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Condensation heat transfer can be significantly enhanced by condensing vapor as droplets (instead of a
film), which rapidly roll-off. This work studies the use of electrowetting to enhance coalescence, growth
and roll-off dynamics of condensed droplets, thereby enhancing the condensation rate and associated
heat transfer. This enhancement depends on the nature of fluid motion (translation of droplets,
oscillations of the three phase line), which in turn depends on the magnitude and frequency of the
applied electrical actuation waveform. Experiments are conducted to study early-stage droplet growth
dynamics, as well as steady state condensation under the influence of an electric field. It is seen that dro-
plet growth is enhanced as the voltage and frequency of AC electric fields is increased, with AC electric
fields seen to be more effective than DC electric fields. Roll-off dynamics also depends on the frequency
of the AC field. Overall, electric fields alter the droplet size distribution and move the condensate to more
favorable states for removal from the surface. The condensation rate depends on the roll-off diameter of
the droplet, frequency of roll-off events, and on the interactions of the rolled-off droplets with the
remainder of the droplets. An analytical heat transfer model is utilized to relate the measured condensa-
tion rate with condensation heat transfer. It is noted that this study deals with condensation of humid air,
and not pure steam. Overall, this study reports more than 30% enhancement in condensation rate result-
ing from the applied electric field, which highlights the attractiveness of electrowetting for condensation
heat transfer enhancement.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Condensation of water is the basis of many applications includ-
ing atmospheric water harvesting [1–3], power generation [4] and
desalination [5,6]. The condensation rate and associated heat
transfer is limited [7] by a condensate film on the surface; this
occurs in most applications since metallic condenser surfaces are
hydrophilic. Heat transfer is significantly enhanced if water
condenses as drops which then roll-off [8], thereby exposing the
surface to fresh vapor for re-nucleation. Dropwise condensation
(DWC) [7] is observed on hydrophobic and superhydrophobic
surfaces, which offer lower resistance to roll-off. Eliminating the
thermal resistance of the film increases heat transfer coefficients
by 5–10X [7] as compared to filmwise condensation.

DWC has been widely studied [7,9,10] from the objective of
developing surfaces which enhance condensation heat transfer
(CHT). There are three stages that a condensing fluid finds itself
in during DWC [11,12]. Firstly, droplets nucleate and grow by
direct vapor condensation on the surface. In the second stage, dro-
plets grow rapidly by coalescence of neighboring droplets, which
widens the droplet size distribution. In the third stage, sufficiently
large droplets roll-off under gravity, and capture additional con-
densate droplets on their way down. Condensation dynamics and
droplet size distributions have been studied on surfaces with a
variety of textures and chemistry [9,13–16]. A majority of experi-
mental studies on DWC have involved condensation of steam or
saturated vapor; there exist fewer studies on condensation in the
presence of non-condensable gases (NCGs), [14]. On the theoretical
front, recent studies [8,17,18] have used measured droplet size dis-
tributions to estimate CHT using single droplet-based thermal
resistance models.

In addition to surface engineering-based approaches, the use of
an electric field to promote condensation heat transfer has gener-
ated significant recent interest [19–22]. Miljkovic et al. [23] used
an electric field to prevent droplets jumping from the surface
(due to the energy released via coalescence) from returning back;
a 50% enhancement in heat transfer was measured. There also exist
studies on the use of an electric field [24,25] to alter the surface
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tension of the condensing surface and condensed droplets, as a tool
for enhancing DWC.

This work presents a study of the influence of electrowetting
(EW) on condensation heat transfer enhancement. EW is a well-
studied [26–29] fluid handling technique to control the wettability
of droplets and enable microfluidic operations like the movement,
splitting and merging of droplets. EW is based on the application of
an electrical potential difference across a dielectric layer underly-
ing the droplet (electrically conducting) to modulate wettability,
and to actuate the droplet. The classical Young-Lippman’s equation
[26,30] predicts the voltage-dependent contact angle as:

cos h ¼ cosheq þ C
2c

V2 ð1Þ

where heq is the equilibrium contact angle (no voltage), c is the
liquid-vapor interfacial tension, V is the applied voltage and C is
the capacitance per unit area of the dielectric layer. The dielectric
layer is a critical component of EW systems, with high dielectric
constant, high electrical breakdown field and low surface energy
being favorable attributes. Additionally, the dielectric material
needs to be pin-hole free to prevent current flow.

