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In this article, the electrohydrodynamic (EHD) effects on nucleate boiling are studied by developing a
numerical modelling of EHD effect on bubble deformation in pseudo-nucleate boiling conditions. The vol-
ume of fluid (VOF) method is employed to track the interface between the gas-liquid two phases; the
user-defined code is written and added to the commercial software FLUENT to solve the electric field
and the corresponding electric body force. On this basis, the model is applied to study the EHD effects
on heat transfer and fluid flows. An initial air bubble surrounded by liquid CCl4 and attached to a hori-
zontal superheated wall under the action of electric field is studied. The results of the EHD effect on bub-
ble shape evolution are compared with those of available experiments showing good agreement. The
mechanism of EHD enhancement of heat transfer and the EHD induced phenomena including bubble

CFD elongation and detachment are analyzed in detail.
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1. Introduction

Nucleate boiling is an effective mode of heat transfer and it is
very important for industrial processes because high heat transfer
rates can be obtained despite relatively small temperature differ-
ences. Due to the benefits of high heat transfer rates and the de-
mand of removal of large amounts of heat from small heated
surfaces, which often occurs in the fast growing microchips indus-
tries, the enhancement of gas-liquid two-phase heat transfer has
drawn researcher’s particular attention for several decades and a
number of effective techniques have been developed. Applying
an electric field to a dielectric fluid to have an electrohydrodynam-
ic (EHD) effect is an active technique for enhancing gas-liquid two-
phase heat transfer in nucleate boiling and has demonstrated a
great promise.

In the last few decades, many works on EHD enhancement of
boiling heat transfer have been carried out; the attractiveness of
the EHD technique has been increasingly recognized by the heat
transfer society (Allen and Karayiannis 1995). In order to explain
the mechanism of EHD-enhanced boiling heat transfer, much effort
has been made to study the nucleate boiling of dielectric refriger-
ants in the presence of an electric field (Ogata and Yabe 1993a,b;
Cho et al. 1996; Neve and Yan 1996; Cho et al. 1998; Karayiannis
and Xu 1998a,b; Kweon et al. 1998; Di Marco et al. 2003; Madadnia
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and Koosha 2003; Dong et al. 2006; Chen et al. 2007; and more
recently Pearson and Seyed-Yagoobi, 2008). Ogata and Yabe
(1993a,b) carried out an experimental study and a basic numerical
analysis of the EHD effect on nucleate bubbles; typically, in the
numerical simulation (Ogata and Yabe, 1993b), the boundary con-
dition of the electric field at the two-phase interface was defined as
n- ¢ = 0. Cho et al. (1996, 1998) performed numerical simulations
and experiments to investigate the effect of uniform and non-uni-
form electric fields on a single bubble, respectively, and made the
same assumption as Ogata and Yabe (1993a) did. However, as
Karayiannis and Xu (1998a,b) pointed out, it is not reasonable to
set the electric field strength E in the direction of normal to the
sphere surface to be zero; an improved boundary condition was
then applied. More recently, Pearson and Seyed-Yagoobi (2008),
presented a three-dimensional mathematical model without
requiring an axisymmetric configuration to simulate bubble defor-
mation of dielectric fluid due to the presence of a nonuniform elec-
tric field and calculating the net dielectrophoretic force that is
exerted by the electric field on the bubble. The reciprocal effect
of the bubble’s presence on the electric field is also incorporated
into the model. The results indicate that the bubble deformation
can be significant; bubble deformation and electric field distortion
can have significant effects on the dielectrophoretic behaviour of
bubbles in nonuniform fields, especially within small-scale devices
where the bubble size and electrode spacing are similar in magni-
tude. On experimental visualisation, Madadnia and Koosha (2003)
demonstrated the behaviours of isolated bubbles in pool nucleate
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Nomenclature

specific heat

constant

diameter of the parallel plates
electric field intensity

volume fraction

electric body force

gravitational acceleration
convective heat transfer coefficient
identity tensor

turbulence kinetic energy

local Nusselt number

surface averaged Nusselt number
source term

time

charge density

temperature

velocity vector

Eme-mUuzzrx-semTm@mON©
fd I

Greek symbols
P turbulence dissipation rate (or permittivity of fluids)

