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The article presents a numerical analysis of two-dimensional laminar flow and heat transfer in a minichannel
with flat plate electrode pairs periodically flushed to the bottom wall. The two-way coupled governing equations
of flow, heat transfer, electric potential and charge conservation are solved using the opensource finite-volume

EMI;IEC:?;];;OH i framework of OpenFOAM. Two cases of the minichannel at completely horizontal (case A) and 90° bent (case B)
pumping configurations are considered. The inlet laminar flow with Reynolds number varying from 10 to 1000 has been
Electrohydrodynamics

taken into account. The applied electric potential is varied in three steps 0, 0.5 and 1 kV. Electrohydrodynamic
(EHD) conduction pumping due to the residual conductivity of the working fluid and the electric-field enhanced
dissociation of free charges generate vortices in the proximity of electrodes. The flow and thermal performance of
the minichannel in the presence of EHD conduction induced vortices are quantified in terms of pressure drop,
Nusselt number and a performance factor (which is a combined function of pressure drop and Nusselt number).
The vortices generated by EHD conduction pumping phenomenon deplete the thermal boundary layer, aid
mixing and enhance the heat transfer. The mean and local Nusselt numbers are notably increased with only a
minimal raise in pressure drop. In both the configurations of the minichannel, the performance factor is greater
than 1 for the entire parameter space considered in this study. However, the thermal boundary layer depletion
and heat transfer enhancement is prominent at low Reynolds number flows. The maximum drop in performance
factor from case A to case B is only 18.5%. Results of this study indicate that EHD conduction pumping is a
potential technique to enhance heat transfer in minichannels with minimum additional power consumption.

1. Introduction

Performance of modern-day high-tech devices depend on efficient
cooling of their components like power transformers, processors and
electronic chip boards, etc. The recent trend of miniaturization, thin-
ness, and lightness in electronic devices result in high-density heat
fluxes. High heat flux generation over a small surface area leads to
overheating, poor performance, and malfunctioning of electronic de-
vices. For these reasons, it is important to develop a compact, effective
and efficient thermal management technique for ensuring sustainable
cooling of mini/micro-scale electronic devices [1]. Commonly used heat
transfer technologies such as conventional heat sinks, pin fin arrays, fan-
assisted heat sinks cooled by air have limited heat transfer capability and
are unsuitable for incorporation into mini/micro-scale electronic de-
vices [2]. Minichannels are an attractive option for the thermal
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management of small-sized power electronic devices. The large surface-
area-to-volume ratio of minichannels helps to effectively dissipate heat
from localized hotspots, and their small size makes it easier to incor-
porate them into compact electronic devices [3]. However, owing to
small dimensions and low Reynolds number flows in minichannels, the
flows in them are generally laminar. Thus, the resultant mixing and heat
transfer in a smooth and straight minichannel is limited by the viscous
and thermal boundary layers [4,5]. Furthermore, the pressure drop
incurred to achieve high flow rates to dissipate high density heat fluxes
is very high in mini/microchannels. Thus, high heat transfer coefficients
in mini/microchannel flows at large flow rates are always accompanied
by exponential increase in the pumping power requirement [5].

Heat transfer enhancement in minichannels has been studied
extensively in the last two decades [6,7]. Researchers have proposed
several passive and active techniques to enhance heat transfer in
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minichannels. Among them, passive techniques include surface rough-
ness, flow disruption, channel curvature, re-entrant cavities, and fluid
additives. Active methods include the introduction of a secondary flow,
vibration, flow pulsation, and application of magnetic and electrostatic
fields. Active methods with low energy consumption represent attractive
choices for enhancing heat transfer in conventional and minichannels. In
this context, electrohydrodynamic (EHD) flow-based techniques have
been used by several researchers to enhance heat transfer in channel
flows [8]. EHD-based techniques offer several advantages such as simple
design, low power consumption, quick response, lack of moving parts,
lack of noise and vibration, durability, and easy incorporation into
electronic devices. In EHD systems, the Coulomb force induced by an
electric field result in motion of the dielectric fluid. EHD-induced fluid
motion can generally be classified into three types as follows: (i) EHD
induction pumping, (ii) ion-drag or ion-injection pumping, and (iii) EHD
conduction pumping [9]. EHD induction pumping is based on gradient/
discontinuity in the electrical conductivity of the working dielectric
fluid. A temperature gradient is imposed on the dielectric medium,
which results in a gradient of electric conductivity. The gradient/
discontinuity in electric conductivity leads to localized accumulation of
free charges. When a wave electric field is applied, the accumulated
charges are attracted toward the energized electrodes. This results in
bulk motion of the dielectric medium [10]. However, EHD induction
pumping is less popular among researchers because it requires a working
dielectric fluid whose electric conductivity strongly varies with respect
to temperature. Moreover, EHD induction pumping requires a complex
electrode system to apply a moving time-dependent wave electric field.
Ion- drag or ion-injection pumping is based on the charge injection that
takes place at the high-voltage electrodes. When a strong electric voltage
is applied on an electrode, electrochemical reactions occur at the
dielectric medium-electrode interface. Because of these reactions, free
charges are injected from the electrode surface into the dielectric me-
dium. These charges move toward the oppositely charged electrode
while transferring momentum to the bulk fluid [11]. Ion-drag pumping
generates bulk fluid motion in macroscopic scales with significant ve-
locity and flow rates. Hence, ion-drag pumping is the most extensively
studied EHD flow technique. The majority of the studies on EHD-based
heat transfer enhancement pertain to ion-drag pumping [9]. However,
in ion-drag pumping, an extremely high electric potential is required to
induce charge injection, which is potentially unsafe for consumer elec-
tronic cooling applications. Furthermore, continuous charge injection
from the electrode, degrades the electrodes and the working electrolyte.
Thus, EHD flow techniques based on charge injection are less reliable,
inconsistent, and unsuitable for sustainable cooling over extended
durations.