The role of the frequency of the AC waveform used in EW actu-
ation has been examined in prior studies. For context, a study of
the influence of the AC frequency on condensation is a key aspect
of the present work. For DC and low frequency AC waveforms, the
droplet can be considered electrically conducting and equipoten-
tial (no electric field exists inside the liquid). However, at frequen-
cies higher than the one corresponding to the charge relaxation
time, the electric field begins to penetrate the droplet. The role of
AC frequency is best understood by examining the expression for
complex permittivity [26] of the droplet, e� ¼ ke0 � j rx. Here k is
the dielectric constant, r is electrical conductivity and x is the
AC frequency. The first term represents the capacitance, and the
second term represents the resistance. As the frequency increases,
the relative influence of the electrical conductivity is reduced and
the droplet behaves more as an insulator. In practice, low fre-
quency AC fields are used in many EW applications, since contact
angle hysteresis is lower for AC fields as compared to DC fields
[26,28,30]. Under an AC field the contact line is continuously per-
turbed by the oscillating voltage; de-pinning becomes easier
[26,30], which reduces hysteresis as compared to DC fields.

A significant number of studies on EW analyze EW-induced dro-
plet motion, which is the key to the present study on EW-assisted
droplet coalescence. The most commonly used configuration for
EW-induced actuation of droplets consist of flat parallel plates sep-
arated by a fixed spacing. Arrays of individually addressable elec-
trodes are fabricated on the bottom plate; the top plate acts as a
common ground electrode to bias the droplet. The electrodes are
covered with the EW dielectric layer and a hydrophobic topcoat to
reduce the resistance to motion. When an electrode (on the bottom
plate) adjacent to the droplet is turnedon, electrostatic forces propel
the droplet towards the center of the actuated electrode (which is
the minimum energy position for that configuration). The actuation
force that drives droplet motion depends on the change of the dro-
plet area in contact with the actuated electrodes. For DC electric
fields the EW force can be approximated as [27,28]:

FEW ¼ 1
2
V2 dA

dx
kde0
d

� �
ð2Þ

where kd is the dielectric constant of the dielectric layer, d is the
thickness of the dielectric layer and dA

dx is the change in area of the
droplet in contact with the actuated electrode. The above equation
estimates the force as the gradient of the electrostatic energy distri-
bution. Also, droplet motion is opposed by contact line friction, vis-
cous drag and wall shear forces [27]. In the present experiments,
the electrodes have a co-planar geometry where the positive and
ground electrodes are in the same plane, separated by a non-
conducting gap. In this case, the field lines form an arc from the high
voltage electrode to the ground [24,31].

There exist five studies on the use of EW for condensation
enhancement. The first study on EW and condensation was by
Kim et al. [25], wherein an EW voltage was used to reduce the crit-
ical inclination angle for droplet roll-off. Experiments were first
conducted using single droplets [25]; a later study involved remov-
ing condensate from evaporator fins [32]. In a more recent study,
Baratian et al. [24] studied the coalescence of droplets condensing
under the influence of a 1 kHz AC EW field. Energy-minimization
considerations were used to explain condensation patterns and
droplet size distributions. Another study from the same group
showed that certain EW electrode configurations reduce droplet
shedding radii and achieve faster roll-off, while other configura-
tions trap droplets and hinder roll-off [33]. Yan et al. [34] showed
that application of a DC electric field increased water shedding by
inducing roll-off. However, this study involved condensation of
mist droplets from a commercial water mister and cannot be
directly compared with other studies on condensation which
strictly involve condensation via phase change.

