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Turbulence modification by large-scale organized electrohydrodynamic
flows
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The interactions of flows generated by ionic discharges with wall turbulence are not only of interest
for turbulence control, but also for devices of industrial importance, such as wire-plate electrostatic
precipitators~ESPs!. Under conditions of uniform discharge, in wire-plate ESPs, arrays of regular,
spanwise vortices are found in the absence of a through-flow. These arise from ionic discharges
from the spanwise wires placed between the grounded plates on each side. The interactions of such
electrohydrodynamic~EHD! flows with a turbulent through-flow are still poorly understood. Direct
numerical simulation~DNS! is an attractive method for investigating such problems since the details
of the interactions can be unraveled, and the results are directly applicable to industrial-scale
systems because their Reynolds numbers are typically quite low. In this study, pseudospectral
channel flow simulations were performed with the electrohydrodynamic effects being modeled by a
spatially varying body-force term in the equations of fluid motion. The interactions between EHD
flows and wall structures were elucidated by examining the instantaneous structure of the flow field.
Results indicate that the mean flow, the EHD flows, and the turbulence field undergo significant
modifications caused by mutual interaction. First, it is found that EHD flows reduce drag, allowing
larger flow rates for a given pressure drop. Second, the EHD flows themselves appear weakened by
the presence of the through-flow, particularly in the central region of the channel. The EHD flows
affect the turbulence field by both increasing dissipation and turbulence production, the overall
turbulence level being determined by the balance between the increased dissipation and production.
Even though high EHD flow intensities may increase streamwise and wall-normal turbulence
intensities, the Reynolds stress is reduced, consistent with the observed reduction in drag. From a
mechanistic viewpoint, there are indications that EHD flows of the type investigated here reduce
drag by decreasing the relative importance of the positive Reynolds stress contributions, i.e., second
~ejections! and fourth ~sweeps! quadrant events, compared to the negative Reynolds stress
contributions, i.e., first and third quadrant events. ©1998 American Institute of Physics.
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I. INTRODUCTION

When a potential difference is applied across a fluid
which ionic species are dispersed, the ions drift under
action of the Coulomb force, and interact with fluid mo
ecules. As a result of such interactions, ions exchange
mentum with the fluid, so that ‘‘electrohydrodynamic
~EHD! fluid motions are generated. For certain body-for
distributions, EHD flows form arrays of large-scale, spa
wise, counter-rotating vortical structures, as shown in Fig
The superposition of this periodic structure onto wall turb
lence leads to turbulence modification. Such flows are
only of interest as a means of controlling turbulence but a
from a practical viewpoint as they arise in wire-plate ele
trostatic precipitators~ESPs!.

a!Author to whom correspondence should be addressed. Electronic
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The scenario shown in Fig. 1, with an array of count
rotating EHD-generated vortices superimposed onto a tu
lent through-flow, is typical of wire-plate ESPs, which co
sist of a duct with vertical walls through which a gas, beari
suspended particles, is driven by a pressure gradient. W
electrodes~usually vertical and equispaced! are placed along
the duct centerline and are kept at a potential well above
threshold for ionic discharge. The ions released into the fl
are driven toward the grounded walls by the action of
electrostatic field. A sketch of the flow configuration
shown in Fig. 2. Ions streaming across the flow interact w
initially neutral air-borne particles and charge them. The
ions interact with fluid particles and generate EHD flow
From a macroscopic point of view, EHD flows appear
arise from the action of the Coulomb force. Background m
terial on electrohydrodynamic convection may be found
earlier studies.1,2

Electrostatic forces, alone or together with magne
il:
2 © 1998 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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forces, are currently one of the possible choices to red
drag and control turbulence structure.3,4 In wire-plate ESPs,
electrostatic forces are required to separate air-borne
ticles and were considered to have a negative effect on
because turbulence might be increased. In this paper, w
rectly simulate the flow in an ESP, albeit at a somew
lower Reynolds number, and obtain quantitative estimate
effects on drag, various turbulence statistics and trans
coefficients. More broadly, the possibility of controlling tu
bulence parameters by such superimposed EHD flow
identified.

In wire-plate precipitators, the characteristics of EH
flows depend on the distribution of the body force which,
turn, depends on the distribution of space charge and
electrostatic field. If ionic discharge occurs uniformly alo
the wires, the distribution of the body force is two
dimensional inx and z, as shown in Fig. 3~a!. This figure
illustrates the body force generated by two wire electrod
the distribution has a center of symmetry at the wire a
shows a periodic, celllike pattern. The application of suc
body force to still fluid generates the two-dimensional rec
culating flows shown in Fig. 3~b!. It can be seen that plana
jets are directed from the wires toward the grounded w

FIG. 1. Schematic representation of an array of large-scale spanwise
cal structures typical of wire-plate electrostatic precipitators.

FIG. 2. Schematic of a wire-plate precipitator. A view of the computatio
domain: the channel, in the middle of which four wire electrodes are pla
is delimited by two vertical walls.
Downloaded 20 Jun 2001 to 158.110.50.27. Redistribution subject to A
ce

r-
ag
di-
t
of
rt

is

he

s:
d
a
-

ls

and, by continuity, return flows are directed toward the c
ter of the channel. In response to the celllike distribution
the body force, EHD flows also show a celllike pattern, fo
vortical structures being generated by each wire. The e
tence of such two-dimensional vortical flows in still fluid ha
been reported by a number of authors both in experiment5,6

and theoretical5,7–9 studies.
In ESPs, either a positive or a negative potential may

applied to the wire electrodes, depending on the type of p
ticles to be collected. A positive discharge is usually distr
uted uniformly along the wire. As a consequence, the dis
bution of the body force is two-dimensional inx and z. A
negative discharge on the other hand is more unstable at
potential, and ions are emitted fromtuftswhich come and go,

rti-

l
d,

FIG. 3. Electrostatic body force distribution and generation of electrohyd
dynamic vortices in still and turbulent flow in the cross section (x2z).
Figure refers to half-domain, containing two wires.~a! Two-dimensional
distribution of the electrostatic body force;~b! NEHD5`, two-dimensional
configuration of EHD jets and recirculating flows in still fluid: the bod
force generates four equal vortical structures, two upstream and two do
stream from each wire;~c! Low NEHD , instantaneous distribution of the
fluctuating velocity field in thex2z plane; ~d! High NEHD , instantaneous
distribution of the fluctuating velocity field in thex2z plane; The well
organized nature of the recirculating structures in the no-flow case is
tially lost when a through-flow is imposed. The recirculating structures
visible, mostly in the wall region, indicated by the upstream and dow
stream flows due to impingement of jets on the wall. Recirculating flows
stronger for the highNEHD case.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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and move along the wire generating a three-dimensio
fluctuating, body-force distribution.10 At high potential,
negative discharges also stabilize and tend to generate a
dimensional field.

In the past, EHD flows generated by both negative a
positive discharge have been investigated in various stu
which aimed to characterize the fluid dynamic aspects
wire-plate precipitators. Most of this work i
experimental,11–15 or based on two-dimensionalk2e turbu-
lence models.15,16The experiments indicate that uniform di
charges increase turbulence slightly11,15 or, under certain
conditions, decrease turbulence intensity,11 and that tuft
discharges ~negative discharges! increase turbulence
intensity.11,12,15

Experiments have been done using hot-wire anemom
and laser Doppler anemometry~LDA !, both of which have
shortcomings as discussed below.

Hot-wire anemometry was used by Leonardet al.11 and
by Davidson and Shaughnessy,12 who were aware that hot
wire anemometry could not be employed close to the w
because of current flowing to the probe. These authors, th
fore, took all measurements well downstream of the last
charging wire ~about three duct-widths downstream!, and
thus observed the flow where the effect of the electrohyd
dynamic forces had decayed. Leonardet al.11 measured
mean velocity and intensity of the streamwise turbulent fl
tuations both for negative and positive discharge using a
to generate a homogeneous turbulence field upstream o
wires. They reported no variation in the mean velocity p
file and an increase in turbulence intensity for negative d
charge. For positive discharge, they found a decrease in
bulence intensity in the center of the channel, and an incre
in the wall region.

Davidson and Shaughnessy12 analyzed a laminar-
turbulent transitional flow interacting with EHD flows gen
erated by a negative discharge, measuring mean velocity
both cross-stream and streamwise turbulence intensi
They report no modification to the mean flow profile and
marked increase in the level of fluctuations. They also fou
a significant increase in the characteristic dimension of
flow structures.

Two component LDA was used by Kallio and Stock15

and by Riehle and Lo¨ffler.17 Even though LDA allows mea
surements to be made in the wire section~where it is vital to
understand the flow field!, the data measured are for the v
locity of the seedparticles, and not for the velocity of th
fluid. The seed were aerosol droplets~usually about 1–6mm
in diameter! which behave like the pollutant particles to b
separated in ESPs. They quickly become charged and
significantly. As a consequence, estimates of the fluid ve
ity from these data are questionable. Using this techniq
Kallio and Stock15 measured turbulence intensity in two d
rections for both positive and negative discharge and
ported an increase of turbulence dependent on the inten
of the undisturbed EHD flows. The increase was smaller
positive discharge. Similar results were obtained by Rie
and Löffler.17

Numerical calculations for the flow field in wire-plat
ESPs were performed by Bernstein and Crowe16 and by Kal-
Downloaded 20 Jun 2001 to 158.110.50.27. Redistribution subject to A
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lio and Stock.15 In both papers, a two-dimensionalk2e
model was used and the resulting system of equations
solved using finite difference approximations. The results
limited interest if the detailed flow structure is require
show the presence of EHD recirculating flows superimpo
on the mean turbulent field. Clearly, there are questi
about such calculations, as any possibledirect contribution
to the turbulence kinetic energy or dissipation rate from
electrohydrodynamic flows was ignored.

Beside these quantitative estimates of the turbulent fl
field, attempts have been made to visualize the flow by p
tographing flow streaklines tagged with smoke11,18 or small
titanium particles.14 Again, in such techniques, the behavi
of the tracer is influenced by the Coulomb force. Noneth
less, the visualizations demonstrated the existence of ste
EHD jets impinging on the walls and generating vortic
structures. In some investigations performed with high
body force intensity,14 the EHD flows were clear enough t
characterize, even though they were distorted by the tur
lent through-flow.

Considering again the periodic array of vortical stru
tures superimposed onto wall turbulence, previous rese
indicates that the turbulent through-flow distorts their sha
and suggests that turbulence intensities are also modi
However, all experiments have been performed in facilit
of rather short streamwise extent, and measurements we
the region of developing flow. Furthermore, because exp
mental measurements of the flow field are difficult to inte
pret due to direct coupling of the motion of seed particles
the electrostatic field through the Coulomb drift, the resu
must be regarded as qualitative at best. In particular, qu
tions about effects on drag, turbulence structure and par
transport mechanisms are still unanswered.

The work presented here is to the best of our knowled
the first three-dimensional time-dependent solution of
fully developed turbulent channel flow interacting with th
large-scale EHD spanwise vortical structures shown in F
1. The direct solution of the governing equations for flu
motion was obtained by a pseudospectral solver, previou
used for open channel19 and closed channel flows.20,21Body-
force distributions, which are governed by a set of Maxw
equations, were calculated using a finite difference schem22

The effect of EHD flows was investigated for one low
and one high, intensity level of the electrostatic body for
and a previous channel flow simulation, without EHD e
fects, at the same shear Reynolds number20 was used as a
reference for comparison purposes. The flow field was ex
ined by a triple decomposition discussed later, in order
separate the mean field from the organized EHD field, a
both from the turbulence field.

II. NUMERICAL SIMULATION OF EHD FLOWS AND
WALL TURBULENCE IN A DUCT

Figure 2 shows a schematic of the precipitator throu
which the flow field was numerically simulated for an im
posed pressure gradient. The fluid is air, assumed to be
compressible, Newtonian, with no-slip conditions at wal
and driven by a pressure gradient. The wire electrodes w
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



th
a

th
to
tl
i-

th

,
od

on
it
u
e
-
ld
ot

s
o

,

n

ity

th
el

lu
a
th

is

n

es-
ctral
nto
the
pre-

n-
r
De-

ity

r
with

city
d

rge

ay
ace
to a

ely
tri-
tic
al
by

1745Phys. Fluids, Vol. 10, No. 7, July 1998 A. Soldati and S. Banerjee
kept at a potential sufficient to ensure ionic discharge and
presence of distributed ionic species in the duct. Ions
subjected to the Coulomb force,23 F, which may be ex-
pressed as

F5rcE, ~1!

where rc is the charge density andE is the electric field
vector. They are driven toward the walls. In this process,
ions collide with fluid molecules, transferring momentum
them. This is equivalent to a body force which acts direc
on the fluid.24 Therefore, the equation of fluid motion in d
mensional terms is

rF]ui

]t
1uj

]ui

]xj
G52

]P

]xi
1m

]2ui

]xj ]xj
1Fi , ~2!

whereui are the dimensional velocity components along
three directionsxi ~with x1 being streamwise,x2 being span-
wise, andx3 being the wall-normal directions!, P is pres-
sure, andr and m are fluid density and dynamic viscosity
respectively. For the case under consideration, the b
force depends only onx andz, implying that the body-force
distribution does not fluctuate because of ionic convecti
This is a realistic assumption, since ions have a drift veloc
of about 100 m/s in air while the mean flow velocity is abo
1 m/s. For liquids,6,25 ionic convection may not be negligibl
in some situations and a ‘‘two-way’’ coupling will exist be
tween the flow field and the electrostatic body force fie
Here the coupling is ‘‘one-way,’’ i.e., the fluid does n
modify the electrostatic body forces.

A. Flow field

The flow field was calculated by integrating the ma
and momentum balance equations in dimensionless form
tained using the duct half-width,h, and the shear velocity
ut , defined as

ut5Atw

r
, ~3!

wheretw is the shear at the wall. Therefore, the mass a
momentum balance equations in dimensionless form are

]ui

]xi
50, ~4!

and

]ui

]t
52uj

]ui

]xj
1

1

Re

]2ui

]xj ]xj
2

]p

]xi
1d1,i1F i , ~5!

whereui is the i th component of the dimensionless veloc
vector,d1,i is the mean dimensionless pressure gradient,F is
the dimensionless electrostatic body force, and Re5hut /n is
the shear Reynolds number. Equations~4! and ~5! were
solved directly using a pseudospectral method similar to
used by Kimet al.26 to solve the turbulent, closed-chann
flow problem and by Lam and Banerjee19 to solve the turbu-
lent, open-channel flow problem. The difference is the inc
sion of the space dependent body force which, being ste
and uncoupled to the flow field, was calculated once at
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beginning of each simulation. If the body force term
treated together with the nonlinear terms, Eq.~5! may be
recast as

]ui

]t
5Si1

1

Re

]2ui

]xj ]xj
2

]p

]xi
, ~6!

which is formally identical to the momentum equatio
solved by both Kimet al.26 and Lam and Banerjee19 and
whereSi now includes the convective term, the mean pr
sure gradient, and the Coulomb term. The pseudospe
method is based on transforming the field variables i
wave number space, using Fourier representations for
streamwise and spanwise directions and a Chebyshev re
sentation for the wall-normal~nonhomogeneous! direction.
A two level, explicit, Adams–Bashforth scheme for the no
linear termsSi , and an implicit Crank–Nicolson method fo
the viscous terms, were employed for time advancement.
tails of the method have been published previously.19

With the duct dimensions shown in Fig. 2, air dens
of 1.38 kg/m3, and air kinematic viscosity of 16.631026

m2/s, the shear velocity is 8.96431022 m/s, and the shea
Reynolds number is equal to 108. For the reference case
no EHD effects,20 the mean velocity is
1.16 m/s and the Reynolds number based on mean velo
and duct width is;2795. The velocity is in the range foun
in industrial and laboratory electrostatic precipitators.

B. The electrostatic body force

The electrostatic potential distribution and space cha
distribution are given by the following set of equations:

]2V

]xi
2 52

rc

e0
, ~7!

rc
25e0

]rc

]xi

]V

]xi
52e0

]rc

]xi
Ei , ~8!

Ei52
]V

]xi
, ~9!

Ji52rcbEi , ~10!

where, e0 is air permittivity (e058.854310212), and
b51.431131024 m2/V s is ionic mobility27 for positive dis-
charge in air. An analytical solution for these equations m
be obtained by assuming a uniform distribution of the sp
charge. The Poisson equation may then be reduced
Laplace equation by a simple transformation.7

In the present case, Eqs.~7!–~10! were solved by a two-
dimensional finite difference scheme, which has been wid
used to calculate the two-dimensional Coulomb force dis
bution, due to positive discharge, in electrosta
precipitators.5,9,22 Briefly, the scheme is based on an initi
guess for the space charge density at the wire followed
iterative solution of Eqs.~7! and~8! until convergence of the
plate current density is obtained.

The solution of the set of Eqs.~7!–~10! determines the
spatial distribution of the body force@an example of such a
distribution is shown in Fig. 3~a!#.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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C. Simulations of the flow field

Various parameters were chosen so as to obtain ele
hydrodynamic conditions similar to those used in practi
and in previous investigations. A nondimensional num
enters the problem, representing the ratio between the e
trostatic body force and inertial forces acting on a flu
parcel.5,11,12 This is called electrohydrodynamic numbe
NEHD. In Leonardet al.,11 and in this paper,

NEHD5
i

lrbU2 , ~11!

wherei represents the total current at the plate,l the length
of the wire, andU the mean flow velocity. In the limiting
case ofNEHD50, the flow is unaffected by electrohydrody
namic forces~i.e., it is channel flow!. In the limiting case
NEHD5`, the through-flow does not affect EHD flows, a
shown in Fig. 3~b!. In the present investigation, two differen
simulations were run, one with lowNEHD and the other with
high NEHD. The mean flow velocity is expected to vary d
pending on the value of the electrostatic body force. Thu
was not possible to identifya priori the value for theNEHD.
However, using the mean velocity calculated in the refere
channel-flow case, the lowNEHD is about 1 and the high
NEHD is about 2.8. The effect ofNEHD is clearly evident from
Figs. 3~c! and 3~d!, where the fluctuating velocity field in th
plane perpendicular to the wires is shown for the low a
high NEHD cases, respectively. The values forNEHD in the
present simulations are in the range used in previous w
e.g., Kallio and Stock15 usedNEHD from 0.6 to;8, Leonard
et al.11 usedNEHD from 0 to 2.4. This range is representati
of actual electrostatic precipitators. For the low intens
case, the linear current density at the plate wasI 150.3
31023 A/m, with a potential at the wire ofV1532 000 V.
In the high intensity case, the linear current density at
plate wasI 150.7531023 A/m, with a potential at the wire
of V1542 000 V. Again, these values are typical of indu
trial electrostatic precipitators. From the fluid motion view
point, the wires are not taken into consideration, as they
usually rather fine and wake effects will be small in compa
son with EHD effects. In typical laboratory conditions, th
cylinder Reynolds number of the wire electrodes was fou
to vary from about 40, as in Kallio and Stock,15 up to about
400, as in Davidson and Shaughnessy.12 Wake effect may
therefore be expected when no electrostatic field is appl
However, once the electrostatic potential is applied to
wires, the wake is no longer noticeable:28 The flow around
the wire is dominated by EHD flows, and wake effects b
come negligible.

Since the pressure gradient was maintained constan
the simulations, the shear Reynolds number was equal to
for both simulations and equal to a previous DNS of turb
lent channel flow without EHD effects run by Soldatiet al.20

That simulation was assessed against experimental dat29,30

and other DNS26 and is also used here as a reference
clarify modifications to the flow field produced by th
EHD flows. Simulations presented here were run w
128364365 nodes in a box of dimensionless si
135736783216 in wall units ~dimensionless variables i
Downloaded 20 Jun 2001 to 158.110.50.27. