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A numerical study based on the concept of conjugate transport phenomena analysis has been developed for the
investigation of heat transfer and ﬂuid ﬂow within a rectangular duct and a sample by Electrohydrodynamics
technique. High electrical voltage and average velocity of inlet hot-airﬂow are applied at 20 kV and 0.1 m/s,
respectively. Electrode arrangements or angle between electrode and ground are varied in a range of θ = 0–360°.
The eﬀect of swirling ﬂow on EHD-enhanced heat transfer is also examined. The results show that electric ﬁeld
from various angles can induce the diﬀerence swirling ﬂow pattern. By ﬂuid ﬂow within the sample is depended
on the swirling ﬂow and hot-airﬂow direction. Besides the shear ﬂow eﬀect, swirling ﬂow is aﬀected by temperature distribution. Therefore, it aﬀects the sample. Furthermore, ﬂuid ﬂow from swirling ﬂow eﬀect and
sample properties is the main mechanism of natural convection and conduction modes, respectively. Finally, the
comparison of heat transfer enhancement between water sample and porous sample are also presented.

1. Introduction
Conventional drying technique is usually involved high temperatures; this technique is widely used in food products. However, physical
and chemical properties are changed due to produce undesirable.
Furthermore, its drying period is long resulting in large energy consumption. The most important thing in industries except for producing
the high-quality products, there is to increase productivity and reduce
production cost. In fact, drying technique is involved with conventional
heat transfer by air, it is the most common medium used to transfer
energy in thermal food products. It is usually blown at the surface of the
food to ensure by heat treatment since drying, chilling, boiling and
freezing are the processes mainly concerned by these convective heat
transfers [1–3]. The recent development trends in heat transfer technique are focusing on conventional or hot-air drying cooperating with
other techniques such as microwave, vacuum, infrared and Electrohydrodynamics (EHD) [4–8]. In general, several techniques of industrial products are related to heat transfer technique either by using
energy from other sources resulting in low production costs. The microwave heating technique takes place inside the material, the penetrated depth of which governs how strongly the microwave energy
absorbed. However, it is known that the heat dissipated from the
∗

microwave technique depended on many parameters it is known that
result in poor quality products when it is not properly applied [9]. In
the vacuum, a technique can reduce operating times and higher endproduct quality but fundamental of vacuum technique is the operating
pressure to control of the product below a prescribed limit [10]. From
infrared radiation, it is transmitted through water at a short wavelength
while it is absorbed on the surface at a long wavelength [11]. One way
to improve thermal eﬃciency is to extend heat transfer area and increase the ﬂow velocity. The heat transfer enhancement technique
utilizing electrostatic force generated from the polarization of dielectric
ﬂuid or EHD can be one of the most promising methods among various
active techniques because of its several advantages. This technique
deals with the interdisciplinary ﬁeld with subjects concerning the interactions between electric and ﬂow ﬁelds. When an electrical voltage
is exposed to airﬂow, ions from a sharp electrode move forwards to the
ground. An ionic wind or primary ﬂow is formed when air ions are
accelerated by an electric ﬁeld and exchange momentum with neutral
air molecules. It is because ionic winds can generate ﬂow with no
moving parts and have low power consumption. As a result, the momentum of airﬂow is enhanced [12]. Meanwhile, shear ﬂow eﬀect
which is occurred by velocity diﬀerence between uncharged and
charged air induces the uncharged air to become secondary ﬂow or
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swirling ﬂow.
In order to improve convective heat transfer, some researchers are
studying seriously in EHD technique with ﬂow control [13–19]. Dulikravich et al. [13] studied a mathematical model and an explicit ﬁnite-diﬀerence for two-dimensional laminar steady ﬂow and solidiﬁcation of an incompressible, viscous and electrically conducting. The
system of governing EHD equations was derived from a combination of
Maxwell's equations and the Navier-Stokes equations including thermally induced buoyancy, latent heat release, and Joule heating. The
numerical results demonstrated the existence of strong electrothermoconvective motion in the melt and quantify its inﬂuence on the
amount of accrued solid, deposition pattern of the electrically charged
particles inside the accrued solid and the melt/solid interface shape. Go
et al. [17] analytically and experimentally studied of heat transfer from
a ﬂat plate. Corona discharges were generated between a steel wire and
copper-tape electrode pair on a ﬂat plate, perpendicular to the bulk
ﬂow direction such that the ensuing ionic wind was in the direction of
the bulk ﬂow. The magnitude of the corona current and the heat ﬂux on
the ﬂat plate were varied. The result found that the heat transfer
coeﬃcient was shown to be related to the fourth root of the corona
current and heat transfer enhancement was seen to be solely a hydrodynamic eﬀect. Variation of the spacing between electrodes demonstrates that while the local peak enhancement was largely unaﬀected,
the area of heat transfer enhancement was dependent on this spacing.
Kasayapanand [18] numerical studied the electric ﬁeld eﬀect on natural
convection in the square enclosures with the single ﬁn and multiple
ﬁns. The interactions electric, ﬂow and temperature ﬁelds were analyzed using a computational ﬂuid dynamics technique. The parameters
considered the supplied voltage, Rayleigh number, size of the enclosure, electrode arrangements, number of ﬁns and ﬁn length. The
result shown that the ﬂow and heat transfer enhancements were the
decreasing function of Rayleigh number, the heat transfer coeﬃcient
was substantially improved by the electric ﬁeld eﬀect especially at the
high number of ﬁns and longﬁn length. In addition, the maximum
average velocity and heat transfer enhancement occurred at the different electrode arrangements for the single ﬁn and multiple ﬁns.
For several years our research group tried to increase the convective
heat transfer subject to EHD technique [20–22] such as Chaktranond
and Rattanadecho [20] experimentally investigated the inﬂuences of
electrical voltage on the heat and mass transfer in porous packed bed
subjected to EHD drying. The results showed that the heat and mass
transfer rate in the packed bed was increased when using EHD. Furthermore, the convective heat transfer coeﬃcient and drying rate were
considerably enhanced with the strength of electric ﬁeld inﬂuencing
swirling ﬂow. Saneewong Na Ayuttaya et al. [21] studied electric ﬁeld
distribution, characteristics of swirling ﬂow and eﬀect of inlet velocity.
The numerical results showed that the diﬀerence of electrode and
ground arrangements inﬂuenced the swirling ﬂow behavior dominantly
due to the characteristics of Coulomb force or electric body force which
was aﬀected by the electric ﬁeld. The strength of swirling ﬂow was
decreased when inlet velocity was increased because inertial force was
superior to the electric body force. Moreover, the idea behind this work
can be used as guidance for the special design of EHD application
processes in the future. It can be seen that our group studies ﬂow
phenomena under electric ﬁeld in order to increase the swirling ﬂow.
The beneﬁt of swirling ﬂow is directly related to heat transfer