This manuscript details a fundamental study on EW-accelerated
droplet growth dynamics and condensation heat transfer. Impor-
tantly, all experiments involve condensation of humid air (with
significant non-condensables) unlike steam condensation which
is the focus of a majority of existing studies. The influence of the
applied voltage and frequency of the AC EW field on droplet
growth and coalescence is experimentally characterized, and the
underlying physical mechanisms are discussed. The influence of
EW fields on condensation dynamics is studied both in the pre-
droplet shedding phase, and in the droplet shedding phase. The
CHT enhancement resulting from the EW fields is estimated by
measuring the water condensation rate, which feeds into an ana-
lytical thermal resistance-based heat transfer model.
2. Experimental methods

2.1. Fabrication

The condensation experiments in this studywere conducted in a
singleplate EWconfigurationwith thehighvoltage andgroundelec-
trodes adjacent to each other. Indium Tin Oxide (ITO) coated glass
slides were used as the substrate. Photolithography and plasma
etching were used to pattern an interdigitated electrode layout
(Fig. 1a). Details of the fabrication processes are included in the sup-
plemental information. The twosets of electrodeswere connected to
thehigh voltage and groundends of a signal generator and amplifier,
to generate an electric field between adjacent electrodes. The elec-
trode width and gap were 50 mm each. Fig. 1b shows the cross sec-
tion of the condensation surface. A 2 mm layer of CYTOP
(amorphous hydrophobic fluoropolymer) was spin coated on the
surface as the EW dielectric. The dielectric layer is a critical require-
ment of EW systems, and stores electrostatic energy,which actuates
the droplet. The condensing surface was placed (Fig. 1c) on a liquid
nitrogen cold plate (Instec-mK1000 LN2-P), which maintained the
surface at 2 ± 1 �C, to eliminate ice formation. The entire setup was
placed in an environmental chamber (ESPEC Platinous H-series)
maintained at 23 ± 2 �C and 60 ± 2.5% relative humidity. All experi-
ments were conducted at atmospheric pressure.
2.2. Description of condensation experiments

Two types of experiments were presently conducted. The first
type of experiments involved visualization of droplet growth



Fig. 1. Schematic of experimental setup. (a) Top view of condensation surface showing interdigitated electrode architecture. (b) Cross section of surface showing EW-related
details. (c) Surface under optical microscope to visualize droplet growth dynamics. (d) Vertically oriented surface to study droplet roll-off.
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dynamics on a horizontal surface (Fig. 1c). Condensation was pre-
vented on the cold plate (by flowing a stream of nitrogen gas),
while the temperature was ramped down. Once the plate reached
a steady 2 �C, nitrogen flow was turned off, and the EW field was
turned on. The electric field was kept on for the remainder of the
experiments. Droplet growth was recorded with a 5X magnifica-
tion lens of a Nikon Eclipse LV150N optical microscope. Experi-
ments were conducted with 60 V rms (root mean square) and
100 V rms and at AC frequencies of 0 Hz (DC), 1 Hz and 10 kHz.
Baseline experiments were conducted without any applied voltage.
No experiments were conducted above 100 V to avoid breakdown
of the dielectric layer. All experiments lasted 30 min and capture
early-stage dynamics of droplet growth and coalescence.

For the second type of experiments, the surfacewas oriented ver-
tically (Fig. 1d) and the experiments were conducted for longer
durations. Droplets were seen to grow, coalesce and roll-off with
the rolled-off droplets sweeping additional condensate as they left
the surface. The amount of condensed water was estimated by
cumulatively adding the mass of the droplets as they rolled to bot-
tom of the condensing area, andwas used to validate the heat trans-
fer model detailed ahead. These experiments were conducted at
100 V rms and at AC frequencies of 1 Hz and 10 kHz. It is noted that
all reported data in this study is the average of three repetitions.

Post-processing involved using MATLAB to count the number
and size of condensed droplets (circle finder image processing
script). The software and imaging capabilities allowed the detec-
tion of droplets larger than 5 mm. Droplets were assumed to have
a spherical cap geometry, with a contact angle of 120� in the
absence of an EW field. The EW voltage reduced the contact angle
to as low as 90�. Measured voltage-dependent contact angles and a
comparison with the predictions of the Young-Lippman’s equation
is included in the supplementary information.
3. Experimental results

3.1. Early stage droplet growth dynamics

This sub-section describes droplet growth dynamics under the
influence of an EW field. Fig. 2 shows snapshots of the droplet size
distribution at 10 min and 30 min for the baseline (no voltage)
case, 100 Vrms, 10 kHz case and 100 V DC case. A related video
(video 1) is available in the supplemental material. At the begin-
ning, droplets grow post-nucleation by condensation of vapor. Coa-
lescence occurs once the droplets are large enough to contact
adjacent droplets [11]. In the absence of an EW field (Fig. 2a and
d), droplets maintain a self-similar and homogenous random pat-
tern as the average droplet radius increases.

