) Free body diagram on a droplet jumping upward with velocity 𝑢d⃗⃗⃗⃗  from a flat plate. 

𝐹D,d
⃗⃗ ⃗⃗ ⃗⃗  ⃗ and 𝐹D,v

⃗⃗ ⃗⃗ ⃗⃗  ⃗ represent the drag force due to the droplet velocity and the drag force due to vapor 

flow toward the condensing surface, respectively. The gravitational force is represented by 𝐹G
⃗⃗ ⃗⃗  ⃗. 

(b) Theoretical (dashed yellow line) and experimental (false colored green streaks) side view 

trajectories of an upward jumping droplet (𝑅d = 14 µm) from an SPF coated superhydrophobic 
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copper oxide plate. The droplet jumps at an angle from the surface due to either coalescence 

between multiple droplets (> 2) or two droplets having disparate sizes. The actual droplet and 

simulated droplet are shown at different time intervals.  The condensation heat flux used in the 

simulation was 0.01 W/cm
2
. The experimental droplet locations are false colored (magenta 

coloring refers to the first position chosen). The simulated and experimental trajectories match in 

both time and position. 
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Figure 3. (a) Schematic of the electric field-enhanced (EFE) condensation on a cylindrical or 

spherical tube (cross section view). An electric potential is established between the outer and 

inner cylindrical electrodes having radii 𝑅2 and 𝑅1, respectively. The inner surface is a 

nanostructured superhydrophobic surface such as superhydrophobic copper oxide (black), while 

the outer electrode is a hydrophilic surface such as copper (orange). The vapor flow of 

velocity 𝑢v exerts a drag on the upward jumping droplet of radius 𝑅d and charge 𝑞d, at a distance 

𝑟 from the center of the tube. The total drag force (𝐹D) and the gravitational force (𝐹G) counter 

the electrostatic force (𝐹E). (b) Parallel plate setup of the EFE condensation. The vapor flow is 

uniform across the spacing 𝑠 of the charged electrodes. 
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CHAPTER 3: RESULTS AND DISCUSSION 

3.1. Droplet Size 

Droplet jumping on superhydrophobic surfaces has previously been shown to have a 

polydisperse distribution. Due to the random nature of droplet nucleation and progressive 

flooding effects, the droplet jumping size can range from 5 µm < 𝑅d < 100µm. 
17, 43, 53

 

Furthermore, the droplet electrostatic charging dynamics and jumping velocity are both 

droplet size dependent,
40

 making a size dependent analysis critical for obtaining high 

fidelity results. 

In order to determine a conservative value of  𝑉crit, my model assumes that 

droplet jumping occurs in the vertical direction against gravity (for all three geometries). 

Figure 4a shows the critical voltage required to remove droplets as a function of jumping-

droplet radius for the parallel plate case. The results show that as the droplet radius 

increases, a higher voltage is needed to make the droplet reach the outer electrode in 

order to overcome the increasing effect of gravity. For lower radii (𝑅d < 20 µm), a local 

maximum exists in the critical voltage centered at approximately 𝑅d ≈ 7 μm. In order to 

interpret the results, which clearly show three different regimes, I performed a scaling 

analysis on the forces that govern the motion of the droplet: the gravitational force 𝐹G, the 

vapor drag force 𝐹D which is given by the Stokes’ drag formula (𝑢d~0) at point of return 

of the droplet and 𝑢v is given by Eq. (2)), and the electrostatic force 𝐹E: 

𝐹G =
4

3
𝜋𝑅d

3𝜌w𝑔 ~ 𝜌w𝑔𝑅d
3 (15) 
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𝐹D = 6𝜋𝜇v𝑢v𝑅d ~ 
𝑢v𝑞

′′

𝜌vℎfg
𝑅d (16) 

𝐹E = 𝑞d
𝑉

𝑠
  (17) 

Because the electrostatic charging of droplets is size dependent (𝑞d = 10 fC for 𝑅d < 7 

μm, and 𝑞d = (17𝑥10−6)(4𝜋𝑅d
2) for 𝑅d > 7 μm (Coulombs)),

40
 two regimes exist for 

the electrostatic force scaling:  

𝐹E ~
𝑉

𝑠
          𝑓𝑜𝑟   𝑅d < 7 μm 

𝐹E ~
𝑉

𝑠
𝑅d

2          𝑓𝑜𝑟   𝑅d > 7 μm 

(18) 

For 𝑅d > 20 µm, the electrostatic force 𝐹E must balance the gravitational force 𝐹G 