£ permittivity in space

14 user-defined scalar

y) thermal conductivity

p mass density

o surface tension

u dynamic viscosity

Ue turbulence viscosity

r diffusion coefficient

¢ electric potential
Subscripts and superscripts

l liquid phase

g gas phase

T transpose of tensor

k turbulence kinetic energy
€ turbulence dissipation rate
r coordinate in radial direction

coordinate in axial direction

boiling in the presence of an electric field; and based on the visu-
alisation, such parameters as bubble departure diameter, nucle-
ation rate, and density of nucleation sites were studied. By
applying a wire-wire electrode, a phenomenon that the bubble
size was reduced by the imposing electric field was observed. Sim-
ilar phenomenon has also been reported by Kweon et al. (1998). In
general, the experiments have revealed that major effects of an
electric field on nucleate boiling such as increasing bubble gener-
ating frequency, decreasing bubbles size, and increasing the maxi-
mum heat flux. However, to analyse the mechanism of EHD effects
on nucleate boiling flow and heat transfer, the details of transport
phenomena in the vicinity of gas-liquid interface of deformable
bubbles should first be understood; and these have not been made
clear so far by the experimental studies, because of the limitations
of measurement methods. Although the numerical studies taking
the advantages of increasing computational power could supply
detailed information of interfacial flow for deformable bubbles,
unfortunately, due to the complexity of the EHD nucleate boiling
which is concerned with solving flow, temperature and electric
fields simultaneously, the previous numerical studies are basically
limited to model EHD affected bubbles without heat transfer or
bubble deformation.

In the present study, a numerical model of EHD effect on nucle-
ate boiling is developed based on the commercial code FLUENT;
the volume of fluid (VOF) (Hirt and Nichols 1981) method is em-
ployed to track the interface between the gas-liquid two phases;
the user-defined code is written and added to the software to solve
the electric field and the corresponding electric body force. By solv-
ing the coupling problems of fluid flow, thermal and electric field,
the effect of an applied electric field on heat transfer and flows for
an air bubble surrounded by liquid CCl, and initially attached to a
superheated horizontal wall are studied and simulated numeri-
cally. The numerical results are compared with available experi-
mental data and the mechanism of EHD effects on heat transfer
and bubble deformation of nucleate boiling are discussed.

2. Problem description

In order to study the mechanism of EHD effects on flow and
heat transfer relevant to a nucleate bubble, an air bubble of diam-
eter 0.2 mm surrounded by liquid CCl4 and initially attached to the

\. T=To,¢¢ =PotA¢

CCl4

wiw|

0.2mm

Imm

Fig. 1. Initial and boundary conditions.

centre of an electrode as heated wall is considered; the contact an-
gle of the bubble on the wall is of 60°; the corresponding geometry
and initial and boundary conditions are as shown in Fig. 1. The
electrodes are a pair of parallel round discs, with temperature dif-
ference AT and electric potential, Ag; the lower disk is connected
to the ground and is superheated during nucleate boiling. The
diameter of the electrodes and the gap size between the electrodes
are 1 mm. A no-slip boundary condition is specified at two disk;
and a slip-free and insulated boundary (symmetry boundary) con-
dition is given at r = 0.5 mm. The physical properties of liquid CCl,
and air (Yao 1985; Zhang 2003) are shown in Table 1.

3. Numerical methodology
3.1. The VOF method

For modelling two-phase flows, the VOF method (Hirt and Nic-
hols 1981) is used to track a scalar field variable F, namely volume
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Table 1
Physical properties of CCl, and air at 20 °C.
CCly Air
p 1584 kg m > 1.225 kg m—>
u 8.403 x 10*kgm s ! 1.7894 x 10> kgm's~!
A 0.1055 Wm ™ 'K™! 242 x102Wm ' K!
c 4182k kg 'K ! 1.006 k] kg ' K
& 1.9822 x 10" Fm ! 8.9385 x 1072 Fm™!
a 2.643 x 1072 Nm ™!
£ 8.85 x 1072 Fm™!

fraction, which stands for the distribution of the second fluid in the
computational grid. As given in Eq. (1), F takes a value between 0
and 1 for the cell containing interface, and a value of 0 or 1 for
the cell occupied by pure air or CCly, correspondingly.

3.1.1. Definition of F-function

F=0 -+ Air,
0<F<1 Interface, (1)
F=1 -+ CCly.

