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ABSTRACT

Evaporating water droplets on a heated substrate are investigated in this work. Specifically, the influences
of electric fields are studied in the context of the heat flux distribution beneath the droplets as well
as the droplet mechanics and resulting shapes and forces. To facilitate a deeper understanding of the
problem, both hydrophilic and superhydrophobic droplets are considered for an entire evaporation period
with and without electric field effects. Both wetting scenarios show that the net radial directed electric
force is directed inward, resulting in a compressive force which influences the droplet shape in such a
way that it appears elongated. Conversely, the net vertically directed electric force is determined to be
downwardly directed for hydrophilic droplets, pressing the droplet to the surface, whereas it is upwardly
directed for the superhydrophobic droplets, representing a lifting force. With regard to the heat transfer
to the droplets, only a pronounced electric field effect was observed for the superhydrophobic droplet.
For all droplets, the contact line density, representing the ratio of the contact line perimeter to the total
base area of the droplet, is determined to be a parameter that unifies the average heat flux from the
heater to the droplets. This suggests that the heat transfer to the base of the droplet in the presence of
an electric field is dominated by the electric fields influence, or lack thereof, on the contact line density.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Phase change phenomena underpin the performance of several
engineered systems across a broad spectrum of applications. Con-
trol and enhancement of phase change heat transfer can improve
performance, efficiency, reliability, and safety. However, smart two-
phase systems require an understanding of the fundamental nature
of the process. Although significant progress has been made, a full
understanding of two-phase systems does not yet exist.

A fundamental phase change process that occurs in nature as
well as in engineering systems is sessile droplet evaporation upon
heated surfaces. Droplet evaporation is a complex interaction of
diffusion within the substrate, buoyant convection in the gas and
liquid phases, contact line evaporation, vapour diffusion, evapora-
tive cooling at the liquid-gas interface and possible Marangoni ef-
fects [1-10]. Albeit a proportionately small region compared with
the overall droplet size, the heat and mass transfer at the contact
line has been shown to be an important factor in droplet evapora-
tion [1-3,10,11].
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Droplet evaporation can be categorised into four regimes: con-
stant contact angle (CCA), constant contact radius (CCR), mixed,
and stick-slip. The evaporation regime is primarily dictated by the
wetting characteristics between the liquid and the surface, with
CCA mode being associated with hydrophobic droplets and CCR
being associated with hydrophilic droplets. The characteristic dif-
ference between a hydrophilic and hydrophobic droplet, and thus
their evaporation dynamics, is in the formation of their respective
contact lines (see Fig. 1). Interestingly, however, in both cases, the
peak heat transfer has been shown to occur at their respective con-
tact lines [1,2,11]. For a hydrophilic droplet, the adsorbed film re-
gion forms due to the strong long-range intermolecular forces be-
tween the solid and liquid phases. These forces result in a tran-
sition micro-region of low thermal resistance in the region of the
contact line [3]. For the hydrophobic case, the contact line struc-
ture is distinctly different due to the weak adhesion forces be-
tween the liquid and solid phases. This results in a considerably
smaller adsorbed film region [12], which prevents the creation of
a transition micro-region region, as illustrated in Fig. 1b. At the
contact line of a hydrophobic droplet, the thermal boundary layer
within the heated droplet intersects the liquid-gas interface cre-
ating a region below which the liquid-gas surface temperature is
high. At this location, diffusion and possibly advection of heat to
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Fig. 1. Evaporation at the contact line. (a) partially wetting droplet and (b) partially non-wetting droplet.
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Fig. 2. Schematic of the electrode configuration. (a) The electric field is established inside the drop. The upper electrode is in contact with the drop volume. (b) The electric

field is established outside the drop. Adapted from Vancauwenberghe et al. [9].

the droplet interface is released effectively, due to the proportion-
ately high saturation pressure [2]. Therefore, the proximity of the
heated surface and the liquid-gas interface at the contact line re-
gion combined with the high vapour diffusion to the ambient cre-
ates an overall lower thermal resistance pathway between the heat
source (heated substrate) and the heat sink (the ambient air). It
has been shown in the literature that when an ambient tempera-
ture water droplet is placed on a heated substrate, Marangoni con-
vection initially dominates due to the temperature gradient from
the base of the droplet to the droplet apex. This surface tension
driven flow homogenises the droplet temperature subsequently re-
ducing the thermal Marangoni flow [13]. Thereafter, heat transfer
within the bulk liquid of both droplet types can be dominated
by convection or conduction depending on the magnitude of the
Peclet number [14,15]. Transferred thermal energy from the sub-
strate to the droplet base can be dissipated by four pathways: sen-
sible heating of the droplet, latent heat through phase change of
the fluid, gas convection on the liquid-gas interface from surround-
ing conditions and radiation [13]. In the case of a relatively small
diameter droplet on a large heated substrate, it has been shown
that free air convection is formed over the hot wall and acceler-
ates the droplet evaporation by 20-30% [13,16].

