
Effects of Buoyancy on Electrohydrodynamic-Enhanced Forced
Convection in a Vertical Channel

F. C. Lai∗ and S. S. Kulkarni†

University of Oklahoma, Norman, Oklahoma 73019-0390

DOI: 10.2514/1.17834

Heat transfer enhancement using the electrohydrodynamic technique is numerically examined for laminar mixed

convection in vertical channels. The electricalfield is generated bypositive corona fromawire electrode chargedwith

a DC voltage of 15 kV. The flow Reynolds numbers considered are 600, 1200, and 1800, with Grashof numbers

varying from104 to 106 for both aiding andopposingflows. In addition to heat transfer enhancement, attention is also

focused on the effect of added thermal buoyancy on the flow stability when the temperature difference between the

flowing gas and bounding walls cannot be neglected.

Nomenclature

Dh = hydraulic diameter, m
d = distance between the wire and plate, m
Gr = Grashof number, g�jTi � Twjd3=�2
g = acceleration due to gravity, m=s2

h = local heat transfer coefficient,W=m2 � s
�h = average heat transfer coefficient, W=m2 � s
k = thermal conductivity of the fluid, W=m � s
L = length of channel, m
�L = dimensionless length of the channel, L=d
Nu = local Nusselt number, hDh=k
Nu = average Nusselt number, �hDh=k
Nu0 = average Nusselt number for forced convection without

an electric field
Peehd = Peclet number, ued=�
p = pressure, Pa
Re = flow Reynolds number, uid=�
Reehd = electrohydrodynamic Reynolds number, ued=�
T = temperature, K
Ti = inlet air temperature, K
Tm = mean air temperature at a given cross section of the

channel, K
Tw = wall temperature, K
t = time, s
u = velocity in the x direction, m=s
ue = characteristic velocity of the ionic wind,

�����������������
�coVo=�

p
,

m=s
ui = uniform velocity at the inlet, m=s
�ui = dimensionless inlet velocity of air, ui=ue
V = electric potential, V
�V = normalized electrical potential, V=Vo
Vo = electric potential at the wire, V
v = velocity in the y direction, m=s
X, Y = dimensionless Cartesian coordinates, x=d, y=d
x, y = Cartesian coordinates, m
� = thermal diffusivity, m2=s
� = coefficient of thermal expansion, 1=K
"0 = permittivity of free space, F=m
� = dimensionless temperature, �T � Tw�=�Ti � Tw�

�o = dimensionless mean outlet air temperature
� = kinematic viscosity of the fluid, m2=s
� = fluid density, kg=m3

�c = charge density, C=m3

��c = dimensionless charge density, �c=�co
�co = charge density at the wire, C=m3

� = dimensionless time, uet=d
� = dimensionless stream function,  =ued
 = stream function, m2=s
� = dimensionless velocity, !d=ue
! = vorticity, 1=s

Introduction

E NHANCEMENT of heat transfer has been a subject of major
interest formany decades. Among the available techniques, one

that employs electrohydrodynamics (EHD) seems to be the most
attractive because of its simplicity and low power requirement. The
mechanism for EHD heat enhancement arises from the electric body
force. For single-phase flows, the coupling between a high-voltage
electric field with a flowfield gives rise to an electrically induced
secondary flow, which is also known as corona wind. This EHD-
induced secondary flow can be thought of as a microjet of fluid
issuing from the charged electrode to the grounded heat transfer
surface. The net effect of this secondary flow is additional mixing of
flow and destabilization of the thermal boundary layer, thus leading
to a substantial increase in heat transfer coefficients. Despite the fact
that EHD operation is now generally understood and its use in heat
transfer enhancement has been successfully demonstrated, many
questions regarding the enhancement mechanisms still remain
unanswered.

Previous studies have primarily emphasized the role of the electric
body force in the creation of secondary flows. Very limited results
have been reported on the interaction between the flow and
electrostatic fields. The interaction of the electric wind with a
superimposed external flowwas first investigated by Yamamoto and
Velkoff [1]. The studywas reexamined later by Lai et al. [2] to reveal
the existence of steady-periodic flows. Although the existence of
EHD-induced oscillatory flows was also noticed by Takimoto et al.
[3] in their experimental study of EHD flows, the relation among the
oscillatory frequency, Reynolds number, and dimensionless EHD
number was not fully disclosed until recently [2]. From the heat
transfer point of view, it is speculated that the oscillatory flows thus
generated may lead to an additional increase in the heat transfer
between the flowing gas and the bounding walls. Subsequent studies
conducted by one of the authors have indeed confirmed this
speculation [4,5]. In addition, the results have shown that thermal
buoyancy may have a compound influence on the flow stability,
because transitions from steady-periodic flow to nonperiodic flow
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have been observed when the buoyancy strength (i.e., the Grashof
number) becomes large [4].