enhancement within a sample. Various types of sample occur in many
industries such as food, ceramic and wood. The most of sample is the
porous material or porous medium. The porous medium is a material
that consists of a solid matrix with an interconnected void. Based on the
complexity of interface problem, the heat transfer and swirling ﬂowing
past it is a conjugate transport phenomenon. The heat transfer between
a body and a ﬂuid ﬂowing past it is a conjugate problem, because the
heat transfer inside the body is governed by the elliptical Laplace
equation or by the parabolic diﬀerential equation, while the heat
transfer inside the ﬂuid is governed by the elliptical Navier-Stokes
equation or by the parabolic boundary layer equation. The solution of
such problem gives the temperature and heat ﬂux distributions on the
interface, and there is no need for a heat transfer coeﬃcient.
From the literature review of conjugate approach [23–27], it is essential to simulate all of this electric ﬁeld, ﬂow ﬁeld and temperature
ﬁeld systematically but there are few studied on EHD technique with
the conjugate approach. In this study, a rectangular duct ﬂow model is
used to simulate the swirling ﬂow and heat transfer enhancement in the
speciﬁed domain. Moreover, electrode arrangements are varied the
angle between electrode and ground, in order to study the suitable
arrangements for enhancing the ﬂuid ﬂow and temperature distribution
within sample. The natural convection or ﬂuid ﬂow within sample has
been studied. Finally, comparison of heat transfer and ﬂuid ﬂow within
water sample and water porous sample are presented.
2. Modeling analysis
This rectangular channel comprised of main three parts, the ﬁrst,
second and third parts are the electric ﬁeld, ﬂuid ﬂow, and heat transfer
models, respectively. The dimension of rectangular channels is 2.8 m
(long) × 0.3 m (high). In order to study eﬀect within the sample, it is
placed at the lower of rectangular duct and the top surface is exposed to
the hot-airﬂow. By sample is connected to the rectangular duct. The
dimension of the sample is 10 cm × 5 cm, as shown on Fig. 1. Furthermore, the interface between hot-airﬂow and sample is investigated
by the concept of conjugate approach. Within the rectangular duct,
electrode and ground are 0.5 mm (diameter). The position of the
ground is always ﬁxed at x = 0 m and y = 0 m. The displacement between electrode and ground is d = 4 cm. The angle between electrode
and ground (θ) is varied in clockwise direction from 0 to 360°. A subdomain is used for the entire simulation space which made up the inside
a rectangular duct. By using the electrical, charge transport, temperature and ﬂuid equations are solved, the classical properties of hot-airﬂow, water and solid are shown in Table 1 [21 and 28] and the thermal
properties of hot-airﬂow, water and solid are shown in Table 2 [21 and
28]. In this study, the porous sample is a saturated porous packed bed;
it consisted of single size glass beads with only water in voids.
3. Model approach
A numerical modeling based on conjugate approach has been formulated to predict the ﬂuid ﬂow and temperature distribution within
the rectangular duct and predict the transport phenomenon with the
sample. Three boundary conditions of the electric ﬁeld, ﬂuid ﬂow, and
heat transfer models are shown in Fig. 2.
Fig. 1. Model geometry for analysis.
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Table 1
Classical properties.

∂q
= 0,
∂t

(3)

⇀
J= qb E + q⇀
u,

(4)

∇⋅ J+

Modeling
parameter

b

Hot-airﬂow
Water
Solid

1.80 × 10−4
–
–

(m2/V.s)

saturation

(m2)

ε (F/m)

φ

κ

8.85 × 10−12
–
–

–
–
0.385

–
–
8.41 × 10−12

where E is electric ﬁeld intensity and u is airﬂow velocity. Of which
most of the corona current is collected at the tip of the electrode, charge
density (Q ) is calculated from Eq. (5):

–
1
–

V0 =

Source of hot-airﬂow: Saneewong Na Ayuttaya, S., Chaktranond, C.,
Rattanadecho, P. and Kreewatcharin, T., (2012). Eﬀect of Ground
Arrangements on Swirling Flow in a Channel Subjected to Electrohydrodynamic
Eﬀects, ASME Journal of Fluids Engineering, 134, 051211-9.
Source of water sample and porous sample (water and solid): Sungsoontorn, S.,
Rattanadecho, P. and Pakdee, W. (2011). One-Dimensional Model of Heat and
Mass Transports and Pressure Built Up in Unsaturated Porous Materials
Subjected to Microwave Energy, Drying Technol., 29, 189–204.

ρ(kg/m3)

η(m2/s)

k(W/m.K)

Cp (kJ/kg.K)

Hot-airﬂow
Water
Solid

1.060
998
2500

1.76 × 10−5
1.005 × 10−5
–

0.028
0.588
0.14

1.008
4.186
0.8

(5)

and

C=

Aε 0
,
d

(6)

where V0 and ε 0 are electrical voltage and dielectric permeability of free
space at the tip of the electrode, respectively. Electricity capacity (C ) is
calculated from Eq. (6). Space charge density at the tip of the electrode
(q 0 ) is described by Griﬃths [29], as shown in Eq. (7). It is a concept in
which excess electric charge is treated as a continuum of charge distributed over a region of space.