Heat and mass transfer augmentation using an electric field is
of scientific and engineering interest due to its capability of en-
hancing and controlling two-phase processes and doing so with
low energy consumption [9]. The use of an electric field has appli-
cations in numerous fields, including heat and mass transfer [9,17-
21], particle manipulation [22], coating [23], and drying [24]. No-
tably, the application of a static electric field has been shown to
change the morphology, contact angle, and wetted area of a ses-
sile droplet [10,25-29]. Although the enhancement of heat trans-

fer by application of an electric field is well documented in sce-
narios such as boiling and condensation [19,30-32], its influence
on evaporating droplet dynamics is an underdeveloped topic. Two
primary electrode configurations have been implemented in the
literature in characterising the impact of a static electric field on
an evaporating droplet. These are depicted in Fig. 2. In the first
case, as shown in Fig. 2a, one of the electrodes is placed in con-
tact with the droplet, creating an electric field inside the droplet.
In the second configuration (Fig. 2b), the electric field is estab-
lished between two plate electrodes. This setup requires an or-
der of magnitude greater voltage potential compared to the first
orientation [9].

Takano et al. [33-36] investigated the impact of a static electric
field on the evaporation of a droplet on a substrate above the Lei-
denfrost point, using the electrode configuration shown in Fig. 2a.
In their first study [33], for an applied voltage of 300 V, they re-
ported an evaporation time enhancement of ~3 x for water, ~20
x for ethanol, and ~1.3 x for cyclohexane in comparison with
the non-electric field case. In a subsequent study [34], by applying
a maximum voltage of 250 V and 2000 V for ethanol and R113, re-
spectively, peak evaporation time enhancements of 7.6 x and 2.8
x were demonstrated.

Vancauwenberghe et al. [9] reviewed droplet mechanics and
the influence of electrostatic forces on the droplet shape, including
the contact angle. It was found that the droplet shape becomes
elongated in the presence of an electric field due to radial ori-
entated compressive electrostatic forces. For a hydrophilic droplet,
the net resultant vertical electrical force was directed downward,
thus pushing the droplet to the surface.

Gibbons et al. [10] investigated the local heat flux distribution
to an evaporating 80 pL hydrophilic water droplet on a heated 25
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pm thick stainless steel substrate for varied static electric fields.
Four electric field strengths were characterised using the two-
electrode configuration shown in Fig. 2b: 0 kV cm~!, 5 kV cm~1, 10
kV cm~!, and 11 kV cm~!. Despite the clear change in the droplet
morphology and contact angle due to the electric field, no distinct
change in the radial heat flux distribution across the solid-liquid
boundary was noted.

Almohammadi and Amirfazli [37] explored diffusion-limited
evaporation of a 20 pL sessile water droplet on four substrates with
and without a static electric field. The four substrates characterised
were aluminium, PEMA, PS, and Teflon for electric field strengths
approaching the electric breakdown of air. They noted an increase
in the total evaporation time for the electric field case in compari-
son to the non-electric field except for a surface with considerable
contact angle hysteresis (CAH).

Droplet evaporation on a heated substrate is a complex multi-
physics phenomenon. While considerable progress has been made
in the recent past to elucidate the conjugate heat transfer near the
triple contact line [1-3], droplet evaporation in an electric field
still requires significant research to understand the problem com-
pletely. Previous work by the present authors [1,2] investigated the
local heat flux distribution beneath evaporating hydrophilic and
superhydrophobic water droplets using thermal imaging and ge-
ometric analyses in the absence of an electric field. The current
investigation extends upon this earlier work by exploring the spa-
tial distribution of the surface heat flux beneath an evaporating
hydrophilic and superhydrophobic droplet in a static electric field
over its complete life-cycle and compares it to that of the previ-
ously characterised non-electric field cases. To the authors’ knowl-
edge, this study is the first to compare the local heat transfer be-
neath both partially wetting and non-wetting evaporating droplets
for a full evaporation event in static electric fields. Simultaneously,
the droplet interfaces are experimentally and numerically analysed
and contrasted to investigate the impact of the electric field on ge-
ometric properties and subsequent heat transfer and droplet me-
chanics.

2. Experiment and analysis
2.1. Experimental apparatus

The experimental facility is shown in Fig. 3. The experimental
facility, data reduction, and analysis have been described in detail
in previous work published by the present authors [1,2]. Therefore,

only a brief description will be given here. An 80 L water droplet
is deposited on the substrate at the start of testing. The substrate
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Fig. 3. Schematic of the experimental apparatus.
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Table 1
Foil and paint properties.
Foil Paint

Thickness, § [um] 25 10.52
Density, p [kg m~3] 7960 1261
Thermal conductivity, k [W m~' K]  16.3 0.095
Specific heat, C, [J kg™! K] 502 2835
Roughness uncoated, Ra, [nm] 60 -
Roughness coated, Ra, [nm] 176 -
Paint emissivity, ¢, [-] - 0.95

is 25 pum thick 316 stainless steel foil (Goodfellow, 140 mm x 80
mm x 0.025 mm, P/N: 505-400- 04). Two surface wetting condi-
tions are explored during testing; hydrophilic and superhydropho-
bic. A hydrophilic wetting condition (84 = 85°, g = 55°) is ob-
tained for the raw, contaminant-free, stainless steel foil. The super-
hydrophobic wetting case (64 = 155°, O = 150°) is achieved using
Glaco Mirror Coat Zero [2]. The thermal resistance and thickness of
the superhydrophobic coating are assumed negligible during anal-
ysis. The underside of the foil is coated with a 10.5 pm thick layer
of matte black paint to provide a known, high emissivity surface
for infrared thermography. The substrate properties are outlined
in Table 1 [21]. During testing, the substrate is uniformly heated
by the Joule effect establishing a surface heat flux of 912 W m~—2
and a substrate temperature of ~70°C at a steady state when no
droplet is present. The temperature through the thickness of the
foil and paint layers is assumed constant due to the low calculated
Biot numbers (Bi « 1).