(𝐹E/𝐹G~1, 𝐹D/𝐹G~0). By using Eqns. (15) and (18), I can obtain the behavior of the 

critical voltage in terms of 𝑅d: 

𝑉𝑐𝑟𝑖𝑡~
𝑠𝜌w

𝑔
𝑅d (19) 

Equation (19) explains the linear behavior observed for 𝑅d > 20 μm in Fig. 4a. For the 

case of 𝑅d < 20 μm, the vapor drag force, 𝐹D, dominates the gravitational force, 𝐹G, 

hence 𝐹E/𝐹D~1 and 𝐹G/𝐹D~0. Using Eqns. (16) and (18) I obtain the corresponding two 

regimes: 

𝑉crit~
𝑠𝑞′′

𝜌vℎfg
𝑅d         𝑓𝑜𝑟   𝑅d < 7 μm 

𝑉crit~
𝑠𝑢v𝑞′′

𝜌vℎfg

1

𝑅d
         𝑓𝑜𝑟  7 < 𝑅d < 20 μm 

(20) 
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Eq. (20) describes accurately the behavior observed in the two sub-regimes shown in Fig. 

4a for 𝑅d < 20 μm.  Note, scaling analysis to solve for 𝑉crit of the cylindrical and 

spherical geometries is considerably more difficult to accomplish. The critical voltage 

behavior cannot be derived analytically since the drag and electric filed forces depend on 

the distance from the inner electrode, and can only be found numerically by solving the 

nonlinear differential equations of motion (Eqns. (6) and (7)). Figure 4b shows the results 

for the cylindrical and spherical geometries where the radial non linearities of the vapor 

flow and of the electric field lead to a slightly different behavior. Another explanation of 

the regimes can be done by analyzing the acceleration of the jumping droplet in terms of 

its radius (see Appendix, Section A2). The local maxima and minima in 𝑉crit at fairly low 

radii indicate that an ideal droplet jumping radius can be determined from the standpoint 

of minimizing the power required to create the electric field. I note that for the parallel 

plate case, for droplets having an average radius of 𝑅d = 10 μm, I obtain a critical 

voltage of ≈ 200 V. This result is in good agreement with a previous experimental study 

that showed that voltages higher than ≈170 V for two concentric cylindrical electrodes 

(𝑅1 = 3 mm and 𝑅2 = 2 cm) resulted in no additional enhancement in terms of heat flux.
55

  

3.2. Electrode Size and Geometry 

Since the electric field magnitude 𝐸 depends on the spacing between the electrodes for 

the parallel plate case and on the inner and outer radii of the electrodes for the cylindrical 

and spherical cases (Eqns. (8) and (9)), I investigated the effects of varying these 

parameters on the critical voltage. This is deemed important due to the fact that EFE 

condensation has applicability ranging from the microscale (heat pipes and vapor 

chambers) to the macroscale (industrial condensers), making the understanding of the 
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effects of electrode size very important. Figure 5 shows the critical voltage needed to 

remove a 10 μm-radius droplet jumping upwards for a condensation heat flux of 0.5 

W/cm
2
, in the (a) cylindrical and (b) spherical cases for different inner radii and electrode 

spacings. The results show that for both cylindrical and spherical cases, as the spacing 

between the electrodes (𝑅2 − 𝑅1) increases 𝑉crit increases (Fig. 5), due to the decrease in 

the electric field strength 𝐸 as 𝑟 → 𝑅2 (Fig.6) where gravity still has to be overcome even 

as the vapor drag force decays. Furthermore, as the radius of the inner electrode is varied 

(Fig. 7), I observe an optimal geometry for which 𝑉crit is minimized, which in turn can be 

explained by the interaction of the electrostatic force and the drag force as two decaying 

functions from the inner electrode to the outer electrode. As the spacing between 

electrodes is decreased, the spherical and cylindrical cases converge to the parallel plate 

case (see Appendix, Section A3) due to the similar radii of curvature between the inner 

and outer electrodes (analogous to a tube with large curvature being approximated by a 

flat plate). In the parallel plate limit, 𝑉crit varies linearly with spacing. This suggests that 

the electrostatic term is dominant and inertia from the initial jumping velocity can be 

effectively neglected. Indeed, we can see from Fig. 2b that without an electric field, the 

jumping occurs over a few millimeters which makes the electrostatic force the dominant 

effect in getting the droplet to move distances on the order of centimeters. It is important 

to note that the critical voltage results shown here (Fig. 5) are orientation dependent 

(droplets jumping downwards would have different 𝑉crit due to the reversal of 

gravitational force direction). However, these results (Fig. 5) act as upper limits for the 

required 𝑉crit to successfully remove jumping droplets independent of jumping 

orientation. 
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3.3. Condensation Heat Flux 

For high heat flux EFE applications such as electronics thermal management, the 

dominant force retarding jumping droplet motion away from the superhydrophobic 

surface will be the vapor drag force. According to Eqns. (2), (10) and (11), the magnitude 

of this force is both geometry and heat flux dependent. The vapor drag force increases 

linearly for the parallel plate case, while for the cylindrical and spherical cases, we would 

expect a non-linear effect of heat flux on drag due to the increasing cross-sectional area 

for vapor flow as we move away from the inner electrode (superhydrophobic surface). 

Figure 8 shows 𝑉crit as a function of heat flux for droplets having 𝑅d = 10 µm and 

jumping upward. The spacing between the electrodes was fixed at 2 cm and the inner 

radius was varied to investigate the effects of convergence between the two radii. The 

results show that 𝑉crit increases as the heat flux increases for all geometries. In addition, 

the results show that with suitable electrode selection, 𝑉crit and the total input power 

needed to maintain the electric field can be minimized. For the parallel case, a linear 

behavior appears for low Reynolds numbers (~0.1) due to the drag force being modeled 

as linear with velocity (𝐹D = 6𝜋𝜇v(𝑢d,y + 𝑢v,y)𝑅d) which in turn is linear with heat flux 

according to Eq. (2). As for the cylindrical and spherical cases, the cylindrical geometry 

is advantageous at low heat fluxes (𝑞" < 2 W/cm
2
) while the spherical geometry is 

advantageous at larger heat fluxes (𝑞" >   2 W/cm
2
). It is important to note that from an 

application standpoint, the spherical geometry would not have much use in industrial 

settings due to the added difficulty of manufacture. The majority of condensation phase 

change applications utilize planar (vapor chambers) or cylindrical (industrial shell-and-

tube steam condensers) geometries. Furthermore, the results shown here (Fig. 8) are 
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applicable for the particular chosen geometry and will vary with different EFE condenser 

designs. 

3.4. Surface Orientation and Initial Jumping Position 

Insofar, the results shown have utilized the conservative case of droplets jumping upward 

against gravity. To study the effect of surface orientation and jumping droplet position (in 

the non-planar geometries), the initial jumping position was varied in the model. The 

initial position affects the angle between the gravitational force facing downward and the 

electrostatic force acting in the radial direction. I simulated droplets with 𝑅d = 10 µm for 

a heat flux of 0.5 W/cm
2
 and for several applied voltages between the inner and outer 

electrode of a cylindrical geometry (Fig. 9). Below a critical voltage (≈ 45 V), some 

droplets return to the inner electrode and others make it to the outer electrode (Fig. 9a). 

For higher voltages (≈80-120 V) most of the droplets reach the outer electrode while the 

droplet jumping in the upward direction does not reach the outer electrode in the 

specified time constraint (Fig. 9b, c). Even at these voltages, the droplets’ velocities are 

small when compared to velocities at higher voltages (≈220 V), where the droplets’ 

trajectories are relatively straight (Fig. 9d). A quantitative measure of the effect of 

orientation is shown in Fig. 10, where depending on the magnitude of the electric field 

applied, a certain portion of the area of the condensing surface is effective (all droplet 

removed) while the rest will undergo progressive flooding that will impede heat transfer 

and render it ineffective as vapor continues to condense. 
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3.5. Efficiency of EFE Condensation 

In order to maintain the electric field required for EFE condensation, a steady current 

must be supplied to the device in order to match the charge being deposited on the outer 

electrode from the jumping-droplets. At higher heat fluxes, the magnitude of the charge 

supplied and the required voltage can lead to high power consumption, making it 

important to define the efficiency of EFE condensation in terms of the power needed to 

maintain the critical electric fields. In order to give a quantitative measure of the 

efficiency, I define a parameter called the incremental coefficient of performance 

(𝐶𝑂𝑃inc) as the ratio of the increase in heat flux due to EFE condensation to the electric 

input power needed: 

𝐶𝑂𝑃inc =
𝑞′′E − 𝑞′′0

𝑉𝐼′′
 , (21) 

where 𝑞′′E and 𝑞′′0 represent the heat flux (per unit area) with and without application of 

an external electric field, respectively, 𝑉 represents the voltage applied for EFE 

condensation and  𝐼′′ represents the current density due to the flow of positive charges 

(droplets). Note, the current density considered here occurs at steady state, and does not 

include the displacement current which occurs during initial transient charging of the 

electrodes by the power supply. The heat flux can be found by relating the mass of 

condensate per unit time per unit area (𝑚̇cond
′′ ) to the latent heat of phase change 

(ℎfg), 𝑞′′ = 𝑚̇cond
′′ ℎfg.  