It is clearly seen that an electric field alters the droplet distribu-
tion. Droplets migrate to locations where the electrostatic energy
of the system is minimized; the specific location depends on the
electrode and droplet geometry and has been previously studied
[26,27]. Droplets will migrate, when they are large enough
(radii > 5–10 mm) for the electrostatic force to exceed the resis-
tance due to contact angle hysteresis. Importantly, as the droplets
grow, the electric field is itself modified (droplet is electrically con-
ducting, compared to the insulating dielectric and air), and the
minimum energy location can change [24].

Under AC fields, the minimum energy location is the center of
the gap between adjacent electrodes [24,26,27]. Indeed, Fig. 2b
shows droplets aligning along the electrode gaps (dark areas). As
the droplets grow, they will merge, but they still prefer residing
in the electrode gaps (Fig. 2e). Another notable observation is the
role of the AC frequency on the type of droplet motion. At
10 kHz, droplets migrate to the minimum energy location, and
remain there, with the triple phase line oscillating about the equi-
librium position. However, at 1 Hz, droplets responds to the chang-
ing voltage by physically translating around their equilibrium
positions (in addition to oscillations at the triple phase line). Both
types of motions (oscillation, translation) will assist coalescence.
Video 1 and Video 2 in the supplemental information demonstrate
the two types of motion exhibited under high and low frequency
electric fields. Contact-line motion is also favorable from the point
of view of reducing pinning at the triple phase line. It is well-
known that contact angle hysteresis and roll-off angles are lowered
with AC electric fields [24,33].

For DC fields, the droplet arrangement has a different nature as
compared to AC fields. When the droplets are large enough to be
affected by the electric field, they first migrate to the interface
between the ground electrode and the electrode gap (Fig. 3c). Sub-



Fig. 3. Early stage droplet growth dynamics under AC and DC fields (a) 100 V rms, 10 kHz at 3 min, (b) 100 V rms, 10 kHz at 5 min (c) 100 V DC at 3 min, (d) 100 V DC at 5 min.
The dotted lines show droplets aligning at 3 min and then merging to form larger droplets on the electrode gaps for the AC case (b), and alternate electrodes (d) for the DC
case.

Fig. 2. Droplet growth patterns under (a) no voltage at 10 min, (b) 100 Vrms, 10 kHz at 10 min, (c) 100 VDC at 10 min, (d) no voltage at 30 min, (e) 100 Vrms, 10 kHz at
30 min, (f) 100 VDC at 30 min. The electrode width (light areas) and gap between electrodes (dark areas) is 50 lm.
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sequently, these droplets merge and then line up on the alternate
electrodes. This is very clearly seen in Fig. 3d, which shows dro-
plets lining along alternate electrodes. While this may seem non-
intuitive, a previous energy minimization effort [27] clearly shows
that droplets will line up on alternate electrodes if they are electri-
cally grounded. The droplets remain here and continue to grow by
condensation or coalescence as seen in Fig. 2c and f. Higher contact
line friction (under DC electric fields) prevents them from moving
unlike what is observed under AC fields. Fig. 3 highlights the differ-
ences in the coalescence patterns for the AC and DC cases, with
droplets clearly lining up in the electrode gap for an AC field
(Fig. 3a and b), and larger (coalesced) droplets lining up on alter-
nate electrodes for the DC field (Fig. 3c and d).

The above discussions highlight the dependence of electric
field-induced droplet growth dynamics on the nature of the elec-
tric field, electrode architecture and surface chemistry. Overall,
triggering any type of droplet motion is beneficial for promoting
coalescence and enhancing growth. To quantify the overall



264 E.D. Wikramanayake, V. Bahadur / International Journal of Heat and Mass Transfer 140 (2019) 260–268
influence of the electric field on growth dynamics, the area-

weighted average droplet radius, Rh i ¼
P

r3P
r2

was estimated using

the previously described image processing methodology. It is
noted that during early stages of growth, the area-weighted aver-
age radius for baseline case is found to be equal to the average

radius R
�
¼

P
i
ri

n , since the droplet size distribution has one domi-
nant average radius.