The electric field is established between the stainless-steel foil
and a high potential stainless-steel flat disc electrode that is placed
directly above the droplet during experimentation, as per Fig. 2b.
This electrode is 5 mm in thickness and 55 mm in diameter. It is
maintained at a 10 mm separation height from the foil for all tests.
In this setup, the foil acts as a pseudo ground due to its relatively
low potential compared with the disc electrode.

The droplet morphology is captured using an optical camera
(Point Grey, P/N: CMLN-1352M) fitted with a microscopic lens
and extension tube (Infinity Proximity, P/N: 57-724 and 39-686)
that is mounted parallel to the steel foil. It has a resolution of
1280 x 960 pixels with a pixel size of 10.5 um. A multiple LED
light (GS Vitec MultiLED, P/N: GS 01372) is used to illuminate the
droplet. The temperature distribution from the heated substrate to
the solid-liquid interface of the droplet is captured using a thermal
imaging camera (FLIR, NETD: <20 mK, P/N: SC6000) fitted with a
25 mm focal length lens. The IR camera is mounted beneath the
substrate and is focused on the underside of the heated foil. Dur-
ing testing, the thermal imaging camera records at a resolution of
400 x 400 pixels, with a pixel size of 160 pm.

The substrate heat flux, optical camera, and thermal imaging
camera are all automated using a custom-built LabVIEW program.
Thermal data is acquired for 1 s every 60 s at 400 Hz. The optical
camera is set to record at 2 Hz throughout the evaporation period.

To calculate the heat flux distribution, an element-wise energy
balance, shown in Fig. 4, is applied to the captured thermal im-
age. Each element consists of a volume dx x dx x &, where dx
is the pixel width of the IR camera and § is the thickness of the
substrate. Uniform heat generation across the foil and paint lay-
ers is assumed. A lumped capacitance analysis is preformed as
Bi « 1 for both the foil and paint layers. Accounting for sys-
tem losses, conjugate heat transfer (lateral conduction), and energy
storage within the substrate yields:

” ” " ” 82T 82'1'*
Geon = Ggen — eond — Yradp T (kfaf + kl’81’) (8)(25 + 8}/;)

0T,
— (0fCop8s + Ppcp,pap)afts (1
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Fig. 4. Heated substrate energy flow balance within a single dx x dx element of
thickness &¢ and ;.

Table 2
Heat transfer experimental uncertainty.
[(Wim?] [%]

q;en + 22 + 0.26
Qeond + 07 + 032
q;:ud,b + 03 + 029
4 + 5246 + 2132
qgap + 1.5 + 11.24
Qoon + 526.5 + 16.07

where kg, kp, 05 dp, Gy f and Cp, p are the foil and paint thermal
conductivity, thickness, and specific heat capacity, respectively. The
values for these parameters are shown in Table 1. Eq. (1) accounts
for the generated flux within the metal substrate (qger,), the one-
dimensional conduction (q/c’ond) and the radiation (q/r/ad ) through
the 7 mm air gap from the underside of the substrate. The final
two terms in Eq. 1 are the heat transfer due to lateral conduc-
tion (q;/c) and heat storage (q/c/ap) within the substrate, respectively.

oo is the heat flux transferred from the heated substrate into the
evaporating droplet. g, also encompasses the heat flux into the
surrounding air in the far-field (S; > Rp). The droplet evaporation
is assumed quasi-steady during the 1 s capture period. This ap-
proximation is correct due to the proportionately small calculated
energy storage term for all test points. The radial profile of the heat
flux is determined by averaging lines taken radially from the centre
of the droplet at 0.5° increments.

The experimental uncertainty for the terms in Eq. 1 is shown
in Table 2 [38]. All listed values are to a 95% confidence level. A
combined uncertainty approach is then applied on a pixel by pixel
basis.

3. Results and Discussion
3.1. Electric field augmentation

The shape of a droplet at equilibrium in an electric field is
a balance between the surface tension, buoyancy, internal pres-
sure and the electric field forces. Where the surface tension acts
to make the droplet spherical, gravity flattens it, and the electric
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field tends to elongate the drop along the field direction [9]. The
interface profile of the evaporating droplets is determined from
the captured optical images. The interface profiles of a hydrophilic
droplet and a superhydrophobic droplet with and without an ap-
plied static electric field are shown in Fig. 5a and b, respectively.
The magnitude of the applied static electric fields corresponds to
that approaching electrical breakdown at t = 0 min for both cases.
Fig. 5a and b demonstrate the impact of the static electric field
on the droplets’ morphology for similar volumes at t = 1 min. For
both wettability scenarios tested (Fig. 5a and b), the electric field
acts to increase the droplet height (Hy) by 18% and 27% for the hy-
drophilic and superhydrophobic, respectively. For the hydrophilic
case (Fig. 5a), the apparent contact angle (6) is reduced from 80°
to 74°, while for the superhydrophobic case (Fig. 5b), the applied
electric field acts to decrease the droplet base diameter from 2.1
mm to 1.5 mm. This change in the droplet base radius can be at-
tributed to the low contact angle hysteresis (6c4y = 5°) of the su-
perhydrophobic wetting condition. When the electric field is ap-
plied, the droplet contact angle decreases for the superhydrophobic
case. Once the contact angle is reduced below the receding contact
angle of the droplet, the contact line unpins and recedes, thus re-
ducing the droplet base radius (Rp). No reduction of the base radius
of the hydrophilic case is noted due to the relatively large contact
angle hysteresis (Ocay = 35°) of the hydrophilic wetting condition.
These results are consistent with that reported previously in the
literature [10,37].

Fig. 5¢ and d shows the influence of the applied electric field
on the radial heat transfer profile (q’c/on) to the base of the droplets
for the interface profiles discussed in Fig. 5a and b.

For all radial heat flux profiles investigated in Fig. 5c and d, the
peak local heat transfer is noted at the contact line. This is due
to the low thermal resistance at the contact line and is consistent
with previous studies [1,2,10,21]. For the hydrophilic case (Fig. 5c¢),
the presence of an 11 kV cm~! electric field appears to have an
insignificant influence on the radial heat transfer profile despite
an increase in the droplet height and a reduction of the appar-
ent contact angle. This is consistent with the results of Gibbons
et al. [1] who observed, in the absence of an electric field, that
the heat flux distribution to the base of the droplet was found to
be insensitive to the droplet geometric properties (contact angle,
droplet height, liquid-gas surface area, and volume), for a similar
base radius and contact line length. The results here for the case
of an electric field provides corroborating evidence to support the
hypothesis that the heat transfer to the liquid in the bulk as well
as in the contact line region is insensitive to the droplet size and
morphology.

In the superhydrophobic case, Fig. 5d shows that the electric
field acts to increase the droplet height and decrease the droplet
base radius. In contrast to the hydrophilic droplet, the heat flux
profile at the base of the droplet notably changes. As will be dis-
cussed, it is hypothesised that the increase in peak and average
heat flux in the presence of the electric field is related to the ac-
tion of the electric field on the overall shape of the droplet which
results in an increase in the contact line density due to the de-
creased base radius, as opposed to specific electric field effects on
the heat transfer mechanisms near the wall.

3.2. Droplet Morphology

From the droplet interface and assuming axisymmetry, a num-
ber of important geometric parameters can be determined. Some
of these parameters are illustrated in Fig. 6a, where 6 is the
droplet contact angle, V; is the droplet volume, H; is the droplet
height, and D, is the droplet base diameter. Fig. 7 contrasts
these geometric properties of the hydrophilic and superhydropho-
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bic droplets in varied electric field conditions throughout their
evaporation periods.

In the absence of an electric field, the hydrophilic droplet ini-
tially evaporates with a constant contact radius (t = 0-9 min, R,=
3.9 mm), indicating CCR evaporation mode. Approximately halfway
through its evaporation period, the droplet contact angle decreases
to below that of the receding contact angle (A = 55°) causing
the contact line to unpin and hereafter recede. After this event,
the droplet evaporates alternating between a constant contact an-
gle mode (t = 9-11 min and t = 15-21 min) and mixed-mode
(t = 12-14 min). The hydrophilic droplet in the electric field fol-
lows a similar trend, though with some notable differences. The
droplet evaporates initially in CCR mode (Fig. 7e, t = 0-6 min,

Ry= 3.9 mm) but transitions to the CCA mode earlier compared
to its non-electric field counterpart. As Fig. 7c shows, the electric
field acts to reduce the apparent contact angle. It thus reaches the
receding contact angle earlier than its non-electric field counter-
part, resulting in earlier unpinning of the droplet contact line. The
droplet then evaporates in a sustained CCA regime (Fig. 7c, t = 7-
17 min, 6 = 55°) before switching to the mixed-mode (t = 18-21
min) for the remainder of the evaporation process. It is interest-
ing to note that both hydrophilic droplets take a similar amount of
time to achieve complete evaporation, with the electric field case
completing its evaporation in marginally less time (30 s), which is
within the repeatability of the experiments. This will be discussed
in more detail later.
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In the absence of the electric field, the superhydrophobic
droplet evaporated predominantly in CCA mode. A consistent con-
tact angle of & ~ 150° is noted between t = 1-28 min, with a re-
ceding contact line and decreasing droplet height (Fig. 7d, f, and h).
In the presence of the electric field, the superhydrophobic droplet
evaporates initially in the CCR regime (t = 1-9 min), before tran-

sitioning to a CCA regime (t = 10-16 min, # = 150°). Finally, the
droplet completes its evaporation in the mixed-mode (t = 17-34
min). For the test conditions considered here, the electric field
acts to increase the total droplet evaporation time marginally
(te = 34 min) in comparison to the non-electric field case
(te = 32 min).
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Fig. 8. System and geometrical properties definition for the two force balances. (a)
vertical balance along unit vector k, (b) radial balance along unit vector i.

3.3. Droplet Mechanics

Using the droplet height (Hy), volume and apex curvature (Ry)
it is possible to calculate the droplet interface profile using the
Young-Laplace equation for the hydrostatic non-electric field cases
[9,39]. This is expressed as;

11\ 2y
0<R—l + R—z) =R —8(p1 = Pg)(z = Hy) (2)

where R; and R, are the principal radii of curvature at any point
on the interface, Ry is the radius of the droplet apex, o is the sur-
face tension, p; and pg are the density of the liquid and surround-
ing gas respectively, H; and z are the droplet height and the height
of the point on the interface being evaluated respectively. Gibbons
et al. [1] previously showed agreement between the analytical and
measured droplet profiles. Integration of the Young-Laplace equa-
tion from the tip to the base of a droplet gives the acting net ver-
tical forces acting upon the droplet in mechanical equilibrium.

The balance of vertical forces acting on the droplets considered
here during their entire evaporation period are shown in Fig. 6b.
These forces are the buoyancy force (Fy), the capillary force (Fc),
the contact pressure force (Fp), defined by Egs. 3-5.

Fv=—V(p—po)g k 3)

F. = —Dymosind k (4)
7TDb2 20

Fo = T3 (T + (01— poHa) k (5)
T

The forces acting in the radial direction can be calculated as
well: no buoyancy force acts in the radial direction, so the forces
are just the capillary force (F, g) and the pressure force (Fp, ), The
expressions defined by Eqs. 6-7 are derived considering the equi-
librium of half droplet, cut along the meridian and the base diam-
eter (L is the liquid-vapour interface length along the meridian):
This is shown in Fig. 8.

F.r = — o (L—Dycos8)i (6)
Hyr(z) /2 .

Fopr= [f J (R—a + (01— Pg)E )drdZ} i (7)
00 T

To satisfy mechanical equilibrium with no electric field in both
vertical and radial directions, > F = Fet = 0. The field-free scenar-
ios are depicted in Figs. 9a-d for both the hydrophilic and superhy-
drophobic droplets, and both the measured droplet profiles and the
Young-Laplace solution are shown for comparison. For both cases,
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Table 3
Experimental measurement error and
uncertainty.

Parameter PU [%]
Droplet volume, V, + 24
Contact angle, 6 + 111
Base diameter, D + 31
Droplet height, Hy + 0.8
Apex radius, Rr + 129
Buoyancy force, Fy, + 11.0
Capillary force, F. + 32
Pressure force, F, + 105
Electrical force, F, + 294

a near-zero net force is noted for all points, and trends and magni-
tudes similar to the Young-Laplace analysis are observed. Non-zero
discrepancies are attributed to experimental uncertainty related
to measuring of the contact line of an evaporating droplet (e.g.
droplet reflections, shadowing, and the mirage effect). The propa-
gation of errors for the calculated geometric values and forces act-
ing on the droplets are provided in Table 3.

The most noticeable difference between the field-free hy-
drophilic and superhydrophobic droplets considered here is the
magnitude of the forces. Although the buoyancy forces are of com-
mensurate magnitude, owing to their initial volumes being the
same and similar evaporation rates, the capillary and contact pres-
sure forces for the hydrophilic droplet are notably larger than that
of the superhydrophobic droplet owing to its larger base radius and
associated contact area. Because of this, the relative magnitudes of
the forces are also different. The hydrophilic droplet is primarily
a balance of contact pressure and capillary forces. In contrast, the
superhydrophobic droplet is mainly a balance between the contact
pressure and the buoyancy force.

As Fig. 5 illustrated the electrostatic forces acting on the
droplets can alter their shapes. This change in shape over the con-
tour of the droplet is indicative of the net influence of the addi-
tional electric stresses acting locally over the interface profile. In
short, the additional local electric stress changes the local equi-
librium stress balance in such a way that the radii of curvature
change in order to re-establish local mechanical equilibrium. The
net effect over the entire interface is an overall change in the shape
of the droplet due to local curvatures adjusting to different magni-
tudes of the local electric stress.

Considering the force balances, a droplet placed in an electric
field must include the cumulative effect of the distributed electric
stress on the interface such that an additional electric force (Fe) is
involved in establishing mechanical equilibrium such that:

Fep| — [Fw| — [Fe| +Fe =0 (8)

|Fo.i| = |Ferl + For =0 9)

Eqgs. 8 and 9 make it possible to evaluate experimentally the
resulting vertical and radial electric forces, once the other involved
forces have been determined from the profile by Eqs. 3-7. As de-
scribed by Di Marco [40], the electric force F. in the vertical direc-
tion can be evaluated as the sum of three terms: F, s that is the
force acting on the liquid-vapor interface, F, 4 that is the force act-
ing on the liquid-solid interface, and F , that is the contribute of
the internal pressure of the droplet:

EZFe,S+Fe,A +Fe<p (10)

More details on the three terms of the electric force are given
in Appendix A.

Fig. 9e and 9f plot the vertical force balance histories of the
hydrophilic and superhydrophobic droplets in the presence of an
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Fig. 9. Droplet vertical force analysis. (a) hydrophilic - Young-Laplace, (b) superhydrophobic - Young-Laplace, (c) hydrophilic - 0 kV cm~', (d) superhydrophobic - 0 kV cm~!,

(e) hydrophilic - 11 kV cm~!, and (f) superhydrophobic - 6 kV cm~1.

electric field. For the hydrophilic case, Fig. 9e shows a net down-
ward directed electric force for the majority of the evaporation pe-
riod, in essence pressing the droplet to the surface.