EHD conduction pumping is based on charge generation through ion
dissociation. In a dielectric medium, a small number of free charges exist
owing to impurities and exposure to the ambient environment. These
free charges undergo dissociation and recombination due to an applied
electric field. In general, dissociation and recombination rates are equal.
There exists a threshold voltage, above which the dissociation rate ex-
ceeds the recombination rate. This phenomenon is termed “field-
enhanced dissociation” or “Onsager-Wien effect” [12,13]. Because of
the Onsager-Wien effect, more free charges are generated in the prox-
imity of the electrodes. Thus, a layer of free charges termed as “hetero-
charge layer” develops over the electrodes. Owing to the unequal rates
of dissociation and recombination of free charges/ions within the
hetero-charge layer, the residual charges move toward the oppositely
charged electrode while inducing a motion in the surrounding fluid.
Ideally, the net fluid flow due to the movement of opposite charges is
zero. However, use of electrodes with different surface areas can result
in an imbalance in the movement of charges, and hence, a net fluid
motion can be generated. The threshold voltage required for the Onsa-
ger-Wien effect is considerably lower than that required for ion-drag
pumping, and hence, does not cause any electrode degradation.
Furthermore, unlike induction pumping, EHD conduction pumping does
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not require any special dielectric liquid or electrode design. Thus, EHD
conduction pumping overcomes the drawbacks of charge injection
pumping and charge induction based EHD pumping. However, the flow
generated by EHD conduction pumping is extremely weak (mini/
microscale). For instance, the net flow rate and velocities generated by
the Onsager-Wien effect are two orders of magnitude smaller than those
generated by ion-drag pumping [9]. Thus, the EHD conduction pumping
flow due to Onsager-Wien effect becomes more suitable for mini or
micro-scale flow and heat transfer applications.

EHD conduction pumping is not popular among researchers in
comparison with charge injection based EHD pumping. The analytical
model for the EHD conduction pumping flow due to residual conduc-
tivity and Onsager-Wien effect was first reported by Atten and Seyed-
Yagoobi [14]. Based on their pioneering work, further developments
in the analytical and numerical modelling were carried out by other
researchers [15-18]. Experimental studies on EHD conduction pumping
have been performed using various electrode configurations, and their
results have been compared with those of the analytical models [18-20].
In view of the microscale motion generated by the Onsager-Wien effect,
several researchers have attempted to develop an EHD-conduction-
based micropump for microfluidic applications. Pearson and Yagoobi
[21] developed an EHD conduction pump that produced notable flow
rates at the meso and microscales, even under a small applied voltage of
0.75 kV. Kano and Nishina [22] experimentally studied the effect of
electrode arrangement on the efficiency of EHD conduction pumping. A
maximum flow rate of 2.5 mL/min was reported at an applied voltage of
1 kV with asymmetric electrode arrangement. Patel and Seyed-Yagoobi
[23] experimentally evaluated the performance of a pump based on EHD
conduction over a long operating period. The EHD conduction pump’s
ability to operate continuously for 105 h without any performance
deterioration was demonstrated. Du et al. [24] numerically studied the
interaction of EHD conduction pumping with an external cross flow. The
influence of direction of external flow on EHD conduction pumping was
evaluated. In the above-referenced studies, the ability of EHD conduc-
tion to pump fluid in microfluidic applications was evaluated. Pearson
and Yagoobi [25,26] experimentally studied single/two-phase flows
driven by EHD conduction pumping in a microchannel. The flow rate
produced by the EHD conduction pumping alone was insufficient to
effectively dissipate the applied heat flux. However, when aided by an
external flow, the heat transfer due to the EHD fluid motion improved
notably. Pearson and Seyyed-Yagoobi [27] experimentally showcased
the performance of EHD conduction pumping in a two-phase heat pipe.
EHD conduction pumping was able to pump a thin dielectric liquid film
efficiently along a vertical surface. Notable increase in heat transfer with
minimum additional electric power consumption was achieved. Patel
et al. [28] experimentally tested the ability of EHD-conduction-
pumping-driven flow-boiling in a nanofiber-enhanced surface. The
boiling heat transfer coefficient increased several folds upon the use of a
combination of EHD conduction pumping and nano-textured surface.
Selvakumar et al. [29] numerically demonstrated the ability of EHD
conduction pumping to dissipate localized high-density heat flux in
electronic cooling applications. The flow vortices induced by the
Onsager-Wien effect led to thinning of the thermal boundary layer and
enhanced heat transfer by up to 31.2%.

All of these referenced works attemp to induce or enhance heat
transfer by introducing a flow by using EHD conduction pumping phe-
nomenon. Although several promising results were reported, EHD con-
duction pumping alone could not induce a flow rate that is adequate for
dissipating high-density heat fluxes. Furthermore, EHD conduction
pumping based on the electric field enhanced dissociation has been
explored less sparsely compared to ion-drag pumping. In this context,
we propose a novel idea to use EHD conduction pumping to deplete the
laminar viscous and thermal boundary layers in a flexible minichannel.
The proposed method employs vortices generated by EHD conduction
pumping mechanism to disrupt the boundary layers and enhance mix-
ing. Thus, expected to incur minimal raise in pressure drop and minimal
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additional electrical power consumption. A numerical demonstration
and analysis of small vortices induced by EHD conduction phenomenon
and the resultant thermal boundary layer depletion, mixing and heat
transfer enhancement in a flexible minichannel are presented. It is to be
noted that the flexible minichannels incorporated in flexible electronic
devices are flexible enough to be straight or bent positions but, they stay
rigid at any given position. Thus, two cases A and B of a minichannel
rigidly held straight and 90° bent configurations, respectively are
considered in this study. The mechanism of depletion of boundary layer
by EHD vortices is highlighted. The flow and heat transfer performances
of the minichannel are studied in a wide range of inlet flow Reynolds
numbers and applied voltages.