Fig. 4 shows the evolution of Rh i for applied voltages of 100 V
rms (Fig. 4a) and 60 V rms (Fig. 4b), with frequencies of 1 Hz,
10 kHz and 0 Hz (DC voltage), along with the baseline case. It is
clearly seen that an electric field accelerates growth dynamics,
with the differences becoming more pronounced at longer times.
At the end of 30 min Rh i was higher than the baseline by 23% for
60 V (10 kHz) and 35% for 100 V (10 kHz). In general, faster droplet
growth was observed for a 10 kHz waveform compared to a 1 Hz
waveform. This suggests that the reduced contact angle hysteresis
associated with high frequency AC fields [24,27] makes it easier for
droplets to move and coalesce. Very interestingly, the DC electric
field showed negligible improvement from the baseline case. For
a DC field, the droplets migrate to the minimum energy position
and remain there. The absence of oscillatory motion of the contact
line reduces the possibility of larger droplets capturing smaller
ones. Droplets can only grow by further vapor condensation or
via translation of newer droplets, which is also challenging due
to the larger hysteresis associated with DC fields. The nature of
Fig. 4. Area-weighted average radius of condensed droplets v

Fig. 5. Rate of change of area-averaged droplet radius for
the electric field lines will also be different for AC versus DC fields.
For DC fields, the droplet is considered equipotential, however AC
fields will penetrate inside the droplet (this effect becomes more
significant with an increase in frequency).

The influence of electric fields can also be quantified by analyz-
ing the rate of droplet growth (rate of change of area-averaged
radius) d Rh i

dt . For the baseline case (Fig. 5), the growth rate of the
average radius decreased and plateaued to a constant value, as also
reported by Leach et al. [12]. Under AC fields, d Rh i

dt shows a decaying
oscillatory trend with time. The increase in droplet growth rate, or
positive slope regions of this curve are due to electric field-based
coalescence cascades. After one cascade droplets settle in their
new equilibrium locations, and additional coalescence is prevented
for some time, since they are too small to contact the neighboring
droplet. Accordingly, the growth rate slows down (negative slope
region), with condensation being the growth driver. When these
droplets (fed by new condensate) become large enough to ‘see’
the neighboring droplets, an electric-field based coalescence cas-
cade occurs again (positive slope region). For a DC field, there is
an initial increase in growth rate when the influence of an electric
field is first seen. However, droplets do not oscillate, and subse-
quent growth rate reduces as direct vapor condensation becomes
the dominant mechanism, along with the translation of newly
nucleated droplets.

The impact of electric fields on droplet size distributions after
30 min is depicted in Fig. 6. For the baseline case, a unimodal
ersus time under EW voltages of (a) 100 V and (b) 60 V.

100 Vrms AC fields, 100 VDC field and baseline cases.



Fig. 6. Distribution of sizes of droplets condensing under the influence of electric
fields after 30 min.
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log-normal distribution is observed which shows a decreasing
average radius and a widening droplet size distribution over time
until roll-off. Under an electric field, a bi-modal or multi-modal
distribution [24] is observed, wherein large droplets are sur-
rounded by many small droplets. Although the distribution shows
a smaller number density in the larger size bin, the larger droplets
account for a significantly greater volume (volume scales as r3)
percentage of the condensate. At 30 min, the total condensate vol-
ume in the largest bin (>100 lm) for 100 V rms AC is 3X greater
than in the no voltage case. This again highlights the influence of
an electric field in moving condensate to a state favorable for
removal.

Knowledge of droplet size distributions is used to estimate the
heat transfer rate, as detailed ahead. Droplet size distribution is
also critical to overall enhancement of CHT. While smaller droplets
enhance heat transfer locally (lower thermal resistance), larger
droplets sweep away significant condensate when they detach,
thereby exposing fresh surfaces for nucleation (this is seen in video
3 and 4 in the supplemental information). Additionally, increased
condensation rates will lead to more frequent sweeping events.
All these considerations are suggestive of an optimum distribution
that maximizes heat transfer; this can be explored in a future
study.