Table 2
Thermal properties.
Modeling parameter

Q
d,
Aε 0

q0 =

Q
ε V
= 0 0,
∀
hd

(7)

The governing equation for computing the electric force per unit
volume (fE) performing on ﬂuid ﬂow can be expressed by

Source of hot-airﬂow: Saneewong Na Ayuttaya, S., Chaktranond, C.,
Rattanadecho, P. and Kreewatcharin, T., (2012). Eﬀect of Ground
Arrangements on Swirling Flow in a Channel Subjected to Electrohydrodynamic
Eﬀects, ASME Journal of Fluids Engineering, 134, 051211-9.
Source of water sample and porous sample (water and solid): Sungsoontorn, S.,
Rattanadecho, P. and Pakdee, W. (2011). One-Dimensional Model of Heat and
Mass Transports and Pressure Built Up in Unsaturated Porous Materials
Subjected to Microwave Energy, Drying Technol., 29, 189–204.

1 ⇀2
1
⇀
⇀
⇀2 ⎡ ∂ε ⎤ ⎤
fE = q E − E ∇ ε+ ∇ ⎡
E
ρ ,
⎢ ⎥ ⎥
2
2 ⎢
⎣ ⎣ ∂ρ ⎦T ⎦

(8)

From the right-hand side of Eq. (8), three terms are the electrophoretic, dielectrophoretic and electrostrictive forces, respectively. In
the ﬁrst term, the electrophoretic force or Coulomb force results from
the net uncharged within the ﬂuid or ions injected from the electrodes.
Coulomb force results from the net charged ﬂuid or ions injected from
the electrodes. Electric ﬁeld distribution is emitted from electrode wire
and induces to the ground. The second term, the dielectrophoretic force
is a consequence of inhomogeneity in the permittivity of the dielectric
ﬂuid due to the non-uniform electric ﬁeld, temperature gradients, and
phase diﬀerences. The last term, the electrostrictive force is caused by
non-homogeneous electric ﬁeld strength and the variation in dielectric
constant with temperature and density [21]. From assumption, the dielectric properties are constant and homogeneity. Therefore, the second
and third terms on the right-hand side of Eq. (8) are negligible. Consequently, Eq. (8) reduces to

3.1. Electric ﬁeld analysis
The model is expressed to predict the electric ﬁeld in a rectangular
duct. To reduce the complexity of this problem, this study is based on
the following assumptions:
(1) The dielectric property is constant.
(2) The eﬀect of magnetic ﬁeld is negligible.
(3) The corona discharge occurs only in the vicinity around the electrode wire.
Electric ﬁeld distribution is computed by using Maxwell's equations
(Eqs. (1)–(4)) listed as below:

⇀
⇀
fE = q E ,

⇀
∇⋅ε E =q,

(1)

Boundary and initial condition of the electric ﬁeld is based on the
following:

⇀
E = −∇V,

(2)

(9)

(1) The outer sides of the boundary conditions are considered as zero

Fig. 2. Boundary conditions for analysis.
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Fig. 3. A two-dimensional ﬁnite element meshes.

Fig. 4. Relationship between temperature change as a percentage and diﬀerent
number of elements from this study.

charge symmetry,
(10)

n⋅ D= 0,

(2) Electrode and ground are considered as electrical voltage and
ground, respectively.

V= V0,

at electrode position

V= 0, at ground position

(11)
(12)

(3) The electrical voltage at the tip of the electrode (V0 ) is ﬁxed at
20 kV .
3.2. Flow ﬁeld and heat transfer analysis in a rectangular duct
In order to simplify the problem, several assumptions have been
oﬀered into the ﬂow and heat transfer analysis.
(1) The eﬀect of the phase change can be neglected.
(2) The incompressible ﬂow and the ﬂuid physical properties are assumed to be constant.
(3) The eﬀect of buoyancy and emission or absorption of radiant energy
is negligible.
(4) The thermal properties of the ﬂuid are considered to be constant.
The continuity and Navier–Stokes equations which coupled with
Coulomb force equation are considered from Eqs. (13) and (14), respectively. They are expressed by:

∇⋅⇀
u =0,

(13)

and

∂⇀
u
⇀
⇀
+ (⇀
u ⋅∇) ⇀⎤
u = −∇ P + μ∇2⇀
u + fE,
ρ⎡
⎢
⎥
⎣ ∂t
⎦

Fig. 5. The experimental ﬂow visualization from Luc et al. [31] when ui
= 0.35 m/s: (a) No EHD when a ﬂat plate at an angle of attack of 15° (b) V0
= 18 kV when a ﬂat plate at an angle of attack of 15° (c) No EHD when a ﬂat
plate at an angle of attack of 30° (d) V0 = 18 kV when a ﬂat plate at an angle of
attack of 30°.

(14)

Temperature distribution in a rectangular duct from swirling ﬂow is
calculated by using energy equation, as shown in Eq. (15).
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Fig. 6. Test results for validation purposes when ui = 0.35 m/s: (a) No EHD when a ﬂat plate at an angle of attack of 15° (b) V0 = 18 kV when a ﬂat plate at an angle
of attack of 15° (c) No EHD when a ﬂat plate at an angle of attack of 30° (d) V0 = 18 kV when a ﬂat plate at an angle of attack of 30°.