Fig. 10a and b show the radial force balance of the hydrophilic
and superhydrophobic droplets during their evaporation lifespan,
respectively. For the hydrophilic droplet, (Fig. 10a) during the ini-
tial time interval, when the droplet is pinned, it is clear that

the net radial force is directed inward and diminishes in mag-
nitude to near zero as the volume and height reduce. For the
superhydrophobic case (Fig. 10b), a net inward radial force that
decreases in magnitude is also observed over the course of the
evaporation.

Comparing the electrical vertical (Fig. 9e and f) and radial
(Fig. 10a and b) forces, it can be said that for the hydrophilic case
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the electrical force compresses the droplet inward and downward,
while for the superhydrophobic case the electric force acts to com-
press the droplet inward and upward.

To better understand the action of the induced electric field
forces, numerical simulations were performed using COMSOL
multi-physics in order to estimate the electric field distribution
and theoretically estimate the local electric stresses and net ver-
tical electric forces. The liquid is set to electrically conducting. The
numerical simulations are detailed in Appendix A.

Fig. 11a and b show the calculated electric field distribution and
electric potential in the vicinity of the droplet for t = 1 minute. It
can be noted that, as the liquid has been considered a conductor,
the electric field is totally excluded in the liquid region. Fig. 11c
shows that the electrical force calculated with the simulation is in
good agreement in magnitude and directionality with the experi-
mentally determined force. Fig. 11d gives deeper insight into the
nature of the electric force: the force F,, 4 acting on the liquid-solid
interface is null in this case and not included. The term F, s acting
on the liquid-vapour phase pulls the droplet upwards, while Fe,
gives a negative contribution that overcomes the former one.

10

In summary, it can be said that for the hydrophilic droplet con-
sidered here, the main influence is observed in the early stage of
the evaporation period, where there is sufficient volume of liquid
penetrating into the electric field to cause the electric field gradi-
ents to be sufficient to influence the overall shape and resulting
forces. Here the main influence is a pressing of the droplet onto
the surface vertically and a net radial inward compression of the
droplet.

For the superhydrophobic case, Fig. 9f shows a net upwardly di-
rected electric force for the majority of the lifespan of the droplet,
in essence lifting the droplet from the surface. The magnitude of
the electric force is similar to that of the capillary force. Yet, here it
is in the opposite direction compared with the hydrophilic droplet.
The additional electric force in this scenario is balanced by a de-
crease in the contact pressure force, here brought about by a re-
duction in the base radius and associated contact area. Commen-
surate with the observations for the hydrophilic droplet, the mag-
nitude of the net vertical electric force decreases with time as the
droplet volume and height decrease, to the point of becoming di-
minishingly small near the end of its evaporation period. Fig. 12a
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and b show the simulated electric field distribution and electric
potential in the vicinity of the droplet for t = 1 minute. Fig. 12¢
shows the simulated vertical force balance, which is in good agree-
ment with the experimentally determined ones shown in Fig 9f,
thus verifying their correctness. Compared with the hydrophilic
case, there are important differences in the electric force terms
(Fig. 12d): this time, the two non-zero terms are comparable. F, s
pulls the droplet upwards, while F. , pushes the droplet down-
wards. Also Fe, p is proportional to the droplet base area, which in
this case is smaller due to the high contact angle. As a result, the
upward electrical forces exceed the downward force, manifesting a
lift force.

In summary, it can be said that for the superhydrophobic
droplet considered here, the primary influence of the electric field
is a lifting of the droplet from the surface vertically and a net com-
pression of the droplet radial (see Fig. 10b). It is worth noting that
this induced lift force is related to the mechanism which is respon-
sible for the droplet jumping phenomena observed for droplets on
superhydrophobic surfaces in the presence of electric fields [41].

3.4. Heat transfer

Fig. 13 shows the time evolution of the droplet gas-liquid in-
terface (a-b) and radial heat transfer (c-d) profiles for varied wet-
ting and applied electric fields. Fig. 13 illustrates the impact of the
electric field; each subplot consists of two data sets: non-electric
field (left) and high electric field (right) at different points in time
during their respective evaporation period. The geometric augmen-
tation of the droplet morphology can be viewed by comparing
the left (non-electric field) and right (high electric field) sides of
Fig. 13a and b.

1

The pinned contact line CCR mode of evaporation of both hy-
drophilic cases is clearly visible for the t = 1, 5, and 9 min droplet
profiles in Fig. 13a. Here, there is no notable change on the ra-
dial heat flux profile with respect to time or applied electric field
(Fig. 13c). Once the contact line unpins, the receding contact line
evaporation mode (t = 14 and 18 min) has associated with it a
monotonic increase in the local heat flux over the entire base re-
gion, including the contact line, indicating an escalation in both
the peak and average heat fluxes.

For the superhydrophobic case, the observations are quite dif-
ferent. Here, Fig. 13b shows that the shape change due to the ap-
plied electric field is more evident. However, consistent with the
observation for the hydrophilic droplets subsequent to de-pinning,
an increase in the local heat flux over the entire base region is ob-
served for both superhydrophobic droplets as they evaporate with
a receding contact line. Due to the reduction of the contact line
radius by the applied electric field for t = 1, 8, 15, and 22 min,
greater average and local maximum radial heat fluxes are noted
for the electric field case in comparison with the non-electric field
case over this time period. These thermal characteristics are fur-
ther elucidated in Fig. 14.