3.2. Droplet roll-off and condensation rate under the influence of
electric fields

This section discusses experiments with vertically oriented sur-
faces, which allowed the droplets to roll-off. These experiments
were run for 3 hours. The condensation rate was obtained by
cumulatively adding the mass of droplets rolled-off over time.
Fig. 7. (a) Condensed mass flux versus time for three cases (no voltage, 100 V, 10 kH
Droplet mass was estimated using image analysis to find the radius
(hence volume) of the spherical cap shaped droplet after it had
rolled off the active condensation area. Fig. 7a shows the conden-
sation mass flux (average of three experiments) for various cases.
Droplet roll-off occurs when the coalesced droplets have reached
a critical radius. Thereafter, the condensed mass flux is estimated
using the procedure outlined above. For the cases of no voltage
and 100 V, 10 kHz, two regions of the curve (Fig. 7a) can be identi-
fied. The initial, higher slope region accounts for a large number of
roll-off events taking place between the times corresponding to
roll-off of the first droplet, till the time that the entire area is swept
at least once. The second region corresponds to a lower and con-
stant slope (constant condensation rate), which is maintained for
the remainder of the experiment. This regime is referred to as
steady state wherein droplet nucleation, growth, coalescence,
and roll-off occur at various places on the surface [12,35]. This is
a quasi-steady process with a stable droplet size distribution and
a steady rate of heat transfer. Under these conditions, classical
models can be used to characterize the number density of droplets
[36].

Presently, the first roll-off event for the baseline case occurred
at �60 min. The average roll-off radius was 725 ± 89 mm. In this
case, droplets maintain a random self-similar pattern (regardless
of the size), which results in a stable droplet size distribution.
For the case of 100 V, 1 Hz, the first roll-off event occurred at
�30 min, and average roll-off radius was 420 ± 100 mm. The reason
for the lower roll-off radius is the reduction in contact angle hys-
teresis associated with AC electric fields. Droplets are observed to
oscillate around their mean positions as seen in video 2. The two
parts of video 2 show oscillatory motion of large droplets before
they have rolled-off, and translation motion of smaller droplets
which have nucleated in the track exposed by a droplet that
rolled-off. For the 100 V, 10 kHz case, the first roll-off event
occurred at �70 min with an average roll-off radius of
730 ± 75 mm. This delayed roll-off can be attributed to the electric
field pinning droplets to the surface [33], noting that the electric
field lines will penetrate the droplet at such frequencies. This sug-
gests that periodically turning the electric field off could assist in
droplet roll-off for such cases. It is also noted that larger droplet
roll-off radii are not necessarily detrimental to overall condensa-
tion, since the droplet size determines the amount of condensate
swept in the path of the droplet. It is also noted that the electrodes
were oriented vertically, which significantly reduces the
electrostatic resistance to droplet roll-off along the equipotential
electrode surface.
z, and 100 V, 1 Hz), and (b) Steady state condensation rate for the three cases.
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Fig. 7b shows the steady state condensation rates for the three
cases (raw data for these measurements is available in the supple-
mental information). The 100 V, 10 kHz case has the highest con-
densation rate, which is 33% higher than the baseline case. This
corresponds to largest droplet roll-off radius and the lowest fre-
quency at which droplets roll-off. The large droplets capture a sig-
nificant number of smaller droplets on their way down, thereby
opening up a large new track for fresh nucleation. For the 100 V,
1 Hz case, the condensation rate is 17% higher than the baseline
case. This case is characterized by a relatively low roll-off radius
and high frequency of roll-off events. Since the roll-off frequency
is high, there is lesser time for droplets to grow. Consequently,
smaller droplets are swept away as compared to the 100 V,
10 kHz case. These numbers suggest that overall condensation
need not be maximized by droplets rolling-off rapidly and at smal-
ler sizes, but also involves consideration of the interactions of the
rolling-off droplets with the rest of the distribution.
4. Heat transfer modeling

This section details first-order models to relate the measured
water collection to CHT. A thermal resistance network-based ana-
lytical model is first described, which predicts CHT for a specified
droplet size distribution. This model is used to predict the heat
transfer for the baseline case. Interestingly, it is seen that the pre-
dictions from this model reasonably match the predictions of
another thermodynamics-based first-order model, which requires
the water collection rate as the input (instead of droplet size distri-
bution). This thermodynamics-based model is therefore used to
predict CHT under EW fields. It is noted these models constitute
the first detailed assessment of the benefits of EW on CHT
enhancement.