For flows in a vertical channel, the thermal buoyancy along with
the electrical body forces may play an important role in the creation
of secondary flows. This in turn may affect the heat transfer through
the channel walls in the presence of oscillatory flow. It is the purpose
of this study to investigate the heat transfer enhancement for flows in
a vertical channel under the influence of an electric field. Attention is
also focused on the effect of thermal buoyancy on the stability offlow
and temperature fields.

Formulation and Numerical Method

The geometry considered is a two-dimensional vertical channel in
which a wire electrode charged with a DC high voltage is placed in
the center of the channel, whereas the two bounding walls,
maintained at a constant temperature Tw, are electrically grounded
(Fig. 1). Because the positive corona discharge is uniform along the
length of the wire, it permits a two-dimensional analysis [1–3],
whereas a negative discharge would not simplify to two dimensions.
As such, only positive corona discharge is considered in the present
study. Uniform airflow at a constant velocity ui and temperature Ti
(Ti < Tw) is introduced at the channel inlet. The flow is designated as
an “aiding flow” when thermal buoyancy is in the same direction as
that of the primary flow and, likewise, as an “opposing flow”when it
is in the opposite direction to that of the primary flow. Both aiding
and opposing flows are considered in the present study. The length of
the channel is set to be seven times the distance between the wire and
plate (i.e., L=d� 7). This geometry, which is identical to that used
by Yamamoto and Velkoff [1], is chosen so that the previously
reported electric field data can be used for the present numerical
calculations.

The governing equations of the electrical field are given by [2,4,5]
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which can be readily derived from Maxwell’s equations and Ohm’s
law. In the derivation of the preceding equations, it was assumed that
the ion drift velocity (on the order of 10 m=s, depending on the
electric field strength) is much greater than the air velocity (varying
from 0.15 to 0:45 m=s for the present study), such that the
contribution of convective flow to the current density can be
neglected. Also, the electrodynamic and fluid dynamic equations can
be decoupled for the same reason. Thus, the electric field can be
solved independently of the flow and temperature fields. Although
accepted as a common practice, this so-called one-way coupling
approach has been verified only recently [6]. No convergence
problems were encountered with this solution method. The
corresponding boundary conditions are given as follows:

At the wire:

V � Vo (3a)

Along the channel wall (y� d):

V � 0 (3b)

Along the centerline (y� 0):

@V

@y
� 0 (3c)

The governing equations for the flow and temperature fields are
given by [4]

@u

@x
� @v
@y
� 0 (4)

Fig. 1 Vertical channel with an electrode wire (d� 3 cm and L� 21 cm): a) aiding flow and b) opposing flow.
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The third term on the right-hand side of Eqs. (5) and (6) represents the
body force term due to the electrical field. The plus sign in front of the
thermal buoyancy term, the last term in Eq. (5), represents opposing
flows, whereas the minus sign is for adding flows. For the geometry
considered, the electric current involved is very small (on the order of
10�5 A, based on the measurements of Yamamoto [7]) over the
range of voltage applied, which justified the neglect of Joule heating.

The preceding equations can be nondimensionalized and
expressed in terms of stream function and vorticity, which eliminates
the need for calculating the pressure distribution in the solution of the
flowfield and thus greatly simplifies the numerical calculations:
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The corresponding boundary conditions for theflow and temperature
fields are given by

X� 0; �� 0; �� �uiY; �� 1 (11a)

X � �L;
@�

@X
� 0;

@�

@X
� 0;

@�
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� 0 (11b)

Y � 0; �� 0; �� 0;
@�

@Y
� 0 (11c)

Y � 1; �� @
2�

@Y2
; �� �ui; �� 0 (11d)

At the channel exit [Eq. (11d)], gradients of stream function,
vorticity, and temperature are set to zero. These boundary conditions
are less restrictive and are widely accepted [8,9].