Fig. 14. demonstrates the overall impact the electric field has
on important time-varying heat transfer parameters: the power to
the droplet, average heat flux, peak heat flux at the contact line,
and base area. Results are shown for both the evaporating hy-
drophilic and superhydrophobic droplets considered in this work.
For the hydrophilic droplets (Fig. 14a, c, e, and g), where the elec-
tric field does not significantly influence the heat flux distribution
as discussed earlier, it is not surprising that both the droplets have
similar magnitudes and trends for the total thermal power, aver-
age and peak heat flux across the solid-liquid boundary. A consis-
tent initial power (t = 1 min, ¢ = 63 mW) is noted for the non-
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electric field evaporation. This is marginally lower than the elec-
tric field case (¢ = 67 mW) likely due to the slightly larger over-
all solid-liquid surface area (Ay) of the electric field case at t = 1
min which reduces the air-side thermal resistance. For a consistent
base area in the CCR regime, a near-constant average heat flux and

thermal power are noted for both cases. After the contact line un-
pins (t = 10-21 min), the receding contact line results in increasing
average heat flux but with a decreasing thermal power, since the
base area reduces. Overall, the net influence of the electric field on
the heat transfer to the base of the hydrophilic droplet is small,
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regardless of its noteworthy influence on the mechanics and mor-
phology, and as a result, its influence on the evaporation rate is
marginal (Fig. 7a).

For the superhydrophobic droplet (Figs. 14b, d, f, and h), a clear
impact of the electric field is observed. Due to the combined ac-
tion of the radial compressive force acting on it, and of the smaller
contact angle hysteresis, the contact radius of the droplet in the
electric field is comparatively smaller (Fig. 7d) than the field-free
droplet for the preponderance of its evaporation period. As has
been observed here as well as in the study of Gibbons et al. [1],
reducing the base radius has the influence of increasing the lo-
cal heat flux over the base of the droplet, including at the con-
tact line region. This seems to be true regardless of whether the
reduced base radius is caused by electric forces or due to the re-
ceding contact line during evaporation. Figs. 14d and f show the
presence of the electric field has the predominant influence of in-
creasing the average heat flux to the droplet in the presence of
the electric field. However, this increase in the local and average
heat flux is not sufficient to offset the reduced area of heat trans-
fer at the base (Fig. 14h), so the net power to the droplet is, on the
most part, reduced. This being the case, the total evaporation time
is longer (Fig. 7b), though only marginally since there is positive
tension between the reduced heat transfer area and the increase
in base heat flux.

3.5. The Contact Line Density

Figs. 13c and d illustrate that when the base radius is large, the
influence of the contact line heat transfer peak is confined to the
region at the periphery of the droplet. Thus, this can be considered
as a mixed-mode of heat transfer wherein the central and mid re-
gions the heat transfer is diffusion/convection dominated (depend-
ing on the Peclet number), and the triple line is contact line domi-
nated. However, when the base radius is small, the high transfer of
the contact line dominates the heat transfer over the whole heat
transfer area. Thus, in terms of the heat transfer mechanisms act-
ing over the associated heat transfer area, the overall influence of
the contact line is related to the length of the contact line com-
pared with the overall area of heat transfer, i.e. if the length of the
contact line increases in proportion to the base area of the droplet,
then the heat transfer will become progressively more influenced
by the high heat transfer associated with the contact line region.

A straight forward parameter, called the Contact Line Density
(CLD) has been introduced [2,42] to quantify, in geometric terms,
this relative proportion of the contact line on the overall base heat
transfer region and is defined as,

Per

CLD = =

A, (11)

where P¢ is the perimeter of the triple line, and A is the base
area of the droplet. Since the droplets are axisymmetric, P;; = 7D,
and Ay = 0.25-7wD,?, it follows that CLD « 1/Db. Therefore, con-

tact line density and reciprocal base diameter are equivalent for
the studied droplets, but CLD concept can be extended to non-
axisymmetric cases, as verified e.g. in [42].

Fig. 15 compares the CLD of the evaporating droplets with the
average heat flux across the solid-liquid interface for both wetting
and electric field cases over their full evaporation periods. All of
the data collapses onto a straight line that intersects the vertical
axis at the applied heat flux (less minor losses), as it should [1].
These illustrate some potentially key insights about the CLD, the
impact of the applied electric field, and the overall thermal resis-
tance to heat transfer.

As previously reported [1,2], the CLD is the key parameter in
terms of relating the average heat flux to the droplet dimensions
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Fig. 15. Contact line density vs. average heat flux into the droplet base for varied
wetting conditions and applied electric field.

since it takes into account the respective regions over which dif-
ferent heat transfer mechanisms act, i.e. diffusion/convection and
contact line heat transfer. As the base radius decreases, the CLD
increases, increasing the proportion of contact line heat transfer,
thus causing the average heat flux to increase as well. As seen in
Fig. 15 for the field-free droplets, and discussed previously by the
current authors in [1], both the hydrophilic and superhydropho-
bic data collapse to a common straight line. This indicates that the
overall thermal resistance is very strongly related to the size of the
droplet base, which subsequently dictates the relative proportion
of the mixed-mode heat transfer mechanisms.