The thermal resistance network-based heat transfer model is
briefly described ahead, and extends the recent work of Zhoa
et al. [13] Historically, similar models have been used for CHT anal-
ysis; however all the studies involved DWC under saturated vapor
conditions [8,17,18]. In the present experiments with humid air,
the thermal resistance network is modified to account for the pres-
ence of non-condensable gases. It is well-known that the presence
of non-condensables drastically reduces CHT [13,15]. The thermal
resistance network in this work also considers natural convection
from the non-wetted area, which is an improvement over existing
models which only consider heat transfer through the condensed
droplets.
Fig. 8. Thermal resistance network corresponding to a single droplet in dropwise
condensation mode.
Fig. 8 shows the thermal resistance network (corresponding to a
single droplet) for DWC in the presence of non-condensables. As
water vapor condenses, a layer of non-condensables accumulates
at the liquid-vapor interface around the droplet. The water vapor
in ambient air diffuses through this boundary layer to reach the
droplet, which imposes a conduction resistance through air. This
boundary layer offers the largest thermal resistance in the heat
transfer network [15,37]. Zhoa et al. [13] modeled this boundary
layer as containing two resistances in parallel which transfer heat
from the ambient air at T1 to the surface of the droplet at Ti; a sim-
ilar approach is presently used. The resistance associated with dif-
fusion of vapor through the layer of non-condensables [13] is:

Rdiff ¼ ðT1 � TiÞ
_mhfg

ð3Þ

where _m is the condensation rate based on experimental data, hfg is
the latent heat of condensation, and Ti and T1 are the interface and
ambient temperatures, respectively. The conduction resistance of
air [13] is estimated as:

Rcond;air ¼ d
kairSðrÞ ð4Þ

where kair is the thermal conductivity of air and SðrÞ is the projected
area of the droplet. In Eq. (4), d is the thickness of the boundary
layer, which in an unknown. However, by equating the condensa-
tion rate to the mass diffusion rate [13,38], an approximation for
d can be obtained using:

_m00 ¼ �DMc
xi � x1

d
ð5Þ

where D is the diffusion coefficient of water vapor in air, c is the
concentration and M is the molecular weight of water. x1 is the
mole fraction in water, determined by ambient conditions

x1 ¼ RH Psat
P1

� �
; where Psat is the saturation pressure and P1 is the

ambient (atmospheric) pressure. xi is the mole fraction at the
liquid-vapor interface of the droplet determined by the Clausius-
Clapeyron equation [39] as:

xi ¼ exp �hfg

R
1
Ti

� 1
Tboil

� �� �
ð6Þ

where Tboil is the boiling point under atmospheric pressure ðP1Þ.
Next, the thermal resistance associated with the droplet is con-

sidered, based on existing classical droplet thermal resistance
models [7,8,39]. This network consists of an interface resistance
and conduction resistance in series [7,8,17,18]. The interface resis-
tance [18,39] accounts for the temperature drop at the vapor-
liquid interface, and is estimated as:

Rint ¼ 1
hi2pr2ð1� coshÞ ð7Þ

hi is the interfacial heat transfer coefficient [8,39] expressed as:

hi ¼ 2a
2� a

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pRgTs

p h2
fg

tgTs
ð8Þ

where h is the contact angle and Rg is the specific gas constant. The
accommodation coefficient (condensation coefficient), a is the frac-
tion of vapor molecules that move into the liquid droplet during
phase change and is found to be in the range of 0.02–0.04 for water
[39]. In this work, we use a ¼ 0:02 to represent the low humidity
conditions of present experiments. Finally, the conduction resis-
tance of the droplets is expressed as [18]:

Rcond;drop ¼ h
4pklrsinh

ð9Þ
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where kl is the thermal conductivity of water. The overall thermal
resistance can be estimated as:

RTotalðrÞ ¼ 1
Rdiff

þ 1
Rcond;air

� ��1

þ Rint þ Rcond;drop ð10Þ

The droplet radius dependent heat transfer can then be
expressed as:

qðrÞ ¼ DT
RTotalðrÞ ð11Þ

where DT ¼ T1 � Tsurface. From a knowledge of droplet size distribu-
tion and consideration of natural convection, the overall surface
heat flux can be estimated as [8]:

q00
surface ¼

Z Rmax

Rmin

q rð ÞN rð Þdr þ f dry � hair � ðT1 � TsÞ ð12Þ

In the above equation, the first term on the right is the heat flow
through all the droplets. N rð Þ is the number density of droplets at
a given time instant. The second term on the right accounts for nat-
ural convection through the non-wetted area around the droplet,
where f dry is the fraction of dry area and hair is the heat transfer
coefficient (method used to estimate hair is described in the supple-
mental information). This model predicts a steady-state CHT of
104W/m2 for the baseline case, based on the droplet size distribu-
tion. While this is a low value of flux compared to most studies on
condensation, it is noted that this work involves condensation of
humid air and not pure steam (unlike most studies); furthermore,
there are no forced convection effects here. It is also seen that the
effective thermal resistance of the network is well-approximated
by the conduction resistance through air, with the droplet resis-
tance being negligible; this is to be expected due to the presence
of non-condensables. A comparison of various thermal resistances
is included in the supplementary information.

Another estimate for the heat flux estimate can be arrived at by
a first-order thermodynamics-based assessment. From the knowl-
edge of the measured condensation rate _m00 and the wetted frac-
tion, the overall heat transfer can be estimated as:

Q 00 ¼ _m00hfg þ _m00Cp;wv T1 � Tdp
	 
þ f dry � hair

T1 � Tsð Þ ð13Þ
It is noted that a similar approach was used to predict CHT asso-

ciated with atmospheric water harvesting applications [40]. The
first term on the right side in Eq. (13) accounts for latent heat of
condensation hfg (2270 kJ/kg). The second term accounts for sensi-
ble cooling of vapor (which eventually condenses) and the third
term accounts for natural convection-based heat gain by the dry
surface area (detailed in supplementary information). Cp;wv is the
specific heat of vapor, and T1 and Tdp are the ambient and dew
point temperatures respectively. Comparison of these terms shows
that the contribution of sensible cooling is negligible. For the base-
line case, latent heat and natural convection represent 71% and 29%
of the total flux, respectively. The relative contribution of the latent
heat term increases with an increase in the condensation rate. For
the 100 V, 10 kHz case where the mass flux is highest, latent heat
and natural convection shows the same breakdown of the total flux
as the baseline case.

This thermodynamics-based model (Eq. (13)) predicts a con-
densation heat flux of 85 W/m2 for the no voltage case. This is a
reasonable match with the prediction of the thermal resistance
network-based model (104 W/m2), considering the simplicity and
the significant assumptions involved in the formulation. The
thermodynamics-based model requires knowledge of the conden-
sation rate and the surface wetted fraction (which is often reported
in literature [11,12,24]), and does not require knowledge of droplet
size distributions, which can be challenging to obtain. Using this
model for the cases of condensation under EW fields results in heat
transfer rates of 102 W/m2 and 111 W/m2 for the 100 V, 1 Hz and
100 V, 10 kHz cases, respectively. When compared to the baseline
case, there is a 21% and 31% enhancement for the 100 V, 1 Hz
and 100 V, 10 kHz cases, respectively. Note that the enhancement
in the condensation rate is different from the enhancement in con-
densation heat flux. This difference is due to the natural convection
term in condensation heat transfer, which makes the relationship
between CHT and condensation rate non-linear.

5. Conclusions

Overall, this study shows that electric fields can significantly
influence coalescence and growth dynamics during condensation
of humid air. Controlling factors include the magnitude and fre-
quency of the applied waveform and the electrode architecture.
It is seen that AC fields promote greater coalescence than DC fields,
with higher frequencies increasing droplet growth rate. The roll-off
dynamics is also altered by the electric fields, and it is possible to
control the roll-off size and frequency by controlling the applied
waveform. Total condensate removal depends on the size and fre-
quency of droplets rolling off, and also on the amount of liquid cap-
tured by the droplet as it departs. Condensate removal enhances
heat transfer; heat transfer enhancements of up to 31% was
observed in this study. This study suggests several avenues for fur-
ther CHT enhancement. Numerous additional strategies can be
employed to enhance droplet coalescence, such as the use of wave-
forms of various shapes, periodic use of an electric field and the use
of a traveling electric field etc. Such strategies, along with the nat-
ure of the field, and the surface chemistry (which governs contact
angle and hysteresis) will influence the growth, coalescence, and
roll-off kinetics, which determines heat transfer.
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