For the present study, the electricfield is created by awire placed at
the center of the channel, which carries a DC voltage of 15 kV. A
positive corona discharge is considered because it is inherently more
stable and uniform than a negative corona [10,11]. Because of
symmetry, only one-half of the channel is required for the numerical
calculations. The computational domain is shown as a shaded area in
Fig. 1. For the solution of the electric field, the numerical procedure
employed to solve Eqs. (1) and (2) is identical to that used by
Yamamoto and Velkoff [1]. Electric potential and charge density are
determined by iteration of Eqs. (1) and (2), with an assumed value of
space charge density at the wire (�co). The validity of the solution is
checked by comparing the total predicted current tomeasured current

at a specific operating voltage (for the present study, the total current
involved is 4 � 10�5 A, as reported by Yamamoto [7]). If the
currents do notmatch, a new value of space charge density at thewire
is assumed and the calculations are repeated. When the electric field
solutions converge, the charge density at the wire is found to be
8:66 � 10�4 C=m3. The solutions of the flow and temperature fields
are obtained using the standard procedure for the stream function–
vorticity formulation, which is well documented in most numerical
textbooks (e.g., Jaluria and Torrance [8] and Roache [9]) and is thus
omitted, for brevity.

To evaluate the heat transfer performance, one needs to calculate
the heat transfer coefficient. The local heat transfer coefficient in
terms of the local Nusselt number is given by

Nu� hDh

k
� qDh

k�Tw � Tm�
�Dh�@T=@y�

Tw � Tm
(12)

In the preceding expression, Dh is the hydraulic diameter and Tm is
the fluid bulk temperature at the given cross section. Similarly, the
average heat transfer coefficient can be determined from the average
Nusselt number, which is given by
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Numerical solution starts with the calculations of electric field,
then is followed by solving the flow and temperature fields
simultaneously. A uniform grid (225 � 33) is chosen for the present
study, which is the same as the previous study [2] for the same
channel configuration. Because the test of grid dependence has been
conducted by one of the authors in the previous study [2], there is no
need for repetition. Also, because the radius of the electrode wire
(10�4 m) is rather small compared with the grid spacing used
(9:375 � 10�4 m), it is appropriate to treat the wire as a nodal point.
The dimensionless time step chosen is 5 � 10�4, to guarantee
numerical stability and accuracy. The stability criterion for the
numerical scheme used is given by Jaluria and Torrance [8]:
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Fig. 2 Effect of channel length on the numerical results (Vo � 15 kV,
Gr� 0, and Re� 600): a) flowfield (� � 0:006) and b) temperature

field (��� 0:1).
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To ensure that the channel length used is adequate to reveal the
physical phenomena involved, calculations were performed on an
extended domain (L=d� 10). Only slight differences in the
streamline and isotherm patterns are found near the channel exit. The
flow and temperature fields are otherwise the same (Fig. 2). These
subtle differences do not modify the flow periodicity and produce
only less than 0.2% difference in the Nusselt number. Also, to verify
that the observed oscillations are not due to numerical instability,
computations were repeated with a reduced time step (�� � 1�
10�4). The results thus obtained are nearly identical to those using the
time step of�� � 5 � 10�4 in the prediction of flow periodicity and
calculated Nusselt numbers. Calculations have covered a wide range
of parameters (104 	 Gr 	 106 and Re� 600, 1200, and 1800),
with particular attention being placed on the stability of the flow and
temperature fields due to the added thermal buoyancy. To closely
monitor the development of the flow and temperature fields, the
computation is continued until a steady state or steady-periodic state
is reached.

Results and Discussion

For forced convection in the absence of an electrical field, it was
observed that the flow and temperature fields all reach steady state,
with Fig. 3 showing the final steady-state results achieved. The
thermal boundary layer becomes thinner with an increase in the
Reynolds number, thus leading to an increase in heat transfer. The
results obtained for the average Nusselt number in general agree well
with the correlation reported by Shah and London [12]. The small
differences observed (which vary from 1 to 6%, depending on the
Reynolds number) in the Nusselt numbers obtained in this analysis
and those tabulated by Shah and London may be attributed to
neglecting axial diffusion in the latter analysis.

For forced convection in the presence of an electrical field, the
flow and temperature fields are shown in Fig. 4. With the application
of an electrical field, the flow and temperature fields become
oscillatory at Re� 600 and 1200. Only one recirculating cell is
observed for flows at Re� 1200 and 1800, whereas multiple cells
are observed for flow atRe� 600. As reported by Lai et al. [2], there
is a strong connection between the stability of the flow and its flow
structure (i.e., single cell or multiple cells). The thermal boundary
layer is perturbed by the electric field near the wire when it extends
over the recirculating flow region. The thermal boundary layer is
stabilized past the wire when steady state is reached, a phenomenon
similar to that prevailing in forced convection without an electrical
field. The oscillatory temperature field in the presence of an electric
field is distinguished by a wavelike appearance of the thermal
boundary layer downstream.