In the VOF method, velocity field u and the distribution of vol-
ume fraction F are coupled to satisfy the following transport
equation:

3.1.2. Transport equation of F

OF

—+ V. (uF) =0; 2
o+ V- (uF) =0, 2)
where t represents time. Eq. (2) must be solved together with the
fundamental equations of conservation of mass, momentum and
energy, to achieve computational coupling among the velocity field,
temperature field and the phase distribution.

3.1.3. Equation of mass

op B
§+V~(pu)70. (3)

3.1.4. Equation of momentum

d(pu)
at

+ V- (puu) = —Vp+ V- [(Vu+ (Vu)') + pg + Fe.  (4)

3.1.5. Equation of energy
%(pCT) +V . (pcuT) =V - (AVT); (5)

where c and / are used to define specific heat and thermal conduc-
tivity of the fluids.

3.2. User-defined code for electric field

The electric body force in Eq. (4) can be given by the following
equation (Stratton, 1941; Pollard et al. 2003):

B 1., 1 2 [ 08
Fgqu—jE Vs—i—EV{E <%>Tp} (6)

Simply described, the three terms on the right-hand side of Eq.
(6) represent the electrophoretic, dielectrophoretic, and electro-
strictive components of the electric body force, respectively. The
electrophoretic force (also known as the Coulomb force) results
from the net free charge within the fluid or injected from the elec-
trodes; The dielectrophoretic force is a consequence of inhomoge-

neity or spatial change in the permittivity of the dielectric fluid due
to non-uniform electric fields, temperature gradients, and phase
differences; The electrostrictive force is caused by inhomogeneous
electric field strength and the variation in dielectric constant with
temperature and density.Using the Clausius-Mossotti relationship
(Lorentz 1952)

&E—&

o 20 =P (7)

where C is constant, the electric body force can then be rewritten as

Fe:quéﬁszév Ezw ; (8)
0

where, q is the charge density, E the electric field intensity, ¢ the
permittivity of fluids, and ¢y the permittivity in space.

In the present simulation, only the electrostatic solution is used.
Thus, g and E can be obtained by solve the following equation
system:

V- (eVg)=0; 9)
E=-V¢; (10)
q=¢V - E (11)

where ¢ is electric potential.

Unfortunately, the electric field can not be solved directly by
FLUNENT software. Therefore, in the present study, a user-defined
code is written to solve Eq. (9) and then the electric body force gi-
ven by Eq. (8). For an arbitrary user-defined scalar &, FLUENT can
solve the following transport equation (FLUENT, 2003):
%+V-(pug“fl“v5):$; (12)
where I' and S are the diffusion coefficient and source term. For the
steady-state case, if no convective flux and sour term are consid-
ered, i.e.

% ~0; (13a)
V- (pug) = 0; (13b)
S=0. (13¢)

Thus, Eq. (13c¢) can be simplified to the following form:
V. (I'Vé) =0. (14)

The similarity of the Eqs. (9) and ((14)) yields that the quantities
of the two equations have the following corresponding
relationships:

(=9 (15)

By substituting the above relevant parameter in Eq. (14), then
the solver for Eq. (14) can also be used to solve Eq. (9).

The distribution of volume fraction has to be reconstructed at
every time step. Meanwhile, the distribution of fluid properties is
updated based on Eq. (16).

I = ¢,

p = piF + py(1—F; £ = &F + &(1—F)

)= MF + ig(1 = F);

1= wF + p(1 = F);
c=cF+cg(1—F).
(16)

where the subscripts, [ and g denote the values of liquid and gas
phases, respectively.

3.3. Turbulent model
In the simulation, the standard k — ¢ model (Launder and Spal-

ding, 1972) is used to simulate the potential turbulence caused by
bubble movement and EHD (Soldati, 2002); here, ¢ denotes the tur-
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bulence dissipation rate rather than permittivity of fluids. The k — ¢
model belongs to the Reynolds-averaged approach, in which the
Reynolds-averaged Navier-Stokes (RANS) equations are used as
the transport equations for the mean flow quantity; all of the scales
of the turbulence are modelled based on certain assumptions. The
RANS equation is written as:

2w + V- (puw)
=-Vp+ V- [u(Vu+ (V) +pg+F. + V- (—puw). (17)