2. Problem formulation
2.1. Channel geometry and arrangement of electrodes

A 2-D minichannel with length L = 200mm and height H = 20mm is
considered. The working fluid is initially at ambient temperature T, =
Tin = 293.15K. The bottom wall of the minichannel is heated with a
uniform heat flux q,, = 10000W/m?2. The top wall is considered to be
adiabatic. The left boundary is the fluid inlet with uniform inlet velocity
Ui, in the positive x-direction. The right boundary of the domain is the
fluid outlet. Bottom wall of the channel has 10 electrode pairs. The
electrodes are considered to be very thin (with negligible thickness) and
are flushed in the bottom wall of the channel. Each electrode pair con-
sists of a small high voltage electrode of length 3mm, which is separated
by a gap of d = 3mm from the grounded electrode of length 9mm. Two
configurations of the channel are considered. Case A considers the
channel to be horizontal (y = 0°). Case B considers the channel to be
bent y = 90°, with the inlet perfectly vertical and the outlet being
perfectly horizontal. The top wall and the gaps in the bottom wall are
electrically insulated. A schematic representation of the flow configu-
ration is shown in Fig. 1.
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2.2. Governing equations

The numerical model for the two-way coupled laminar flow and heat
transfer in the presence of secondary EHD conduction pumping flow is
developed under the following assumptions [30]:

a) Transient, two-dimensional (2D), laminar and incompressible fluid
flow.

b) Constant thermophysical and dielectric properties.

c) Viscous dissipation, Joule heating and radiation are negligible.

In the context of above assumptions, the flow field is governed by the
incompressible Navier-Stokes equations, which are expressed as Egs. (1)
and (2):

V.U =0 @
07 —— — 2— |
E+V.(H u):pr+/)g +oV°u + Fg 2

Here, U is the flow field velocity, p is the pressure, and v is the ki-
nematic viscosity of the working fluid. pg represents the gravitational
body force term. The density p is calculated by the Boussinesq approx-
imation as p = [1 —f(T — Try)]. Here, p is the thermal expansion coef-
ficient and T,,; = 293.15K is the reference temperature. The additional
source term F is the body force due to electric field. The temperature
distribution is given by the energy equation Eq. (3).

%—f +W.VT = V.(aVT) 3)

In Eq. (3), T represents the temperature, and a denotes thermal
diffusivity of the working fluid.

The electric field E is calculated as the divergence of applied electric

potential as E = —VV. The distribution of electric potential V is given
as follows:
V.(eVV) = —g. @
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Fig. 1. Schematic representation of the computational domain.
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Here, ¢ represents the dielectric permittivity of the fluid, and g, =
p —n is the space charge density. p and n are the positive and negative
charge densities, respectively. The conservation of the positive and
negative charges in the presence of an external electric field is expressed
as:

9 -
£+V.[7p+KEp—Dp} =R, )
ot

a—"+v[7n+KE’n—Dn]—R 6)
ot ’ o

In the above equations, K and D denote the ionic mobility and ionic
diffusivity of the fluid, respectively. R,, represents the reaction term
comprising the dissociation and recombination processes, and it is
expressed as R,, = kqN —k.pn [14]. Here, kq is the dissociation rate of
neutral species, and k, = %K is the recombination rate of positive and
negative ions. Under equilibrium conditions, the dissociation rate kq of
neutral species and the recombination rates of positive and negative ions
are equal. In other words, the neutral species is dissociated into positive
and negative charges, which is followed by complete recombination of
the positive and negative ions to form the original neutral species. Thus,
under equilibrium conditions, the reaction term can be expressed as
Ryneq) = KdeqN —k:Peqiteq = 0. Here, the subscript “eq” represents the
equilibrium conditions. The charge densities of positive and negative
ions under the equilibrium conditions are expressed as follows:

o

ﬁ:N @

Peqg = Neg =
where ¢ is the electrical conductivity. However, beyond a certain
threshold voltage, the applied electric field enhances the dissociation
rate due to the Onsager-Wien effect. Thus, kg exceeds kgq). According
to the Onsager model, kg = kq(eq)F(b) [31]. Here, F(b) is the Onsager
function for field-enhanced dissociation. Moreover, b? = (I3 /lo)2 =

4yf, y = €3/16zek3T?, and F(b) = I1(2b)/b. Iy = €?/4nekpT is the
Bjerrum distance [32], kg is Boltzmann’s constant, and e denotes the
basic electric charge. The function I; represents a modified Bessel

function of first kind and order one [11,31,32]. The function I; can be

1+2k
expanded as an ascending series as I; (x) = Z;‘io%- Thus, the re-

action term Ry, = kq(eq)NF(b) —k;pn.
The body force term ?E due to electric field in Eq. (2) can be
expressed as follows [11,33]:
— 1[—=2/0e
E —|E |— 8
wFG) o
The right-hand side of Eq. (9) consists of three terms, namely (i)
Coulomb force, (ii) dielectrophoretic force, and (iii) electrostriction
force. In an incompressible, single-phase fluid with poor temperature-

dependent dielectric permittivity, the dielectrophoretic force and elec-
trostriction force terms become zero. Thus, present study considers only

the Coulomb force qcf.