When the droplets are subject to an electric field, the q// - CLD
relation provides an opportunity to interrogate the heat transfer in
such a way as to determine if there is any notable augmentation
in the heat transfer mechanisms specifically due to the EHD effect.
If there were any additional enhancement or deterioration due to
EHD, then one would expect a different the g/ - CLD relation com-
pared with the field-free cases.

As Fig. 15 shows, the electric field data collapses onto the same
line as that for the field-free cases. This is preliminary, yet con-
vincing evidence to suggest that the main influencing factor of the
electric field is related to its action on the droplet shape as it
pertains to the contact line. The hydrophilic and superhydropho-
bic data presented here demonstrate that the electric field is an
important parameter only if it significantly influences the droplet
shape in such a way that it augments the contact line density of
the evaporating droplet. If the electric field acts to change the CLD,
a notable change in the heat transfer characteristics of the droplet
is observed, and this is due to the shape augmentation and not
specific EHD induced heat transfer enhancement.

From a practical point of view, this demonstrates some key
points with regard to the application of droplets in two-phase heat
transfer equipment such as those which implement spray cooling.
Clearly, heat transfer will improve when a high density of small
droplets impinge on the heated substrate, forming multiple indi-
vidual evaporating sessile droplets with an overall high surface av-
eraged CLD. Increasing the surface averaged CLD can be achieved
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by decreasing the droplet size, increasing the surface hydrophobic-
ity and implementation of electric fields.

4. Conclusions

The impact of an electric field on the evaporation of hydrophilic
and superhydrophobic droplets has been investigated. To facilitate
a deeper understanding of the problem, the heat flux distribution
beneath the droplets as well as the droplet mechanics and result-
ing shapes and forces are contrasted for the entire evaporation pe-
riod with and without the electric field. Both wetting scenarios
show that the net radial directed electric force is directed inward,
resulting in a compressive force which influences the droplet shape
in such a way that it appears elongated. Conversely, the net verti-
cally directed electric force is determined to be downwardly di-
rected for hydrophilic droplets, pressing the droplet to the surface,
whereas it is upwardly directed for the superhydrophobic droplets,
representing a lifting force. With regard to the heat transfer to the
droplets, only a pronounced electric field effect was observed for
the superhydrophobic droplet. Examining the contact line density
for all droplets demonstrates its unifying relationship with the av-
erage heat flux to the droplet. This result suggests that the elec-
tric field is an important parameter only if it significantly influ-
ences the droplet shape in such a way that it augments the con-
tact line density of the evaporating droplet. If the electric field acts
to change the CLD, a notable change in the heat transfer charac-
teristics of the droplet is observed, and this is due to the shape
augmentation and not specific EHD induced heat transfer enhance-
ment. Future work will explore the impact of gravity on the heat
transfer to evaporating hydrophobic and hydrophilic droplets. In
tandem, the fluid motion within the droplet will be explored nu-
merically and experimentally to further elucidate the present re-
search to build a complete picture of the droplet evaporation phe-
nomenon.
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Appendix A

For the present analysis, the leaky dielectric model, introduced
by Melcher and Taylor [43] and later refined by Saville [44], was
adopted for water. As pointed out by Jones [45] the conducting or
insulating behaviour of a leaky dielectric is ruled by the compari-
son of the free charge relaxation time
. _ Eofr

o
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Fig. A1. Control volume surrounding the droplet.

with the characteristic time of the phenomenon. While the relative
dielectric permittivity of water is well assessed, its conductivity o
is strongly dependent on contamination and can vary with time.
In any case, it is quite difficult to get a relaxation time higher than
0.1 ms even with ultra-pure water. Therefore, water can be consid-
ered as an electric conductor in the present context, in which the
evaporation time is in the order of minutes.

The numerical model was developed using the commercial soft-
ware COMSOL Multiphysics. Electrostatics Module and 2D axisym-
metric coordinates were chosen in order to exploit the droplet
symmetry and reduce calculation time. The solver used was sta-
tionary, as the evaporation process quasi-static. The droplet pro-
file obtained by shadowgraphy was imported in the model as an
interpolating line. As the liquid has been considered a conductor,
electric ground boundary condition was imposed at the gas-liquid
interface, and the electric field resulted non-zero in the gas domain
only.

The electric stresses and forces were calculated using the ex-
pressions of Maxwell’s stress tensor T, [40]. The explicit expression
of the Maxwell’s tensor components (o; ;) for a dielectric fluid is

given:
Eop2 _ % .
2E |:8R ’0<8 )Ti|8,_]

According to [40], considering the control volume surround-
ing the droplet as in Fig Al, the total electric force acting on the
droplet can be considered the sum of three terms: F, s acting on
the liquid-vapour interface S, F, 4, acting on the liquid-solid inter-
face A, and Fe, , which is the result of the internal pressure change
induced by the surface modification.

Oj j =808RE1E]'— (12)

Es=/k -T,, ndS (13)
S
Fea=/k-T,; -mdA (14)
A
7D,? 7D,? €oE?
Fop= ~~~Afeno= 4" (15)

where Af, o is the electric stress difference at the interface cal-
culated at the apex of the droplet, and D, is the base diameter.
In particular, in the considered case, the electric field is excluded
from the liquid and T, ;- = F, 4= 0. Custom-made expression were
implemented in COMSOL to evaluate the forces detailed above.
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