To assess the heat transfer enhancement in forced convection, the
Nusselt number obtained in the presence of the electric field is
compared with that without the electric field. Through our overall
experience in this study, it is found that an increase in the flow inertia
(i.e., the Reynolds number) results in declining heat transfer
enhancement, which is consistent with the results reported in [5]. For
example, the increase in heat transfer is 168% for Re� 600 and
135% for Re� 1800. The reason for this reduction in heat transfer
enhancement is due to the suppression of the EHD-induced
secondary flow. The trend observed here is also consistent with the
experimental results reported by Takimoto et al. [3]

When thermal buoyancy is involved, the flow and temperature
fields become even more complicated. To investigate the effect of
thermal buoyancy on the stability of flow and temperature fields, the
flow and electric field conditions are fixed (i.e., ui and Vo are
maintained at a constant value) whereas the buoyancy strength,
represented by the Grashof number, is increased.

AtRe� 1800, the flow and temperature fields remain stable as the
Grashof number is increased from 104 to 106. The flow and
temperature fields do not show any oscillation and they all reach
steady state. Figures 5 and 6 show the resulting steady-state flow and

Fig. 3 Forced convection in a channel without electric field, Gr� 0:

a) flowfield (� � 0:006 for Re� 600,� � 0:009 for Re� 1200, and

� � 0:014 for Re� 1800) and b) temperature field (��� 0:1).

Fig. 4 Forced convection in a channel with electric field, Gr� 0:
a) flowfield (flows atRe� 600 and 1200 are oscillatory;� � 0:006 for
Re� 600, � � 0:009 for Re� 1200, and � � 0:014 for Re� 1800)

and b) temperature field (��� 0:1).

Fig. 5 Mixed convection for aiding flows at Re� 1800: a) flowfield

(� � 0:014) and b) temperature field (��� 0:1).
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temperature fields for aiding and opposingflows, respectively.When
thermal buoyancy is weak (i.e., Gr� 104), it is observed that the
flow patterns for both aiding and opposing flows are similar to that of
forced convection (Fig. 4). With an increase in the buoyancy
strength, it is observed that the strength of the recirculating cell
increases for aiding flows (Fig. 5). As a result, flow reversal occurs at
the exit of the channel in which the ambient air is brought into the
channelwhen theGrashof number is increased to 106. Because of this
entrainment of colder air from the ambient, the primary flow (i.e., the
warmer air) is confined to the central region of the channel, which has
a significant effect on the heat transfer, as will be elaborated later in
the discussion of the heat transfer results. For opposing flows, on the
other hand, the strength of secondary flow is reduced as the Grashof
number increases, which leads to a thinner thermal boundary layer
(Fig. 6).

At Re� 1200, both aiding and opposing flows become periodic
whenGr� 104. Because thermal buoyancy is weak in this case, the
periodicity of oscillation for both aiding and opposingflows is almost
identical to that of forced convection (Fig. 4). As theGrashof number
is increased to 105, the opposing flow stabilizes, whereas the aiding
flow remains oscillatory. For the latter case, the variations offlowand
temperature fields with time are shown in Figs. 7 and 8, respectively,
for approximately a complete cycle (
34 units of dimensionless
time). From these figures, one can clearly observe the variation of the
secondary flow strength with time and its effect on the wavelike
thermal boundary layer downstream of the wire. This interesting

phenomenon is due to the complicated interaction among threemajor
force fields: electric body force, thermal buoyancy, and flow inertia.
The aiding flow is stabilized when the Grashof number is further
increased to 106. The flow reversal observed earlier (Fig. 5) also
occurs in the present case. At Re� 600, the variation of flow and
temperature fields is very similar to the case of Re� 1200, except
that the flow and temperature fields for aiding flow at Gr� 106 do
not reach steady state: they exhibit a nonperiodic nature instead.