∂T
+⇀
ρCp ⎡
u ∇T⎤ = k(∇2 T)
⎣ ∂t
⎦

uniform. It is deﬁned as:
(15)

⇀
u =⇀
ui ,

The Boundary condition of ﬂow ﬁeld and heat transfer is based on
the following:

(16)

(2) The pressure of outlet boundary condition is considered with no
viscous stress. This boundary condition speciﬁes vanishing viscous
stress along with a Dirichlet condition on the pressure:

(1) The inlet velocity boundary condition of air is assumed to be
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Fig. 7. Present simulated results along x-y plane in case of absent inlet airﬂow (ui = 0 m/s) (V0 = 20 kV, θ = 90° and d = 4 cm) (a) electric ﬁeld (b) swirling ﬂow
and ﬂuid ﬂow within water sample and (c) swirling ﬂow and ﬂuid ﬂow within porous sample.

⇀ ⇀
η(∇⇀
u ) + (∇⇀
u ) T⋅ n= 0 and P = P0 ,

where φ is porosity, κ is permeability and eﬀective thermal conductivity
(keff ) in a porous sample is computed from

(17)

(3) The upper and lower of rectangular ducts are considered as no-slip
boundary condition, this is the standard and default boundary
condition for a stationary solid wall. The condition prescribed:

k eff = (1 − φ)k s + φ kl,

⇀
u =0,

(ρCp)

and

(18)

(19)

and open boundary condition is deﬁned at outlet boundary conditions

enthaply change = dH = Cp dT

(21)

⇀
u =0,

∂T
= 0,
∂n

(27)

(2) The initial within sample is zero and the initial temperature within
water sample and porous (Ts (t 0) ) is 20 ∘C .

3.3. Fluid ﬂow and heat transfer analysis within a sample
The governing equations describing the ﬂow ﬁeld and heat transfer
within the porous sample is calculated from Eqs. (22) and (23). They
are expressed by Keangin and Rattanadecho [30]:

3.4. Interface of hot-airﬂow and samples (water sample and porous sample)
It is evident that a generalized conjugate approach to the combined
ﬂuid ﬂow and heat transfer process, the interface of hot-air and sample
is solved by using Eq. (28). It is deﬁned as

(22)

− nu⋅(−ku∇Tu + ρu c p,u⇀
uu Tu) − n d⋅(−k d∇Td) = 0.

and

∂T
+ (ρCp)l⇀
u ∇ T= k eff ∇2 T,
∂t

(26)

and

(1) For Eq. (16), the inlet velocity of air (ui ) is 0.1 m/s .
(2) For Eq. (19), the initial temperature of hot-airﬂow (T(t 0) ) is 60 ∘C .

(ρCp)eff

(25)

(1) The only upper surface of the sample is exposed to hot-airﬂow
which describes in Eq. (28). The other boundary conditions of ﬂow
ﬁeld and heat transfer are considered as no-slip boundary condition
(Eq. (26)), and insulated boundary condition (Eq. (27)), respectively.

The initial condition of ﬂow ﬁeld and heat transfer is based on the
following:

μ 2⇀
μ⇀
u
1 ∂⇀
u
1
1
u ⋅∇) ⇀
u = − ∇ P+
+ 2 (⇀
∇ u −
,
φ ∂t
φ
ρl
ρφ
ρκ

= (1 − φ)(ρCp)s + φ (ρCp)l ,

(20)

(5) The upper and lower walls of the rectangular duct are insulated, as
shown in Eq. (21). The condition prescribed:

∂T
= 0,
∂y

eff

Subscript s and l are the solid and liquid phase, respectively.
Nevertheless, the governing equations describing the ﬂow ﬁeld and
heat transfer within the water sample is calculated from Eqs.(13)–(15),
but the properties of water are considered instead of air. By Eq. (14) is
not considered electric force.
The boundary and the initial condition of ﬂow ﬁeld and heat
transfer within a sample are based on the following:

(4) To solve the temperature distribution, the inlet and outlet temperature boundary condition are shown in Eqs. (19) and (20), respectively, which deﬁned as:

T= T(t 0),

(24)

(28)

The upper and the lower interfaces are designated by subscript u
and d , respectively.

(23)
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Fig. 8. Present simulated results along x-y plane in case of absent inlet airﬂow (ui = 0 m/s) (V0 = 20 kV, θ = 90° and d = 4 cm) (a) ﬂuid ﬂow within water sample
and (b) ﬂuid ﬂow within porous sample.

4. Calculation procedure
The COMSOL Multiphysics is the software for using in this research
paper. It is the platform for physics-based modeling and simulation. It is
a general-purpose software platform, based on advanced numerical
methods, for modeling and simulating physics-based problems.
COMSOL Multiphysics will be able to account for coupled or multiphysics phenomena. It can further expand the simulation platform with
dedicated physics interfaces and tools for electrical, mechanical, ﬂuid
ﬂow, and chemical applications. The ﬁnite element method using a
collocation method is used to analyze the transient problems and
compute a swirling ﬂow by EHD technique. In order to obtain a good
approximation, a ﬁne mesh is speciﬁed in the sensitive areas. This study
provides a variable mesh method for solving the problem as shown in
Fig. 3. The two-dimensional model is discretized using triangular elements and the Lagrange quadratic is then used to approximate the
electric, ﬂow and temperature ﬁeld across each element. The convergence test is carried out to identify the suitable number of elements
required. The relationship between temperature change as a percentage
and the diﬀerent number of elements is shown in Fig. 4. It is the convergence curve resulting from the convergence test. The high electrical
voltage (V0) is applied at 20 kV. Temperature and average velocity of
inlet hot-airﬂow are controlled at 60 °C and 0.1 m/s, respectively. The
relationship between temperature change as the percentage and different elements from simulations at a critically sensitive point is
showed, interface area between lower wall of a rectangular duct and
upper surface of the water sample is considered based on conjugate
approach. This convergence test leads to the mesh with approximately
9000 elements. It is reasonable to assume that, at this element number,
the accuracy of the simulation results is independent of the number of
elements.
Fig. 9. Electric ﬁeld in various θ (V0 = 20 kV and d = 4 cm): (a) θ = 45° (b) θ
= 135° (c) θ = 225° and (d) θ = 315°.