Comparing the RANS momentum equation Eq. (17) with the Na-
vier-Stokes momentum Eq. (4), the additional terms appear to rep-
resent the effect of turbulence. The Reynolds stresses, —pw'uw’, must
be modelled in order to close Eq. (17). The k — ¢ model employs the
Boussinesq hypothesis (Hinze, 1975) to relate the Reynolds stres-
ses to the mean flow velocity gradients:

—pud = i, (Vu+ (Vu)') — = (pk + 1,V - w)l. (18)

2

3

The turbulence kinetic energy, k, and its rate of dissipation, &,
are obtained from the following transport equations:

%(Pk) + V- (pku) = V- (1t + pi/m) VK] + Gi — pe; (19)

o 2
5 (P) + V- (pew) = V- [(1+ 1e/1,)VE] + +Cru G — Caup s
(20)

where C;, and C,, are constants; #, and #, are the turbulent Prandtl
numbers for k and ¢, respectively; G, represents the generation of
turbulence kinetic energy due to the mean velocity gradients and
can be calculated by

Gy = —put’ : (Vu). (21)
While the turbulent viscosity, y, can be computed by combin-
ing k and ¢ as,
k2
M= PCu (22)
here C,, is a constant. The default values of the model constants
Ci» G i, 1 and 7, are used:

Ci=144, (=192, C,=009, #5,=10, n,=13.

(23)

These default values have been found to work fairly well for a
wide range of wall-bounded and free shear flows and therefore
are used in the present simulation.

During the simulation, the implicit and unsteady solver is used
for the solution of the system of governing equations. The momen-
tum and energy equations are discretized using the second-order
upwind scheme and the equation of volume fraction is discretized
by Geo-Reconstruct scheme. The discretized equations are solved
using the PISO algorithm. At each time step, the solution is as-
sumed to be converged when the normalized residual of the en-
ergy equation is lower than 107® and the normalized residuals of
continuity and other variables are less than 107>

4. Results and discussion

For the current study, due to the symmetry of the problem, an
axial symmetric coordinate system is used for the simulation. Elec-
tric potentials of 0, 15 and 30 kV are applied, respectively in the
modelling. The corresponding evolutions of flow fields and temper-
ature fields, when the time increases from 0 to 15 ms, are simu-
lated. As shown in Fig. 2, 118 x 405 non-uniform rectangular

Fig. 2. Computational domain and meshes.

elements are used for meshing the computational domain, where
the curved line shows the initial location of the interface between
two fluids. Initial bubble radius occupies 40 grid points. Mesh near
the lower boundary is fined to obtain the accurate velocity and
thermal boundary layers. A grid sensitivity study is firstly per-
formed on the basis of simulation for case when electric potential
is 15 kV. It is found that the obtained local heat transfer coefficient
on the heated wall and the local velocity at r = 0 change less then
0.08% and 0.1% respectively when the gird is doubly fined from
118 x 405 to 236 x 910 .

Fig. 3 shows the effects of electric field on bubble shapes. From
the figure, it can be found that bubble is elongated by the electric
field. Moreover, the period of the detachment increases with the
voltage between the two parallel plates (the electrodes).

To validate the present model for flow field, the bubble shapes
before the detachment from the heated wall at the voltage of 0, 15
and 30 kV, respectively, are compared with the experiments (Dong
et al. 2006). Although the period of the bubble detachment can not
be validated quantitatively as in Dong et al.’s experiment, an air
bubble was injected through an orifice into the liquid CCly, Fig. 4
shows a comparison of the bubble shapes obtained by the present
numerical simulation with those by experiments. Good agreement
appears.

Fig. 5 shows the evolution of the distribution of dimensionless
electric potential when the voltage between two parallel plates is
15 kV. The results indicate that the distribution of the electric field
depends on the shape and position of the bubble and obviously.
Moreover, unlike that in single phase flow, the distribution of the
electric potential is not uniform due to the appearance of the bub-
ble and non-uniform distribution of the permittivity.

To further check the mechanism of bubble elongation under the
action of an electric field, the distribution of electric force over the
air-CCly interface at t = 12.5 ms and voltage 15 kV is calculated and
the result is shown in Fig. 6. It can be seen that the bubble is pulled
in axial direction and pushed in the negative radial direction by the
electric body force, which results in the bubble elongation in the
axial direction.