2.3. Boundary conditions

No slip and no penetration boundary conditions are applied over the
horizontal walls of the channel. At the channel inlet, a uniform inlet
velocity Ui, in the positive x-direction is considered. Pressure outlet
boundary condition is applied at the right vertical boundary (channel
outlet) of the channel. The bottom wall including the electrode surfaces
is exposed to a constant, uniform heat flux of g, = 10000W/m?. The
entire top wall is thermally insulated. The inlet temperature of the
working fluid is T;; = 293.15K. The short electrodes flushed along the
bottom wall of the channel are connected to a high electric potential V.
The longer electrodes are grounded (V = 0). Electrode gaps in the
bottom wall and the complete top wall are electrically insulated. The
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Dirichlet boundary condition for positive ions (p = 0) and the Neumann
boundary condition (dn/dy) = 0 for negative ions are applied to the
high-voltage electrodes. Likewise, the Dirichlet boundary condition for
negative ions (n = 0) and the Neumann boundary condition for positive
ions ((dp/dy) = 0) are applied to the grounded electrodes. The boundary
conditions are summarized in Table 1.

2.4. Material properties

In the present study, the working fluid is deionized (DI) water. The
properties of DI water are summarized in Table 2. All properties are
constant with respect to temperature. The ionic mobility of DI water is
calculated using Walden’s rule [34] as K = 1.5 x 107! /u. Likewise, the
ionic diffusivity of DI water is calculated using Einstein’s relation [13] as
D = KkgTye/e. Here, T,y is the ambient temperature T,, = 293.15K.

2.5. Governing and evaluation parameters

The governing and evaluation parameters of interest used in this
study are presented in this section. In the problem considered herein,
fluid motion is driven by two factors, namely (i) the base flow set by the
inlet velocity and (ii) the flow vortices induced by EHD conduction
pumping phenomenon due to the applied electric potential. The base
flow in the minichannel is characterized by the flow Reynolds number
Re, which is defined as

_pUnH
H

Re 9

Here, p is the fluid density, U;, is the uniform inlet velocity in the
positive x—direction, and H is the channel height. The inlet flow Rey-
nolds number considered herein is 10 < Re < 1000. The fluid motion
induced by the EHD conduction pumping is characterized by the
magnitude of applied electric potential. The electric potential is varied
in three levels 0, 0.5 and 1 kV. The average friction factor f is calculated
based on the pressure drop Ap across the total channel length L as fol-
lows [35]:

 20pDy

/= peLUZ,

10$)

In Eq. (10), Uy is the mean fluid velocity in the flow domain. The
expressions for local heat transfer coefficient and the local Nusselt
number as follows:

h(x)H
k

9w
T—T;

h(x) = and Nu(x) = an
In the expression for local Nusselt number, k is the fluid thermal

conductivity. The average Nusselt number is obtained as Nuy =
1/, )f:o Nu(x).dx. The performance factor, a function of both heat transfer

Table 1
Summary of boundary conditions.
Location Condition
High-voltage 2 on
=u, =u, =0; = 10000Wr ;V>0p =0;— =0
electrodes U =ty =t I m > %P dy

Grounded electrodes U =ty =1, =0;q, =10000Wm 2,V =0;n = o;% =0

Bo(t;o;noz::nll) U =u, =u; =0;qy :10000Wm’2;%/ :0;% :Oz%n =
0

Inlet (x = 0) Uy = Upity =1, = 0; Ty = 293.151(;3—: = 0;% =
oo

Ol;seztzoomm) %: ;3{:0;%:0%:0%:0
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Table 2

Properties of the working fluid (deionized (DI) water).
Property Value
Density [kg/m®] 998.2
Thermal conductivity [W/mK] 0.59801
Viscosity [kg/ms] 0.001001
Specific heat [J/kgK] 4185
Thermal expansion coefficient [1/K] 210 x 10°°
Dielectric permittivity [F/m)] 7.08 x 10710
Tonic mobility [m?/Vs] 1.50 x 10798
Tonic diffusivity [m?/s] 3.79 x 10710
Electric conductivity [S/m] 5.50 x 10-%
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enhancement and pressure drop penalty, is defined as follows [36]:

— Ntst(re, >0) / Nttst (Rey, ~0)

PF = -
(APRELFL>0/APR8L'L*0)

12)

3. Numerical methodology and code validation
3.1. Numerical methodology
The mass, momentum, energy, electric potential and charge con-

servation equations are solved using the open-source software package
OpenFOAM. The equations for the electric potential and charge con-
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Fig. 2. Comparison of (a) Friction factor and (b) Nusselt number with correlations for a fully developed laminar flow in a square duct [39].
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servation are incorporated into the existing finite-volume framework
available in OpenFOAM. The governing equations are discretized based
on standard finite-volume procedures available in OpenFOAM. The
linear scheme is used to discretize the Laplacian terms, and cubic
scheme is used to discretize the gradient terms. Total variation dimin-
ishing (TVD) Van Leer scheme [37] is used to discretize the convection
derivatives. The time derivatives are discretized using an implicit Euler
backward method. A PIMPLE-algorithm-based iterative procedure is
applied to solve the discretized set of equations [38]. The sparse
matrices obtained from the discretization procedure are solved with an
absolute tolerance of 1 x 1078.

3.2. Verification of fully developed laminar flow and heat transfer in a
square channel

The numerical solver used to solve the fluid flow and heat transfer
problem coupled with a secondary EHD conduction pumping flow is
validated by comparing with two benchmark cases.

First, the present numerical model is tested with respect to a fully
developed laminar flow and heat transfer in a smooth square channel.
Fully developed laminar flow in a smooth square channel heated by a
uniform heat flux is considered. The results obtained by the present
numerical model shows good agreement with the exact solution values
of friction factor and Nusselt number [39], as seen in Fig. 2 (a - b).