 Applying mass conservation for steady state at the surface, 𝑚̇cond
′′ = 𝑚̇jump

′′ , 

where 𝑚̇jump
′′  denotes the mass of jumping droplets per unit time per unit area. To 
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simplify the calculation, I assumed a constant jumping-droplet diameter of 𝑅d = 10 µm. 

This assumption is valid given that the majority of jumping droplet events occur at length 

scales close to 𝑅d = 10 µm. Realizing that 𝐼′′ = 𝑞d𝑁̇jump
′′ , where 𝑞d is the charge of the 

droplet, and 𝑁̇jump
′′  is given by Eq. (12), and combining Eqns. (12) and (21), I obtain: 

𝐶𝑂𝑃inc =
4𝜋𝑅𝑑

3ℎfg𝜌w

3𝑉𝑞′′
E
𝑞d

(𝑞′′
E
 −  𝑞′′0) 

(22) 

To obtain a realistic estimate for 𝐶𝑂𝑃inc, experimental conditions of a previous 

EFE condensation experimental study were used.
55

 Values of 𝑞′′
E
 and 𝑞′′

0
 range between 

0.1 to 0.8 W/cm
2

 for log mean temperature differences (𝐿𝑀𝑇𝐷) between the vapor and 

cooling water ranging between 0.2 and 1°C,
55 

respectively, and 𝑞d ≈15 fC.
40

 Figure 11 

shows 𝐶𝑂𝑃inc as a function of 𝐿𝑀𝑇𝐷. As the 𝐿𝑀𝑇𝐷 increases, the heat flux increases, 

increasing the drag force on the jumping droplets. This will require a higher voltage for a 

given enhancement in heat transfer, and a lower 𝐶𝑂𝑃inc. Most importantly, the magnitude 

of 𝐶𝑂𝑃inc for these experiments is ~10
6
 which proves that EFE condensation has a very 

high incremental efficiency. In fact, the high 𝐶𝑂𝑃inc can be generalized for different 

electrode geometries and supersaturation levels since it is governed by the heat transfer of 

individual droplets. To better understand the high magnitude of 𝐶𝑂𝑃inc, I analyze the 

physical mechanism of droplet removal in an electric field. By removing a droplet that 

would have otherwise returned to the superhydrophobic surface without the electric field, 

I allow another droplet of the same size to form in its place and hence add an extra heat 

transfer 𝑑𝑞 = 𝑚ℎfg. The work needed to remove the droplet is 𝑑𝑤 = 𝑞d𝑉, where 𝑉 is the 

applied voltage between the electrodes. The 𝐶𝑂𝑃inc can now be estimated as 

𝐶𝑂𝑃inc ~ 𝑑𝑞/𝑑𝑤 ~ 2x106, where 𝑅d ~ 10 µm, 𝜌w ~ 992 kg/m
3
, ℎfg ~ 2.4 MJ/kg, 𝑞d ~ 15 
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fC, and 𝑉 ~ 300 V. This scaling analysis assumes that returning droplets inhibit heat 

transfer and do not undergo further growth, which is deemed as a valid approximation 

given the severely reduced droplet growth rate of larger droplets on superhydrophobic 

surfaces due to heat conduction resistance through the droplet body and base.  

It is important to note that very high 𝐶𝑂𝑃inc (~10
6
) does not mean that the overall 

COP of the system is very high. Rather, it indicates that any added heat transfer 

enhancement due to the use of external electric fields far outweigh the drawbacks of 

providing the electrical power to maintain those fields. For this particular experimental 

case, the overall system COP is enhanced by ≈50% when compared to non-EFE jumping-

droplet condensation, making EFE condensation highly attractive from an energetic 

standpoint. 