The heat transfer results for the present study can be examined
from the variation of average Nusselt number with time. In addition,
the flow transition can also be identified from these curves. Figure 9
displays such information forRe� 1200. Forflows atGr� 104, it is
observed that the thermal field oscillates with the same frequency
(33.5 units of dimensionless time) as that of the forced convection
[5]. It is also observed that the change in Nusselt number is only
minimal compared with that for forced convection [5]. As the
Grashof number is increased to 105, a slight change in the oscillating
periodicity is noticed for aiding flow. For opposing flow, on the other
hand, the flowfield first exhibits an oscillatory nature, but it gradually
dies out and reaches a steady state. It is observed that heat transfer
increases in the case of opposing flow compared with that of aiding
flow. The enhancement in heat transfer varies from 120 to 140% for
Gr 	 105. AtGr� 106, aiding flow experiences a drastic reduction
in heat transfer. On the contrary, a steep increase in heat transfer of
about 170% is observed for opposing flow. The reason for these
dramatic changes can be verified from the contour plots of flow and
temperature fields (Figs. 5 and 6). In the case of opposing flows, the
recirculating secondary flow is suppressed due to the interaction of
primaryflowand the buoyancy force,whereas for the aidingflow, the
recirculating cell is expanding with an increase in the buoyancy
strength. This phenomenon is most prominent at Gr� 106. The
elongated recirculating cell initiates a flow reversal at the channel
exit. It is observed that an increase in the thermal buoyancy causes the
primary flow to channel through the core region of the flow passage.
The temperature contours show an increase in the boundary-layer
thickness due to the separation of the primary flow from the wall,
which is clearly responsible for the reduction in heat transfer. In the
case of opposing flows, with an increase in thermal buoyancy, the
EHD-induced secondaryflow is effectively suppressed. This helps to
keep the thermal boundary layer close to the wall, hence it increases
the heat transfer.

The enhancement of heat transfer (compared with that of forced
convection) under different intensities of buoyancy force for aiding
and opposing flows is summarized in Fig. 10 as a function of the
mixed convection parameter Gr=Re2. The solid symbols represent
the steady-state results, whereas the hollow ones are for the steady-
periodic results, with their maximum and minimum values indicated
as an error bar. For comparison, forced convection results are also
included in the figure and are marked on the ordinate (i.e.,

Fig. 6 Mixed convection for opposing flows at Re� 1800: a) flowfield
(� � 0:014) and b) temperature field (��� 0:1).

Fig. 7 Variation of flowfield with time for aidingmixed convection flow

at Re� 1200 and Gr� 105 (� � 0:009).

Fig. 8 Variation of temperature field with time for aiding mixed

convection flow at Re� 1200 and Gr� 105 (��� 0:1).
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Gr=Re2 � 10�3). As seen from Fig. 10a, for aiding flows, the heat
transfer enhancement ratio is less than two for steady-state cases,
whereas it is greater than two for steady-periodic cases. When the
mixed convection parameter Gr=Re2 is greater than 0.2, there is a
dramatic decrease in the heat transfer rate. As explained earlier, the
reduction is due to the entrainment of the ambient air, which
effectively blankets the heat transfer surface. For opposing flows, the
heat transfer enhancement ratio increases consistently with the
mixed convection parameter. When thermal buoyancy is weak (i.e.,
Gr=Re2 < 0:1), the ratio approaches that of the forced convection
asymptote. The ratio is noticeably increased only when thermal
buoyancy becomes significant (i.e., Gr=Re2 > 0:1).

Conclusions

Numerical results were presented for mixed convection in a
vertical channel under the influence of an electrostatic field. It was
observed that the flow and temperature fields resemble those of
forced convection when the thermal buoyancy is weak (i.e.,
Gr� 104). With an increase in the strength of thermal buoyancy
(i.e., Gr � 105), flow and temperature fields may become steady,
steady-periodic, or nonperiodic, depending on the direction of the
primary flow (i.e., aiding or opposing flows). For aiding flows, heat
transfer increases with the thermal buoyancy for flows at Re� 600,
whereas it decreases for flows atRe� 1200 and 1800. The reduction
in heat transfer is due to the entrainment of ambient air, which
effectively separates the primary flow from the wall. Oscillation in
the flow and temperature fields is observed for aiding flows at
Re� 600 and 1200. The periodicity increases gradually with an
increase in the thermal buoyancy. For Re� 1200, the flowfield
restabilizes at Gr� 106. For opposing flows, heat transfer is
increased for all flow and buoyancy strengths considered. The heat
transfer enhancement for opposingflowapproaches that of the forced
convection asymptote when Gr=Re2 < 0:1 and is increased
noticeably only when Gr=Re2 > 0:1. For aiding flows, the trend is
not as clear as for opposing flows. However, it is observed that the
heat transfer enhancement is greater than two for periodic flows and
is less than two for steady flows.

Although the present study examined a fundamental problem in
the application of electric field for heat transfer enhancement, the
results obtained also have important implications for applications
using electrostatic precipitation for gas cleaning or treatment.
Because most exhaust gases from industrial applications are usually
at an elevated temperature compared with the ambient, it is clear that
thermal buoyancy is an important factor in the design of such gas
cleaning/treatment systems. If ignored, the buoyancy-induced
oscillation and flow entrainment may significantly reduce the
particulate collection efficiency of an electrostatic precipitator. To
better control the oscillatory flow and flow entrainment, the
complicated interaction among electric field, thermal buoyancy, and
flow inertia still awaits further investigation.
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