3.3. Verification of EHD conduction pumping flow in a channel

The numerical model adopted in the present study to simulate EHD
conduction pumping induced fluid flow used in this study is validated
with reference to experimental measurements and finite-element-
method-(FEM)-based numerical results reported by Fernandes et al.
[40]. The computational domain is setup to mimic the experimental
conditions used in ref [40]. A parallel plate electrode configuration with
a cylindrical wire electrode at the center of the domain are considered.
The no-slip boundary condition is applied over all electrode surfaces.
The periodic boundary condition for all variables is applied at the lateral
boundaries. The wire electrode is grounded, and the high-voltage power
supply is connected to the plate electrodes. A detailed description of the
boundary conditions is presented in [40]. A schematic representation of
the flow problem is presented in inset image of Fig. 3a. The flow
structure and direction obtained in the present simulations (see inset
image of Fig. 3b) are consistent with those reported by Fernandes et al.
[40]. Fig. 3 (a - ) presents a comparison of the present numerical results
with the literature data for y-velocity profiles along an horizontal line
y = 3.75mm at applied electric potentials 0.5, 1, and 1.5 kV. The nu-
merical results obtained herein closely match the experimental and FEM
results obtained by Fernandes et al. [40]. Thus, the numerical model of
EHD conduction pumping flow based on the Onsager—Wien effect used
herein is validated.

4. Results and discussion

A numerical study of flow and heat transfer in a flexible minichannel
in the presence of EHD conduction pumping flow as an active heat
transfer enhancement technique is conducted. In configuration A, the
channel is horizontal and in case B, the channel is bent smoothly with an
included angle of y = 90". In both the configurations, the flow and heat
transfer characteristics are studied at 10 < Re < 1000 and applied
voltages 0, 0.5 and 1 kV. A structured, non-uniform grid with finer cells
near the bottom wall chosen based on a grid sensitivity study is used in
the simulations presented in this work. The results of the grid sensitivity
study are reported in Table 3. Three grids A (660 x 67), B (1320 x 134),
and C (2640 x 268) are considered in the grid independence study. The
time averaged mean velocity and Nusselt number at Re = 10 and 1000
and at V = 0 and 1 kV calculated using the three grids for cases A and B
are compared. It is seen that the results obtained from grids B and C
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Fig. 3. Comparison of y-velocity profile along y = 0.35 mm obtained by pre-
sent simulations with experimental and numerical results of Fernandes et al.
[40]. Flow configuration and the flow structure are presented as inset images.

exhibit less deviation (<1 %) from each other. Thus, grid B is selected for
all the simulations presented in this study. Adaptive time stepping
method based transient simulations are performed in this study. The
criteria for adaptive time stepping are maximum Courant number = 0.5
and maximum time step size is 1 x 10~*s. Thus, in all of the simulations,
the time step size varied in the range of 1 x 1075 to 1 x 10~*s and all the
simulations were performed up to a physical time equal to 10 s.

4.1. Flow and vortex structure induced by EHD conduction pumping

In an attempt to understand the mechanism of thermal boundary
layer depletion by EHD conduction pumping in a minichannel, the first
important step is to understand the morphology of the flow vortices
induced purely by the EHD conduction pumping. To this end, flow
configurations of case A and B without any external flow (Re = 0) and
heat flux (g, = 0), but with an applied electric potential of 1kV are
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Table 3
Results of the grid independence study.
Applied Grid  Mean % Mean %
Voltage kV Nusselt Difference Velocity Difference
number m/s
CASE A -Re =10
0 A 11.389 - 0.0117 -
B 11.839 3.81 0.0125 6.40
C 11.841 0.01 0.0125 0.00
1 A 104.159 - 0.0116
B 107.884 3.45 0.0125 7.2
C 107.884 0.00 0.0126 0.79
CASE A - Re =10 00
0 A 73.521 - 1.2501 -
B 74.722 1.61 1.2535 0.27
C 74.721 0.01 1.2536 0.00
1 A 90.094 - 1.2494 -
B 91.227 1.24 1.2535 0.33
C 91.277 0.00 1.2535 0.00
CASE B -Re = 10
0 A 14.2111 - 0.0095 -
B 14.3532 0.99 0.0113 15.93
C 14.3552 0.00 0.0115 1.74
1 A 100.184 - 0.0097 -
B 101.739 1.53 0.0112 13.39
C 101.742 0.00 0.0112 0.00
CASE B - Re =10 00
0 A 76.603 - 1.1287 -
B 78.698 2.66 1.1330 0.38
C 78.692 0.00 1.1330 0.00
1 A 89.993 - 1.1275 -
B 91.553 1.70 1.1326 0.45
C 91.550 0.02 1.1327 0.00
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considered. Thus, the flow field in the minichannel is induced purely by
the EHD conduction pumping. The electric potential and vorticity con-
tours along with velocity vectors in the minichannel for the horizontal
configuration (case A), at t = 10s are presented in Fig. 4 (a—Db). It is to be
noted that all the contours and local values presented in this study are
instantaneous values taken at t = 10s. Alternate high and low electric
potential regions are observed in the proximity of corresponding high
voltage and grounded electrodes. Vortices with strong vorticity magni-
tude are noticed to emanate near the electrodes flushed in the bottom
wall of the channel. The vorticity distribution is strong near the elec-
trodes and gets weakened in the vertical direction away from the elec-
trodes. The vortices originate from the smaller high voltage electrodes
and rotate towards the wider grounded electrodes. This observation
matches with the inference of [41]. Similar observations are also seen in
the electric potential and vorticity distributions for case B presented in
Fig. 4 (c - d). Application of EHD conduction pumping generates
vortices close to the electrodes in the bottom wall. These vortices pro-
duced by the EHD conduction pumping lead to flow recirculation near
the bottom wall of the minichannel which is expected to deplete the
thermal boundary layer, augment mixing and increase the heat transfer.
This effect is similar to that produced by solid flow disruptions in the
channel wall [42]. However, the geometrical drag induced by solid flow
obstacles will lead to higher pressure drop penalty than that produced by
flat plate electrodes with negligible thickness. It is to be noted that the
EHD generated vortices towards the end of the minichannel can lead to
flow reversal, especially at lower Reynolds numbers. Thus, in actual
experimental designs sufficient downstream length must be provided
between the last electrode and the outlet of the channel.
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Fig. 4. Contours of electric potential (a and c) and vorticity distribution (b and d) in cases A and B with no external flow and heat flux at an applied voltage of 1 kV.
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4.2. Boundary layer depletion by EHD conduction pumping