5. Model veriﬁcation
To verify the accuracy of ﬂow patterns, the resulting data is
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Fig. 10. Swirling ﬂow and ﬂuid ﬂow within water sample in various θ (V0 = 20 kV and d = 4 cm): (a) θ = 45° (b) θ = 135° (c) θ = 225° and (d) θ = 315°.

validated against the experimental ﬂow visualization from Luc et al.
[31] when ui = 0.35 m/s, as shown in Fig. 5. For experimental setup,
airﬂow (ui = 0.35 m/s) is moved from the left to the right direction and
the airﬂow around the inclined plate is visualized with an oil smoke
ﬁlament lightened by the 2d laser sheet. In case of no EHD, an inclined
plate at an angle of attack of 15° and 30° are shown in Fig. 5(a) and (c),
respectively. When airstream ﬂows without the electric ﬁeld, it separates from the inclined plate. In case of EHD (V0 = 18 kV), the inclined
plate at an angle of attack of 15° and 30° are shown in Fig. 5(b) and (d).
The electrode and ground are made of copper and aluminum, respectively. For low angle (Fig. 5(b)), the airﬂow remains attached to the
inclined plate. For higher angle (Fig. 5(d)), the airﬂow is reattached and
the wake highly decreases. The test result for validation purpose is visualized in Fig. 6. The ﬁnite element method using a collocation
method is used to analyze the validated problems. In case of no EHD
and ui = 0.35 m/s, the trend of ﬂow visualization of an inclined plate
at an angle of attack of 30° (Fig. 6(c)) is more separated than an inclined
plate at an angle of attack of 15° (Fig. 6(a)). In case of EHD and ui
= 0.35 m/s, the trend of ﬂow visualization of an inclined plate at an
angle of attack of 15° (Fig. 6(b)) is more reattached than an inclined

plate at an angle of attack of 30° (Fig. 6(d)). In this result, electric
discharge is to convert electrical energy into kinetic energy inside the
boundary layer in order to accelerate the ﬂow close to the inclined
plate. In addition, the ﬂow visualization by oil incense technique and
simulation has a good agreement.
6. Results and discussion
The mathematical model combined with Coulomb force, energy,
continuity and incompressible Navier-Stokes equation are systematically proposed. The coupled models of the swirling ﬂow by electric
ﬁeld eﬀect and unsteady heat transfer as well as the boundary conditions are solved numerically on EHD technique with the conjugate
approach.
6.1. Swirling ﬂow in case of absent inlet airﬂow
For absent inlet airﬂow (ui = 0 m/s), the eﬀect of electric ﬁeld
inﬂuences with swirling ﬂow is presented. From Fig. 1, the electrical
voltage (V0), the angle between electrode and ground (θ) and
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Fig. 11. Swirling ﬂow and ﬂuid ﬂow within porous sample in various θ (V0 = 20 kV and d = 4 cm): (a) θ = 45° (b) θ = 135° (c) θ = 225° and (d) θ=315°.

pattern. Within the sample, the interface between hot-airﬂow and
sample is investigated by the concept of conjugate approach, it can be
seen that ﬂuid ﬂow is supported by swirling ﬂow, as shown in Fig. 8. By
average, the velocity of ﬂuid ﬂow within the water sample (Fig. 8(a)) is
higher than within the porous sample (Fig. 8(b)). Fluid ﬂow can move
rapidly through the bottom of water sample container. However, ﬂuid
ﬂow can move partially through the porous sample. This is due to the
permeability of porous medium (κ ) has strong eﬀect on the ﬂuid ﬂow
within the porous sample. The presence of porous matrix, i.e., glass
beads that resist the ﬂow motion of the liquid in the voids. Nevertheless, the conduction heating mode is still higher in case of the porous
sample since it displays a higher eﬀective thermal conductivity as
compared to the water sample. Furthermore, it can be seen that both of
electric ﬁeld and swirling ﬂow have appeared between electrode and
the ground area, so shear ﬂow is locally concentrated when ground is
investigated. For the next Figures show electric ﬁeld and swirling ﬂow
in x-y plane which focuses to the plane of electrode and ground area.

displacement between electrode and ground (d) are 20 kV, 90° and
4 cm, respectively. The electric ﬁeld eﬀect, shear ﬂow from charged
airﬂow is induced so uncharged airﬂow around the area has appeared.
This causes the shear ﬂow to become the swirling ﬂow. Furthermore,
electric ﬁeld direction is inﬂuenced the swirling ﬂow pattern. Fig. 7
shows the simulated results of electric ﬁeld pattern (Fig. 7(a)) and
swirling ﬂow pattern (Fig. 7(b–c)) of air along x-y plane. It can be seen
that electric ﬁeld from Fig. 7(a) moves from electrode to the ground and
it concentrates between electrode and ground area. By Fig. 7(b) and (c)
show swirling ﬂow in a rectangular duct and ﬂuid ﬂow within water
sample and porous sample, respectively. From shear ﬂow eﬀect, four
cells of swirling ﬂow have appeared in the rectangular duct. The big
front cell and big latter cell are appeared in clockwise and counterclockwise direction, respectively. The big double cells of swirling ﬂow
are induced by shear ﬂow so the small doubles cells are swirled. Due to
electrical voltage (V0), the angle between electrode and ground (θ) and
displacement between electrode and ground (d) do not diﬀerence so
characteristic of swirling ﬂow in the rectangular ducts are the same
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Fig. 12. Fluid ﬂow within water sample in various θ (V0 = 20 kV and d = 4 cm): (a) θ = 45° (b) θ = 135° (c) θ = 225° and (d) θ = 315°.