3.6. Condensate Removal 

One main challenge that accompanies the innovation provided by EFE condensation is 

the removal of the liquid from the outer electrode. As the droplets are attracted to the 

negatively charged electrode, they will deposit on the electrode and reside there until a 

large enough liquid layer builds up for gravitational removal, or slowly evaporate 

depending on the temperature of the electrode. Liquid buildup on the electrode can pose 

potential problems for EFE condensation depending on the voltage of the system. If the 

voltage difference between electrodes is large enough and liquid bridging occurs, 

electrolysis can initiate and unwanted production of hydrogen (a non-condensable gas) 

inside the condenser will ensue. Furthermore, depending on the gap spacing between the 

electrodes, liquid can potentially bridge the gap and inundate the superhydrophobic 
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surface with condensate if not properly removed from the outer electrode. One potential 

method of eliminating liquid buildup on the outer electrode would be to design the 

electrodes to be porous and superhydrophilic.
71-72

 By doing so, the electrode can collect 

the attracted water droplets and pump them away from the condenser via capillary 

pressure.
73

 However this mechanism would incorporate challenges such as having to 

eventually evaporate the liquid in order to maintain the capillary pressure inside the 

wicking structure. Furthermore, the capillary pumping mechanism may not be fast 

enough to remove all accumulated condensate during high heat flux operation, when 

droplets accumulate at a higher rate.  

A second and highly desirable condensate removal mechanism involves the careful 

design of split electrodes that naturally allow for the motion of water droplets past the 

outer electrode without loss of functionality. To demonstrate this concept, I utilized my 

developed model to show the trajectory of departing droplets for a radial tube 

configuration (Fig. 3a) having a gap in the outer electrode at the bottom. By properly 

specifying the voltage applied to the electrodes, droplet can be effectively removed below 

both tubes with minimal droplet return (Fig. 12a). To verify the robustness of this 

approach, I also calculated the droplet trajectory for a range of droplet sizes with similar 

results (Fig. 12b), indicating that geometric and electrostatic considerations can be used 

to enable successful long term EFE condensation operation. It is important to note, 

droplets at the very top of the radial condensing surface cannot be collected at the bottom 

if their initial velocity is normal to the surface (jumping upwards). If droplet jumping 

does not occur again upon droplet return, progressive flooding may initiate at the top 

surface. This risk is mitigated by the fact that the probability of having an upward 
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trajectory at the top surface tends to zero since most droplets jump at some angle away 

from the surface
12, 21

 and the area having a surface normal in the upward direction is 

infinitesimally small for a radial geometry. 

 

 Although my model has demonstrated that EFE condensation can be used for 

effective condensate removal, future investigations of EFE droplet motion in bulk 

advective vapor flow conditions are needed given the variety or applications utilizing 

flow condensation such as heat pipes and internal condensers. Although my results 

present a promising approach to delay progressive flooding, more work is needed to 

extend the range of nucleation mediated flooding which currently has been 

experimentally shown to occur at supersaturations 𝑆 < 1.12 and heat fluxes 𝑞" < 8 W/cm
2

 

for silane coated CuO superhydrophobic surfaces.
17

 The quantification of droplet size 

distribution during steady-state jumping droplet condensation for different 

supersaturations is also needed to elucidate the inter-droplet spacing as currently used 

approximations (square array), derived for non-interacting droplets in dropwise 

condensation, may not be valid for jumping-droplet condensers. Furthermore, it would be 

interesting to expand the developed model to incorporate many-droplet systems such that 

Coulombic interactions between multiple jumping droplets can be investigated and 

optimized for maximizing heat transfer and condensate mitigation. In addition, it would 

be interesting to investigate electrowetting effects at high voltages and small electrode 

spacings to determine critical field strength values for which jumping no longer occurs. 

Although not considered here due to the relatively large spacing between the droplets and 

the condensing surface (where the electric field can be approximated as the solution 
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between two smooth electrodes), it would be interesting to investigate the effects of 

rough electrodes (such as the rough CuO used here) on electric field strength and non-

uniformity close to the superhydrophobic surface, and how it affects droplet motion
74

. 

Lastly, it would be worthwhile to utilize the developed model to study jumping-droplet 

electrostatic energy harvesting,
39

 and perform further optimization for power generation 

performance. 

3.7. Figures 

 

Figure 4. Critical voltage (𝑉crit) needed to remove a droplet of radius 𝑅d completely (the droplet 

reaches the outer electrode) for a range of droplet sizes (1µ𝑚 ≤  𝑅d ≤ 50µ𝑚). The model 

represents droplet jumping in the upward direction (against gravity). (a) Droplet is jumping from 

a flat plate (parallel plate capacitor case). We observe different regimes under which the 

behavior of the curve differs. For low radii (𝑅d < 20µ𝑚) , drag force 𝐹𝐷 dominates hence the 

electrostatic force 𝐹𝐸 should balance the vapor drag (𝐹𝐸/𝐹𝐷~1). Within this range, we 

distinguish two different regimes depending on the charge of the droplet: 𝑞d = 10 fC for 𝑅d < 7 

μm and 𝑞d = 17𝑒−6(4𝜋𝑅d
2) , where 𝑞d is in Coulombs and 𝑅d is in meters, for 𝑅d > 7 μm.

