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Abstract

Fundamental investigations of the charged droplet evaporation are helpful in enhancing the
cooling capability and advancing the electrostatic spray model, whereas the corresponding
data with the highly volatile R134a under electric field is very scarce. In this work, an
improved evaporation model accounting for the effects of the corona wind, Coulombic fission
and electric force under the electric field was developed and validated to evaluate the
importance of the electric field on the moving charged R134a droplet evaporation for the first
time. Results demonstrated that the electrostatic field can improve the charged droplet
evaporation by means of the heat and mass transfer enhancement by the corona wind and
counteracting the drag force from air. The droplet lifetime was shortened by 20.8% (from
105.6 ms to 83.6 ms) when the applied voltage increased from 0 kV to 10 kV. Exponential
decay in the charged droplet lifetime when the applied voltage increased was observed.
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Introduction

Droplet heating and evaporation is a common physical phenomenon, which covers a wide
range of applications. The isolated droplet rather than the droplet swarm is often chosen to
investigate the evaporation mechanism, which is of vital importance to the cooling
performance and the combustion efficiency. The evaporation characteristics have been
widely investigated by researchers under different situations [1, 2]. In particularly, the
electrostatic charged droplet evaporation has drawn the increasing attention because of its
important application in electrostatic spray cooling with the superiorities of the high
atomization quality, uniform droplet dispersion, precise and efficient cooling, as well as the
simple system without the additional pressure fluid-supplying apparatus, which allows for the
miniaturization and integration of the thermal management system for the high power
electronic devices [3].

The prediction of the charged droplet evaporation characteristics subjected to an electric
field was made by a non-dimensional curve considering the humidity, molality and
temperature of the environmental gas [4]. Experiments on the evaporation and flame
morphology of a pensile charged burning fuel droplet without the application of the external
electric fields was implemented by Anderson et al. [5], in which a substantial influence of the
electric charge on the vaporization rate was found. More recent work by Kourmatzis [6]
extended the traditional droplet evaporation model to account for the influence of reacting
sibling droplets on the vaporization and electrostatic breakup of the electrified residual
droplet. The famous observation on the heat and mass transfer enhancement of fluid due to
the electrostatic field was first conducted by Asakawa [7]. Afterwards, further development
and explanation of this phenomenon were made by researchers, where the macroscopic
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effect of the corona wind generation [8] and the microscopic effect of the orientational
alignment of fluid molecules [9] induced by an electric field were widely regarded as the
primary enhancement mechanism. For the former mechanism, several enhancement factor
correlations [10-12] for the Nusselt and Sherwood numbers were proposed to evaluate the
heat and mass transfer enhanced by the electric field.

The objective of the present work is improving the traditional droplet evaporation model by
considering the heat and mass transfer enhancement by the corona wind, droplet fragment
by the Coulomb repulsion and droplet motion under the electric field. The improved model
was well validated against the experimental data for the charged ethanol droplet conducted
in the present work. For the first time, the charged R134a droplet evaporation with different
diameters and velocities under different applied voltages in the tip-plane electrode system
was simulated to evaluate the role of the electric field in the isolated moving charged droplet
evaporation dynamics. Finally, the charged droplet lifetime was concluded based on the
simulations to provide the first-hand data for electrostatic spray cooling with highly volatile
cryogens.

Methodology
According to the Fick’s law for the mass diffusion, the change rate of droplet mass during
evaporation can be described by

dm, Sh [ m,
dt 380( 7, jBM @
where 7, = psD?/(18Y,), Sh = DI, Sc = py/pgl~. My, ps and D are the mass, density and
diameter of droplet. py and gy are the density and viscosity of the gas mixture. I, hy, and By,
are the binary diffusion coefficient, the mass transfer coefficient, and the Spalding mass
transfer number, respectively. The lumped model with the assumption of the infinite thermal
conductivity in the liquid raised by Sirignano [13], is used to simulate the heat and mass
transfer between the droplet and gas. The change rate of the droplet temperature T4 can be

written as

dt 3Pric, )0 ° Y e umy ) dt

where 6 = C,4/Cpq, NU = hcD/4q, Pr =p4Cp o/44. Tg, and c, 4 are the temperature and specific
heat of the droplet. Tg, ¢, and A4 are the temperature, specific heat and heat conductivity
coefficient of the gas mixture, respectively. h, and L are the convective heat transfer
coefficient and the latent heat.

This work aims to construct the modeling of the charged droplet evaporation moving in the
electric field. As shown in Figure 1, the typical tip-plane electrode system was used to
produce an nonuniform electric field. The electric corona discharge often occurs when a
large electric voltage is applied between the two electrodes [14].

The effects of the corona wind on the charged droplet evaporation were widely studied by
researchers. Three typical enhancement factor correlations (see Table 1) defined as the
ratio between the dimensionless numbers (Nu or Sh) under the electric field and those (Nu,
or Sh,) with the absence of the electric field, were selected to evaluate the heat and mass
transfer enhancement by the corona wind. U, U,, V. and V, denote the applied voltage,
breakdown voltage, corona wind velocity and relative velocity between gas and fluid,
respectively.
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Figure 1. Schematic diagram of the charged droplet evaporation subject to the electric field with a tip-plane
electrode system

Table 1 - Typical enhancement factor correlations by researchers
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Droplet motion with the high initial velocity is dominated by the electric field force (Fg)
induced by the electrostatic field, the drag force (Fp) from the surrounding gas and the
gravity (Fg), collaboratively. In consideration of the situation that the direction of the initial
droplet velocity and the electric field force is consistent with that of gravity, the motion of the
charged droplet can be calculated by

dav
my E = FE +FD + FG (3

where Fg = myg, g= 9.8 m/s” is the gravitational acceleration. The drag force (Fp) can be

computed by
C,Re

24z,

m, (V,-V) (4)

where Cq is the drag coefficient for droplet related to the Reynolds number (Re) according to
Morsi & Alexander’'s work [15]. Vq is the gas mixture velocity. Differing with the uniform
electric field induced by parallel-plane electrode system, the highly nonuniform electric field
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can be produced with the tip-plane electrode system. Since the situation of the droplet
moving along with the tip axis was considered in the present work, the electric field
magnitude (E) at the tip axis ignoring the space charge is a function of the axial distance (Z)
from tip exit to droplet for the given tip radius (Ro) and the distance (H) between two
electrodes [16],

HC

E(Z):Z(ZH—Z)+(H—Z)RO ©
U

The equivalent electric force (Fg) equals to the product of the electric field magnitude (E) and
the charge of droplet (Q) (i.e., Fe = E x Q). The droplet breaks up when the droplet charge
approaches the threshold (Rayleigh limit). This process related to the gas-liquid interface
instability induced by Coulombic repulsion has been characterized by many researchers [17-
20]. Experiment photographs conducted by Duft et al. [17] shows that an initially perturbed
spherical charged droplet develops conical tips at the poles. Finally, a thin filament-like jet
emerges from the tips when the charge on the droplet equals to the Rayleigh limit (Qay),
where Q. is described and formulated by Rayleigh [21] as a function of the surface tension
(o), the droplet diameter (D) and the vacuum permittivity (&),

Qu = (a0 (20" @)

To model the fragment of the charged droplet conveniently, the complicated Coulombic
fission is simplified by ignoring the detailed breakup behavior. The residual droplet has the
order of 97% of the mass of the primary droplet and the order of 80% of the charge of the
primary droplet [18]. In order to investigate the effect of the external applied electric filed on
the charged droplet evaporation dynamics conveniently, the initial charge (Qo) of the primary
droplet is roughly assumed to be 0.4Q,, according to the experiment on the charged
ethanol-isooctane mixture droplet evaporation and combustion [5].

In the present simulation, the tip radius (R,) and distance (H) between the two electrodes
were set to be 0.4 mm and 200 mm. Cryogen R134a with the high volatility was used to
investigate the charged droplet evaporation characteristics. The initial droplet temperature
was set to be —26.1 °C, while varying initial diameters (D, = 40, 50, 60 um) and velocities (Vo
= 10, 20, 30 m/s) to simulate the initial droplet conditions during electrostatic R134a spray
cooling. The ambient temperature and pressure were set to be the default values of 25 °C
and 0.1 MPa except for the simulations under different ambient pressures.

Figure 2 illustrates that the charged droplet evaporation was obviously accelerated under
the electric field with the applied voltage of 6 kV, compared with that without the presence of
the electric field (U = 0 kV). Large discrepancies were found when using the correlations of
Wangnipparnto et al. [11] and Karami et al. [12], mainly because of the absence in the
Sherwood or Nusselt number correlations, as well as the difference in the electrode system.
In contrast, the simulated droplet diameter using the Wolny’s [10] correlation agreed well
with the experimental data because of the comprehensive consideration in the heat and
mass transfer enhancement under the electric field. Thus, the Wolny’s correlation [10] was
selected in the present simulation of R134a charged droplet.
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Figure 2. Comparison of the dynamic droplet diameter in the simulation and experiment

Results and Discussion

One of the key electrodynamics parameter is the applied voltage. In this contribution, the
common used tip-plane electrode system was employed to investigate the droplet
evaporation dynamics with different voltages (U). Figure 3 displays the transient single
isolated droplet velocity and diameter when exerting the applied voltages of 0, 3, 5, 7 and 10
kV. Figure 3 (a) implies that the charged droplet velocities rapidly decreased first in 10 ms,
and then stabilized at their specific values under different applied voltages. Increased
applied voltage produced the increased steady droplet velocity due to the large weakening
effect to the drag force on droplet induced by the large electric field force. However,
negligible differences in the droplet velocity were observed in the initial droplet flight period (t
< 10 ms) with different applied voltages. Figure 3 (b) shows that more rapid decrease in the
droplet diameter with the higher applied voltage was observed for the charged droplet owing
to the more significant heat and mass transfer enhancement by the corona wind, as well as
Coulombic fission induced by the exacerbation of the liquid—air interfacial instabilities.
Besides, the higher steady droplet velocity with the larger applied voltage leaded to the
enhanced convective heat transfer between the droplet and surrounding air, also yielding the
increased evaporation rate. The droplet lifetime was shortened by 20.8% (from 105.6 ms to
83.6 ms) with the implementation of the electrostatic field with the applied voltage of 10 kV.
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Figure 3. Time-varied droplet velocity and diameter with different applied voltages
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As depicted in Figure 4 (a), the droplet flight distance increased dramatically in 10 ms, and
gradually increased for the most evaporation period because of the small steady droplet
velocity (Figure 3 (a)). With the increased applied voltage, the droplet velocity increased,
thus vyielding a large droplet flight distance. The dynamic specific charges with different
applied voltages were shown in Figure 4 (b). The specific charge (8) defined by the ratio
between the charge and mass of droplet represents the droplet breakup ability induced by
Coulombic repulsion on the gas-liquid interface, and affects the atomization and evaporation
of electrostatic spray, as well as the droplet deposition on the heating surface, thus
determining the spray cooling capability indirectly. Owing to the continue droplet evaporation,
the specific charge increased as time increased. The tiny local decrease in the specific
charge was produced by the sudden decreased droplet charge because of Coulombic fission.
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Figure 4 Time-varied droplet flight distance and droplet specific charge with different applied voltages

The charged droplet evaporation is the key in electrostatic spray cooling with the highly
volatile R134a because it directly determines the cooling capability. However, the
fundamental data of the moving charged droplet evaporation in the presence of electric field
is yet to be reported according to the author’s knowledge. In this section, the droplet lifetimes
in the tip-plane electrode system were concluded to provide the first-hand data for the
simulation and analyze of electrostatic spray cooling.

Figure 5 (a) shows the effect of the initial droplet diameter on R134a droplet lifetime for a
range of applied voltages from 0 kV to 10 kV. Decreasing droplet lifetime when the applied
voltage moves from the low to high value was found with the initial droplet diameters of 40,
50, and 60 pm and an identical initial velocity of 20 m/s. This can be explained that the large
applied voltage produces the large droplet velocity (shown in Figure 3 (a)) and
enhancement factor by the corona wind [10], leading to the heat and mass transfer
enhancement, thereby enhancing the evaporation. The droplet lifetime exhibited an
exponential decay with the increase in the applied voltage. With an increase in the initial
droplet diameter, the droplet lifetime raised because of the large droplet mass.

Figure 5 (b) depicts the effect of the initial droplet velocities (Vo = 10, 20 and 30 m/s) on
R134a droplet lifetime with the same initial droplet diameter (D, = 50 pm). Decreasing
droplet lifetimes with the three initial velocities were observed when the applied voltage
increases. Interestingly, no significant effect of the initial droplet velocity on the droplet
lifetime was found under the current electric field. This can be explained that the drag force
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on droplet is large enough to produce the almost identical steady droplet velocity, leading to
the similar convective heat transfer and evaporation rate.
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Figure 5. Effects of the initial droplet diameter and velocity on the droplet lifetime with different applied voltages

Conclusions

In this work, the traditional droplet evaporation model was improved by considering the heat
and mass transfer enhancement by the corona wind, Coulombic fission and droplet motion
under the electric field to investigate the isolated moving charged R134a droplet evaporation
dynamics with the high volatility. The dynamic diameters of the charged ethanol droplet
using the three typical enhancement factor correlations were compared, where the
simulation with the Wolny's correlation shows better accuracy because of the
comprehensive consideration in the heat and mass transfer enhancement under the electric
field. Without the consideration of the corona wind and Coulombic fission, the charged
droplet evaporation rate was underestimated.

The results of the droplet evaporation with different applied voltages demonstrated that the
R134a droplet diameter is very sensitive to the applied voltages. The droplet diameter
decreased as the applied voltage increased because of the more significant heat and mass
transfer enhancement by the corona wind, Coulombic fission induced by the exacerbation of
the liquid—air interfacial instabilities, as well as the enhanced convective heat transfer
induced by the high steady droplet velocity, indicating the electrostatic field can improve the
charged droplet evaporation. In particular, the droplet lifetime was shortened by 20.8% (from
105.6 ms to 83.6 ms) when the applied voltage increased from 0 kV to 10 kV.

Decreasing droplet lifetime under the large applied voltage was found, which can be
explained that the large applied voltage produces the large droplet velocity and
enhancement factor by the corona wind, leading to the evaporation enhancement. An
interesting phenomenon was found that the initial droplet velocity didn’t change the droplet
evaporation significantly, owing to the almost identical steady droplet velocity induced by the
large drag force from air.
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