To visualize the interaction of the EHD vortices with the boundary
layers of the inlet flow in the minichannel, the velocity and Q-criterion
contours at Re = 10,100 and 1000 and at applied electric potential V =
0,0.5 and 1 kV for both the cases A and B are presented in Figs. 5, 6, 8
and 9. As observed in the velocity and vorticity contours at 0 kV, the
flow is evidently laminar and the laminar viscous boundary layer is
prominent. It is obvious that the velocity distribution gets higher and the
viscous boundary layer gets thinner with increasing values of Reynolds
number. The laminar viscous boundary layer observed in the range of
Reynolds number considered in this study, restricts fluid mixing and
heat transfer from the bottom heated wall. Consequently, thick thermal
boundary layers with high temperature distribution are observed in the
temperature contours for the cases without any electric field (see Figs. 7
and 10). In Figs. 7 and 10 (cases with V = 0kV), a well-defined thermal
boundary layer is noted with high temperature distribution. As the flow
Reynolds number increases from 10 to 1000, the thermal boundary gets
thinner due to increased convection heat transfer. This behavior is
common to both the cases of horizontal minichannel (case A) and 90
bent minichannel (case B). In Figs. 5, 6, 8 and 9, the velocity and Q-
criterion distribution for the cases with applied electric potential 0.5 and
1 kV are presented. In the presence of EHD conduction pumping,
vortices that are perpendicular to the main inlet flow are generated.
These vortices disrupt the laminar viscous boundary layer. At Re = 10,
significant viscous boundary layer disruption and fluid mixing are noted
in the computational domain. The vortices generated by EHD conduc-
tion pumping phenomenon exhibit sharp increased velocities near the
bottom wall. As the Reynolds number of the inlet flow is increased, the
inertia of the main channel flow begins to suppress the EHD conduction
pumping vortices. Thus, at Re = 100, the EHD conduction pumping
vortices and the fluid mixing is more localized only near the bottom wall
of the channel. However, the viscous boundary layer disruption is still
evidently visible at Re = 100 and V = 1kV. At Re = 1000, the EHD
conduction pumping vortices are almost completely suppressed by the
inertia of the main inlet flow. Thus, boundary layer depletion is not
clearly visible in the contours. This flow characteristics is recurrent in
both cases A and B of the minichannel. The fluid mixing and rotation
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induced by the EHD conduction pumping generated vortices are clearly
visible in the Q-criterion contours presented in Figs. 6 and 9. Although
the viscous boundary layer depletion is not clearly visible in the velocity
contours presented in Figs. 5 and 8, at Reynolds number equal to 1000,
Q-criterion contour shows the rotating flow near the electrodes even at
Re = 1000. However, it is evident that the rotational motion and mixing
effect introduced by the EHD vortices get weaker with increase in inlet
flow Reynolds number. Corresponding to the velocity and vorticity
distributions observed in the presence of EHD conduction pumping, the
thermal field is visualized in Figs. 7 and 10. As expected, the thermal
boundary layer also undergoes disruption and lower temperature is
noted in the presence of EHD conduction pumping. In both the cases A
and B, the depletion of the thermal boundary layer and mixing of the
thermal plumes is clearly evident at Re = 10. However, at Re =100, the
thermal boundary layer depletion is more notable in case A as compared
to case B. This can be attributed to the stronger natural convection in
case B. The natural convection due to the bent orientation of the channel
adds up to the forced convection of the incoming flow. Thus, the con-
vection effects are stronger and leads to higher suppression of the
depletion effect introduced by the EHD conduction pumping vortices. At
Re = 1000, the thermal boundary layer depletion is almost completely
suppressed in both cases A and B. In general, it can be inferred that the
boundary layer depletion and mixing effect introduced by the EHD
conduction pumping phenomenon is significant at lower Reynolds
numbers and higher applied voltages. This statement is applicable for
both the horizontal (case A) and 90° bent (case B) configurations of the
minichannel.

4.3. Pressure drop

In Fig. 11, the time averaged values of the mean velocity in the flow
domain is plotted against the flow Reynolds number for applied electric
potential 0, 0.5 and 1kV and at cases A and B. The mean velocity in the
domain remains unaffected by the EHD vortices. Although the EHD
vortices exhibit sharp velocities, those are localized to the proximity of
electrodes and has insignificant influence on the mean velocity in the
flow domain dictated by the main inlet flow. Thus, cases with (V > 0kV)
and without (V = 0kV) EHD conduction pumping exhibit same mean
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Fig. 5. Velocity field at Re = 10, 100 & 1000, applied voltages 0 kV, 0.5 kV and 1 kV and heat flux ¢,, = 10000 W/m? in horizontal configuration (case A).
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Fig. 6. Vorticity distribution at Re = 10, 100 & 1000, applied voltages 0 kV, 0.5 kV and 1 kV and heat flux q,, = 10000 W/m? in horizontal configuration (case A).
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Fig. 7. Temperature field at Re = 10, 100 & 1000, applied voltages 0 kV, 0.5 kV and 1 kV and heat flux q,, = 10000 W/m? in horizontal configuration (case A).

velocities at all Reynolds numbers. This is true for both the horizontal
and 90" degrees bent configuration of the minichannel. In case B, the
mean velocity at all Reynolds number is slightly lower than that in case
A, due to the additional static pressure in the bent orientation of the
minichannel. However, we can infer that the EHD conduction pumping
induced vortices are a local phenomenon that is significant only in the
region close to the electrodes in the bottom wall. The main stream flow
due to the inlet Reynolds number remains unaffected by the

introduction of EHD conduction pumping induced vortices. The time
averaged pressure drops in cases A and Bat V = 0,0.5 and 1 kV is plotted
as a function of flow Reynolds number in Fig. 12. It is obvious that the
pressure drop increases with increase in Reynolds number for both the
cases A and B. The pressure drops are higher for case B due to the
additional static pressure in the bent orientation of the minichannel. As
observed in the contours of velocity and g-criterion presented in Figs. 6
and 9, the EHD generated vortices are perpendicular to the incoming
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Fig. 12. Variation of pressure drop at 10 < Re < 1000 and applied voltages 0 kV, 0.5 kV & 1 kV for cases A and B.

flow. These vortices induce a drag to the mainstream fluid flow leading
to additional pressure drop. Thus, it is noted that the pressure drop in-
creases with the increase in applied voltage. At any given value of Re, the
time averaged pressure drop value between the inlet and out of the
minichannel increases with the increase in applied voltage.

4.4. Heat transfer

The flow morphology, depletion of thermal boundary layer, mixing
and increase in heat transfer is already demonstrated qualitatively in the
velocity, Q-criterion and temperature contours presented in Figs. 5 - 10.
The increase in heat transfer due to the thermal boundary layer deple-
tion is quantified in terms of mean and local Nusselt number in Figs. 13
and 14. It is to be noted that the main inlet flow decided by the Reynolds
number considered in the study is in the laminar steady regime. The
unsteadiness introduced by the EHD vortices is very small and is notable
only at smaller values of Reynolds numbers (Re < 100). Even at
Re < 100, the amplitude of oscillation in the local values with respect to
time is very small. Thus, the local Nusselt number values presented in
Fig. 13 are at time t = 10s. It is verified that all the simulations reach a
statistically steady state well before 10 s. Local Nusselt number distri-
bution along the heated bottom wall for cases A & B at Re = 10, 100 &
1000 and V = 0 & 1 kV are presented in Fig. 13 (a —b). In the absence of
EHD conduction pumping, the local Nusselt profile along the bottom
heated wall exhibits a smooth profile. For case A, the local Nusselt
number is highest at the inlet, gradually falls in the entry region and
reaches a constant value towards the outlet of the minichannel. For case
B, the local Nusselt number is maximum at the inlet, undergoes a
gradual decrease in the flow developing region. Unlike case A, the local
Nusselt number distribution exhibits a gradual raise towards the outlet
of the minichannel, due to the stronger natural convection in the bent
configuration of case B. In the absence of EHD conduction pumping, the
increase in local Nusselt number distribution due to the increase in
Reynolds number is evident in both cases A and B. The local Nusselt
number distribution in the presence of EHD conduction pumping is
characterized by ups and downs along the length of the bottom heated
wall. This can be attributed to the increased heat transfer and thermal
boundary layer disruption caused by the EHD conduction pumping

12

vortices. The local Nusselt number distribution in the presence of EHD
conduction pumping is notably higher than at 0kV, for both cases A & B.
The increase is higher for Re = 10. In fact, the local Nusselt number
distribution is more or less same for Re = 100 and 1000 at an applied
voltage of 1 kV. This indicates that at Re = 10, the local Nusselt number
distribution along the heated wall is mainly governed by the thermal
boundary layer depletion caused by the EHD conduction pumping
vortices. As the flow Reynolds number increases, the inertia of the main
inlet flow begins to suppress the EHD conduction pumping induced
vortices and the resultant heat transfer enhancement. The mean Nusselt
number variation with respect to Reynolds number at 0, 0.5 and 1 kV for
cases A & B is presented in Fig. 14. The mean Nusselt number presented
in Fig. 14 are averaged values for a period of 10 s. In general, the mean
Nusselt number is more or less same for cases A and B. In the absence of
EHD conduction pumping, for both cases A & B, the mean Nusselt
number gradually increases with the increase in Reynolds number. At
higher Reynolds numbers, the mean Nusselt number for case B is slightly
higher than case A due to the stronger flow observed near the outlet of
the minichannel. For both cases A and B, the mean Nusselt numbers in
the presence of EHD conduction pumping are notably higher than at
0kV, for all Reynolds numbers. At V = 0.5 and 1 kV, for both cases A and
B, the mean Nusselt number is more or less same. This confirms that the
heat transfer from the wall is mainly dictated by the local thermal
boundary layer depletion brought about by the EHD conduction induced
vortices. Although the thermal boundary layer depletion is not distinctly
visible at Re = 1000 (see Figs. 7 and 10), the EHD conduction vortices
still influences the heat transfer. Thus, it can be inferred that the local
heat transfer enhancement due to the EHD conduction pumping vortices
is functional irrespective of the flow Reynolds number and channel
orientation in the parameter space of this study. The maximum Nusselt
number is noted at Re = 10 for both cases A and B. Then, the mean
Nusselt number falls abruptly followed by a gradual increase and gets
saturated at higher Reynolds numbers. The heat transfer enhancement is
very significant at lower Reynolds numbers and higher applied electric
potentials, for both cases A and B.
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Fig. 13. Local Nusselt number distribution along the bottom heated wall at 10 < Re < 1000 and applied voltages 0 kV, 0.5 kV & 1 kV for cases A (a) and B (b).

4.5. Performance evaluation

The enhancement in heat transfer caused by the EHD conduction
pumping is also accompanied by a corresponding increase in pressure
drop. However, it is to be noted that the pressure drop is minimal as
compared to the increase in mean and local Nusselt numbers (refer
Figs. 12 - 14). The performance factor PF, which is defined as a com-
bined function of heat transfer enhancement and pressure drop, is used
to evaluate the net performance of the minichannel [36]. When the PF is
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greater than 1, the heat transfer enhancement due to the EHD conduc-
tion pumping is higher than the incurred penalty in pressure drop. By
contrast, when PF < 1, the pressure drop penalty is higher than the
achieved increase in heat transfer. For both cases A & B, the PF is higher
at lower Reynolds numbers and gets lower as Re is increased. A
maximum PF around 8.5 is observed for Re = 10 and V = 1kV for case A.
Whereas for case B, the maximum PF at for Re =10 and V = 1kV is
around 6.9. The effect of curvature on performance factor is notable only
at lower Reynolds numbers and at higher applied voltages. Irrespective
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Fig. 14. Variation of mean Nusselt number at 10 < Re < 1000 and applied voltages 0 kV, 0.5 kV & 1 kV for cases A and B.

of the curvature, at any given applied voltage, the performance factor is
more or less same for Reynolds number greater than 400. At Re > 400,
the performance factor for all cases is only slightly above 1, in both cases
and applied voltages. This confirms that the EHD vortices have weak
influence in performance factor enhancement at higher voltages. At
lower Reynolds numbers, the effect of curvature and applied voltage is
evidently visible. As presented in Fig. 12, we notice that the pressure
drop incurred in case B (bent configuration) is higher than that observed
in case B. Whereas, the mean Nusselt number presented in Fig. 14 is
more or less same for horizontal and bent configuration. Thus, for a same

increase in heat transfer, case B leads to additional pressure drop. This
can be related with the lower mean velocity in case B (refer Fig. 11).
Thus, the performance factor in case A is slightly higher than that in case
B. In conclusion, it can be inferred that EHD vortices significantly in-
crease the performance factor at lower Reynolds numbers. The increase
in mean Nusselt number caused by the EHD vortices is same irrespective
of the curvature of the minichannel. However, the additional pressure
drop caused by EHD vortices is higher in curved configuration (Case B).
This leads to slightly higher performance factor in case A, as compared
to case B. However, for both the cases A & B and in the entire parameter
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Fig. 15. Variation of performance factor at 10 < Re < 1000 and applied voltages 0.5 kV & 1 kV for cases A and B.
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space considered herein, the performance factor is greater than 1 (refer
Fig. 15). This indicates that EHD conduction pumping brings an effective
increase in heat transfer with comparably smaller increase in pressure
drop.

The electric power consumed by EHD conduction pumping is
calculated as Pg, = V x I,t, where I denotes the electric current flowing
from the high-voltage electrodes to the grounded electrodes. The total
electric current is computed by integrating the net current density flux

7 over the surface of all the high-voltage electrodes as follows [41]:

Ly = // 7 7ds 13
where,

oe, E
T = 85; +(Kp+Kn)E + (p—n)& — (DVp—DVn) as

The time averaged electric power consumption is 16.112 mW at Re =
1000 and V = 1kV for case A and 23.5643 mW at Re = 1000 and V = 1kV
for case B. Thus, EHD conduction pumping results in notable increase in
heat transfer and performance factor at the expense of few milliwatts of
additional electric power consumption. Thus, thermal boundary layer
depletion by vortices generated by EHD conduction pumping due to thin
plate electrodes flushed to the channel walls is an effective active
method of heat transfer enhancement in a minichannel.

5. Concluding remarks

In this work, a 2D numerical investigation of the flow and heat
transfer in straight and curved minichannels are presented. The flow and
heat transfer performance at straight horizontal (case A) and 90" bent
(case B) configurations are evaluated. The mechanism of boundary layer
disruption and the resultant enhancement in heat transfer at different
flow Reynolds numbers Re and applied electric potentials are investi-
gated. The main conclusions of this study based on an analysis of the
results are as follows:

e The electrode pairs flushed on to the bottom of the minichannel
generates small vortices due to EHD conduction pumping. These
EHD vortices exhibit localized high velocities close to the bottom
wall.

The viscous and thermal boundary layers are effectively disrupted by
the EHD-induced vortices, leading to notable increase in mean and
local Nusselt numbers.

For the parameters considered in this study, the performance factor
in the presence of EHD conduction pumping is always greater than 1,
for both cases A and B. This indicates that the heat transfer
enhancement obtained by generating EHD vortices is higher than the
incurred additional pressure drops.

Maximum performance factors around 8.5 and 7 are achieved in
straight and curved orientations of the channel, respectively.
Maximum performance enhancement is observed at low Reynolds
numbers and high applied voltages.

The performance in 90° bent orientation (case B) is lower than that in
case A (horizontal orientation). A maximum of 18.5 % drop in per-
formance is noted in case B, as compared to case A.

The additional electric power consumption for the EHD conduction
pumping is only in the range of few milliwatts. This proves that the
EHD conduction based thermal boundary layer depletion is an
effective active technique for active enhancement in minichannels.

In this study, a novel method is proposed to disrupt the laminar
viscous and thermal boundary layers in a flexible minichannel by using
the vortices generated by EHD conduction pumping phenomenon. The
results indicate that at safe and low applied voltages with minimum
additional power consumption, EHD conduction pumping can
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potentially be used to enhance the heat transfer in a flexible
minichannel.
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