55
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For larger radii (𝑅d > 20µ𝑚), the gravitational force 𝐹𝐺  dominates which needs to be 

counteracted by the electrostatic force (𝐹𝐸/𝐹𝐺~1). (b) Comparison of three different geometries 

of condensing surface: flat plate, cylindrical tube (cylindrical capacitor case) and spherical ball 

(spherical capacitor case). Inner and outer radii of the electrodes are, respectively, 𝑅1 = 3 mm 

and 𝑅2 = 2 cm, whereas in the case of parallel plates the spacing considered is 𝑅2 − 𝑅1. Heat flux 

considered is 𝑞" = 0.5 W/cm
2
. 

 

 

Figure 5. Critical voltage needed to remove a droplet of 𝑅d = 10 μm completely (the droplet 

reaches the outer electrode). The droplet jumps from a (a) cylindrical superhydrophobic surface 

and (b) spherical superhydrophobic surface. The inner and outer electrodes have radii of 𝑅1 

and 𝑅2, respectively. The heat flux considered is 0.5 W/cm
2
. For large 𝑅1, both the cylindrical 

and spherical geometries converge to the parallel plate capacitor case, where the critical voltage 

is linear with electrode spacing. The curves also show that there is an optimal geometry for 

which 𝑉crit is minimal. 
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Figure 6. Normalized electric field amplitude (𝐸/𝐸parallel) in terms of the distance (𝑋) from 

inner electrode normalized by the distance between the two electrodes (𝑅2 − 𝑅1). The electric 

field amplitude of the cylindrical and spherical capacitors is plotted for an inner radius R1 = 3 

mm and for several electrode spacings. (a) ∆𝑅 = 𝑅2 − 𝑅1 = 1 mm. (b) ∆𝑅 = 2 cm. (c) ∆𝑅 = 10 

cm. High ∆𝑅 reflects high non linearity in the electric field distribution along radial positions 

from the center of the electrodes and low ∆𝑅 reflects a parallel plate capacitor case, for both 

cylindrical and spherical capacitors. The optimal geometry for droplet removal corresponds to 

some intermediate values of ∆𝑅, for a fixed 𝑅1. 

 

 

Figure 7. Normalized electric field amplitude (𝐸/𝐸𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) in terms of the distance (X) from 

inner electrode normalized by the distance between the two electrodes (𝑅2 − 𝑅1). The electric 

field amplitude of the cylindrical and spherical capacitors is plotted for a spacing of R2 – R1 = 2 
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cm and for several inner radii. (a) 𝑅1 = 1 mm. (b) 𝑅1 = 2 cm. (c) 𝑅1 = 10 cm. Small 𝑅1 reflects 

high non linearity in the electric field distribution along radial positions from the center of the 

electrodes and high 𝑅1 reflects a parallel plate capacitor case, for both cylindrical and spherical 

capacitors. The optimal geometry for droplet removal corresponds to some intermediate values 

of 𝑅1, for a fixed ∆𝑅.   

 

 

Figure 8. Heat flux effect on the critical voltage (𝑉crit) needed to remove a droplet of radius 

10 μm. The inner radii 𝑅1 of the spherical and cylindrical surfaces are varied to validate the 

parallel plate limit at large 𝑅1. (a) 𝑅1 = 3 mm. (b) 𝑅1 = 50 mm. (c) 𝑅1 = 1 m. The spacing 

between the electrodes is considered to be 2 cm. An increasing heat flux would result in a higher 

𝑉crit for all geometries. However, a suitable design of the electrodes can minimize that effect and 

hence minimize the input power needed. This is illustrated by the more gentle slopes for 

spherical and cylindrical geometries in (a). 
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Figure 9. Trajectories of droplets jumping from a cylindrical SPF coated superhydrophobic 

surface, subjected to an external electric field established by a voltage difference between the 

inner and outer electrodes (the inner electrode being charged positively) for (a) 45 V, (b) 80 V, 

(c) 120 V,  and (d) 220 V. The droplets considered have radii of 10 μm, the heat flux considered 

is 0.5 W/cm
2
, and the inner and outer radii of the electrodes are fixed at 3 mm and 23 mm, 

respectively. The initial position of each droplet is marked by a hollow rhombus. The results 

clearly show that a threshold voltage exists that is able to remove all jumping droplets from the 

condensing tube.  
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Figure 10. Effective surface area (Aeff) in terms of the voltage applied between the electrodes for 

a cylindrical and spherical condensing surface. The effective area represents the fraction (in 

percentage) of the area of the condensing surface where droplets are being removed under the 

effect of the external electric field, that is, where heat transfer is enhanced. This is a quantitative 

measure of the effect of the initial position of the droplet, meaning the direction of its initial 

velocity (Fig. 9). The droplets are considered to have a radius of 10 μm, the inner and outer 

electrodes are considered of 3 mm and 2 cm radii, respectively, and the heat flux considered is 

0.5 W/cm
2
.    
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Figure 11. Incremental COP (COPinc) of the electric field enhanced (EFE) condensation in terms 

of the logarithmic mean temperature difference (LMTD) between the hot vapor and the 

condensing surface. COPinc is defined as the ratio of the heat transfer enhancement to electric 

power input, and is given by Eq. (22). The increased heat transfer ranges between 0.1 to 0.8 

W/cm
2 

in experimental measurements.
55

 The electric power input is found from the critical 

voltage needed to remove a droplet of 10 μm radius jumping from a SPF coated 

superhydrophobic flat surface (𝑉 ~ 200 V).  The error bars were calculated with propagation of 

error from the experimental uncertainties associated with the experimental measurements
55

 of 

𝑞′′
E
 and 𝑞′′0, assuming negligible error on the other parameters in Eq. 22. 
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Figure 12. Proper application of external electric field for droplet collection at the bottom of the 

cylindrical outer electrode. The heat flux considered is 0.5 W/cm
2
 and. (a) Droplets of 10 μm 

radius departing from different locations on the condensing electrode. Inner and outer radii of 

electrodes are 3 mm and 2 cm, respectively. Voltage applied is 70 V. (b) Droplets of 10, 20 and 

30 μm radius departing from same location on the condensing electrode. Inner and outer radii of 

electrodes are 3 mm and 2.3 cm, respectively. The voltage applied is 60 V. 
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CHAPTER 4: CONCLUSIONS 

I have developed a comprehensive physical model to predict the performance and efficiency of 

the electric-field-enhanced jumping-droplet condensation on nanostructured superhydrophobic 

surfaces under a variety of different conditions. I first validated the simple jumping droplet 

model (without EFE condensation) by comparing the theoretical trajectories of droplets to real 

high speed experimental data, with excellent agreement. Then, by incorporating the contribution 

of an externally applied voltage between the condensing surface and an outer electrode while 

considering the effects of droplet size, electrodes size and geometry, condensation heat flux, and 

droplet jumping direction, I showed that smaller jumping droplets and smaller heat fluxes require 

less work input to be removed. Using my model, I then showed that the electrodes can be 

designed such that the work input is minimized, and determined the effective portion of 

condensing surface for a given external voltage due to orientation effects. By defining an 

incremental coefficient of performance that describes the efficiency of the EFE condensation, I 

showed the incremental COP to be very large (~10
6
) indicating that the added energy required to 

create electric fields for EFE condensation is negligible when compared to the added benefit of 

heat transfer enhancement. Subsequently, the model was used to study geometric electrode 

designs for condensate mitigation and collection, showing that radial configurations with slotted 

gaps are potentially highly advantageous designs. The findings have significant relevance to the 

applications of EFE condensation for efficient phase change heat transfer applications. 
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APPENDIX 

A.1. Electrowetting on Dielectric (EWOD) Model 

The EWOD model
1
 predicts that the contact angle of a droplet would be altered if the 

droplet is subjected to an electric field, by the following formula: 

cos 𝜃′ = cos 𝜃 +
𝜖0𝜖d

2𝑑𝜎lv
𝑉2, (A1) 

where 𝜃′ and 𝜃 represent the effective and the initial contact angles, respectively, 

𝜖0=8.854x10
-12

 F/m represents the permittivity of free space, 𝜖d represents the dielectric 

constant of the insulator (𝜖d ≈ 1 for water vapor), d represents the thickness of the 

dielectric (≈ electrode spacing 𝑠), 𝜎lv represents the liquid-vapor surface tension (72 

mJ/m
2 
for water-air), and 𝑉 represents the applied voltage. 

Figure A1 shows 𝜃′ for a range of voltages (300 – 1200 V) and spacings (1 - 100 mm) 

assuming an initial apparent advancing contact angle of 180°. The effective contact angle 

after the application of voltage was not lower than 170° for  𝑠 > 1 cm. Hence, the effect 

of the change of surface tension (and subsequently of initial velocity of droplets) was 

deemed negligible and not considered in my EFE model. However, these effects need to 

be considered for cases having very small spacings (< 1mm) and high voltages (> 

1000V). 
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Figure A1. Effective contact angle (𝜃′) due to applied voltage between the 

superhydrophobic condensing surface and an external electrode. The initial contact angle 

is assumed to be 180°. The effect of electrode spacing (𝑠 = 1-100 mm) and applied 

voltage (𝑉 = 300-1200 V) are calculated using Eq. (A1). For 𝑠 > 1 cm no relevant change 

in contact angle is predicted (𝜃′ > 170°). 
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A.2. Droplet Acceleration Analysis 

In this section I propose a complementary explanation (other than the scaling analysis 

provided in the manuscript) for the behavior observed in Fig. 4a of the manuscript. The 

analysis is based on the variation of the acceleration, which is a droplet size-independent 

indicator of motion. 

Dividing Eq. (7) of the manuscript by (4/3)𝜋𝑅d
3𝜌w, we obtain: 

𝑎d,y = 𝑘𝑅d
−1 − 𝑔 +

𝑞d𝐸y

𝑚
 , (A2) 

where k is a factor combining all radius independent properties (𝑘 = −3𝜌v𝐶D𝑠𝑔𝑛(𝑢d,x +

𝑢v,x)(𝑢d,y + 𝑢v,y)
2/8𝜌w). From Eq. (S2) we can see that in the high radius limit (𝑅d > 7 

μm, 𝑞d ~ 𝑅d
2), both the electrostatic term and the drag force term decay which leaves 

only the gravitational term to overcome, hence 𝑉crit increases. In this limit, in order to 

keep the same acceleration as we increase the droplet size, the electric field should 

increase linearly with 𝑅d so that the rightmost term in Eq. (S2) becomes independent 

of 𝑅d. This implies that the critical voltage should increase linearly since it is the only 

external control variable. However, in the low radius limit, where 𝑞d ~ constant, the 

electrostatic term dominates (𝑅d
3 dependence in the denominator) hence a large voltage 

in not needed to attract the droplet to the outer electrode. To better understand the region 

bridging the two limits, I plotted the acceleration in terms of the droplet radius (Eq. (S2)) 

for the parallel plate case using the numerical parameters of the initial problem (Fig. A2). 

Figure S2 exhibits a behavior opposite to the one observed in Fig. 4a, which is logical 
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since lower acceleration implies higher voltage needed to remove it. Figure A2 shows 

that the acceleration has a locally minimum at 𝑅d ≈ 8 µm, due to the complex balance of 

non-linear forces acting on the droplet in the electric field. A local minimum in 

acceleration with a negative phase indicates that the droplets are being rapidly 

decelerated on their trajectory to the outer electrode, meaning that a large electric filed or 

applied voltage must be used to fully remove them. This is in agreement with my results 

of Fig. 4a.  

 

Figure A2. Upward acceleration (𝑎) of a droplet of radius 𝑅d jumping from a 

superhydrophobic SPF coated flat plate and subjected to an uniform external electric field 

𝐸 = 75 V/cm. The acceleration is found from Newton’s second law applied on the droplet 

experiencing upward electrostatic force and downward drag and gravitational forces. The 

heat flux and relative vapor flow velocity are considered constant at 0.9 W/cm
2
 and 0.2 
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m/s, respectively. The choice of velocity was aimed to represent the droplet at an 

intermediate position (0.2 m/s < 0.6 m/s which is the initial relative velocity). The curve 

gives an explanation for the parallel case behavior observed in Fig. 5a, which can be 

generalized to both the cylindrical and spherical cases.  

A.3. Large Radius Limit of Inner Condensing Electrode 

In this section, I validate the consistency of the dependency of the electric field 

magnitude on the geometry of the electrodes by showing that for a large inner radius of 

the electrode, all geometries (parallel, cylindrical and spherical) reduce to the parallel 

plate case (Fig. A3). 
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Figure A3. Convergence of the spherical and cylindrical geometries to the parallel plate 

in the large inner radius (𝑅1) limit. The critical voltage for droplet removal (𝑉crit) is 

shown for the three cases in terms of the spacing between the inner and outer electrode 

(radius 𝑅2). The droplet considered has a 10 μm radius and the heat flux used in the 

simulation is 0.5 W/cm
2
. 

 

 

 