6.2. Swirling ﬂow when using various electrode arrangements

inlet velocity (ui) and displacement between electrode and ground (d)
are 20 kV, 0.1 m/s and, 4 cm, respectively. Fig. 9 shows electric ﬁeld
distribution in the various angle between electrode and ground (θ),
Fig. 9(a–d) are θ = 45°, 135°, 225° and 315°, respectively. An electric
ﬁeld is the force ﬁeld that is the property of one electric charge that will

In order to compare the eﬀect of electrode arrangements, the angle
between electrode and ground (θ) are varied from 0 to 360° in the
clockwise direction. From Fig. 1, the electrical voltage (V0), uniform
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Fig. 13. Fluid ﬂow within porous sample in various θ (V0 = 20 kV and d = 4 cm): (a) θ = 45° (b) θ = 135° (c) θ = 225° and (d) θ = 315°.

primary ﬂow from electric ﬁeld moves from electrode to ground in
order to induce the shear ﬂow. This causes the shear ﬂow to become the
swirling ﬂow or secondary ﬂow. Due to electrical voltage is in controlled, so electric ﬁeld intensity is not diﬀerenced. It is noted that
electrical ﬁeld from Eq. (2) has a trend corresponding to that of electric

aﬀect the second charge by repelling or attracting that second charge.
The direction of electric ﬁeld is taken to be the direction of the force.
The electric ﬁeld is radially outward from the electrode and radially in
toward ground. In all cases, the electric ﬁeld moves outwardly from
electrode to ground and concentrate at both electrode and ground. The
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= 135° (Figs. 10(b) and Fig. 11(b)) and θ = 225° (Figs. 10(c) and
Fig. 11(c)). As θ = 135°, the front cell and latter cell are swirled in the
counterclockwise direction, but two cells of swirling ﬂow from θ =
225° are appeared in the diﬀerent direction, the front cell and latter cell
are swirled in the clockwise direction. Due to electrode arrangements
are installed in the diﬀerent direction. From θ = 270° and θ = 315°
(Figs. 10(d) and Fig. 11(d)), the swirling ﬂow is circulated in the
clockwise direction when inlet airﬂow is supplied from the left to the
right direction. Due to the angle between electrode and ground are
varied, it can be seen that the diﬀerences of swirling ﬂow appear in
other patterns. This is because electric ﬁeld induction hot-airﬂow induces shear ﬂow in the diﬀerent direction. By the maximum velocity is
appeared in case of θ = 90°. So θ = 90° is optimum electrode position
due to it can induce the suitable electric force. From Figs. 12 and 13, the
swirling ﬂow pattern in a rectangular duct is no diﬀerent when the
angle between electrode and ground is not varied. This is because
swirling ﬂow is depended on shear ﬂow eﬀect. In case of control an
angle, electric ﬁeld can induce the same of swirling ﬂow pattern.
Based on the concept of conjugate transport phenomena analysis,
swirling ﬂow and ﬂuid ﬂow by EHD technique have been investigated
within a speciﬁed domain. Figs. 12 and 13 show ﬂuid ﬂow within the
water sample and porous sample, respectively. In case of water sample
(Fig. 12), the single phase of water is considered. Fluid ﬂow within the
sample from various angles is depended on the swirling ﬂow direction
and hot-airﬂow direction. From Fig. 1, the angle between electrode and
ground (θ) is varied in clockwise direction from 0 to 360° and the
displacement between electrode and ground is d = 4 cm. The disturbance of swirling ﬂow between interface zones is related with increasing of velocity within the water sample. From Fig. 12(a–b), position of swirling ﬂow is strongly disturbed between interface zones so
ﬂuid ﬂow within the water sample is clearly increased the velocity. By
Fig. 12(c–d), swirling ﬂow is not supported by the shear ﬂow so ﬂuid
ﬂow within the water sample is slowly increased the velocity. In case of
the porous sample (Fig. 13(a–d)), two phases of solid and water are
considered and are in saturated condition. The void fraction is deﬁned
as the fraction of the ﬂow-channel volume that is occupied by the liquid
phase (water) or, alternatively, as the fraction of the cross-sectional
area of the channel that is occupied by the liquid phase. In this study,
water saturation void fraction is 1. Due to the density of porous is
higher than the density of water and permeability (κ ) is the property of
the porous material that is an indication of the ability for ﬂuids (gas or
liquid) to ﬂow through the porous material. Namely, having the porous
matrix which will retard the ﬂuid ﬂow. So in all cases, the velocity of
ﬂuid ﬂow of porous sample is lower than water sample. From above
data, within the sample is appeared for two terms. The ﬁrst and the
second terms are conduction and natural convection, respectively. In
this study, sample properties are the main mechanism of the natural
convection, it is a mechanism, or type of heat transport, in which the
ﬂuid motion but only by density diﬀerences in the ﬂuid occurring due
to temperature gradients.

Fig. 14. Flow visualization in various θ: (a) θ = 45° (b) θ = 135° (c) θ = 225°
and (d) θ = 315.°.

force from Eq. (9). Furthermore, space charge density is the same direction with the electric ﬁeld. When electric ﬁeld induced hot-airﬂow,
it can be seen that electric ﬁeld from various angles can induce the
diﬀerentiation of swirling ﬂow pattern. The swirling ﬂow of airﬂow
with the water sample and porous sample are considered from Figs. 10
and 11, respectively. When considering in a rectangular duct, position
and vortex strength depends on the location of electrode respecting
with the ground position. When θ = 0° and θ = 180°, electrode and
ground is stalled in the same direction of the hot-airﬂow. So the eﬀect
of shear ﬂow is not strong, the velocity of charged and uncharged airﬂow is little diﬀerence to the small swirling ﬂow has appeared. From θ
= 45° (Figs. 10(a) and Fig. 11(a)) and θ = 90°, the swirling ﬂow
motion displays in the counterclockwise direction. By the arrangement
of θ = 90° is supported from the inlet airﬂow, so θ = 90° is widely
swirled and extended more than that of θ = 45°. Due to shear ﬂow
eﬀect, double cells are swirled for the diﬀerent direction, as shown in θ

6.3. Motion of airﬂow
In order to conﬁrm the accuracy of the present numerical model, the
modiﬁed case of the simulated results is validated against the experimental data. From experimental setup in this study, ﬂow visualization
has appeared from incense smoke technique. The hot-airﬂow is supplied from a blower an electric heater. In order to control the temperature of the hot air, a thermocouple sensor (TC) is placed in front of
the test section, where the cross-sectional area is 30 × 30 cm. The high
voltage power supply (ACOPIAN model: NO30HP2M.-230) is used to
create electrical voltage. A copper electrode wire is suspended from the
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Fig. 15. Temperature distributions for 250 s and ui = 0 m/s (a) No EHD within water sample (b) EHD within water sample (V0 = 20 kV, θ = 90° and d = 4 cm) (c)
No EHD within porous sample (d) EHD within porous sample (V0 = 20 kV, θ = 90° and d = 4 cm).

numerical modeling of swirling ﬂow. By trend of swirling ﬂow from θ
= 45° (Figs. 10 and 11(a)), θ = 135° (Figs. 10 and 11(b)), θ = 225°
(Figs. 10 and 11(c)) and θ = 315° (Figs. 10 and 11(d)) are similar with
trend of swirling ﬂow from θ = 45° (Fig. 14(a)), θ = 135° (Fig. 14(b)),
θ = 225° (Fig. 14(c)) and θ = 315° (Fig. 14(d)). It is shown that the
comparison results in both techniques are in good agreement. These
conﬁrm the accuracy of the present numerical model. In addition, the
arrangement of θ = 45° is supported from the inlet airﬂow, so the
swirling ﬂow is clearly swirled and concentrated more than the other
cases.

top of rectangular duct and it is placed in the front of the packed bed
and a copper ground is suspended horizontally across the test section.
In order to observe the motion of airﬂow subjected to the electric ﬁeld,
incense smoke technique is used from smoke generator (GUNT
HAMBURG: HM 170.52). A spotlight of 500 W is placed at the outlet of
rectangular duct ﬂow and the light direction is opposite to the ﬂow
direction. The inlet velocity is 0.1 m/s and the electrical voltage is
20 kV. The motion of airﬂow is continuously captured by a digital video
camera record (SONY: VCT-R640). The primary ﬂow from electric ﬁeld
moves from electrode to ground in order to induce the shear ﬂow. This
causes the shear ﬂow to become the swirling ﬂow or secondary ﬂow. In
various angles between electrode and ground (θ), it can induce the
diﬀerentiation of swirling ﬂow pattern, as shown in Fig. 14. When θ =
45° (Fig. 14(a)), the swirling ﬂow motion displays in the counterclockwise direction due to shear ﬂow eﬀect. The double cells are
swirled in the diﬀerent direction, as shown in θ = 135° (Fig. 14(b)).
The front cell and latter cell are swirled in the counterclockwise direction, respectively, but two cells of swirling ﬂow from θ = 225°
(Fig. 14(c)) are appeared in the diﬀerent direction. Due to electrode
arrangements are installed in the diﬀerent direction. From θ = 315°
(Fig. 14(d)), the swirling ﬂow is circulated in the clockwise direction
when inlet airﬂow is supplied from the left to the right direction. It can
be seen that similar trend between incense smoke technique and

6.4. Heat transfer in case of No EHD and EHD eﬀect
From Fig. 15, swirling ﬂow and temperature distributions for 250 s
in case of No EHD and EHD are compared when absent inlet airﬂow (ui
= 0 m/s). In case of No EHD (Fig. 15(a) and (c)), swirling ﬂow does not
appear so temperature distribution is not frantically. In case of EHD
(Fig. 15(b) and (d)), the electrical voltage (V0), the angle between
electrode and ground (θ) and displacement between electrode and
ground (d) are 20 kV, 90° and 4 cm, respectively, as shown in Fig. 1. The
swirling ﬂow from Fig. 7(b) and (c) are aﬀected by the temperature
distribution of water sample (Fig. 15(b)) and porous sample
(Fig. 15(d)), respectively. The swirling ﬂow is inﬂuenced by heat
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Fig. 16. Temperature distribution within sample for 250 s and ui = 0 m/s (a) No EHD within water sample (b) EHD within water sample when V0 = 20 kV, θ = 90°
and d = 4 cm s (c) No EHD within porous sample (b) EHD within porous sample when V0 = 20 kV, θ = 90° and d = 4 cm.

clearly increased but in case of No EHD, the temperature distribution of
the sample is slowly increased. It can be seen that besides the shear ﬂow
eﬀect, swirling ﬂow is aﬀected by temperature distribution so it aﬀects
the sample. In addition, the heating zone within the porous sample
(Fig. 16(c–d)) is higher than within water sample (Fig. 16(a–b)), due to
the diﬀerence of sample properties. By speciﬁc heat capacity of glass

transfer so temperature distribution is spreader over the sample. Fig. 16
shows temperature distribution within the sample for 250 s and absent
inlet airﬂow. Heating zone of water sample in case of EHD (Fig. 16(b))
is higher than in case of No EHD (Fig. 16(a)) and heating zone of porous
sample in case of EHD (Fig. 16(d)) is higher than in case of No EHD
(Fig. 16(c)). So temperature distribution of the sample in case of EHD is
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airﬂow and sample is investigated by the concept of conjugate approach. The swirling ﬂow can clearly disturb the temperature in the
rectangular duct, heat from airﬂow transfers to the sample so the
temperature of airﬂow decreases. When temperature of sample closes to
temperature of airﬂow, rate of heat transfer becomes lower. This causes
temperature at the sample surface gradually increases. As shown in
Fig. 18, temperature distribution in a rectangular duct and within water
sample is presented. For No EHD case, the uniform inlet velocity (ui) is
0.1 m/s. For EHD case, the electrical voltage (V0), uniform inlet velocity
(ui), angle between electrode and ground (θ) and displacement between
electrode and ground (d) are 20 kV, 0.1 m/s, 30° and 4 cm, respectively,
as shown in Fig. 1. When time = 900 s, temperature distribution of No
EHD case is supported with only hot-airﬂow so within water sample is
slowly increased. But within water sample in case of EHD is clearly
increased due to besides the shear ﬂow eﬀect, swirling ﬂow is aﬀected
with temperature distribution so it aﬀects within the water sample.
Heating zone within water sample in case of EHD (Fig. 18(b)) is higher
than within water sample in case of No EHD (Fig. 18(a)). From Figs. 19
and 20 show temperature distribution in various θ. When t = 900 s,
temperature distribution in a rectangular duct and within sample are
presented. From Fig. 1, the electrical voltage (V0), uniform inlet velocity (ui) and displacement between electrode and ground (d) are 20 kV,
0.1 m/s and 4 cm, respectively. When consider within the water sample
(Fig. 19), swirling ﬂow in the rectangular duct from Fig. 10 can induced
ﬂuid ﬂow within water sample (Fig. 12) and it can attract heat at water
sample surface so temperature within water sample is increased. From
Fig. 12(a–b), ﬂuid ﬂow within the water sample is clearly increased the
velocity so temperature distribution within the water sample
(Fig. 19(a–b)) is rapidly increased. It can be seen that heating zone is
perturbed by swirling ﬂow. In the all cases, heat at 60 °C is transferred
from left to right direction and heat becomes lower when heat moves
across the sample surface. Furthermore, temperature distribution at
sample surface area is aﬀected within sample. With swirling ﬂow eﬀect,
ﬂuid ﬂow above the sample surface moves faster and then leads the

Fig. 17. Comparison of sample surface temperature for cases of No EHD and
EHD (V0 = 20 kV, θ = 90° and d = 4 cm) within water sample and within
porous sample.

beads or porous sample is lower than the speciﬁc heat capacity of the
water sample. When the temperature of the sample surface is considered, variations of temperatures are treated by parabolic function as
shown in Fig. 17. By trend of temperature in case of the porous sample
is steeper than that in case of the water sample. So sample properties
are inﬂuenced by sample surface temperature.
6.5. Heat transfer when various electrode arrangements
In this section, ﬂow velocity and heat transfer area are increased
when improvement of thermal eﬃciency. From the initial time
(t = 0 s), temperature in a rectangular duct is 60 °C and temperature
within sample is 20 °C. After time progress, the temperatures within
sample are increased with increasing times. Interface between hot-

Fig. 18. Temperature distribution for 900 s within water sample (a) No EHD (b) EHD (V0 = 20 kV, θ = 30° and d = 4 cm).

381

International Journal of Thermal Sciences 130 (2018) 367–385

S. Saneewong Na Ayuttaya, P. Rattanadecho

Fig. 19. Temperature distribution within water sample for 900 s in various θ (V0 = 20 kV and d = 4 cm): (a) θ = 45° (b) θ = 135° (c) θ = 225° and (d) θ = 315°.

shows comparison of temperature ratio (average temperature within
the water sample for EHD in various angles per average surface temperature of No EHD, Ts,avg) between water sample and porous sample
and it is similar trends of comparison of average velocity ﬁeld ratios
within the sample. By the maximum velocity and maximum temperature are appeared in case of θ = 90°. So θ = 90° is optimum electrode

heat to more transfer to the sample surface. This causes the temperature
of sample to rapidly increase. In case of within the porous sample
(Fig. 20), speciﬁc heat capacity of glass beads is lower than speciﬁc heat
capacity of water so heating zone within the porous sample (Fig. 20) is
higher than that in case of water sample (Fig. 19). In this study, sample
properties are the main mechanism of the conduction term. Fig. 21
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Fig. 20. Temperature distribution within porous sample for 900 s in various θ (V0 = 20 kV and d = 4 cm): (a) θ = 45° (b) θ = 135° (c) θ = 225° and (d) θ = 315°.

7. Conclusion

position due to it can induce the suitable electric force. The results show
that the inﬂuence of swirling ﬂow is aﬀected with temperature distribution and heat transfer enhancement. In this study, ﬂuid ﬂow from
swirling ﬂow eﬀect is the main mechanism of natural convection term.
It is observed that conduction term within the sample is more eﬀect
than natural convection term.

Numerical simulation is carried out to study the inﬂuences of
electrode arrangements and transport phenomena within the water and
porous
samples
connected
to
rectangular
duct
under
Electrohydrodynamics. The following are the conclusions of this work.
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Fig. 21. Comparison of temperature ratio between within water sample and
within porous sample when variousθ.

1. The electric ﬁeld from various angles can induce the diﬀerence
swirling ﬂow pattern within the rectangular duct. This is because
electric force induces shear ﬂow in diﬀerent directions. By ﬂuid ﬂow
within the sample are depended on the swirling ﬂow and hot-airﬂow
direction. The optimum electrode position is θ = 90° due to it can
induce the suitable electric force.
2. Electric force aﬀects the swirling ﬂow characteristics in relation to
the heat transfer enhancement.
3. The velocity of ﬂuid ﬂow within the water sample is higher than
within the porous sample because the natural convection is the main
mechanism. But heating zone within the porous sample is higher
than within the water sample because the conduction term is the
main mechanism.

Subscripts

d
eﬀ
i
l
s
u
w
0

lower interface
eﬀective value
inlet
liquid phase
solid, sample
upper interface
water sample
atmospheric, initial and wire

Superscript

From above data, the idea behind this work can be used as guidance
for special design for drying process. Electrohydrodynamics system is
designed for drying industrial with the least manpower and minimum
maintenance in the future.

T

transpose of matrix
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