The effects of EHD on the heat transfer are studied from calcu-
lating the temperature field. As shown in Fig. 7, the variations with
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Fig. 3. Evolution of bubble shapes.

0kVv 15kV 30kv

Fig. 4. Comparison of numerical results with experiments. (Top: obtained by
present simulation; Bottom: obtained by experiments).
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(¢) t=12.5ms (d) 1=15ms
000 01 020 03 o040 0% 060 070 080 090 100
T W .

Fig. 5. Distribution of dimensionless electric potential (A¢ = 15 kV).

Fig. 6. Distribution of electric force (A¢ =15 kV, t = 12.5 ms).

time of temperature fields over the gas-liquid interface at voltage
of 0, 15 and 30 kV, respectively, are presented. It is obvious that the
temperature distribution over the air-CCl, interface is very com-
plex due to bubble shape and EHD induced local turbulence which
enhances heat transfer.

In order to study the EHD effect on heat transfer efficiency, the
following local and surface averaged Nusselt numbers, Nu and Nu,
are introduced:

Nu= h—D; (24)
A1

9 (bn

Nu = ) Nu(r)dr; (25)

0

where h is heat transfer coefficient, r the radial coordinate, and D
the diameter of the parallel plate.

Fig. 8 shows the distributions of the local Nusselt number on
the heated wall at t=12.5ms and the voltages at 0, 15 and
30 kV, respectively. It can be noted that the local Nusselt number
near the z-axis increases with the voltage. While, as shown in
Fig. 9 which shows the variation with voltage of surface averaged
Nusselt number on the heated wall, the averaged Nusselt number
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Fig. 7. Evolution of dimensionless temperature field (A¢ =0 kV, 15 kV and 30 kV).
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Fig. 8. Distribution of local Nusselt number on the heated wall (t = 12.5 ms).
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Fig. 9. Variation with voltage of surface averaged Nusselt number on the heated
wall (t=12.5 ms).

(a) =0ms (b) =9.25ms

Fig. 10. Bubble deformation (A¢ = 30 kV).

Fig. 11. Streamlines (A¢ =30 kV).

increases with the voltage and meanwhile the corresponding
increasing rate grows.

However, it should be pointed out that the mechanism of heat
transfer enhancement by EHD cannot be easily analyzed from
Fig. 7 because those temperature distributions are the results of
the interaction of EHD, buoyancy force and wall adhesion. In order
to find the mechanism of EHD enhancement on heat transfer, a
specific case without the actions of buoyancy force and liquid-wall
interactions is considered. As shown in Fig. 10, initially, a spherical
bubble of diameter 0.2 mm is located at the centre of the compu-
tational domain with a uniform zero velocity; the voltage between
two parallel plates is 30 kV. With the development of time, the
bubble is deformed by only the electric field. Fig. 11 shows the
streamlines at t=9.25 ms. It indicates that ring vortices are in-
duced by the electric field and therefore the shear-flow layer in
the vicinity of liquid-bubble interface and the walls are formed;
this type of vortices and shear flow result in the enhancement of
heat transfer.

5. Conclusion

Numerical modelling of EHD effects on bubble deformation un-
der pseudo-nucleate boiling conditions has been developed; the
volume of fluid (VOF) method is employed to track the interface
between bubble-liquid two phases; a user-defined code is written
and added to the commercial CFD software to solve the electric
field and the corresponding electric body force. The heat transfer
and fluid flows when an air bubble surrounded by liquid CCly
and initially attached to a superheated horizontal wall with an
electric field applied are studied and simulated numerically. The
results of flow field agree well with those of previous experiments
showing that the present method is suitable and can achieve accu-
rate results of the EHD effects.
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Meanwhile, through the numerical modelling and simulation,
the mechanism of EHD effects on bubble shapes and heat transfer
enhancement is studied and analyzed. The modelling shows that
bubble is pulled in axial direction and pushed in the negative radial
direction by the electric body force, which results in the bubble
elongation in the axial direction. Moreover, the simulations also
indicate that applying an electric field to nucleate boiling can en-
hance the motion of the vortices around the bubble and the walls
as the thermal and fluid flows are seriously influenced by the elec-
tric body force; such vortex can enhance the heat transfer at the
walls and gas-liquid interface.
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