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ABSTRACT

The present study has addressed some fundamental issues involved in the heat and
mass transfer enhancement by electric field. To examine the heat transfer enhancement
by the electric field, forced convection in a horizontal channel has been first numerically
modeled using two-way coupling between the electric field and the fluid field. Heat
transfer enhancement in the presence of electric field has been evaluated by employing
both one-way and two-way coupling models. Numerical solutions have been obtained
for a wide range of governing parameters (Vo = 10.0, 12.5, 15.0 and 17.5 kV as well as u;
= 0.0759 to 1.2144 m/s). Since the difference in the results obtained by these two
approaches is insignificant, it is concluded that the assumption of one-way coupling is
valid. Then, the heat transfer enhancement by electric field is examined for natural
convection in an enclosure with the effects of Joule heating. Numerical solutions have
been obtained for three electrode locations and a wide range of governing parameters (Ra
=10, 10°, and 10°%, and V, = 12, 15, and 18 kV). The results obtained show that the
effects of Joule heating are negligible when the Rayleigh number is large (Ra > 10°). For
a small Rayleigh number (Ra = 10%), the effects of Joule heating are significant.

To study the mass transfer enhancement by the electric field, experiments have
been conducted and the effects of corona wind (Vo = 14 - 20 kV), corona polarities
(positive and negative), and cross-flow (u; = 2.2 m/s) on the evaporation rate of water
have been carefully examined. Correlations have been proposed for the water
evaporation rate under the application of electric field for both positive and negative

corona polarities. Then, numerical models are developed for the electric, flow, and



concentration fields. Numerical results have been compared with the experiment results

and the agreement between them is found to be satisfactory.
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CHAPTER ONE

INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

Heat and mass transfer between a surface and its ambient air can be significantly

enhanced through the application of a high electric field. When a high voltage is applied

to a fine wire or a sharp needle, air in its vicinity is ionized and the ions are drawn toward

the electrically grounded plates (Figure 1.1). During the migration to the plate electrodes,

the ions transfer their momentum to neutral molecules by collision. A bulk flow of

ionized air molecules is thus created, and is called corona wind, or secondary flow. The

corona wind disturbs the boundary layer on the grounded surface and thus enhances heat

and mass transfer between the grounded surface and its ambient air. This technique is

called electrohydrodynamically enhanced (or EHD-enhanced) heat and mass transfer [1].

The advantages of heat and mass transfer enhancement by electric field are

1.

The implementation is simple by using only a small transformer and electrodes
(needles, wires or mesh).

Heat and mass transfer coefficients can be rapidly controlled by adjusting the
electric field strength.

This technique can be applied to special environments, like zero-gravity.

CFC alternatives, oils, and liquids with relatively small electrical conductivity, as
well as gases are all acceptable working fluids at the present level of EHD
technology.

The electric power consumption is usually negligible in many applications [1].



grourlded high voltage power supply

wire

L

gro unded

Figure 1.1 Mechanism of EHD-enhanced heat and mass transfer

EHD technique can be applied to various heat and mass transfer processes, such
as convection, boiling, condensation, and evaporation [1]. The complication of EHD-
enhanced heat and mass transfer is due to the interactions among the electric, flow,
temperature, and concentration fields. Also, different EHD phenomena are involved with
different substances. Therefore, the EHD-enhancement phenomenon is system-specific.
The enhancement of heat and mass transfer using electric field has long been
demonstrated by experiments. Due to the complexity of the problem, numerical solutions

are often difficult to obtain. This chapter presents a literature review on EHD-enhanced



heat transfer in natural and forced convection, as well as EHD-enhanced mass transfer in

drying.

1.2 EHD-enhanced Heat Transfer

1.2.1 EHD-enhanced Natural Convection

EHD-enhanced natural convection has been investigated by Lykoudis and Yu as
early as 1962 [2]. In their experiment, the natural convection between a horizontally
heated wire and a coaxial cooled cylinder under a non-uniform radial electric field was
examined. They reported that the enhancement of convection was due to the additional
recirculation produced by the electric force. Similar to the work by Lykoudis and Yu [2],
Marco and Velkoff [3] used flat plates instead of coaxial cylinder. It was found that the
corona wind led to the increase of approximately five times the pure natural convection in
the experiments. The photographs demonstrated that the enhancement was due to the
disruption of the thermal boundary layer. Later, Franke [4] investigated the effect of
vortices induced by corona discharge on natural convection from a vertical plate. His

results showed that heat transfer rate was doubled with the presence of an electric field.

Yabe et al. [5] developed a model to analyze experimentally and theoretically on
the effect of corona wind. In their experiment, a fine wire was used as an anode and a
plate was used as a cathode in a two-dimensional enclosure filled with nitrogen. Yabe et
al. [5] found that positive ions predominated in the whole space, except in an extremely
narrow region close to the wire. A theoretical analysis was performed based on the
model that positive ions produced by ionization near the wire electrode moved toward the

plate. The electric potential distribution in the space was calculated numerically. It was



shown that the corona wind was caused by the Coulomb force exerted on ions, and

collisions of ions and neutral molecules of gas.

Franke and Hutson [6] investigated the effects of corona wind on natural
convection inside a vertical hollow cylinder. By calculating the heat input required to
maintain the inner surface of the cylinder at a constant temperature, the heat transfer rate
was found to be nearly doubled along the inner surface due to the effect of the corona

wind.

Recently, some numerical solutions of EHD-enhanced natural convection have
been reported. Liu and Lai [7] performed numerical simulations to study the effects of
wire location on the EHD-enhanced natural convection in an enclosure. It was found that
the enhancement in heat transfer was possible due to the oscillation of the flow field.
When the wire was located at the lower part of the enclosure, the effect of EHD-enhanced
heat transfer was more significant than those of other wire locations. The maximum
EHD-enhanced heat transfer rate was four times higher than those without the electric
field. Following Liu and Lai’s work [7], Tan and Lai [8] considered a two-dimensional
cavity with an aspect ratio of 5 and applied positive corona discharge from an electrode
wire charged from a high voltage supply in several locations. The enclosure was
differentially heated from the vertical walls. It was observed that at low Rayleigh
numbers, the flow and temperature fields were basically oscillatory in nature. When the
Rayleigh number was sufficiently increased, a steady state might be reached. Heat
transfer enhancement was found to increase with the applied voltage, but decrease with
the Rayleigh number. Similar to Tan and Lai’s work [8], Ngo and Lai [9] presented some

numerical results for the effects of electric field on natural convection in an enclosure



filled with air and heated from below. The geometry considered was a two-dimensional
rectangular cavity with an aspect ratio of one fifth. Ngo and Lai [9] also found that the
flow and temperature fields might become steady, periodic, or non-periodic depending on
the applied voltage and Rayleigh number. Because of the EHD-induced oscillatory

flows, heat transfer was enhanced and was most significant at small Rayleigh numbers.
1.2.2 EHD-enhanced Forced Convection

Yamamoto and Velkoff [10] experimentally and numerically studied the
secondary flow interaction in an electrostatic precipitator. A two-dimensional, laminar
flow model was used. In the experiment, a Schlieren system and mist-injected smoke
was used to visualize the interaction of the secondary flows. In the numerical study, the
electric field distribution and space charge density were determined by using the
Maxwell’s equation, Possion’s equation, and the current continuity equation. Then the
flow field was determined by solving the Navier-Stokes equations in term of vorticity and
stream function. The numerical results were found to be consistent with the experiment

results.

Tada et al. [11] conducted experiments in a channel with airflow in which equally
spaced positive wire electrodes were placed in parallel to the primary flow. Tada et al.
[11] found that heat transfer augmentation resulting from the combined flow was
achieved, especially in the laminar flow range. Also, a theoretical analysis was
performed on electric, flow, and temperature fields, taking into account the interactions

among them.

Kulkarni and Lai [12] studied laminar mixed convection in a vertical channel.

The electrical field was generated by positive corona discharge from a wire electrode.



The parameters considered in their study were the Reynolds numbers (Re = 600, 1200,
and 1800) and Grashof numbers (Gr = 10, 10°, and 10°). Their results showed that heat
transfer improved for Grashof number up to 10’ for aiding flows. For opposing flows,
heat transfer was increased in all cases of Reynolds and Grashof numbers. The flow and
temperature fields was oscillatory for low Reynolds numbers (Re = 600 and 1200) and
tended to stabilize when the Reynolds or Grashof numbers were increased.

Mathew and Lai [13] presented a numerical study of EHD-enhanced forced
convection using two electrodes in a horizontal channel. Various electric potentials and
Reynolds numbers were considered in their study. For a given electric field, flow and
temperature fields were oscillatory at small Reynolds numbers and tended to stabilize
when the Reynolds number was increased. Heat transfer was increased as much as 375%
when compared with the cases without electric field due to the existence of oscillatory
secondary flows.

Owsenek and Seyed-Yagoobi [14] conducted an experiment by suspending
multiple fine wire electrodes in the open air above a grounded and heated horizontal
surface. An infrared camera was used to obtain a complete and accurate distribution of
local heat transfer coefficient on the impingement surface. Also, a numerical code was

developed and verified by comparison with the experimental data.

1.3 EHD-enhanced Mass Transfer

EHD-enhanced mass transfer offers a wide range of applications to food-
processing, textile, biomedical and mining sectors of the industry.  Extensive
experimental results on EHD-enhanced drying have been published. Kulacki and

Daubenmier [15] studied the effect of corona wind on drying cookie dough. Their results



showed that when an electric field was applied, the baking time was 20% less than those
without eclectic field. Kirschvink-Kobayashi and Kirschvink [16] conducted an
experimental study using various materials. Their results showed a reduction in drying
time from 20% to 50% for drying filter paper, wool, and chopped onions with the
application of electric field. It was found that the corona wind produced by the electric

field disturbed the boundary layer and increased the rate of water evaporation.

Similarly, Chen and Barthakur [17] conducted an experiment to study the
dehydration of a potato slab with the presence of electric field. Compared with the
convectional air-drying, the drying rate was increased 2.2 to 3.0 times when the potato
slab was subjected to fluxes of 3.02 x 10'* positive ions/cm*-s alone or in combination
with 7.31 x 10'? negative ions/cm’s. It was concluded that the enhancement in drying
was caused by the ion-drag force. Hashinaga et al. [18] studied EHD-enhanced drying
technique experimentally using apple slices. It was found that the sharper needle was
more efficient than the blunter copper electrode and the multiple point-to-plate

electrodes. Also, using AC voltage was more effective in enhancing the drying rate.

Carlon and Latham [19] performed experiments to measure the drying rate of discs
of paper towel moistened by water as a function of the strength of the electric field in
which they were placed. The results showed that for a certain strength of electric field,
the rate of mass loss (dm/dt) remained constant until the substrate started to become dry.

Also, mass loss (dm/dt) varied monotonically with the strength of electric field.

Banarjee and Law [20] developed a laboratory system for experimentally
characterizing electro-osmotic dewatering of two biomass materials at both constant

voltage and constant current. The experimental results revealed that the dominant



mechanism of water removal in the experiments was via electroosmosis. In the constant-
voltage mode, the flow rate of liquid water out of the bed linearly increased with the
applied voltage. In the constant-current model, the electrical energy consumed was a

quadratic function of time.

Sadek et al. [21] examined the heat and mass transfer coefficients in a forced
convection system. A saturated sponge was placed on a flat plate and an air stream
flowed tangentially. An array of wire electrodes was set on a certain distance above the
flat surface to produce a corona wind impinging on the flat plate. The results showed that
the drying rate of wet materials was governed by simultaneous heat and mass transfer in
the hot gas passed through. Also, the electrohydrodynamic augmentation of heat and
mass transfer rates with small-diameter or sharp electrodes was due to ion-drag forces,
and was correlated under forced convection by means of the ratio of ion-drag and

momentum forces.

Wolny [22] and Wolny and Kaniuk [23] experimentally investigated the process of
evaporation from flat and cylindrical surfaces into an air stream flowing tangentially to
them. The results confirmed that an electric field could significantly intensify heat and
mass transfer in the evaporation and drying processes, up to eight times higher heat and
mass transfer coefficients were observed with the presence of the electric field than those
without. An increase in the gas flow velocity was observed over the liquid surface
diminished the effect of electric field. Also, an increase in the gas temperature intensified

gas ionization; and, augmented the transport processes significantly.

Barthakur and Arnold [24] used a point-to-plate electrode system to study the

enhancement in the evaporation rates of water. It was observed that the turbulence



produced in the water by the electric wind caused the observed enhancement without any
primary heat involvement. Also, the mass transfer coefficient for positive corona was
higher because of its lower mobility than its negative counterpart if everything else
remained the same.

EHD-enhanced drying has been experimentally evaluated by Lai and Lai [25] using
a wire electrode to dry glass beads saturated with water. Their experiments were
conducted for a wide range of operating voltage, electrode spacing and different size of
sample materials. The results showed that the drying rate depended on the strength of the
electric field and the velocity of the cross-flow. The enhancement of drying rate
increased linearly with the applied voltage with the absence of cross-flow, but the electric
field became insignificant on the drying enhancement when the cross-flow velocity was
increased. With the same experiment setup, Lai and Wong [26] studied the EHD-
enhanced drying using a needle. They also concluded that the drying rate depended on
the strength of the electric field and the velocity of the cross-flow. In addition, they
realized that positive corona discharge generally performed better than negative corona
discharge, and wire electrode performed better than needle electrode at a lower applied

voltage.

1.4 Objective of Present Study

Due to the complicated interactions among the electric, flow, and temperature
fields, previous studies on heat transfer enhancement by electric field were mostly
accomplished by experiments. Numerical solutions are only usually possible with some
simplification of these complicated interactions. Two of the most common assumptions

made are the one-way coupling between the electric and flow fields and the neglect of the



Joule heating caused by the electric field. Under the one-way coupling assumption (i.e.,
the ions travel at a much faster velocity than the ambient air), electric field can have
influences on the flow field, but not vice versa. The second assumption is commonly
used to simplify the energy equation. Although these assumptions may seem reasonable
(and deemed necessary in some cases), they have never been verified.

Similarly, experiments on EHD-enhanced mass transfer have been conducted by
drying various materials (for example, cookie dough [15], chopped onion [16], filter
paper [16], wool [16], potato slab [17], apple slice [18], paper towel [19], and biomass
materials [20]), very few numerical studies have been reported. Since the drying process
takes place between gas/vapor and liquid phases, an interface exits. As such, in
numerical studies, one needs to deal with the interface problem when solving for both
electric and flow fields. The two-phase interface problems have been studied by several
investigators [27-29], but their numerical solutions are based on an unjustified
assumption that both space charge and surface charge are negligible. This assumption

leads to a simple Laplacian equation for the electric field.

Vv =0. (1.1)

In boiling, one substance occurs in two phase, such as water in vapor and liquid phase.
The value of the specific dielectric constant is approximately 1 for gases and vapors and
in the range of 5 to 10 for most dielectric liquids [27]. For the drying mentioned above
[15-20], the substances are air in gas and water in liquid and vapor. In this case, the

space charge cannot be neglected and the electric field is governed by two equations [1].

viy=_Pc (1.2)
&
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2
Vp, - (bE+u)+ b = 0. (1.3)
&

At the interface, the surface charge also exists, which makes the problem more
complicated. Particularly, the ratio of specific dielectric constant between water and air
(at room temperature) (ey/ €,) 1s 80.1; the ratio of ion mobility between air and water (b,/
by) 1s about 1000 [1, 30], which makes the numerical simulation of the interface even
more difficult.

Based on the above analysis, the objectives of the present study can be
summarized below:

1. Verify the one-way coupling assumption by a comparison of the results
obtained from both one-way and two-way coupling models as applied to
the problem of EHD-enhanced forced convection in a horizontal channel.

2. Verify the effects of Joule heating by investigating the heat transfer
enhancement due to the Joule heating from a wire electrode located at the
mid-plane of an enclosure, which is subjected to differentially heated
vertical walls.

3. Experimentally and numerically study the EHD-enhanced water

evaporation in a horizontal channel, with or without cross-flow.
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CHAPTER TWO

EHD-ENHANCED HEAT TRANSFER

This chapter presents the numerical studies on the EHD-enhanced heat transfer.
First, EHD-enhanced forced convection in a two-dimensional channel with electric field
produced by a wire suspended in the air is studied to verify the one-way coupling
assumption. Then, the EHD-enhanced natural convection in an enclosure is studied to

evaluate the effect of Joule heating on the heat transfer enhancement using electric field.

2.1 Electric Field

2.1.1 Governing Equations
The electric field involved in the present study is governed by Maxwell equation,
current continuity equation, and Ohm’s law with the following assumptions [1].
1. Only positive corona discharge is considered since it provides a stable electric
field.
2. The mobility of air is considered constant.
3. The specific dielectric constant is unity, so the permittivity of air equals the
permittivity of vacuum.
4. The magnetic field due to the corona discharge is negligible.
Maxwell equation
V-D=p.. (2.1)
Current continuity equation

dp.v.y=o. (2.2)
dt

12



The time-dependent term in equation (2.2) reduces to zero when a steady DC power

source is applied.

Ohm’s law

J=p.bE+p.u. (2.3)
where u is the free-stream velocity, which provides the coupling between the flow field
and electric field.

From the definitions of the electric flux and electric potential

D=¢E, E=-VV, (2.4)
equation (2.1) can be rewritten as

vy o _Pe @.5)

€

Combining equations (2.3) and (2.5), equation (2.2) can be reformulated to give

2
Vpe-(bE+u)+be =0, (2.6)
€

So the governing equations for the electric field are equations (2.5) and (2.6).
2.1.2 Numerical Formulation of Electric Field

In Cartesian coordinates, equations (2.5) and (2.6) become

2 2
6V+6V _p_cj

v _ 2.7

o2 oy c (2.7)
e . Op dp

b=C+ ¢ (bEy +u)+—=(bEy +v)=0. (2.8)
€ ox oy

A uniform mesh is used to discretize the governing equations. The computational

domain is first divided into a two-dimensional grid system (Figure 2.1). Then the

13



governing equations are integrated over a control volume to get the finite difference form

of governing equations. The finite difference form of equation (2.7) is given by

y,n X,e

av?2

y,n X,e

[ (—+ay—)d xdy=— [ [ Pedxdy,

Y,8 X,W V,8 X,W
(VE e e ‘VWJ(yn —ys)+(VN —e _VS](xe ~xy) 2.9)
Xg —Xp Xp—Xw YNTYP YP—Ys
Y
= _?C(Xe _Xw)(Yn _YS)-
_____________ 5 ,N,
| in |
------------- R e s Ay
AL TP © 'E
| E |
_____________ ¥ N R IS SR SR
a Ts i
y AX

Figure 2.1 The control volume of nodal P in a two-dimensional computational domain
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For a uniform grid, AX = Ay = A, equation (2.9) can be simplified to give

VP :%(VE +VW +VN +Vs)+p—CA2.
€

(2.10)
The finite difference form of equation (2.8) is given by
y,n X,e 2 y,n X,e y,n X,e
j j prdxdy+ f j a&(bEX +u)dxdy+ j j a&(bEy +V)dxdy =0,
Y,8 X,W & Y, X,W Y,S X,W
2
b%AXAY"'(pce ~Pew )(bEx + u)(Yn - YS)+ (pcn ~Pes )(bEy + V)(Xe —Xw ) =0.
(2.11)

In solving equation (2.11), a backward difference scheme is employed for
numerical stability, and this can be summarized in four forms [31].
(1) bEy+u>0 and bEy+V20

Equation (2.11) is reformulated to give

2
b%A-i_(pCP _pCW)(bEX +U)+(pcp _pCS)(bEy +V) = O,

which can be rearranged to give

?pcp2 +[(bEx +u)+(bEy + v)} Pep +[—(bEX +u)pew —(bEy + V)pcs:| =0. (2.12a)

(2) bEy+u<0 and bEy+V20

Equation (2.11) is reformulated to give

2
b%A+(pCE —pep ) (bEx +u)+(pep —pcs)(bEy +V) =0,

which can be rearranged to give
bA -

?pCP +|:_(bEX +u)+(bEy + V)] Pcp +|:(bEx +u)ch _(bEy + V)pch| =0. (2.12b)

15



(3) bE,+u<0 and  bE,+v<0

Equation (2.11) is reformulated to give

2
b%A-i_(ch _pCP)(bEX +u)+(ch _pCP)(bEy +V) = 0,

which can be rearranged to give

b?Apch +[_(bEx +u)_(bEy +V):| Pcp +[(bEx +u)ch +(bEy + V)ch:| =0. (2.12¢)

(4) bEy+u=>0 and bEy+VSO
Equation (2.11) is reformulated to give
P 2
bfA +(pep —Pew ) (PEx +u)+(pen —pCP)(bEy + V) =0,
which can be rearranged to give
bA
~per’ +[ (bEy +) = (bEy +V) |pep +| ~(bEy + ) pey +(BEy +V)pex | =0 (2.12d)
Equation (2.12) has the form

a(pep)” +b(pep)+c =0.

—bi\/b2 —4ac

To solve for charge density (pcp), we use the formula of p.p = 5
a
For one-way coupling, which implies that u = 0 and v = 0 in equation (2.12), the
present algorithm used to calculate the electric field is reduced to that proposed by
Yamamoto and Velkoff [10]. In one-way coupling approach, the electric field can be
determined independently of the flow field following the steps outlined below.

1. The potential distribution is first estimated by solving equation (2.10) with the

absence of the charge density.
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. After the potential distribution is known, the charge density can be determined
by solving equation (2.12) with an initial guess of the charge density at the
wire.

. With the charge density given, the potential distribution can be recalculated
using equation (2.10).

. With the newly available potentials, the charge density can be updated by
solving equation (2.12) again.

The process is repeated until both potential and charge density converge.

When converged, the current on the grounded surface is calculated using

L
1=, pcbEyLpdx. (2.13)

I- Is—:‘xp

. If this value agrees well with the experimental data ( <107 ), then

the electric field is determined. Otherwise, a new charge density at the wire is

assumed and the process is repeated from step two.

In two-way coupling approach, the electric field has to be determined

simultaneously with the flow field. At each time step, the electric field is first calculated,

followed by the flow field. After the flow field is determined, the electric field is

recalculated using the most recently available velocity data. In each time step, the

electric field is determined using the same procedures as one-way coupling approach.

2.2 EHD-enhanced Forced Convection Employing Two-way Coupling

In this study, two-way coupling is considered in EHD-enhanced forced

convection. The system considered is shown in Figure 2.2. Because of the symmetry,

only half of the channel was used as the computational domain. A finite difference

17



method based on the control volume approach was used to solve the governing equations
subject to the boundary conditions imposed. A uniform grid (225x33) has been shown to
produce satisfactory results [35]. In addition, a time step of 5x10™ has been shown to be
adequate for the present calculations [35].

To obtain the electric field numerically, the current density on the grounded plate
first needs to be determined experimentally. Since this channel has the same
configuration as the one that Yamamoto and Velkoff [10] used in their experiment, their

experimental current data (shown in Table 2.1) were used in the present numerical study.

The corresponding boundary conditions for the electric potential field are

x=L/2, y=0, V=YV,. (2.14a)

y=H, V=0 (2.14b)

y=0, 6—V=0. (2.14¢)
oy

x =0, N _o. (2.14d)
ox

x =1L, a—V:O. (2.14¢)
ox

Table 2.1 Current at the grounded plates [10]

Voltage Current measured at the grounded plates
kV) (A)
| 10.0 | 3.4¢-5 |
| 12.5 \ 8.8¢-5 |
| 15.0 | 16.0e-5 |
\ 17.5 \ 2.48¢-4 |
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Figure 2.2 A two-dimensional channel with constant wall temperature and one electrode
wire located at the center (L =21 cm, H=3 cm)
2.2.1 Governing Equations for Fluid and Temperature Fields
The governing equations for the unsteady flow and temperature fields with
constant properties are continuity equation, momentum equations in x and y direction,
and the energy equation.

ou ov

_+__O’ 2.15
ox oy 21
2 2
uw  ouw ou_ 10p 107w 0w Peg | (2.16)
ot ox oy p Ox ox2 8y2 p
2 2
@"'UQ'FV@:—l@'FV 6_\2/4_8_;] +p_CEy’ (217)
o4 ox ody poy ox~ Oy P

2 2
L 6_T=0{6T G_T} i

—tu—+v ~——+
ot  o0x Oy ox% oy’

The last term in the momentum equations, equations.(2.16) and (2.17), represents the

electric body force, which provides the coupling from the electric field to the flow field.

The effects of Joule heating are assumed negligible in this heat transfer application.
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The governing equations can be non-dimensionalized by introducing the

following dimensionless variables.

T-T. :
Xzi, Y:l, 6: W, T:u_lt’
H H T, - T, H
U=_, v=", Q:ﬂ, \_/:l’
U D U VO

. = pCOVO sza_\P Vz_a_\P
© p oYy’ X’

Pr:l,
o
— p
pc:_ca
Pco
Re—uiH.
A%

(2.19)

In the model of two-way coupling, the charge density at the wire (pco) changes in

each time step, so the electric characteristic velocity u. is no longer a constant.

Therefore, the inlet velocity u; is used as the reference velocity. This is different from the

previous studies based on the one-way coupling. The dimensionless governing equations

in terms of stream function and vorticity are given by

Vorticity Equation
v o*v
2t oo T
oX* oY

Vorticity Transport Equation

0Q W Yoo | [629+629]+£(£6V dp, OV

ox2 oY% ) u?

0 PO WM 1 £829+529J

ot OY 0X 0XOY PrRe|ox? oy?2

Y 0X 0X oY

|

The corresponding boundary conditions for the flow and temperature fields are

X=0, Q2=0, Y=Y, 6=1.
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2.21)

(2.22)

(2.23)



x=L = _, M o, Dy (2.24)
H oX oX oX
v=0, a=0, w-o, D_o (2.25)
oY
2
Y =1, Q:—Qgg, Y=, 0=0. (2.26)
oY

Numerical results reported by Kulkarni and Lai [12] have shown that the outflow
condition, equation (2.24), is appropriate for the determination of the flow and
temperature fields.
2.2.2 Numerical Formulation of Flow and Temperature Fields

A finite difference method [31] is employed to solve these governing equations of
the flow and temperature fields. Similar to the electric field, a uniform mesh is used to
discretize the governing equations, and the finite difference equations are obtained by
integrating the governing equations over a control volume (Figure 2.1). The diffusion

terms in the vorticity equation can be discretized in the following manner.

X,e Y,n( 52 2 Y,n X,e
O LI hixay = | (a_l{' ¥ }W+ f (a—\y _o¥ jdX 2.27)
X,wY,s oX oY Y,s aXe an X, w aYn aYs

Applying the central difference approximation to the above equation gives

Y.,n

> oY oY Yip-Y¥ \PP—LPW

S5, e 2w

Ys e W E ~ 4P P~ Aw 229
X,e '

[ OY oY LPN_\PP “PP—\P

/ [W o }X:ﬁ(xe‘xw)‘y—ys(xe‘xw%

X, w n S N~ 1P P~ 1S

X,e Y,n( A2 2

[ oy \sz+_a ‘121 Xdy

X,wY,s\ 0X"  dY (2.29)

= (BE\PE + BW‘PW + BN\PN + BS\PS) —(BE + BW + BN + BS)\PP’
where
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Y, - Y, Y, Y

BE:

5 w — s
Xy —X Xp—X
E-oP Poow (2.30)
N:Xe_Xw BS:Xe_Xw.
YN-Yp' Yp —Yg
For uniform grid (AX =AY = A),
BE:BW:BN:BSZI' (231)

In the same manner, the diffusion terms in the vorticity transport and energy equations

are discretized into the following forms.

X,eY,n[ A2 2
1 j j ‘”22 6? XdY_L(QE+QW+QN+QS—4QP), (2.32)
Re v vs| X7 oY Re
X,e Y,n 2 2
0“6 076 1
XdyY = OE +9W +9N +es—4ep . (233)
PrRe ij Yjs {axz oy? PrRe ( )

The convective terms in the vorticity transport equation are integrated over the

control volume to obtain the following discretized form.

X,e Y,n
( oV oQ oY 8Q]dX .

Xow Y. oY 0X o0X oY
Y,n X,e
= J [8_‘{’ e~ 5“1’ QWJdY+ j (8—? n— 8‘1’ Qs]dX, (2.34)
Y.s Y |, GY X.w oX|, 6X

= (AE + AW + AN + AS )QP - (AEQE + AWQW + ANQN + ASQS)’

where

1
Ag zg[(WSE +Ws—¥Ng — YN )+ wsE + s -

1
Aw =§[(WNW +¥N—Wew —¥s)+Hwaw + ¥ -
(2.35)

1
AN :g[(‘VNE +¥E -¥aw —Pw)+WNe +PE - Paw

1
Ag =§[(\sz +Wy —¥sg Vg )+ wsw + ¥w - Vsg - Vg
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In the same manner, the convective terms in the energy equation are discretized into the

following form.

X,e Y,n
(G‘P 00 oY 06 jdXdY

vl aY X X oY
Y.,n X,e
- [3_\{, ks OW]dY+ f (a—q’ LS esjdx, (2.36)
volavl, e vl X, x|,

=(Ag+Aw +AN +Ag)Op —(AROE + AwOw + ANOn +AgOg),
ETAw TAN TAg)Yp EVE T AwYw T ANYN T AgYs

where Ag, Aw, An, and Ag are given in equation (2.35). The electric body force term in

the vorticity transport equation (2.21) is integrated to obtain the following discretized

form.

2YnXe
—31 J Lapca—v—%é—vjdXdY
2 v s xwl OY 0X  OX OY
2
_ Ve R
_u2[(v Vw)(pc ey )~ (Vo= Vs)(Pe., —Pe,, I (2.37)
1
(VE i {CN Pe,p pc,P—pc,SJ_
R z
e |
1 (VN P j[pCE pCP pCP pCWJ
2

The time-derivative terms in the vorticity transport and energy equations are

discretized into the following form by forward difference approximation.

X,e Y,n t+1 t
| j( JdXdY—¥A2,

X,wY,s 1 (238)
X,e Y,n 9t+1 ob '
f j( )dXdY PP A%

X,wY,s At
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Finally, the vorticity, vorticity transport and energy equations at a new time step
(t+1) can be evaluated numerically after substituting all the discretized terms at the

previous time step (t). They are summarized below.

Vorticity Equation
1
i :Z[\Pg Ll 1wl +‘PtS+Q{)A2] (2.39)

Vorticity Transport Equation

1 > O |-40}
At || REEHD | Li=E,W,N,s

t+1 _ ~t | AT
Q = QP + Az D
- SOA Qb - > AQ! ||+ Electric body force term
i=E,W,N,S i=E,W,N,S
Ve-Vp Vo -V )[Pen Pep  Pep —Pe,
Electric body force term = VE- Ve Ve~ Vw ®N "%p _"%P "OS
2 2 2 2
S (2.40)
_ VN_VP_VP_VS pC,E_pC,P_pC,P_pC,W
2 2 2 2 '
Energy Equation
1 t t
ITRE{ i=E,W,N,S
T =T+ 22 1 . (2.41)

A2
- > AT X AT
i=E,W,N.S i=E,W,N.S

2.2.3 The Wood’s Algorithm
The vorticity of the wall can be calculated using Wood’s algorithm as following.
Evaluate the stream function at the node just next to the wall (Wy,+;) in terms of the stream

function at the wall (Wy) using Taylor series expansion, which yields
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1 8>¥ ) 1w 3 24
+§[_2J (Yys1—Yy) +—[—} (Yya1 =Yy ) +...
oY 3
W w

Since

2 3
()0 (58], e (58] =
W oY W oY W

the vorticity at the wall can be determined from the previous equation (2.42) by

(Y -¥
ay=- et tul 1o, 2.43)

2.2.4 Evaluation of Heat Transfer Results

To evaluate the heat transfer results, the local Nusselt number at the wall is

calculated by [32, 33]

Since Q=Ah(TW—Tm)=—kAa—T ,

One obtains Nu, = —&(G—T] (2.44)

Tw _Tm ay

y=H
In the dimensionless form, this yields

Dj ~—Tw(89] . (2.45)
Y=1

T,
Nuy = —2 =
L T, -T,\0Y

Here T, is the mean bulk temperature. The temperature difference (Ty -Ty, ) was obtained

using the Logarithmic Mean Temperature Difference (LMTD) [32].
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The average Nusselt number can then be obtained from the local Nusselt number

by
LA
Nu = XIO Nu, dx. (2.46)

For periodic flows, the time-averaged Nusselt number is determined by averaging

the Nusselt number over a period of oscillation and is given by

Nu = LJ:HP Nu dr, (2.47)
T
p

where 1p is the period of oscillation, and Nu is determined from equation (2.46) at each
time step.

For non-periodic flows, the average Nusselt number is determined by averaging
the Nusselt number over a long period of time after the initial transient settles.

Nu = 7% Nu dr. (2.48)

T
2.2.5 Code Validation
To validate the code, it has been tested against the heat transfer by forced
convection in a horizontal channel without electric field. The channel considered is 21cm
long and 6 cm high. From literature [34], the thermal and hydrodynamic entrance lengths
can be evaluated using the following correlations.

The thermal entrance length

L, =0.0797Dy,Pe. (2.49)

The hydrodynamic entrance length

Lh :Dh (&-FOOIIRC . (250)
0.0175Re+1
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where Dy = 4A/P = 12 cm is the hydraulic diameter of the channel. For different inlet
velocities, the corresponding thermal and hydrodynamic entrance lengths are listed in
Table 2.2. Since the channel is only 21 cm long, the flow is simultaneously developing.
Nusselt number for the laminar simultaneously developing flows is given by the

following empirical correlation [34].

0.024 (x ) 114
1+0.0358 (x ) 004 p017

Nug =755+
(2.51)

* X

X = .
D;, RePr

The results from both numerical simulation (Nu) and equation (2.51) (Nuy) are
listed in Table 2.3 for comparison. Depending on the Reynolds number, the
discrepancies between these two results vary from one to eight percent, which is

acceptable in the consideration of the uncertainty involved in the correlation itself.

Table 2.2 The thermal and hydrodynamic entrance lengths for various inlet velocities

Inlet Velocity Repn L; Ly
(m/s) (m (m
0.0759 600 4.19 0.80
0.1518 1200 8.38 1.59
0.2277 1800 12.6 2.38
0.3036 2400 16.8 3.17
0.3795 3000 20.9 3.96
0.4554 3600 25.1 4.75
0.5313 4200 29.3 5.54
0.6072 4800 33.5 6.34
0.9108 7200 50.3 9.50
1.2144 9600 67.0 12.7
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Table 2.3 Comparison of Nusselt numbers obtained from empirical correlation [34] and
present study

Inlet \(/nics))cny U Re =Dy, uy/v Nuy Nu Nu - 111\]110 < 100%
0.0759 600 13.45 14.60 7.9
0.1518 1200 17.57 18.32 4.1
0.2277 1800 20.93 21.07 0.7
0.3036 2400 23.83 23.40 1.8
0.3795 3000 26.42 25.48 3.7
0.4554 3600 28.78 27.10 6.3

Table 2.4 Comparison of Nusselt numbers obtained from both one-way and two-way
coupling models (Vo = 15.0 kV)

Inlet u;H Nusselt Number
Velocity Re = v One-way Coupling Two-way Coupling Forced
(m/s) Min. | Average | Max. | Min. | Average | Max. | Convection
0.0759 150 38.65 | 45.79 |53.01 | 38.12 | 45.77 | 53.60 14.60
0.1518 300 45.18 | 53.50 | 63.31 4399 | 5397 | 65.68 18.32
0.2277 450 41.86 | 4631 |51.09 | 42.51 | 47.26 | 52.45 21.07
0.3036 600 37.02 36.89 23.40
0.3795 750 36.74 36.71 25.48
0.4554 900 37.08 37.07 27.10
0.5315 1050 37.41 37.40 28.65
0.6072 1200 37.70 37.69 30.06
0.9108 1800 38.72 38.73 34.80
1.2144 2400 40.73 40.71 38.50

2.2.6 Results and Discussion

Numerical simulations were preformed using a Pentium 4 personal computer. For
one-way coupling model, it took 2.1 hours for calculations to advance 100 dimensionless
time, but 6.75 hours were needed for two-way coupling model to proceed the same

amount of calculations. For the iteration of stream function, relative convergence
criterion was used. If‘(wnew —wold)/wnew‘ﬁlo_“, then it was assumed that stream

functions were converged.
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Table 2.4 summarizes the heat transfer results obtained from both one-way and
two-way coupling models at an applied voltage of 15.0 kV and the Reynolds number
varying from 150 to 2400. For steady periodic flows, the minimum, maximum and
average Nusselt numbers in an oscillating period are given. The Nusselt number at the
same Reynolds number without electric field is also listed in the table for comparison.

One can observe from the table when the flow and temperature fields are steady
(for example, Vo = 15 kV, and Re = 600 to 2400), the Nusselt numbers obtained both
from one-way and two-way coupling are almost the same. Also, the contours of the flow
and temperature fields (in terms of streamlines and isotherms, respectively) are exactly
the same (Figures 2.3 — 2.6). Both show that a secondary flow (i.e., recirculating cell)
appears directly above the wire (the circle in the center of the lower boundary) as the
result of the interaction between the corona wind and the primary flow. The
impingement of the corona wind on the wall perturbs the thermal boundary layer. It
increases the local heat flux at the region directly above the wire. As the Reynolds
number increases, the strength of the recirculating cell decreases and the perturbation of

thermal boundary layer by the corona wind is suppressed.
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Figure 2.3 Flow fields predicted by one-way coupling model for Vo= 15 kV
(a) Re =600, Wmax=1.3, Ymin=0.5, A¥ =0.05
(b) Re =750, Wmax = 1.2, Yimin=0.5, A¥Y =0.05
(¢) Re =900, Wpnax I, Pimin = 0.5, A¥ = 0.05
(d) Re = 1050, W pnax 1, Wimin = 0.5, A¥ = 0.05
(e) Re= 1200, ¥nox = 1.0, Yiin = 0.5, A¥Y = 0.05
(f) Re =1800, Wiax = 1.0, Yiin = 0.5, A¥Y = 0.05
(g) Re =2400, ¥iax = 1.0, Yiin = 0.5, A¥Y = 0.05
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Figure 2.4 Flow fields predicted by two-way coupling model for Vo =15 kV
(a) Re =600, Wpnax = 1.3, ¥imin=0.5, A¥ = 0.05
(b) Re =750, Wpax = 1.2, Yimin = 0.5, A¥Y = 0.05
(c) Re =900, Wpnax = 1.1, ¥imin =0.5, A¥ = 0.05
(d) Re = 1050, Wpax = 1.1, Win = 0.5, A¥Y = 0.05
(e) Re =1200, ¥ pax = 1.0, Wiin = 0.5, A¥Y = 0.05
0, ¥
0, ¥
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(g) Re = 2400: \Pmax min — 05, AY = 0.05
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Figure 2.5 Temperature fields predicted by one-way coupling model for Vo= 15 kV
(a) Re =600, Opax = 1.0, Omin = 0.0, A6 =0.05
(b) Re =750, Omax = 1.0, Opin = 0.0, AB = 0.05
(¢) Re =900, Oax = 1.0, Omin = 0.0, A6 =0.05
(d) Re = 1050, Oax = 1.0, Opmin = 0.0, A = 0.05
(e) Re = 1200, Oyax = 1.0, Omin = 0.0, A6 = 0.05
(f) Re = 1800, Oax = 1.0, Opmin = 0.0, A = 0.05
(g) Re = 2400, 010x = 1.0, Omin = 0.0, AB = 0.05
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Figure 2.6 Temperature fields predicted by two-way coupling model for Vo= 15 kV
(a) Re =600, Bmax = 1.0, Omin = 0.0, AO = 0.05
(b) Re =750, Omax = 1.0, Omin = 0.0, AB = 0.05
(c) Re =900, Bmax = 1.0, Omin = 0.0, AO = 0.05
(d) Re = 1050, Opax = 1.0, Opmin = 0.0, AB = 0.05
(e) Re = 1200, Bmax = 1.0, Omin = 0.0, AO = 0.05
(f) Re = 1800, Omax = 1.0, Bpmin = 0.0, A = 0.05
(h) Re =2400 Omax = 1.0, Bmin = 0.0, AB = 0.05
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When the flow and temperature fields become oscillatory, which usually occurs at
a low Reynolds number and a high applied voltage (for example, Vo = 15.0 kV, and Re =
150 to 450), the results obtained from one-way and two-way coupling are still quite
similar, but there exist some slight differences between them. Figures 2.7 — 2.10 show
the variation of flow and temperature fields through a complete cycle of oscillation. For
this particular case, Vo = 15 kV and Re =450 (u; = 0.2277 m/s), one notices that there is a
small difference in the oscillating period despite the similarity in the flow and
temperature profiles (Table 2.5). Nevertheless, both results have captured the nature of
the flow oscillation. When no flow is introduced to the channel, the flow field is induced
by the electric field alone and remains stable. Four recirculating cells produced by the
corona wind locate symmetrically about the center of the channel. When an external
flow is introduced to the channel, the symmetry of corona-induced flow is destroyed. As
a result, one can clearly observe the regeneration and destruction of the secondary cells in
the flow field, which in turn produces a wave-like isotherm pattern in the temperature
field. The periods of oscillation as predicted by one-way and two-way coupling are
mostly the same (Table 2.5). For the cases in which they are different, the difference is

usually small (less than 0.1 dimensionless time).

The reason why the prediction of flow and temperature fields using one-way and
two-way coupling agrees so well is attributed to the small change of the electric field by
the bulk airflow. For the range of inlet velocities considered in the present study, it is
found that the modification of electric field by airflow is quite negligible. To produce a
noticeable change in the electric field by convective air, one needs to increase the inlet

velocity substantially (for example, u; = 5 m/s, which is about four times the maximum
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velocity considered in the present study). From Figure 2.11, it is clear that most changes
in the electric potential and charge density take place at a location far away from the
wire. Also, the magnitude of these changes is observed to be proportional to the distance
from the wire. The charge density at the wire is found to be 9.62 x10™* C/m® when one-
way coupling approach is used while it is 9.71x10* C/m’ when two-way coupling
approach is applied. The ion velocity is found to vary from —160 to 160 m/s, which is
more than 30 times faster than the inlet air velocity. As a result, the modification of the
electric field by convective air is minimal. However, it is interesting to observe that the
electric field also becomes oscillatory when the flow and temperature fields are
oscillatory, which cannot be revealed using the one-way approach.

The relative magnitude of flow inertia and electric body force can be quantified
by the EHD number, which is defined below.

HI
bpufA-
puj A

Ngyp = (2.52)

Table 2.5 Period of the oscillatory flow in EHD-enhanced forced convection

Re | Applied Voltage Dimensionless Period
(kV) One-way Coupling | Two-way Coupling

150 10 2.0 2.0
300 12.5 2.2 2.2
150 15 2.0 2.0
300 15 3.4 3.4
450 15 24 23
150 17.5 1.7 1.6
300 17.5 3.0 2.9
450 17.5 2.0 1.9
600 17.5 23 2.4
750 17.5 3.0 3.0
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Figure 2.7 Flow fields at Vo = 15 kV and Re = 450 (one-way coupling model)
(a) T=55.8, Yimax = 1.4, Y1in = 0.0, A¥Y = 0.2
(b) 1=56.4, Vax = 1.8, Wmin = 0.0, A¥Y = 0.2
(¢) t=57.0, Yimax = 2.2, Yiin = 0.0, A¥Y =0.2
(d) 1=57.6, ¥max = 2.0, ¥pmin = 0.0, AY = 0.2
(e) t=58.2, Yiax = 1.4, Y1iin = 0.0, A¥Y =0.2
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Figure 2.8 Flow fields at Vo = 15 kV and Re = 450 (two-way coupling model)
(@) t=57.9, Ymax = 1.4, Y1in = 0.0, A¥Y = 0.2
(b) T=58.5, Wmax = 1.9, Wpmin = 0.0, A¥Y = 0.2
(¢) t=59.1, Yimax = 2.3, Ymin = 0.0, A¥ =0.2
(d) 1=59.7, ¥max = 2.0, ¥pmin = 0.0, A¥Y = 0.2
(€) t=160.2, ¥iax = 1.4, Y1in = 0.0, A¥Y =0.2
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Figure 2.9 Temperature fields at Vo = 15 kV and Re = 450 (one-way coupling model)
(a) T=155.8, Omax =
(b) T=56.4, Oinax
(¢) T1=57.0, Opnax
(d) T=57.6, Omax
(e) T=58.2, Opmax

= 1.0, Omin =
=1. 0 9min
= 1.0, Omin
=1.0, Omin

1.0, Omin = 0.0, A6 = 0.1
0.0, A6 =0.1
=0.0, A6 =0.1
=0.0, A0 =0.1

=0.0, A6 =0.1

©

Figure 2.10 Temperature fields at V=
(@) t=57.9, Omax =
(b) T=158.5, Omax =
(©)t=159.1, Opax =

15 kV and Re =450 (two-way coupling model)
1.0, Omin = 0.0, AB = 0.1
1.0, Omin = 0.0, AB = 0.1
1.0, Omin = 0.0, AB = 0.1

(d) T=59.7, Omax = 1.0, Oryin =

() t=160.2, Omax = 1.0, Opin =
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(a)

(b)

Figure 2.11 Modification of the electric field by air flow, Vo =15 kV and u; = 5 m/s
(a) charge density, (b) electric potential. (one-way — solid line, two-way — dashed line)

It is the ratio of the electric body force to inertial force and is expressed in terms of the
measurable quantities [35]. When its value is zero, it represents pure forced convection.
When its value approaches infinity, it becomes the corona wind dominated flow.

For the present study, the heat transfer enhancement is defined as the ratio of the
Nusselt number resulting from the electric field to that without the electric field. The
heat transfer enhancement is shown in Figure 2.12 as a function of the EHD number. For
oscillatory flows, the time-averaged Nusselt numbers along with its maximum and
minimum values are presented. As observed, oscillatory flows usually occur at a large
EHD number (i.e., a low Reynolds number at a given electric field) and normally lead to
a higher heat transfer enhancement. For oscillatory flows, the average Nusselt numbers
predicted by both approaches are nearly the same. But, there are some slight differences
in the maximum and minimum values. From the figure, one also observes that heat
transfer enhancement increases with the applied voltage and is negligible when the EHD
Number is less than 0.1. The maximum heat transfer enhancement can be as high as 3.5

times of that with out electric field.
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Figure 2.12 Heat transfer enhancement as a function of EHD number
(a) Vo=10.0kV, (b) Vo=12.5kV, (c) Vo=15.0kV, (d) Vo=17.5kV.
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2.3 EHD-enhanced Natural Convection with Joule Heating

The objective of this study is to evaluate the effect of Joule heating on the heat
transfer enhancement in natural convection with the presence of electric field. For the
present study, the electric field is established by charging a high, positive voltage to a
wire electrode located at the mid-plane of the enclosure. The geometry considered is a
two-dimensional cavity filled with air and with an aspect ratio of 5 (Figure 2.13). The
two vertical walls are maintained at uniform temperatures, T, and T. (Tn, > T.),
respectively. The top and bottom walls are electrically and thermally insulated. A wire
electrode charged with a DC high voltage is placed in the enclosure at three different
locations (1, 2, and 3 in Figure 2.13). Three voltages (12, 15, and 18 kV) are applied to
the wire to create the electric field. A uniform grid (501x101) has been shown to
produce satisfactory results [8]. A time step of 5x10™ was shown to be adequate and was
used in the present calculations [8].

The electric field is governed by equations (2.5) and (2.6). Their finite difference
forms are given by equations (2.10) and (2.12). The results presented in the last section
have verified that flow field has little effect on the electric field. That is, the assumption
of one-way coupling is valid for most numerical analyses. Therefore, for the present
study, only the influence of the electric field on the flow field is considered and not vice
versa. That is, the velocity term in equations (2.6) and (2.12) is not considered. The
corresponding boundary conditions for the electric field are

V=YV,. at the wire (2.53a)

V=0. along the grounded walls (2.53b)
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Figure 2.13 Wire positions in the two-dimensional enclosure (L = 4 inches)
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N =0. along the insulated walls (2.53¢c)

ox

The corona currents used in this numerical study are measured in experiments
reported by Tan and Lai [8], which are shown in Table 2.6.
2.3.1 Heat Generation for a Wire-plate System

The schematic diagram for a wire-plate system is shown as Figure 2.14. Heat
generated by the electric field in this system includes Ohm heating and Joule heating.

Ohm heating is due to the current flowing in the wire. It can be determined by
Qohm = RI? /LpAwire (2.54)

where I is the current passing through the wire, L, is the length of the wire, Ay 1s the
cross-sectional area of the wire, and R is the electrical resistance of the wire. In
experiments reported by Tan and Lai [8], the copper wire has a diameter of 0.5 mm and a

length of 10 inches. The electrical resistance can be determined as

L, _ 1 (10)(0.0254)
Awire  5.85(10)’ E(O.OOOS)z
4

R =p, =0.0220Q (2.55)

where p. is the electrical resistivity of copper, p. = 1/(5.85(107)) Qm.

Table 2.6 Corona currents produced by various wire locations in the enclosure studied

[8]

Wire Position Voltage Current
(kV) A)

12 1.40 x10°°

2 15 2.74 107

18 7.96 x107°

12 1.45 %107

1,3 15 2.85 %107

18 8.19 x10°°
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Figure 2.14 Electric diagram for a wire-plate system

Ohm heating is very small due to the small current and electrical resistance. For
example, when V(= 15 kV, the current measured in the experiment [8] is [ = 2.74e-5 A,

and the heat generation by the ohm heating from the wire is given by

0.022(2.74x107°)?
(10)(0.0254) % (0.0005)°

Qonm = =3.33x107* J/m’. (2.56)

The existence of space charges in the electric field contributes the Joule heating.

Due to the distribution of electric potential, Joule heating is produced very close to the
wire. Joule heating is given as b| pc| E?[36]. It needs to be considered when high current

densities are present. For example, when Vo = 15 kV, the heat generation by Joule

heating in the electric field is calculated to be

blp,. |E2
Q s 2eelE s (2.57
Joule
)

p
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Clearly, Ohm heating can be neglected in this study because it is very small as compared
with the Joule heating.
2.3.2 Governing Equations for Flow and Temperature Fields

The governing equations for the flow and temperature fields for the problem
considered are the continuity equation, the Navier-Stokes equations in x and y directions,

and the energy equation.

L Ny, (2.58)
ox 0oy

2 2
M e 1 f U U pe OV (2.59)
o ox 9y pax  |ox? ey?) p Ox

20 A2
CABPCAANLL S X 8—Z+8—Z +gB(T—TC)—p—°a—V, (2.60)
o ox oy pdy |ox> oy p Oy

2 2 2 2

O L O | 9T, 0T, e (6_Vj J Y (2.61)
ot ox oy ox> oy ) pep|\ox oy

The last term in the momentum equations (2.59) and (2.60) represents the electric body
force while the third term on the right hand side of equation (2.60) is the thermal
buoyancy. The existence of space charges in the fluid contributes the Joule heating,
which is the last term in the energy equation (2.61). The governing equations can be non-

dimensionalized by introducing the following dimensionless variables.

x== y=Y, g -l , T:u_et’ Pr=—,
L L T, - T, L o
L -V _
U=+, v=X, o=-2 V=,  p.=Ffc, (2.62)
Ue Ue Ue Vo Pco

L
u, = M, U=6_‘P’ V:_G_‘P’ ReEHD:uL-
p oY 0X \%
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The above governing equations can be expressed in the dimensionless form in

terms of the stream function and vorticity, and they are given by

Sk AL Qe (2.63)

ot OY 0X 0XOY Regpp

0 oyor oy 1 (%Q Q) RaPr 90 (4Vop, oV op
ox?  ay? oX ’

2
PeEnp

(2.64)

—_— = +
ot 0Y 0X 0X oY PeEHD aXz aYz pcpueL(Th _TC)

2 2 2 =\2 =\2
0 oy oy 1 o% o’ bpVj vy [av
X oYy ) |

(2.65)
The finite difference form of these governing equations can be obtained using the same

approach outlined in the previous section, and the numerical procedures are also the

same.
The corresponding boundary conditions for the flow and temperature fields are
2
X =0, Q:—z—\g, v =0, 0=1. (2.66a)
X
62\|1
X=1, Q=-—7>, v =0, 0=0. (2.66b)
oX
0%y 00
Y =0, Q=——-, v =0, —=0. (2.66¢)
oY? oY
0%y 0
Y =5, Q=——-, v =0, —=0. (2.66d)
oY? oY
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2.3.3 Evaluation of Heat Transfer Results
To evaluate the heat transfer rate, the local heat transfer coefficient is expressed in

terms of the local Nusselt number (Nuy).

Nuy = —(@)X_ . (2.67)

The average Nusselt number can then be determined from the local heat transfer

coefficient by
Nu = % o Nuy dY. (2.68)

For periodic flows, the time-averaged Nusselt number is calculated by averaging the
Nusselt number over a period of oscillation using equation (2.47). For non-periodic
flows, the time-averaged Nusselt number is calculated by averaging the Nusselt number
over a time span t; using equation (2.48).
2.3.4 Code Validation

The numerical solutions begin with the calculation of the electric field. Then, the
flow and temperature fields are solved simultaneously. The numerical code for the
solutions of flow and temperature fields without electric field was validated against the
correlation proposed by Berkovsky and Polevikov [37] for natural convection in a

rectangular enclosure. The correlation proposed by them is given by

-0.25 0.28
Nug = 0.22[ 2& Pr Ral . (2.69)
L 0.2+Pr

The Nusselt number obtained from the present study (Nu) and those from the above
equation (Nug) for various Rayleigh number is listed in Table 2.7. The agreement

between the results obtained from the correlation and those of present study is fairly good
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Table 2.7 Comparison of Nusselt numbers obtained from correlation [37] and present

study
Ra Nu Nu Nu-N
0 U ol 100%
Nu
10* 1.809 2.023 10.57
10° 3.447 3.760 8.32
10° 6.569 6.681 1.68

in consideration of the uncertainty involved in the correlation itself.
2.3.5 Results and Discussion

Numerical solutions have been obtained for three wire positions (1, 2, and 3) and
three applied voltages at the wire (12, 15, and 18 kV). Also, the Rayleigh number is
varied from 10%, 10° to 10°, for which the corresponding temperature differences between
the two walls are in the order of 0.1, 1, and 10 'C, respectively. A Pentium 4 personal
computer was used to perform this numerical simulation. It took 10.1 hours for
calculations to advance 100 dimensionless time,. The same relative convergence
criterion (as that in the previous study) was used in this simulation.

In general, the results obtained with the effects of Joule heating show the same
trend as those without. That is, the heat transfer enhancement by electric field increases
with the applied voltage, but decreases with the Rayleigh number. However, the two
results differ quite significantly in their values, particularly at low Rayleigh numbers.

The present study shows that in many cases the flow and temperature fields
become non-periodically oscillatory when Joule heating is included. For some cases, the
flow and temperature fields may remain in the periodically oscillatory mode, but their
profiles are very different from those without Joule heating. For example, this can be

observed from the temperature fields shown in Figures 2.15 and 2.16 where the
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temperature fields is going through one complete cycle (period) of oscillation. When
Joule heating is neglected (Figure 2.16), the temperature field is only perturbed by the
electric field near the wire location. The development of the thermal boundary layer is
disrupted by the corona wind issued from the wire. When Joule heating is included
(Figure 2.15), the temperature field is not only affected by the corona wind, but also by
the thermal buoyancy produced from Joule heating. Although the added thermal energy
from Joule heating is normally small, it is relatively large in comparison to the heat
transferred between the walls when the Rayleigh number is small. As such, it produces
additional thermal buoyancy from the wire. Since the distribution of space charge
density is most concentrated near the wire, the effect of Joule heating is also most
prominent at the wire (Figure 2.15). The combined effect of corona wind and added
thermal buoyancy from Joule heating produces a very large temperature gradient at the
cold wall directly opposite to the wire. From the observation above, one is certain that
Joule heating can easily destabilize the flow and temperature fields at low Rayleigh
numbers and leads to non-periodic oscillation. In contrast, the stability of flow and
temperature fields is not affected by Joule heating when the Rayleigh number is large.
This is evident from the periodic flows in which the period of oscillation is only modified
slightly when Joule heating is included at a large Rayleigh number.

The differences in the flow and temperature fields obtained from these two
approaches (with and without Joule heating) diminish when the Rayleigh number
increases. These can be observed from Figures 2.17 and 2.18 when both flow and
temperature fields become steady. The streamline contours show that the flow fields

obtained from these two approaches are almost identical (Figure 2.17). For temperature
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fields, the major difference appears only near the wire at Ra = 10° (Figure 2.18). This
indicates that the thermal buoyancy produced by Joule heating becomes negligible when
the Rayleigh number increases. The added thermal energy from Joule heating becomes
only a small fraction of the energy transferred between the differentially heated walls
when the Rayleigh number is greater than 10°, which corresponds to an equivalent
temperature difference on the order of unity for the present study (i.e., AT = O(1)).

To evaluate the heat transfer enhancement by electric field, the Nusselt numbers
obtained are compared with those of pure natural convection and they are shown in
Figures 2.19 and 2.20, respectively with and without Joule heating. Although both
results show the same general trend that they increase with the applied voltage and
decrease with the Rayleigh number, there is a large discrepancy in their values,
particularly at a small Rayleigh number (Ra = 10%). As discussed earlier, this is mainly
due to the additional energy provided by the electric field through Joule heating. At this
condition, the heat transfer enhancement cannot be totally credited to corona wind. The
additional thermal buoyancy produced by Joule heating is mainly responsible for this

dramatic increase in the heat transfer enhancement.
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Figure 2.15 Temperature fields at the wire position 2
(Vo= 12kV, Ra = 10", with Joule heating)
(a) T=1656.1, Opmax = 1.0, Oin = 0.0, AB = 0.2
(b) T=668.6, Omax = 1.0, Omin = 0.0, AO = 0.2
(c) T=681.1, Bmax = 1.0, Omin = 0.0, AB = 0.2
(d) T=693.6, Omax = 1.0, Omin = 0.0, A = 0.2
(e) T="705.8, Omax = 1.0, Omin = 0.0, AB = 0.2

ﬁ

@ ® (@© @ @

REUES

Figure 2.16 Temperature fields at the wire position 2
(Vo =12 kV, Ra = 10*, without Joule heating)
(a)t=0611.9, Omax = 1.0, Bmin = 0.0, AB = 0.1
(b) 1=1623.9, Omax = 1.0, Opmin = 0.0, AG = 0.1
(c) T=635.9, Omax = 1.0, Omin = 0.0, AB = 0.1
(d) 1=647.9, Omax = 1.0, Omin = 0.0, AO = 0.1
(e) T=660.9, Omax = 1.0, Omin = 0.0, AB = 0.1

50



(b) ,

Figure 2.17 Flow fields at the wire position 2 (Vo= 12 kV)
(a) Ra= 105, with Joule heating,  Wiax = 0.0, Wpin =-0.050, AY = 0.005
(b) Ra= 105, without Joule heating, Wmax = 0.0, Wmin = -0.050, AY = 0.005
(c) Ra=10°, with Joule heating, ~ Wy = 0.0, Ppmin = -0.070, A¥ = 0.005
(d) Ra = 10°, without Joule heating, Wmax = 0.0, Pmin = -0.070, A¥ = 0.005
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Figure 2.18 Temperature fields at the wire position 2 (Vo= 12 kV)
(a) Ra = 10°, with Joule heating, Omax = 1.0, Omin = 0.0, AB = 0.1
(b) Ra = 10°, without Joule heating, Omax = 1.0, Omin = 0.0, AO = 0.1
(c) Ra=10° with Joule heating,  Oax = 1.0, Omin = 0.0, AO = 0.1
(d) Ra = 10°, without Joule heating, Omax = 1.0, Omin = 0.0, AO = 0.1



Figure 2.19 Heat transfer enhancement with the effect of Joule heating
(a) position 1, (b) position 2, (c¢) position 3.
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CHAPTER THREE

EHD-ENHANCED MASS TRANSFER

In this chapter, the study of EHD-enhanced water evaporation is presented.
Experiments were first conducted to obtain a correlation between the evaporation rate and
the electric conditions, then numerical simulation was followed and the results obtained

from both approaches were compared.

3.1 Experiment Study

All experiments reported in this study were conducted in the Heat Transfer
Laboratory at the University of Oklahoma.
3.1.1 Experiment Setup

A schematic diagram of the experimental setup is shown in Figure 3.1. A
rectangular horizontal channel constructed using a half-inch-thick Plexiglas is used as the
test section. It is seventy-two inches in length, five inches in height, and nine inches in
width. A square opening with a width of six and half inches is located on the bottom wall
of the test section, and it is fifty five inches away from the inlet of the channel, where a
blower is attached to a converging nozzle to supply cross-flow in the test section. A
stack of straws is placed in the inlet of the channel to help creating a uniform airflow in
the test section. A copper wire with a diameter of 0.5 mm, suspended one inch above the
channel bottom wall, is used as an emitting electrode to create the electric field in the
channel. A high DC voltage is applied to the wire from a high voltage power supply.

Two containers, each with the dimensions of six inches in length, six inches in

width and one and half inches in height, are used to hold water. The sidewalls of the
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container are made of Plexiglas while the bottom wall is made of copper plate. These
containers are placed separately on top of two digital balances. One of the containers
with a digital balance is placed underneath the wire in the test section. A digital
multimeter is used to measure the corona current on the bottom plate of this container.
Another container with a digital balance is exposed to ambient air. Both digital balances
are connected to a personal computer and the drying rate in terms of the weight loss of
water with time is monitored. Also, the ambient temperature and humidity in the
laboratory are also monitored throughout the experiment by a temperature/humidity data
logger.
3.1.2 Experimental Apparatus

The instruments and equipment used in the experiments include a blower, a high-
voltage power supply, two digital balances, a temperature/humidity data logger, a van
velocimeter, and a digital multimeter. Their functions and capabilities are described
below.
Blower

A blower of type C, manufactured by Fasco, is used to supply airflow through the
test channel. It is operated by electricity at 60 Hz and 0.6 Amp. The operating voltage is
between 208 V and 230 V. This blower can deliver an air stream with a maximum

velocity of 2.2 m/s.
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Figure 3.1 Experiment setup
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Figure 3.2 Blower

High-Voltage Power Supply

The voltage applied to the wire electrode is provided by a high-voltage power
supply manufactured by Bertan Associates, Inc. (Series 205B-30R). This power supply
can provide voltage up to 30 kV and can operate on both polarities. The resolution of the
power supply is 0.2% of maximum. The accuracy of the front panel meter is = 0.1% of
reading + 0.1% of maximum for voltage, and £ 0.25% of reading + 0.25% of maximum

for current.

Figure 3.3 High-voltage power supply
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Figure 3.4 Digital balance

Digital Balance

Two digital balances manufactured by Ohauz (Voyager, VIRW60) have been
used in the experiments to measure the weight loss of water from both containers. The
capacity of these digital balances ranges from 1000 grams to 4100 grams and the
readability in these ranges is 0.01 g and 0.1 g, respectively. The operating temperature is
10 °'C to 50 ‘C. The balances are set up to communicate with a personal computer
through HyperTerminal. HyperTerminal is used to collect and store the data recorded by
the digital balances during the experiments.
Temperature/Humidity Data Logger

The temperature/humidity data logger manufactured by Dickson (D200) is a
completely self-contained unit. It can measure both temperature and humidity with its
internal sensors. The ranges of temperature and humidity measurement are - 40 C — 80
°C, and 10% RH — 95% RH. The ambient operating temperature is - 40 C — 80 'C, and

the ambient operating humidity is 0 RH — 95% RH. The accuracy of the temperature
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measurement is 0.15 'C at 25 'C, and 0.25 'C over the range of - 40 'C — 70 ‘C. The
accuracy of the humidity measurement is + 2% over the range of 10% RH — 95% RH at
25 °C and is + 4% over the range of 10% RH — 95% RH at the temperature range of - 40
°C — 80 'C. The data recorded by the logger is transferred to a personal computer using
the software Dickson Wave provided by the manufacturer. Dickson Ware provides the
distribution curves of temperature and humidity (Figure 3.6) as well as the statistical data
such as average, maximum and minimum of the temperature and humidity over the

measurement time period (Figure 3.7).

g A Tt e P T T e Rz

wiw.dicksomweb.comm

I 32 H)
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Figure 3.5 Temperature/Humidity data logger
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Figure 3.6 Variation of ambient temperature and humidity recorded by the data logger
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Figure 3.7 Statistical data recorded by the data logger
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Figure 3.8 Van velocimeter

Van Velocimeter

A van velocimeter is used to measure the airflow velocity at the outlet of the test
section. This velocimeter has four measuring scales: mile per hour, meter per second,
feet per minute, and knots. The range of measurement for each scale is 0 — 99.9 MPH, 0
— 448 m/s, 0 — 8790 FPM, and 0 — 97.9 knot, respectively. The accuracy of the
measurement for each scale is = 1 MPH, £ 1 m/s, £ FPM and £ 1 knot, respectively.
3.1.3 Experiment Procedure

The experiments have been conducted using both positive and negative corona
discharge. Various voltages (14 kV — 20 kV) have been applied in each polarity. The
wire is held one inch above the water surface. The experiment procedure is listed below.

1. Digital balances are carefully calibrated to ensure their accuracy. One container

is placed under the opening of the test section, on top of a digital balance but
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10.

11.

12.

13.

underneath the electrode. Another container is placed in the ambient and on top
of another digital balance.

Set the distance between the wire and the surface of the container to one inch.

Set the high-voltage power supply to positive polarity.

Leave the blower off.

Record the weight of the two containers used in the experiment.

Water is slowly added to these two containers. The amount of water added and
the total weight of the container are recorded.

Charge the electrode. The applied voltage is initially set to 14 kV.

The bottom plate of the container underneath the wire is grounded.

The weights of the two containers with water are recorded with a sampling rate of
ten seconds through a personal computer.

The temperature and humility of the ambient air are measured every ten seconds.
The variation of temperature and humidity as a function of time is monitored
using the Dickson Ware software through a personal computer.

Each set of experiment is continued for at least 5 hours. The voltage is increased
to 20 kV with an increment of 1 kV. For each voltage, repeat step four to step
ten.

Turn the blower on to provide an additional airflow through the channel. Repeat
step five to step eleven.

Set the high-voltage power supply to negative polarity. Repeat step four to

twelve.
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The voltage for corona onset and spark over has been determined before the
experiments. Initially, when the applied voltage is lower than 14 kV, the multimeter can
measure no current. Only when the applied voltage is 14 kV and above, a hissing sound
appears and some current can be detected in the grounded plate by the multimeter, which
marks the onset of corona discharge. When the applied voltage is higher than 21 kV,
there is a cracking sound originating from the wire due to spark over. When the voltage
is over 23 kV, the spark over can be visually observed in the dark room. Therefore, in
each series of experiments, the range of applied voltage is selected from 14 to 20 kV with
1 kV increments.

3.1.4 Data Analysis
Water Evaporation Data Analysis

The experimental data collected by the computer are used to plot the evaporation
curves. These data points usually can be best fitted with a linear curve and the slope of
the curve is determined. Figure 3.9 shows a typical evaporation curve resulting from
applying a positive voltage of 16 kV without cross-flow. The lower curve and data points
represent the results obtained in the test section and the upper curve and points represent
the results obtained in ambient. The slope of the curve is defined as the evaporation rate
of the experiment, and the evaporation enhancement is defined as the ratio of the
evaporation rate of the test section to that of the ambient air. For this particular case, the
water evaporation rate with electric field is —0.0177 g/s and that from the ambient is -
0.006 g/s. They are negative since the total weight of water decrease over time. With the
above definition, the evaporation enhancement is calculated to be 2.95, which means that

the evaporation rate increases 295% with the application of electric field.
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Figure 3.9 Typical experimental results with an applied voltage of 16 kV without cross-
flow

Ambient Conditions

The ambient temperature and humidity have been recorded by the
temperature/humidity data logger. The average temperature and humidity is then
calculated and used in the analysis of experiment results (Figure 3.7).
3.1.5 Calculation of Sherwood Number

The Sherwood number, which is a dimensionless mass transfer coefficient, can be
defined based on the diameter of the wire as [33]

_apd
-

Sh (3.1)

Since the mass transfer rate at the water surface is given by
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m=apA,(cy —Cy), (3.2)

then the mass transfer coefficient op can be written as

ap = %C (e —c) (3.3)

The Sherwood number thus becomes

_ OCDd . md

Sh .
D DA, (cy —¢y)

(3.4)

To calculate the Sherwood number, the mass transfer rate can be measured directly from
the experiment. However, diffusion coefficient (D), water vapor concentration at the
water surface (cy), and that at the ambient air (c.) need to be determined before the
calculation of Sherwood number.

Diffusion Coefficient (D)

The diffusion coefficient (D) can be found from literature [38, 39] for some
specific temperatures and pressures (Tp and Py). A semi-empirical correlation has
developed to predict the diffusion coefficient at any given temperature T and pressure P.
For binary mixtures, the correlation is given by

P T 1.75
D=D,-2| —| . (3.5)
P\ T,

For water vapor diffusing to dry air, the reference values are
Po = 101325 Pa, To = 298 K, and Dy = 2.6¢-5 m’’s.
Water Vapor Concentration in the Ambient Air (c.)

The ambient temperature (T.) and relative humidity (¢ ) were measured using the

temperature/humidity data logger in the experiments. The specific humidity (®.) can be

obtained from [40]
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_ 0.622¢P,

P—¢P,

Oy , [gwater/kg air] (3.6)

where P, is the saturated vapor pressure at temperature T,
The specific humidity (® ) can be converted to water vapor concentration (c.) using the

following equation.

¢y = 2P [g/m] (3.7)
(” %00)
Water Vapor Concentration at the Sample Surface (cy)
At the water surface, the relative humidity equals 100% (¢ =1). Assuming the
temperature and pressure at the water surface are the same as the ambient air, the
concentration of water vapor at the water surface can be determined using the same

approach outlined earlier for the ambient air.

0.622P, ]
Oy, =——, [g water/kg air] (3.9)
P-P,
oy =——wPair o) (3.9)

(1 ¥ m%ooj

3.1.5 Results and Discussion
In both polarities (positive and negative), two series of experiments have been
conducted, one is without cross-flow, and another one is with cross-flow. Which means
that there are four series of experiments that have been conducted.
e Series one: Positive corona discharge, without cross-flow
e Series two: Positive corona discharge, with cross-flow (u; = 2.2 m/s)

e Series three: Negative corona discharge, without cross-flow
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e Series four: Negative corona discharge, with cross-flow (u; = 2.2 m/s)

For all the experiments conducted, the wire is being held at one inch above the
water surface. The weight loss of water, ambient temperature and humidity were
measured at a ten-second interval. In addition, the corona current has been recorded,
which is used in the numerical simulation in the next section. It should be noted that the
variation of ambient temperature during the experiment was generally small as the lab
was under well temperature control. However, it was noticed that the variation of
humidity in some cases was significant, which might have contributed to the scattering of
data reported in the results.

Figure 3.10 shows the results of water evaporation without cross-flow for both
positive and negative corona discharge. It can be observed that the corona wind enhances
the evaporation process since the enhancement is increased linearly with the applied
voltage. The evaporation rate was enhanced from 179% to 406% when the applied
voltage increased from 14 kV to 20 kV for positive corona discharge and from 156% to
352% for negative corona discharge over the same range in applied voltage. The
evaporation enhancement with the cross-flow (2.2 m/s) (Figure 3.11) remained almost the
same throughout the entire range of applied voltage. This is because the cross-flow
dominated the flow field and the secondary flow induced by the corona wind was
suppressed.  Therefore, the corona wind produced insignificant effect on the
enhancement of water evaporation. For this case, the average evaporation enhancement
is 353% for positive corona discharge and 278% for negative corona discharge.

The above analysis did not consider the effect of ambient conditions. It should be

noticed that the ambient conditions for each experiment were different. To generalize the
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results obtained, the experimental data are expressed in terms of dimensionless governing
parameters. Sherwood number based on the diameter of the wire has been defined in
equation (3.1), which has a maximum uncertainty of 8%. Another two dimensionless
parameters are the EHD Reynolds number (Regnp) and the EHD number (Ngpp), which

are defined separately below [35].

Reppp = 2ol = |54, (3.10)
% pbA, |V
u

1
where u. is the characteristic corona wind velocity. Since u. is difficult to measure
directly and accurately without a special instrument [41], its representative value is
calculated based on the measured corona current (I). The maximum uncertainties for the
EHD Reynolds and EHD numbers were calculated to be 17%. The high uncertainty is
mainly due to the measurements of corona current, particularly at voltages close to the
threshold voltage.

For experiments conducted in the absence of cross-flow, the evaporation
enhancement by electric field can be expressed in terms of the Sherwood number as a
function of the EHD Reynolds number. Since the corona current increases with the
applied voltage, it is clear that the EHD Reynolds number also increases with the applied
voltage. The results are presented in Figure 3.12 for experiments conducted in the
absence of cross-flow for both positive and negative corona discharges. It can be

observed from this figure that Sherwood number increases linearly with the applied
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Figure 3.10 Water evaporation enhancement without cross-flow for both positive and
negative corona discharge
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Figure 3.11 Water evaporation enhancement with cross-flow for both positive and
negative corona discharge (u; = 2.2 m/s)
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voltage. The Sherwood number increases from 0.099 to 0.168 for positive corona
discharge and from 0.057 to 0.172 for negative corona discharge when applied voltage is
increased from 14 kV to 20 kV. This linear relationship is similar to the evaporation
enhancement shown in Figure 3.10. Also, from the figure, it shows that the Sherwood
number is greater with the negative corona discharge than that of positive corona. This
may first seem to be in contradiction to the earlier observation from Figure 3.10.
However, for the same applied voltage, a higher EHD Reynolds number is obtained for
positive corona discharge than that for negative discharge. One can see from the
definition of the EHD Reynolds number (equation 3.10) that it is influenced by the
ambient condition since the corona current, the air density, and the viscosity of air all
change with the ambient conditions. Therefore, EHD Reynolds number is more
appropriate than the voltage alone to represent the electric field for experiments
conducted in varying ambient conditions.

To further eliminate the influence caused by the variation of ambient conditions,
the Sherwood numbers presented above are compared with those obtained from
experiments conducted under the open air with the same ambient conditions but without
the electric field (Figure 3.13). One can observe from Figure 3.13 that the enhancement
in the evaporation rate increases linearly with the EHD Reynolds number. The results
can be best correlated using the following functional form.

&=1+3RCEHD> (312)

Shy
where a is a constant. In this form, the enhancement in water evaporation reduces to

unity when the electrical field is not present (i.e., Regap =0). A larger value of the
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Figure 3.13 Water evaporation enhancement in the absence of cross-flow
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coefficient a implies that the enhancement in water evaporation is greater. The

correlations for positive and negative corona discharges are given separately below.

Positive Corona Discharge: SSTh =1+0.0826 Regyp, (3.13)
0
. . Sh
Negative Corona Discharge: TV 1+0.0841Regyp - (3.14)
0

With the simultaneous presence of electric field and cross-flow, the results are
presented as a function of the Sherwood number and EHD number (Figure 3.14). The
EHD number has a value of zero when there is no electric field applied and infinity when
there is no cross-flow of air over the water surface. A large EHD number implies that the
electric body force is dominant over the flow inertia and on the other hand, a small EHD
number indicates that the flow inertial force is dominant over the electric body force.
From Figure 3.14 one can observe that the evaporation rates in terms of the Sherwood
number have an average value that is nearly independent of the EHD number. The
reason why the evaporation rate becomes independent of the EHD number is because the
effect of corona wind is largely suppressed by the high air velocity (u; = 2.2 m/s).

To evaluate the enhancement in the evaporation rate due to both electric field and
cross-flow, the results are again compared with those obtained from the companion
experiments. The results are presented in Figure 3.15. As observed, there is no
significant variation in the enhancement of water evaporation for the range of the EHD
number considered. The average enhancement in water evaporation using a wire
electrode with positive corona is 353% while that of negative corona is only 278%. As
explained earlier, the evaporation rate in this range of the EHD number is mainly

controlled by the inertial force (i.e., the bulk airflow). The effect of corona wind
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becomes insignificant and therefore the results are independent of the EHD number. To
support the above statement, a separate experiment was carried out with the airflow
alone. The average enhancement in water evaporation by airflow alone was found to be
263%, which supports the earlier observation that the secondary flow induced by corona
wind is suppressed and confined to a smaller region near the wall when the velocity of

cross-flow increases.
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Figure 3.14 Variation of Sherwood number with the EHD number in the presence of
cross-flow

73



(&)

45F
at .
- O
35F . o 2 U
= (]
N A A A
Sh/Shy o5|
15F
osk O Positive Corona Discharge
B A Negative Corona Discharge
RN N T AT T N N [N TN TN TN (NN NN NN TN T N NN N NN |
0 0.1 0.2 0.3 0.4 0.5 0.6
Nenp

Figure 3.15 Water evaporation enhancement in the presence of cross-flow
3.2 Numerical Simulation

This section presents the numerical verification of the experimental study
discussed in the previous section. The configuration of the actual experimental setup is
simplified to a two-dimensional channel as shown in Figure 3.16. A wire is suspended
one inch above the sample container, which is filled with water and is placed underneath
the bottom wall of the channel. A blower delivers air through the channel to provide a
uniform cross-flow.

3.2.1 Electric Field

The study presented in the previous section has verified that cross-flow has
negligible effect on the electric field, and Joule heating is not a main source of heat for
most applications. Therefore, in this numerical study, the electric field is assumed one-

way coupled to the flow field and the effect of Joule heating is negligible. For one-way
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coupling, the algorithm used to calculate the electric field is the same as that outlined in

Chapter two. Recall that the governing equations are given by

v2y-_Pe (3.15)
€
02

Vp -(E)+¢=0. (3.16)
€

Previous researches [7-9, 12-13] have shown that corona wind is only
concentrated around the electrode. To save the computational time and effort, a
symmetric channel shown in Figure 3.17 is used for the simulation of the electric field.
The left half of the channel (shaded area) is used as the computational domain. Since
evaporation takes place between the air in the channel and the water in the container, an
interface is involved in the computation of electric field.

Boundary and Interface Conditions

For experiments conducted in section 3.1, the wire was suspended one inch above
the water surface. One end of the wire was connected to the high-voltage power supply.
The channel walls were electrically insulated. The container walls were also insulated
except for the bottom wall, which was grounded. Thus, the boundary conditions for the

electric field are

V=V, atwire (3.17a)

V=0, along the bottom wall of the container (3.17b)

ov

— =0, along the channel walls (3.17¢)

oy

ov . .

e =0, along the side walls of the water container (3.17d)
X
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Figure 3.17 The symmetric geometric channel for electric field numerical simulation

(Z—V =0, atthe inlet and exit of the channel (3.17¢)
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X

When more than one dielectric material is involved in the calculation of the
electric field, for example, air and water in this study, one must know the interface
conditions across the material discontinuities. This means that electric field and charge
density must satisfy certain conditions at the interface [42-44]. First consider the normal
components of E and D at the interface using the incremental volume represented by the
cylinder shown in Figure 3.18. Let the height of the cylinder approaches zero so that no
flux leaves the cylinder through the peripheral surface. If subscript n denotes the normal
component of the flux density and the positive direction is pointed from water region to

air region, then one has
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e The flux leaving the top surface = Dy, S

e The flux leaving the bottom surface = -Dy, S

e Charge density in the cylinder = psS
where S is the area of the top or bottom surface, ps is the surface charge density (C/m?),
which will be determined later. From Gauss’s law, the total flux leaving the volume
through the top and bottom surface on the cylinder is equal to the charges enclosed in the
cylinder. Therefore, the relation between the flux and the charge density is given by

Do~ Dy =Ps- (3.18)

n,a
Substitute the relation between D and E (equation (2.4)) to equation (3.18), one yields
€aEna —&wEn,w =Ps- (3.19)

Equation (3.19) is the first interface condition between two dissimilar dielectrics.

N

n
v b c
interface €4, Ea, Da | i
8W5 EW’ DW i i

e B ;
.

Figure 3.18 The surface and contour used to determine the boundary conditions at the
interface between two dissimilar dielectrics
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The second interface condition comes from the behavior of the tangential
components of E and D at the interface using the rectangular path “abcd” in Figure 3.18.
When the height of the rectangular path goes to zero, the contributions from the left and
right branches of the path become negligible. If subscript t denotes the tangential
component of the electric field, the conservative property of E around the closed path

“abcda” gives
a—>b: Ey-dl = E¢ wlabs

b—c: 0,

c—>d: E,-dl ==E 1.4,

d—a: 0,

$E-dl=0—>Ey =E,. (3.20)
This condition shows the tangential components of E are always continuous across a
dielectric interface. Since E=-VV, the tangential component of the electric field is
continuous also. That is

Vpa = Vp,w = Vp. at the interface (3.21)

This is the second interface condition between two dissimilar dielectrics. The first and
second interface conditions together can determine the electric potential distribution at
the interface.

At the interface between two media that have nonzero conductivities, the law of
current continuity places one more constraint on the fields, which is the third interface

condition. For the steady state case, the integral form of the continuity equation becomes

$J-ds=0. (3.22)

79



Evaluating this integral around the cylinder shown in Figure 3.18 yields the following

relationship between the normal components of J on each side of the interface.

Tna=Tow- (3.23)

vV
E , O= pCPb’ (324)

Since J,, =cE,, =-c
equation (3.24) becomes

oV oV
Pcp,aba E| a =PcP,wbw g| w- (3.25)

The subscript “a” represents air and “w” represents water. The above equation gives the
relation between the charge densities at the two sides of the interface, which is the third
interface condition.

After introducing the third interface condition, the surface charge density in

equation (3.19) can be determined by substituting equation (3.24) into equation (3.19).

€yE EwEn,w = Ps

apS:Jn[g—a—g—W]:Jn fa__fw_ | (326)
Gy Oyw pcP,aba pcP,wbw

To implement the interface conditions in numerical simulation, a method

n,a
En :J_n’ Jn,a = Jn,w =Jn
c

involving the use of imaginary nodal points is used.
Imaginary Nodal Points

The first two interface conditions introduced above (equation (3.19) and (3.21))
are implemented through the use of imaginary nodal points [44], shown in Figure 3.19, to
determine the electric potential distribution at the interface in the computational domain.
The solid circles refer to the actual nodal points whereas the hollow circles represent the

imaginary nodal points. Because of the difference in the permittivity and ion mobility in

80



air and water, the electric potential at the interface can no longer be expressed directly
using the formulations derived in the previous section. The electric potential at the
interface can be represented by two distinct expressions depending on which region is

involved. When applying the relation between E and V to equation (3.19), one yields

dv

dy

dv
SW d_y

Ps- (3.27)

a w

With the central difference approximation, the above equation can be rewritten as

< VNa_VS_8 VN_VSa
VoA & 2A

= ps. (3.28)

Two charge densities are involved at the interface nodes. While one is assumed
the entire domain is filled with air (pcp,), the other is assumed the entire domain is filled
with water (pepw). First, assume the entire domain is filled with air, with the first

interface condition, Vs, can be determined as follows.

1 pcPaA2
VPa:_ VE+VW+VN+VSa+—’ 5
T4 €,

) (3.29)
p_ A
VSa=4VPa_ VE+Vw+VN+CP’—a
ga

Next, assume the entire domain is filled with water, V. can be determined in a similar

manner.
1 A’
Vpw =—| Vg + Vay + Vi + Vg + —2%
Pw E \%% Na S >
’ 4 Ew
(3.30)
A2

p
VNa :4VPW_ VE +VW +VS+CP¢
8W

The second interface condition dictates that Vp, = Vp, = Vp. Therefore
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pcPaAz
VSa:4VP_ VE+VW+VN+ : ,

Sa
(3.31)
pcP w Az
VNa = 4VP — VE +VW +VS +—
SW
Substituting Vn, and Vg, to equation (3.28) gives,
Voo [(pepa+ )-AZ+2p,-A
P 4, +4¢, PcP,a T PcP,w Ps (3.32)

+8w (VE +VW +2VS)+8a (VE +VW +2VN)]
The dielectric properties, like specific permittivity and ion mobility for air and
water, can be found from handbooks [36, 45-46]. The specific permittivity of air is 1 and

that of water is 80.1 at 293.2 K. The ion mobility in air at 0 °C and 760 Torr is 1.36x10™

Na
O-==-Q===-0===0-=-0
1 I 1 1 I
1 1 1 1 1
1 1 1 1 1
water W P E
S

Figure 3.19 Imaginary nodal points
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m’/V-s. The ion mobility in water can be estimated from the following equation [1].

-12
by, = 5=J80'l(8'854’<10 ) _8421x107 m?/V-s.
0 1000

Numerical Procedure
Since the charge density at the interface is not continuous, two sets of charge
density at the interface are defined. The numerical procedures to determine the electric
potential (V) and charge density (pcp) are listed below.
1. Assume that no charge density exists in the entire domain and the surface charge
density at the interface equals to zero.
2. Solve the governing equation (3.15) for electric potential in the air region.
3. Solve the interface electric potential from equation (3.32).
4. Solve the governing equation (3.15) for electric potential in the water region.
5. Assume that the interface properties equals to the properties of air, solve the
charge density in the air region by governing equation (3.16). The charge density
at the interface node (pcp.,) is thus determined.

6. Determine pcp, using equation (3.25) and pcp, obtained above.

VN—Vp Vp -V
pcP,aba T = PcP,wOw T’
VN-Vp b_a (3.33)
PcP,w Vo — Vg by, PcP,a-

7. Assume that the charge density at the interface equals to pcpw, solve the charge
density at the water region by equation (3.16).
8. Determine the surface charge density (ps) using equation (3.26).

9. Assume that the charge density at the interface equals to pcp ., go back to step two.
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10. Repeat step two to step nine till solutions converged.
A typical electric potential and charge density distribution obtained from the
present numerical simulation is shown in Figure 3.20.
3.2.2 Flow and Concentration Fields
To simplify the numerical calculations, some assumptions have been made.
1. The water surface is assumed to maintain the same height as the bottom
surface of the channel. In this case, the water container is implemented as
a boundary condition in the simulation of flow and concentration fields,
and the computational domain only consist a channel filled with air and
has a water boundary at the bottom (Figure 3.21).
2. The water vapor concentrations in the water surface and ambient air are
assumed to maintain constant during the entire drying process.
3. Energy equation is not involved in this study.
4. All properties are assumed constant, and they are evaluated at the average

ambient temperature.

@

(b)

Figure 3.20 Electric field in a two-dimensional channel with a pool of water in the
bottom wall (V, = 18 kV), (a) electric potential (b) charge density
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Figure 3.21 Computational domain for the simulation of flow and concentration fields
Based on the above assumptions, the governing equations for the flow and
concentration fields are the continuity equation, the Navier-Stokes equations in x and y

directions, and the concentration equation.

L Ny, (3.34)
ox oy

2 2
Qu oo 1, 0%, 0 Py (335)
ot oy  pOx | ax? oy2) P

2 2
ot ox 0y poy ox~ oy p

2 2

o kL, _plde, d¢c| (3.37)
& ox Oy ox>  oy>

The last term in the momentum equations, equations (3.35) and (3.36) represents
the electric body force, which provides the coupling from the electric field to the flow
field. The governing equations can be non-dimensionalized by introducing the following

dimensionless variables.
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X=2, yv=X,
H H
U=—, V=—,
Ue Ue

", = 1PcoVo ’
p

o CC
Cy —Cop

oo
Ue

2P
oY

ox’

Pr=", Le=—,
o) D
po =t (3.38)
Pco
u.H
Repyp ==~

The dimensionless governing equations in terms of the stream function and vorticity are

given by
o’y Py
n _

ox? oy?

%0

(3.39)

1 (%0
0X oY ReEHD aXz

aY?

a%C

H

dX &Y PrRegyp Le

=

X2 ’

e
oy? |

0pe OV _pe OV
oY oX oX oY |

(3.40)

(3.41)

The corresponding boundary conditions for the flow and concentration fields with cross-

flow are

X =0, Q=0,

N T T

H oX

2
oY
2

Y =0, Q:—az—‘{l,
oY

(3.42a)

(3.42b)

(3.42¢)

=0, channel wall (3.42d)
water surface

The numerical procedures are similar to those for the EHD-enhanced heat transfer

introduced in Chapter two.
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3.2.3 The Sherwood Number

Since the concentration equation is similar to the energy equation, some features
of the concentration field can be examined from the temperature field by analogy.
Similar to the analysis presented in Chapter two, one learns that the flow field is
developing through the entire channel and the concentration boundary layer is still thin
(less than the channel height) at the end of the channel. Thus, the mass transfer rate (i.e.,
the evaporation rate) at the water surface can be calculated based on the difference in

water vapor concentration between the water surface and ambient air.
m=-D—=o0p(Cy —Cyp). (3.43)

The mass transfer coefficient ap can then be determined as

ap =— [—DEJ- (3.44)
Cw ~Coo dy

The average mass transfer coefficient based on the length of the water surface L, is given
by

Xw2
Gp= | 2 ey (3.45)

Ly Xl Cy —Coo dy

In the dimensionless form, it is given by

XWZ
S = —— [ pax (3.46)
D=y dy

WXWI

Substitute the average mass transfer coefficient to the definition of the average Sherwood

number, it gives

—D-w - [ ——dX, (3.47)

87



3.2.4 Code Validation

Due to the scarcity of numerical and analytic data for mass transfer, and the
similarity of the governing equations between heat and mass transfer, forced convection
heat transfer is chosen to validate the code. By analogy, the physic model of heat transfer
is shown in Figure 3.22.

The thermal and hydrodynamic entrance lengths can be calculated using equations
(2.49) and (2.50). For this case, the hydrodynamic entrance length is calculated to be
3.43 m and the thermal entrance length 17.64 m. The total length of the channel is 72
inches (1.83 m), which is smaller than both entrance lengths. This means the flow is both
thermally and hydrodynamically developing.

Only laminar flow is considered. To choose a proper empirical correlation for
this model, the thickness of the hydrodynamic boundary layer at the end of the channel is

calculated.

-6
§=4.64 |22 = 4.64\/ 151110 (72)(0.0253) _ ) 4469 m (3.48)
U, 0.25

The height of the channel is 4 inches (0.1016 m). This means at the end of the
channel, the hydrodynamic boundary layers developed from the top and bottom surfaces
have not merged yet. Thus, for analytic solutions, the channel can be simplified to a flat
plate with unheated sections at both ends as shown in Figure 3.23. The Reynolds number
and the thickness of the thermal boundary layer at the end of the heat source are

UpX  0.25(60)(0.0254)

Re, = = =2.52x10* <5x10°,
v 15.11x10~
_3/471/3 1/3 (3.49)
3/4 _
5 0.976 X 0.976 1.524\73/4
5 Jpr X0 J0.713 1.397
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Figure 3.22 The physic model of heat transfer by forced convection
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Figure 3.23 Heat transfer from a flat plate with unheated sections

The local heat transfer coefficient along the heated section is given by [32]

-1/3

-3/4
hy = 03315 pr! 3 Re!2 1—(i) . (3.50)
X XO

Then the average heat transfer coefficient can be determined as
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3747713

_ Xw2
h=—1 | 03315p/1/3Re!2 1—(1 dx
Ly Xul X X0
34713 (3.51)
1/2 X1 XO
=Lo.331Pr“3(“ﬁj [ — dx
LW A% X0 X

Thus, the average Nusselt number based on the length of the heated section is given by

-3/4
[ x
HL 1/2 X1 (Xoj

u
Nutgnalysis === =0331 pr!/3 (%j | — dx. (3.52)
X0 X

-1/3

The Nusselt numbers for various cross-flow velocities (from 0.1 m/s to 0.25 m/s) are
listed in Table 3.1. Note that all the properties of air are evaluated at 20 °C.

For numerical validation, the physical model is shown in Figure 3.22. The energy

equation is given by

(3.53)

OT 0¥ OT _ovar_ 1 (o°T ot
ox> ov?)

which can be obtained by setting Le = 1 in the concentration equation (equation 3.41).

The boundary conditions of the temperature field used in the numerical solution

arc
X=0, 0=0. (3.54a)
Y =0, 00 Y =0,
Lo, 0=1. (3.54b)
X <Xy and X > X0, | Y Xw1 S X <Xy,
_L Py, (3.54c)
oY
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Table 3.1 Comparison of Nusselt numbers for forced convection

Inlet velocity | NUanalytic | NUnumerical Err = Nuyumerical ~ NUanalytic
(m/s) = N .
Unumerical
0.1 9.42 11.21 16%
0.15 11.54 13.26 13%
0.2 13.32 15.13 12%
0.25 14.89 16.55 10%
ZL, @20. (3.54¢)
H 0X

The governing equations and boundary conditions for the flow field is the same as
equations (3.39), (3.40), and (3.42). The numerical results for cross-flow velocity varied
from 0.1 m/s to 0.25 m/s are listed in Table 3.1 for comparison. The discrepancies found
vary from 10 to 16 percent, depending on the Reynolds number, which are acceptable in
the consideration of that the analytic result is derived from the integral solution for a flat
plate and the numerical result is obtained from computer simulation of a two-dimensional
channel.

To verify that a two-dimensional model is adequate for the present numerical
study, the present results are compared with those obtained by commercial CFD code
Fluent for forced convection mass transfer. For two-dimensional and three-dimensional
models in Fluent, when the cross-flow velocity is fixed at 2.2 m/s, the Sherwood number
is 51.21 and 47.48 respectively while the result from the present code is 49.90. This
shows that the present two-dimensional model is appropriate for the problem considered

and it can be used to obtain further results for the study.

91



3.2.5 Results and Discussion

Uniform grid of (1729 x97) and a time step of 5x10™ were used for this numerical
simulation. It had been tested that numerical results were independent of the grid size
and time step. The numerical results were obtained using Boomer Supercomputer in the
University of Oklahoma. It took 96 hours to complete the calculation for each case.

Water evaporation under positive corona discharge with cross-flow (u; =1.0 and
2.2 m/s) has been numerically studied. First, the electric field is calculated; followed by
the flow and concentration fields. For the convenience to compare with the experimental
results, the Sherwood numbers obtained from the previous experiments are re-calculated
to base on the length of water surface as

ShL,,

Sheyp = —q

(3.55)

Table 3.2 lists the Sherwood number obtained from this numerical simulation for
cross-flow with a velocity of 2.2 m/s. The experimental results are also listed in this table
for comparison. The discrepancies between these two results vary from one to eight
percent. Recall that the electric field calculation was based on the corona current
measured in the experiments. Also, the ambient conditions although were well controlled
in the lab, there were still some variations. For example, the temperature and humidity
varied from 26.4 °C to 27.2 °C, and 27.4% to 37.8%, respectively during experiments.
When considering all these factors, this discrepancy is acceptable. Again, one observes
that there is no significant variation in the enhancement of water evaporation for the

range of the applied voltage considered. This is because the cross-flow dominates the

flow field.
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Figure 3.24 shows the variation of flow field with the applied voltage when the
cross-flow velocity is fixed at 2.2 m/s. To have a better observation of the change in the
flow field due to electric field, the figures shown in Figure 3.24 is only centered on the
region near the wire and water surface. One can observe from the contour plots of stream
function that the effect of electric body force is only confined to a small region between
the wire and the water surface. Also, there is no significant change in the flow field when
the applied voltage increases. This is because the cross-flow is dominant and the
secondary flow induced by the corona wind is suppressed. Even though, one can still
observe the appearance of secondary flow directly between the water surface and wire.
When the applied voltage is low, the recirculating cell driven by the secondary flow is
small. However, when the applied voltage increases, the recirculating cell grows slightly.
That also can be confirmed from the variation of Sherwood number, which increases
from 48.08 to 52.10 when the applied voltage increases from 14 kV to 20 kV. The
concentration fields exhibit the same trend (Figure 3.25). Since the velocity of the cross-

flow is large, water vapor is confined to a relatively narrow region between the water

Table 3.2 Comparison of Sherwood numbers (positive discharge, u; = 2.2 m/s)

Voltage (kV) Shnum Shexp Err Shnum = Shexp |100%
| num
14 48.08 45.90 4.53
15 47.85 47.83 0.38
16 48.46 46.15 4.76
17 49.28 47.88 2.84
18 50.01 46.32 7.56
19 51.06 48.82 4.38
20 52.10 48.26 7.37
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surface and airflow above. Also, water vapor is washed away by the cross-flow so
quickly that it does not have the opportunity to diffuse to other parts of the channel.

To further examine the effect of cross-flow on the EHD-enhanced water
evaporation, numerical simulations and experiments are also performed for the cross-
flow with a velocity of 1.0 m/s, and the applied voltage ranging from 14 kV to 20 kV.
For this case, both inertial force and electric body force have effects on the flow motion.
The Sherwood numbers obtained are listed in Table 3.3. The discrepancies between
these two results vary from five to eleven percent. When consider the uncertainty
involved in the measurements of the corona current, cross-flow velocity, as well as the
variation of ambient conditions in the experiments, and the numerical simulation errors,
the discrepancies although slightly higher than the previous case, are still considered
acceptable.

One can observe from Table 3.3 that the Sherwood number basically increases
with the applied electric voltage. To evaluate the evaporation enhancement by electric
field, the Sherwood numbers obtained are also compared with that by forced convection
alone, which has a Sherwood number of 31.23. Clearly, the evaporation enhancement is
significant when the applied voltage is high. This is due to the impingement of corona
wind on the water surface, which disturbs the concentration boundary layer. Since both
inertial force and electric body force act simultaneously, their contribution to the
evaporation enhancement varies when the applied voltage increases from 14 kV to 20 kV,
depending on which force is dominant. When the applied voltage is low (< 16 kV), the
electric body force is considerably weak, compared with the cross-flow inertial force.

Thus, the evaporation enhancement is mainly contributed by the flow inertia. As such,
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Table 3.3 Comparison of Sherwood numbers (positive discharge, u; = 1.0 m/s)

Voltage (kV) Shyum Sheyp Err Shnum — Shexp |100%
| num |
14 31.81 30.35 4.58
15 3472 31.38 9.61
16 40.52 36.34 10.32
17 42.29 38.54 8.86
18 44,11 40.49 8.21
19 47.34 43,53 8.04
20 51.09 46.41 9.15

the Sherwood numbers are close to that by the forced convection. With an increase in the
applied voltage (Vo = 16 kV), the electric body force becomes stronger to overcome the
dominance of the flow inertia, the evaporation enhancement starts to increase linearly
with the applied voltage. This trend is similar to that observed from the experimental
study with the absence of cross-flow.

The interaction between the corona wind and primary flow can also be observed
from the flow fields (Figure 3.26). When the applied voltage is low, the secondary flow
is insignificant and the streamlines are nearly parallel. When the applied voltage is
increases, the secondary flow becomes stronger, and a recirculating cell appears between
the wire and water surface. When the applied voltage is increased further, the
recirculating cell extends over the entire water surface and results in a large evaporation
enhancement.

The concentration fields (Figure 3.27) also show the growing effects of the
secondary flow with an increase in the applied voltage. When the electric body force is
weak, the water vapor is confined to the boundary layer. When a higher voltage is

applied, the boundary layer is disturbed, which generate a large concentration gradient
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between the water surface and the air above. This leads to a large Sherwood number.
Since the electric field strength is mostly centered at the wire, the cross-flow becomes
dominant in the downstream region of the channel, and the water vapor is washed away

before it has the opportunity to diffuse to air in the upper part of the channel.
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Figure 3.24 Variation of flow fields with applied voltage (u; = 2.2 m/s)
(@) V=14kV, Wnax = 0.55, ¥1min = 0.0, A¥Y =0.0275
(b) V=15kV, Ymax = 0.20, Wpin = 0.01, A ¥ = 0.0100
() V=16kV, Ynax =0.16, ¥1in = 0.0, AY =0.0100
(d) V=17kV, Ymax = 0.12, Wpin = 0.01, A ¥ = 0.0100
() V=18kV, Wnax = 0.12, ¥1nin = 0.0, A¥Y =0.0100
) V=19kV, Wnax = 0.11, ¥pin = 0.01, A¥Y =0.0100
(g) V=20kV, Ymax = 0.10, ¥1nin = 0.0, A¥Y =0.0100
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Figure 3.25 Variation of concentration fields with applied voltage
(ui =2.2 m/s, Cipax = 1.0, Ciyin =0.0, A C=0.05)
(@) Vo=14kV, (b) Vo=15kV, (c) Vo=16kV, (d) Vo =17 kV,
(e) Vo=18kV,(f) Vo=19kV, (g) Vo=20kV
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Figure 3.26 Variation of flow fields with applied voltage (u; = 1.0 m/s)
(@) Vo=14kV, Ynax = 0.70, Wmin = 0.0, A W=0.05
(b) Vo=15kV, Wimax = 0.30, Wmin =-0.005, A =0.02
(¢) Vo=16kV, Yiax = 0.10, V¥ pin =-0.005, AY =0.005
(d) Vo=17kV, Wimax = 0.055, Yiuin=-0.005, A Y =0.0025
(€) Vo =18 kV, Wpax = 0.055, ¥ min = -0.005, A ¥ =0.0025
(f) Vo= 19 kV, Wmax = 0.050, Wpin=-0.005, AY =0.0025
(g) Vo=20 kV, Wiax = 0.050, W 1in =-0.005, A ¥ =0.0025
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Figure 3.27 Variation of concentration fields with applied voltage
(u;=1.0 m/s, Ciax = 1.0, Cpin = 0.0, AC = 0.05)
(a) Vo=14kV, (b) Vo=15kV, (¢) Vo=16kV, (d) Vo =17 kV,
(e) Vo=18kV, (f) Vo=19kV, (g) Vo=20kV
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CHAPTER FOUR

CONCLUSIONS

The present study has addressed some fundamental questions involved in the
EHD-enhanced heat and mass transfer. Particularly, the present results have once again
confirmed that an electric field can significantly enhance heat and mass transfer. The

important conclusions from the present study are summarized in the following sections.
4.1 EHD-enhanced Heat Transfer

Corona discharge is found to be an effective method for heat transfer
enhancement. For forced convection, the enhancement increases with the applied voltage
and can be as high as 350% from the present results. Although two different approaches
(one-way and two-way coupling) were used to determine the interactions between the
electric and flow fields, their differences are usually negligible. The results thus justify
the use of one-way coupling in the earlier studies. Further analysis shows that the ion
drift velocity is typically two-orders of magnitude larger than the inlet air velocity, which
also lends support to the formulation based on one-way coupling. Most importantly, both
numerical approaches predict the existence of oscillatory flows, which is the main
mechanism for the high heat transfer enhancement.

For natural convection, the heat transfer enhancement is most notable at low
Rayleigh numbers. Although the heat transfer enhancement may be quite impressive at
low Rayleigh numbers (Ra < 10°), one should be cautious that the added thermal energy
from the electric field (i.e., Joule heating) may have contributes greatly to this heat
transfer enhancement. On the other hand, the effects of Joule heating are negligible when

the Ralyleigh number is large (Ra > 10°). This is because the added electric energy is
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small as compared with the thermal energy provided by the differentially heated walls.
The present study has an important implication for the experimental study of EHD-
enhanced natural convection. When evaluating the heat transfer enhancement at low
Rayleigh numbers, it is important to distinguish the various components which contribute
to the heat transfer enhancement. Claims of unrealistic heat transfer enhancement may

result if care is not taken.
4.2 EHD-enhanced Mass Transfer

Both experimental and numerical studies have been conducted to verify the
effectiveness of electric field in the enhancement of water evaporation. The effects of
corona wind, corona polarity, and cross-flow on the evaporation rate have been studied
experimentally. The water evaporation rate is shown to depend on the strength of the
electric field and the velocity of the airflow. In the absence of cross-flow, the
enhancement in water evaporation rate increases linearly with the applied voltage. When
a large volume of cross-flow is introduced over the water surface, the electric field
becomes insignificant on the water evaporation enhancement. This is due to the
suppression of the corona wind by the cross-flow.

A numerical study was conducted to investigate the water evaporation enhanced
by electric field and cross-flow with positive discharge. The results show that with a
weak cross-flow, the water evaporation can be enhanced greatly compared with that in
the absence of cross-flow. If the velocity of the cross-flow is too high, it may diminish
the effect of electric field. Also, the results are compared with those of the experiments.

In general, the agreement between these results is quite satisfactory.
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4.3 Recommendations for Future Study

Although the present study has examined some fundamental issues involved in
the EHD-enhanced heat and mass transfer, there are problems remained to be explored.
For example, some studies can be extended directly from the present work to further
improve our understanding of the EHD-enhanced heat and mass transfer. These possible
topics are discussed below.

1. Although both corona polarities (positive and negative) were employed in the
present experimental study, only positive corona discharge was considered in the present
numerical study. One can extend the present study to include negative corona discharge
in the future numerical work. However, before taking on this problem, one needs to
know the difference in the nature of corona discharge. As it is well-known that positive
corona discharge is more stable and uniformly distributed along the wire electrode. As
such, it can be adequately modeled as two-dimensional. On the other hand, negative
corona discharge usually less stable and it promotes turbulence. Thus, a two-
dimensional, laminar flow model is not appropriate for negative corona discharge. To
catch all the essences of physics involved in negative corona discharge, one may have to
employ three-dimensional turbulent flow model.

2. Although the present study has employed a fine wire as the electrode, other
studies have used a needle as the electrode [26], which also proves to be an effective
means. When considering a needle electrode in numerical study, one needs to employ a
three-dimensional model. This is mainly due to the difference in the flow profile of
corona wind. For a wire electrode, it produces corona wind similar to a slot jet so that it

can be adequately modeled as two-dimensional. On the other hand, for a needle
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electrode, it produces corona wind similar to a round jet, which is inherently three-
dimensional. As such, an extension from the present study to include needle electrode
will require a three-dimensional model.

3. It has been proven that electric field in the form of corona wind can
significantly enhance the drying rate of wet materials. In general, all wetted materials
can be considered as porous media fully or partially saturated with water. Water inside a
porous medium exists in two forms; free water and bound water [47]. Free water exists
between the solid cells and can be released when freezing occurs. Bound water is the
water held within the solid cell wall and cannot be released if freezing occurs in the
intercellular space. The present study of EHD-enhanced water evaporation can be
regarded as a special case of the EHD-enhanced drying as there is no solid constituent
involved. As such, the present study has only addressed the effectiveness of corona
discharge on the removal of free water. For a complete understanding of the mechanisms
involved in the EHD-enhanced drying, the removal of bound water by corona discharge
needs to be addressed. While the experimental evaluation of the above problem may be
straightforward, the numerical study will be rather challenging. Due to the presence of
solid constituent, not only the calculation of electric field will become more complicated,

but also the calculation of the flow and concentration fields will be more involved.
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Table A.1 Comparison of Nusselt numbers obtained from both one-way and two-way coupling models (Vo = 10.0 kV)

Vo=10.0kV \ Ly = 3.4¢-5 A
Cross-flow Forcec} . EHD-enhanced Forced Convection .
. Re Convection One-way Coupling Model Two-way Coupling Model
Velocity
m/s Number | =~ Nu Nu Number Stability | Period Nu Number Stability | Period
Number Numin. Nuavergge Numax. Numin Nuaverage Numax.

0.0759 150 14.60 2537 | 26.54 | 27.43 | Periodic 2.0 24.89 | 26.78 | 28.00 | Periodic 2.0

0.1518 300 18.32 24.13 Steady 23.99 Steady

0.2277 450 21.07 24.78 Steady 24.70 Steady

0.3036 600 23.40 25.50 Steady 25.45 Steady

0.3795 750 25.48 26.48 Steady 26.44 Steady

0.4554 900 27.10 27.81 Steady 27.77 Steady

0.5313 1050 28.65 29.22 Steady 29.18 Steady

0.6072 1200 30.06 30.56 Steady 30.52 Steady

0.9108 1800 34.80 35.08 Steady 35.05 Steady

1.2144 2400 38.50 38.65 Steady 38.61 Steady
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Table A.2 Comparison of Nusselt numbers obtained from both one-way and two-way coupling models (Vo = 12.5 kV)

Vo=12.5kV | Toxp = 8.8¢-5 A
Cross-flow Forcec} . EHD-enhanced Forced Convection .
. Re Convection One-way Coupling Model Two-way Coupling Model
Velocity
m/s Number | = Nu Nu Number Stability | Period Nu Number Stability | Period
Number Numin. Nuavere_lge Numax. Numin Nuaverage Numax.
0.0759 150 14.60 37.50 Steady 37.43 Steady
0.1518 300 18.32 33.19 | 37.82 | 41.51 | Periodic 2.2 34.45 | 39.05 | 43.29 | Periodic | 2.2
0.2277 450 21.07 31.04 Steady 30.92 Steady
0.3036 600 23.40 31.51 Steady 3143 Steady
0.3795 750 25.48 31.94 Steady 31.89 Steady
0.4554 900 27.10 32.33 Steady 32.29 Steady
0.5313 1050 28.65 32.69 Steady 32.69 Steady
0.6072 1200 30.06 33.12 Steady 33.11 Steady
0.9108 1800 34.80 36.13 Steady 36.09 Steady
1.2144 2400 38.50 39.46 Steady 39.42 Steady

113




Table A.3 Comparison of Nusselt numbers obtained from both one-way and two-way coupling models (Vo =17.5 kV)

Voltage = 17.5 kV

Texp = 2.48¢-4 A

Cross-flow Forcec} . EHD-enhanced Forced Convection .

. Re Convection One-way Coupling Model Two-way Coupling Model

Velocity
m/s Number | = Nu Nu Number Stability | Period Nu Number Stability | Period
Number Numin. Nuavere_lge Numax. Numin Nuaverage Numax.

0.0759 150 14.60 43.09 | 50.87 | 58.62 | Periodic 1.7 41.83 | 50.73 | 61.73 | Periodic 1.6
0.1518 300 18.32 40.44 | 46.46 | 54.28 | Periodic 3.0 39.29 | 47.02 | 57.86 | Periodic | 2.9
0.2277 450 21.07 52.14 | 58.58 | 64.98 | Periodic 2.0 52.86 | 58.99 | 65.15 | Periodic 1.9
0.3036 600 23.40 47.84 | 5231 57.50 | Periodic 2.3 48.32 | 5293 | 58.30 | Periodic | 2.4
0.3795 750 25.48 41.99 | 4295 | 44.18 | Periodic 3.0 42.28 | 43.28 | 44.60 | Periodic 3.0
0.4554 900 27.10 40.98 Steady 41.07 Steady
0.5313 1050 28.65 41.57 Steady 41.46 Steady
0.6072 1200 30.06 41.68 Steady 41.72 Steady
0.9108 1800 34.80 42.40 Steady 42.43 Steady
1.2144 2400 38.50 43.18 Steady 43.20 Steady
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(a)

(b)

(©)

(d)

(e)

Figure A.1 Flow fields predicted by one-way coupling model for Vo =15 kV, Re = 150
(@) t=55.1, Ymax = 2.5, Ymin =-5.5, A¥ = 0.5
(b) t=55.6, Yimax = 2.7, ¥min = -4.7, A¥Y = 0.5
(c) t=56.1, Wmax = 3.5, Wmin =-5.5, A¥ = 0.5
(d) t=56.6, ¥max = 3.8, ¥min =-5.8, A¥Y =0.5
() t=57.1, max = 2.5, Ymin=-5.5, A¥ = 0.5

(a)

(b)

(c)

(d)

(e)

Figure A.2 Flow fields predicted by two-way coupling model for Vo = 15 kV, Re = 150
(@) T=56.6, Pmax = 2.5, ¥min =-5.5, A¥ =0.5
(b) T=57.1, Pmax = 2.6, ¥min = -4.6, AY =0.5
(c) T=57.6, Pmax = 3.6, ¥min = -5.6, A¥Y = 0.5
(d) T=58.1, Pmax = 3.8, Pmin = -5.8, A¥Y = 0.5
(e) T=58.6, Pmax = 2.5, ¥min =-5.5, A¥ =0.5
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(a)

(b)

(©)

(d)

(e)

Figure A.3 Temperature fields predicted by one-way coupling model for V= 15 kV,
Re =150
(a) T=55.1, Opmax = 1.0, Omin = 0.0, AB = 0.05
(b) T=55.6, Opmax = 1.0, Oin = 0.0, AB = 0.05

(©) T=56.1, Onax = 1.0, Oin = 0.0, AO = 0.05
(d) T=56.6, Onax = 1.0, Bin = 0.0, AO = 0.05
(&) T=57.1, Bmax = 1.0, Oin = 0.0, AO = 0.05

(a)

(b)

(©)

(d)

Figure A.4 Temperature fields predicted by two-way coupling model for Vo =15 kV,
Re =150
(a) T=56.6, Opmax = 1.0, Bmin = 0.0, AG = 0.05
(b) T=57.1, Opmax = 1.0, Omin = 0.0, AG = 0.05
(c) 1=57.6, Omax = 1.0, Bmin = 0.0, AG = 0.05
(d) T=58.1, Omax = 1.0, Bmin = 0.0, AB = 0.05
(e) T=58.6, Omax = 1.0, Oin = 0.0, AO = 0.05
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(a)

(b)

(©)

(d)

Figure A.5 Flow fields predicted by one-way coupling model for Vo= 15 kV, Re = 300
(@) T=102.9, ¥Ypmax = 1.7, Yimin =-4.3, AY =0.2
(b) T=103.7, ¥max = 3.2, Yimin =-6.2, AY = 0.2
(c) T=104.5, ¥max = 1.6, Yiin = -4.0, AY = 0.2
(d) T=105.3, ¥max = 3.2, Yrin =-6.0, A¥Y = 0.2
(e) T=106.3, Ymax = 1.8, Yrmin =-4.4, AY =0.2

(a)

(b)

(©)

(d)

Figure A.6 Flow fields predicted by two-way coupling model for Vo =5 kV, Re =300
(@) T=101.1, Wpax = 1.8, Win = -4.8, A¥Y = 0.2
(b) T=101.9, ¥max = 3.3, Wmin =-6.5, A¥Y = 0.2
(c) T=102.7, ¥pmax = 1.6, Ypiin = -4.4, AY = 0.2
(d) ©=103.5, ¥max = 3.2, Yiin =-7.2, A¥Y = 0.2
(e) T=104.5, ¥max = 1.8, Win =-5.0, A¥Y = 0.2
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(d)

(e)

Figure A.7 Temperature fields predicted by one-way coupling model for Vo = 15 kV, Re
=300
(a) T=102.9, Omax = 1.0, Omin = 0.0, A6 = 0.05
(b) T=103.7, Omax = 1.0, Opmin = 0.0, A6 = 0.05
(c) T=104.5, Omax = 1.0, Opin = 0.0, A6 = 0.05
(d) T=105.3, Omax = 1.0, Opmin = 0.0, A6 = 0.05
(e) T=106.3, Omax = 1.0, Opin = 0.0, AO = 0.05

Figure A.8 Temperature fields predicted by two-way coupling model for Vo =15 kV,
Re =300
(a) T=101.1, Omax = 1.0, Opin = 0.0, A6 = 0.05
(b) T=101.9, Omax = 1.0, Oin = 0.0, AB = 0.05
(¢) T=102.7, Omax = 1.0, Opin = 0.0, AO = 0.05
(d) T=103.5, Omax = 1.0, Oin = 0.0, AO = 0.05
(e) T=104.5, Omax = 1.0, Opin = 0.0, A6 = 0.05
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(a)

(b)

(©)

(d)

(e)

Figure A.9 Flow fields predicted by one-way coupling model for Vo =17.5 kV, Re = 150
(@) T=55.1, Ymax = 3.0, ¥pin = -6.5, A¥Y = 0.5
(b) T=55.5, Wmax = 3.5, Win = -6.5, A¥Y = 0.5
(c) T=559, Wnax =4.5, ¥in = -7.5, A¥Y = 0.5
(d) 1=56.3, Ymax = 4.5, ¥in = -7.5, A¥Y = 0.5
(e) T=56.8, Pmax = 3.0, ¥pin = -6.0, A¥ = 0.5

(a)
®
(d)

© °

Figure A.10 Flow fields predicted by two-way coupling model for Vo =17.5 kV,
Re =150
(a) T=55.8, Wimax = 2.9, Win =-6.4, A¥Y = 0.5
(b) T=56.2, Wimax = 3.5, Wmin =-6.5, A¥Y = 0.5
(c) T=56.6, Ymax = 4.6, Vrin =-7.4, A¥Y =0.5
(d) t=57.0, Pimax = 4.6, Yin =-7.4, A¥Y = 0.5
(€) 1=574, Whax = 4.2, Piin =-7.3, A¥Y = 0.5
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(a)

(b)

(©)

(d)

(e)

Figure A.11 Temperature fields predicted by one-way coupling model for Vo= 17.5 kV,
Re =150
(a) T=55.1, Opmax = 1.0, Oppin = 0.0, A= 0.05
(b) T=55.5, Omax = 1.0, Opyin = 0.0, A= 0.05
(¢) T=55.9, Omax = 1.0, O1yin = 0.0, A= 0.05
(d) T=56.3, Omax = 1.0, Oin = 0.0, A= 0.05
(e) T=156.8, Omax = 1.0, Opyin = 0.0, A= 0.05

(a)

(b)

(©)

Figure A.12 Temperature fields predicted by two-way coupling model for Vo= 17.5 kV,
Re =150
(a) T=155.8, Omax = 1.0, Omin = 0.0, A =0.05
(b) T=156.2, Omax = 1.0, Omin = 0.0, A =0.05
(¢) T=156.6, Omax = 1.0, Omin = 0.0, A= 0.05
(d) T=157.0, Omax = 1.0, Opmin = 0.0, A= 0.05
(e) T=57.4, Omax = 1.0, Opmin = 0.0, A =0.05
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Figure A.13 Flow fields predicted by one-way coupling model for Vo =17.5 kV,
Re =300
(a) 1=56.0, Ymax = 2.0, Pimin =-3.6, A¥Y = 0.2

(b) T1=56.7, Prax = 1.5, Yo = -3.3, AP = 0.2
(©) 1=57.4, Ypax = 1.8, Pin = -3.0, AP = 0.2
(d) 1=58.1, Prax = 2.3, Yoo = -3.5, AP = 0.2
(€) 1="59.0, Ppax = 2.0, ¥prin = -3.6, AP = 0.2

(b)

(d)

Figure A.14 Flow fields predicted by two-way coupling model for Vo =17.5 kV,
Re =300

(a) T=58.0, Pax = 2.0, ¥pin = -3.6, AP = 0.2
(b) T=58.7, Wnax = 1.5, Wi = -3.3, A¥ = 0.2
(©) T=59.4, Pax = 1.8, Yo = -3.0, AP = 0.2
(d) 1= 60.1, Pax = 2.3, Ppoin = -3.5, AP = 0.2
(e) T=60.9, Ppnax = 2.0, ¥y = -3.6, A¥ = 0.2
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Figure A.15 Temperature fields predicted by one-way coupling model for Vo= 17.5 kV,
Re =300
(a) 1=156.0, Omax = 1.0, Opin = 0.0, A=0.05
(b) ©1=156.7, Omax = 1.0, Opin = 0.0, A=0.05
(¢) ©1=57.4, 0max = 1.0, Opin = 0.0, A=0.05
(d) t=158.1, Omax = 1.0, Opin = 0.0, A=0.05
(€) ©=159.0, Omax = 1.0, Opin = 0.0, A=0.05
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Figure A.16 Temperature fields predicted by two-way coupling model for Vo= 17.5 kV,
Re =300
(a) T=58.0, Omax = 1.0, Opin = 0.0, A=0.05
(b) T=58.7, Omax = 1.0, Opmin = 0.0, A= 0.05
(¢) T=59.4, Omax = 1.0, Oin = 0.0, A= 0.05
(d) T=60.1, Omax = 1.0, Oin = 0.0, A=0.05
() T=060.9, Omax = 1.0, Opin = 0.0, A=0.05
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Figure A.17 Flow fields predicted by one-way coupling model for Vo =17.5 kV,
Re =450

(a) T=58.6, ¥pax = 1.7, ¥puin = -0.3, A¥ = 0.1
(b) T=59.1, Pruax = 2.6, Puin = -0.2, A¥ = 0.1
(©) T=359.6, Prax = 2.9, Wouin = -0.4, A¥ = 0.1
(d) 1=60.1, Ppax = 2.0, Ui = -0.4, AP = 0.1
(€) T=60.6, Prax = 1.6, Ppuin = -0.3, A¥ = 0.1

(b)

(©)

(d)

©

Figure A.18 Flow fields predicted by two-way coupling model for Vo =17.5 kV,
Re =450

(2) 1=56.7, Pax = 1.6, ¥y = -0.3, AP = 0.1
(b) 1=57.2, Prax = 2.5, P = -0.2, AP = 0.1
(©) 1=57.7, Ynax = 2.9, Ppuin = -0.5, AP = 0.1
(d) T=58.2, Ypax = 2.1, Ppyin = 0.4, AP = 0.1
(6) T="58.6, Prax = 1.8, ¥pin = -0.3, AP = 0.1
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Figure A.19 Temperature fields predicted by one-way coupling model for Vo= 17.5 kV,
Re =450
(a) 1=158.6, Omax = 1.0, Opin = 0.0, A=0.05
(b) T=59.1, Omax = 1.0, Opin = 0.0, A= 0.05
(¢) T=59.6, Omax = 1.0, Opin = 0.0, A=0.05
(d) t©=060.1, Omax = 1.0, Opin = 0.0, A=0.05
(e) 1=160.6, Omax = 1.0, Opin = 0.0, A=0.05

(a)

(b)

(©)

(d)

(e)

Figure A.20 Temperature fields predicted by two-way coupling model for Vo =17.5 kV,
Re =450
(a) 1=156.7, Omax = 1.0, Opmin = 0.0, A=0.05
(b) t©=157.2, Omax = 1.0, Opin = 0.0, A=0.05
(¢) ©=157.7, 0max = 1.0, Opin = 0.0, A= 0.05
(d) t©=158.2, Omax = 1.0, Opin = 0.0, A=0.05
() 1=158.6, Omax = 1.0, Opmin = 0.0, A=0.05
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Figure A.21 Flow fields predicted by one-way coupling model for Vo =17.5 kV,
Re =600
(a) T=57.6, Pimax = 1.3, Whin = 0.0, AY = 0.1
(b) T=58.2, Yimax = 1.8, Wpin = 0.0, AY = 0.1
(c) T=58.8, Yimax = 2.2, Wpin = 0.0, AY = 0.1
(d) T=59.4, Yimax = 2.0, Ppin = 0.0, AY = 0.1
(€) T=59.9, Wiax = 1.3, Wpin = 0.0, AY = 0.1

(a)

(b)

(©)
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©

Figure A.22 Flow fields predicted by two-way coupling model for Vo =17.5 kV,
Re =600
(@) t=57.7, max = 1.3, Wmin = 0.0, AY = 0.1
(b) T=58.3, Wmax = 1.9, Wpin = 0.0, A¥Y = 0.1
(¢) T=58.9, Wmax = 2.2, ¥min = 0.0, A¥Y = 0.1
(d) 1=59.5, Wmax = 1.9, Wpin = 0.0, A¥Y = 0.1
(€) T=60.1, Wpmax = 1.3, Win = 0.0, AY = 0.1
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Figure A.23 Temperature fields predicted by one-way coupling model for Vo= 17.5 kV,
Re =600
(a) 1=57.6, Omax = 1.0, Omin = 0.0, A =0.05
(b) T=58.2, Opmax = 1.0, Oin = 0.0, A= 0.05
(c) T=58.8, Omax = 1.0, Omin = 0.0, A= 0.05
(d) T=59.4, Omax = 1.0, Omin = 0.0, A= 0.05
(e) T=59.9, Omax = 1.0, Oin = 0.0, A= 0.05

(b)

(©)

(d)

Figure A.24 Temperature fields predicted by two-way coupling model for Vo =17.5 kV,
Re =600

(a) 1=57.7, Omax = 1.0, Oin = 0.0, A=0.05
(b) T=58.3, Onax = 1.0, Oin = 0.0, A= 0.05
(©) T=58.9, Onax = 1.0, Oin = 0.0, A= 0.05
(d) 1=59.5, Onax = 1.0, O = 0.0, A = 0.05
(€) T=60.1, Opnax = 1.0, O =0.0.A=0.05
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Figure A.25 Flow fields predicted by one-way coupling model for Vo =17.5 kV,
Re =750
(a) T=584, Wax = 1.7, Whin = 0.0, AY = 0.1
(b) T=159.2, Wimax = 1.6, Wpin = 0.0, AY = 0.1
(¢) T=60.0, Pimax = 1.4, Wpin = 0.0, AY = 0.1
(d) T=60.8, Yimax = 1.6, Ppin = 0.0, AY = 0.1
() t=61.4, Wax = 1.7, Wmin = 0.0, A¥ = 0.1
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Figure A.26 Flow fields predicted by two-way coupling model for Vo =17.5 kV,
Re =750
(@) T=58.2, Wimax = 1.7, Wmin = 0.0, A¥Y = 0.1
(b) T=59.0, Ymax = 1.9, Wpin = 0.0, A¥Y = 0.1
(¢) T=59.8, Ymax = 2.3, Wmin = 0.0, A¥Y = 0.1
(d) 1=60.6, ¥max = 2.0, Wpmin = 0.0, A¥Y = 0.1
() T=61.2, Wmax = 1.7, Wmin = 0.0, AY = 0.1
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Figure A.27 Temperature fields predicted by one-way coupling model for Vo= 17.5 kV,
Re =750
(a) T=58.4, Omax = 1.0, Omin = 0.0, A= 0.05
(b) T=159.2, Opmax = 1.0, Oin = 0.0, A= 0.05
(¢) T=60.0, Opmax = 1.0, O1in = 0.0, A= 0.05
(d) T=160.8, Omax = 1.0, Omin = 0.0, A= 0.05
(e) T=061.4, Opax = 1.0, Oin = 0.0, A= 0.05

(a)

(b)

(c)

(d)

(e)

Figure A.28 Temperature fields predicted by two-way coupling model for Vo= 17.5 kV,
Re =750

(a) T=58.2, Onax = 1.0, Oin = 0.0, A= 0.05
(b) T=59.0, Onax = 1.0, O = 0.0, A = 0.05
(©) T=59.8, Onax = 1.0, Oin = 0.0, A=0.05
(d) T=60.6, Onax = 1.0, Oin = 0.0, A= 0.05
(e) T=61.2, Onax = 1.0, Oin = 0.0, A= 0.05
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Figure A.29 Flow fields predicted by one-way coupling model for Vo =17.5 kV
(a) Re=900, Wnax =1.2, ¥min = 0.5, A¥Y =0.05
(b) Re=1050, Wax = 1.2, ¥pin = 0.5, A¥Y = 0.05
(c) Re=1200, ¥pax = 1.1, Win = 0.5, A¥Y = 0.05
(d) Re= 1800, Ymax = 1.0, Wpin = 0.5, A¥Y = 0.05
(e) Re=2400, ¥ax = 1.0, ¥pin = 0.5, A¥Y = 0.05
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Figure A.30 Flow fields predicted by two-way coupling model for Vo =17.5 kV
(a) Re=900, Wmax =1.2, Pmin = 0.5, A¥Y =0.05
(b) Re=1050, Ymax = 1.2, Win = 0.5, A¥Y = 0.05
(¢) Re=1200, Wmax = 1.1, Wmin = 0.5, A¥Y = 0.05
(d) Re=1800, Yiax = 1.0, Ppmin = 0.5, A¥Y = 0.05
() Re=2400, Ymax = 1.0, Pmin = 0.5, A¥Y = 0.05
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Figure A.31 Temperature fields predicted by one-way coupling model for Vo= 17.5 kV
(a) Re=900, Opax = 1.0, 01in=0.0, A=0.05
(b) Re=1050, Omax = 1.0, O1in = 0.0, A=0.05
(¢) Re=1200, Opax = 1.0, Oin = 0.0, A= 0.05
(d) Re=1800, Opmax = 1.0, O1in = 0.0, A=0.05
(e) Re=2400, 0max = 1.0, 61in = 0.0, A=0.05

(a)

(b)

(c)

(d)

(e)

Figure A.32 Temperature fields predicted by two-way coupling model for Vo= 17.5 kV
(a) Re=900, Omax = 1.0, Omin = 0.0, A=0.05
(b) Re = 1050, Omax = 1.0, Omin = 0.0, A=0.05
(c) Re=1200, Omax = 1.0, Opmin = 0.0, A=0.05
(d) Re =1800, Omax = 1.0, Bmin = 0.0, A = 0.05
(e) Re =2400, Oimax = 1.0, Omin = 0.0, A=0.05
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APPENDIX B

FLOW AND TEMPERATURE FIELDS OF JOULE

HEATING
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Figure B.1 Flow fields at the wire position 3 (Vo = 12.0 kV, Ra = 10", with Joule
heating)
(@) T=614.7,Wmax = 0.030, Wpin =-0.030, A¥ = 0.005
(b) T=630.2, Yiax = 0.030, Wpnin =-0.035, AY = 0.005
(c) T=645.7, Ymax = 0.050, Wpnin = -0.020, AY = 0.005
(d) t=661.2, ¥imax = 0.040, ¥ nin = -0.020, AY = 0.005
(e) T=1676.7, Ymax = 0.030, Wpin = -0.030, AY = 0.005
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Figure B.2 Flow fields at the wire position 3 (Vo = 12.0 kV, Ra = 10", without Joule
heating)
(@) T=0615.8,Wmax = 0.025, Wpin =-0.040, AY = 0.005
(b) T=1629.3, Wimax = 0.050, W pmin = -0.020, AY = 0.005
(c) T=642.8, Yiax = 0.050, Wpnin = -0.020, AY = 0.005
(d) T=656.3, Yiax = 0.035, Wpin =-0.025, AY = 0.005
(e) T=1670.8, Ymax = 0.025, Wpin = -0.040, AY = 0.005
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Figure B.3 Temperature fields at the wire position 3 (Vo = 12.0 kV, Ra = 10", with Joule
heating)
(a) t=614.7, Omax = 3.4, Omin = 0.0, AO = 0.2
(b) T=630.2, Omax = 3.6, Omin = 0.0, AO = 0.2
(c) T=645.7, Omax = 4.4, Omin = 0.0, AO = 0.2
(d) T=661.2, Omax = 3.2, Omin = 0.0, AO = 0.2
(e) 1=676.7, Omax = 3.4, Omin = 0.0, AO = 0.2
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Figure B.4 Temperature fields at the wire position 3 (Vo= 12.0 kV, Ra = 10*, without
Joule heating)
(a) t=615.8, Omax = 1.0, Omin = 0.0, AG = 0.1
(b) T=1629.3, Omax = 1.0, Omin = 0.0, AB = 0.1
(c) t=642.8, Omax = 1.0, Omin = 0.0, AB = 0.1
(d) T=656.3, Omax = 1.0, Omin = 0.0, AG = 0.1
(e) t=670.8, Omax = 1.0, Omin = 0.0, AG = 0.1
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Figure B.5 Flow fields at the wire position 3 (Vo =12.0 kV, AY = 0.005)
(a) Ra= 105, with joule heating,  Wpax = 0.02, Wpin = -0.045
(b) Ra = 10°, without joule heating, Wmax = 0.00, ¥ i, = -0.050
(c) Ra= 106, with joule heating, Winax = 0.0, Wiin = -0.070
(d) Ra = 10°, without joule heating, Wpax = 0.0, ¥pin = -0.070
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Figure B.6 Temperature fields at the wire position 3
(Vo=12.0kV, Omax = 1.0, Omin = 0.0, AB=0.1)
(a) Ra=10°, with Joule heating
(b) Ra = 10°, without Joule heating
(¢) Ra= 106, with Joule heating
d) Ra=10° without Joule heating
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Figure B.7 Flow fields at the wire position 2 (Vo = 12.0kV, Ra = 10*, with Joule heating)
(a) T=656.1, WYiax = 0.040, Wpnin = -0.030, AY = 0.005
(b) T=668.6, Yimax = 0.020, Wpnin =-0.035, A¥ = 0.005
(c) T=681.1, ,Wmax = 0.035, Wpmin = -0.030, A¥Y = 0.005
(d) T=693.6, ,Wmax = 0.045, ¥pin = -0.020, AY = 0.005
(e) T=705.8, ,\Wmax = 0.040, ¥pin = -0.025, AY = 0.005
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Figure B.8 Flow fields at the wire position 2 (Vo = 12.0 kV, Ra = 10", without Joule
heating)
(@) T=611.9, ¥imax = 0.040, Wpin=-0.025, A¥ = 0.005
(b) T=1623.9, ¥imax = 0.040, W pin=-0.020, A¥Y = 0.005
(c) T=635.9, Yiax = 0.030, ¥pin=-0.030, A¥ = 0.005
(d) T=647.9, ¥iax = 0.020, ¥pmin=-0.035, A¥ = 0.005
(e) T=1660.9, ¥max = 0.040, W pin=-0.025, A¥ = 0.005
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Figure B.9 Flow fields at the wire position 2 (Vo = 15.0 kV, Ra = 10°, with Joule
heating)
(a) 1=629.0, WYiax = 0.13, Wpin = -0.05 , A¥Y = 0.005
(b) T=636.0, ¥rmax = 0.13, Wpin = -0.05 , A¥ = 0.005
(c) T=643.0, ¥imax = 0.13, Wpin = -0.05 , A¥Y = 0.005
(d) 1=650.0, Yimax = 0.13, Wpin = -0.05 , A¥Y = 0.005
(e) T=1659.0, Wiax = 0.13, Wpin = -0.05 , A¥Y = 0.005
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Figure B.10 Flow fields at the wire position 2 (Vo = 15.0 kV, Ra = 10°, without Joule
heating)
(@) T=618.0, ¥max = 0.13, Prin = -0.05, AY = 0.005
(b) ©=1625.0, Ymax = 0.13, Win = -0.05, A¥Y = 0.005
(c) T=1632.0, Vmax = 0.13, Ppin = -0.05, AY = 0.005
(d) ©=639.0, Wax = 0.13, Pin = -0.05, A¥Y = 0.005
(e) T=646.3, Wmax = 0.13, Prin = -0.05, AY = 0.005
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Figure B.11 Temperature fields at the wire position 2 (Vo = 15.0 kV, Ra = 10°, with
Joule heating)
(a) t=629.0, Omax = 1.0, Omin = 0.0, AB = 0.05
(b) T=636.0, Oax = 1.0, Oin = 0.0 , AB = 0.05
(c) T=643.0, Oax = 1.0, Onin = 0.0, AB = 0.05
(d) T=650.0, Oax = 1.0, Omin = 0.0, AB = 0.05
(e) 1=659.0, Omax = 1.0, Omin = 0.0, AB = 0.05
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Figure B.12 Temperature fields at the wire position 2
(Vo=15.0kV,Ra= 106, without Joule heating)
(a) t=618.0, Opmax = 1.0, Omin = 0.0, AB = 0.05
(b) t=1625.0, Omax = 1.0, Opmin = 0.0 , AB = 0.05
(¢) 1=632.0, Omax = 1.0, Omin = 0.0, AB = 0.05
(d) 1=639.0, Omax = 1.0, Omin = 0.0, AB = 0.05
(€) T=646.3, Omax = 1.0, Omin = 0.0, AG = 0.05
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Figure B.13 Flow fields at the wire position 1 (Vo = 12.0 kV, Ra = 10*, with Joule
heating)
(a) T=697.5, WYmax = 0.050, Ymin = -0.020, AY = 0.005
(b) T=722.5, Wmax = 0.025, Ppmin = -0.035, AY = 0.005
(c) T=747.5, WYmax = 0.050, ¥pmin = -0.020, AY = 0.005
(d) T=772.5, Wmax = 0.030, ¥pmin = -0.030, AY = 0.005
(e) T=798.9, Wmax = 0.050, ¥min = -0.020, AY = 0.005

QQ

@ ® (@© @ @

Figure B.14 Flow fields at the wire position 1 (Vo= 12.0 kV, Ra= 104, without Joule
heating)
(a) t=768.3, Yiax = 0.040, ¥ pnin = -0.025, AY = 0.005
(b) t=781.9, Wmax = 0.025, Wpin = -0.040, AY¥ = 0.005
(¢) t=795.5, Wmax = 0.050, ¥pmin, = -0.020, A¥ = 0.005
(d) t=2809.1, Wmax = 0.050, ¥pmin, = -0.020, A¥ = 0.005
(e) T=2822.9, Yhux = 0.040, ¥ pnin = -0.025, AY = 0.005
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Figure B.15 Temperature fields at the wire position 1 (Vo = 12.0 kV, Ra = 10*, with
Joule heating)

(a) T=697.5, Omax = 3.0, Omin = 0.0, AO = 0.2
(b) T="722.5, Omax = 4.0, Omin = 0.0, AO = 0.2
(€) T="T47.5, Omax = 3.2, Omin = 0.0, AO = 0.2
(d) T="772.5, Omax = 4.0, Opyin = 0.0, AO = 0.2
(e) T="798.9, Opmax = 3.0, Oin = 0.0, AO = 0.2
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Figure B.16 Temperature fields at the wire position 1
(Vo=12.0 kV, Ra = 10*, without Joule heating)
(a) T=768.3, Omax = 1.0, Oin = 0.0 , AB = 0.2
(b) T="781.9, Oax = 1.0, Oin = 0.0 , AB = 0.2
(c) T=795.5, Omax = 1.0, Oin = 0.0 , AB = 0.2
(d) t=2809.1, Omax = 1.0, Omin = 0.0, AO = 0.2
(e) T=2822.9, Opax = 1.0, Oin = 0.0 , AB = 0.2
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Figure B.17 Flow fields at the wire position 1 (Vo= 12.0 kV)
(a) Ra= 10° , with Joule heating, Wpax = 0.01, Wpin = -0.050, AY = 0.005)

(b) Ra= 10°* without Joule heating, Wax = 0.00, Wiin = -0.050, AY = 0.005)
(¢) Ra=10° with Joule heating,

Winax = 0.00, Wiin = -0.070, AY = 0.005)
(d) Ra = 10°" without Joule heating, Wmax = 0.00, ¥pmin = -0.070, A¥ = 0.005)

) (© (@
Figure B.18 Temperature at the wire position 1

(Vo=12.0kV, Bnax = 1.0, Omin = 0.0,A0 = 0.1)
(a)Ra=10’,

with Joule heating
(b) Ra= 10’ , without Joule heating
(c)Ra=10°,  with Joule heating

(d) Ra = 10°, without Joule heating
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Figure B.19 Flow fields at the wire position 1 (Vo = 15.0 kV, Ra = 10°, with Joule
heating)

(a) T=1017.2, e = 0.130, ¥ uin = -0.03, AW = 0.01
(b) T=1024.4, ¥\ = 0.120, Wuin = -0.03, A¥ = 0.01
(©) T=1031.6, P = 0.120, ¥uin = -0.03, A¥ = 0.01
(d) 7= 1038.8, Pmax = 0.130, Puin = -0.03 , AW = 0.01
(e) T= 1046.0, P = 0.130, ¥ pmin = -0.03, AW = 0.01
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Figure B.20 Flow fields at the wire position 1 (Vo= 15.0 kV, Ra = 10°, without Joule
heating)

(a) 1=1011.8, Pmax = 0.130, Ppin =-0.03 , A¥Y = 0.01
(b) T=1018.7, Ymax = 0.120, Win =-0.03 , A¥Y = 0.01
(c) 1=1025.6, Pmax = 0.130, Wpin =-0.03 , AY = 0.01
(d) t=1032.5, Ymax = 0.130, ¥pin =-0.03 , AY = 0.01
(e) 1=1039.4, Ypax = 0.130, Ppin =-0.03 , A¥Y = 0.01
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Figure B.21 Temperature fields at wire the position 1 (Vo = 15.0 kV, Ra = 10°, with
Joule heating)
(a) t=1017.2, Omax = 1.0, Omin = 0.0 , AB = 0.1
(b) T=1024.4, Omax = 1.0, Opin = 0.0, AB = 0.1
(c) T=1031.6, Omax = 1.0, Opin = 0.0, AB = 0.1
(d) T=1038.8, Omax = 1.0, Opin = 0.0, AG = 0.1
(e) 1=1046.0, Omax = 1.0, Omin = 0.0 , AB=0.1

Figure B.22 Temperature fields at the wire position 1
(Vo=15.0 kV, Ra = 10°, without Joule heating)
(a) T=1011.8, Omax = 1.0, Opmin = 0.0, AB = 0.1
(b) T=1018.7, Omax = 1.0, Opmin = 0.0, AB = 0.1
(c) T=1025.6, Omax = 1.0, Opmin = 0.0, AB = 0.1
(d) t=1032.5, Omax = 1.0, 0min = 0.0 , AB =0.1
(e) T=1039.4, Omax = 1.0, Opin = 0.0, AB = 0.1
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Figure B.23 Variation of Nusselt number with time for Vo = 12.0 kV

at the wire position 2 (with Joule heating, solid---cold wall, dashed--- hot wall)

(a) Ra=10% (b)Ra= 10 (c)Ra=10°
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Figure B.24 Variation of Nusselt number with time for Vo = 12.0 kV
at the wire position 2 (without Joule heating, solid---cold wall, dashed--- hot wall)
(a) Ra=10* (b) Ra= 10 (c)Ra=10°
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Figure B.25 Variation of Nusselt number with time for Vo = 15.0 kV

at the wire position 2 (with Joule heating, solid---cold wall, dashed--- hot wall)
(a) Ra=10% (b)Ra= 10 (c)Ra=10°
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Figure B.26 Variation of Nusselt number with time for Vo = 15.0 kV

at the wire position 2 (without Joule heating, solid---cold wall, dashed--- hot wall)
(a) Ra=10* (b) Ra= 10 (c)Ra=10°
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Figure B.27 Variation of Nusselt number with time for Vo = 18.0 kV
at the wire position 2 (with Joule heating, solid---cold wall, dashed--- hot wall)

(a) Ra=10* (b) Ra= 10 (c)Ra=10°
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Figure B.28 Variation of Nusselt number with time for Vo = 18.0 kV
at the wire position 2 (without Joule heating, solid---cold wall, dashed--- hot wall)
(a) Ra=10% (b)Ra= 10 (c)Ra=10°
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Table C.1 Positive corona discharge without cross-flow

Positive Discharge Net weight lost Average Ambient Regnp Sherwood Number
Without Cross-flow Electrode | Ambient She/ Sh,
Voltage Current Electrode | Ambient | Temp. | Humidity She Sh,
kV LA g/s (107 °C RH%
14 12.6 8.56 4.71 23.4 51.9 14.633 0.0986 0.0543 1.7945
15 19.5 14.84 5.85 25.5 30.4 18.039 0.1049 0.0413 2.5368
16 294 17.89 6.25 254 28.9 22.159 0.1247 0.0436 2.8624
17 40.2 20.17 6.28 26.0 29.1 25.846 0.1353 0.0421 3.2118
18 47.9 21.29 6.20 25.5 30.7 28.273 0.1511 0.0440 3.4339
19 63.9 21.29 5.80 26.2 35.5 32.558 0.1547 0.0422 3.6707
20 78.9 21.95 5.41 26.1 38.2 36.195 0.1676 0.0413 4.0573

Table C.2 Positive corona discharge with cross-flow (u; = 2.2 m/s)

Positive Discharge Net weight lost Average Ambient NEHD Sherwood Number
With Cross-flow Electrode | Ambient Sh./ Sh,
Voltage Current Electrode | Ambient | Temp. | Humidity She Sh,
kV nA g/s (107 °C RH%
14 144 25.58 6.76 27.2 37.8 0.216 0.1807 0.0478 3.7840
15 25.1 26.35 8.01 26.6 36.1 0.285 0.1883 0.0572 3.2896
16 38.0 27.22 7.28 27 33.3 0.351 0.1817 0.0486 3.7390
17 50.2 26.64 7.56 26.4 34.6 0.403 0.1885 0.0535 3.5238
18 67.0 27.60 7.61 27 32.6 0.466 0.1823 0.0503 3.6268
19 81.2 29.10 8.04 26.4 29.9 0.513 0.1922 0.0531 3.6194
20 93.7 29.98 9.52 26.5 27.4 0.551 0.1900 0.0603 3.1492
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Table C.3 Negative corona discharge without cross-flow

Negative Discharge Net weight lost Average Ambient Regnp Sherwood Number
Without Cross-flow Electrode | Ambient She/ Sh,

Voltage Current Electrode | Ambient | Temp. | Humidity She Sh,
kV LA g/s (107 °C RH%
14 4.3 8.88 5.70 26.0 26.0 6.978 0.0571 0.0366 1.5580
15 13.5 11.79 5.74 24.0 43.5 12.471 0.1124 0.0643 2.0540
16 30.4 17.22 6.29 25.9 31.2 18.561 0.1198 0.0438 2.7377
17 38.3 18.10 7.04 25.5 33.5 20.870 0.1338 0.0595 2.5710
18 56.0 20.77 6.22 26.0 31.7 25.182 0.1446 0.0433 3.3392
19 74.0 23.53 6.98 25.7 28.8 28.983 0.1604 0.0476 3.3711
20 85.8 23.19 6.58 25.8 35.1 31.196 0.1721 0.0503 3.5243

Table C.4 Negative discharge with cross-flow (u; = 2.2 m/s)

Negative Discharge Net weight lost Average Ambient NEnp Sherwood Number
With Cross-flow Electrode | Ambient Sh./ Sh,

Voltage Current Electrode | Ambient | Temp. | Humidity She Sh,
kV nA g/s (107 °C RH%
14 19.8 16.01 5.50 23.7 50.3 0.209 0.1765 0.0606 2.9109
15 33.0 15.17 5.84 24.0 49.8 0.270 0.1627 0.0626 2.5976
16 42.2 17.00 5.96 23.2 49.6 0.305 0.1905 0.0668 2.8523
17 58.0 16.93 6.07 23.4 48.3 0.358 0.1828 0.0655 2.7891
18 79.2 16.59 6.33 22.9 49.5 0.418 0.1890 0.0721 2.6209
19 103.4 18.47 6.80 22.8 44.3 0.478 0.1921 0.0707 2.7162
20 133.2 21.16 7.12 23.0 40.7 0.542 0.2043 0.0687 29719
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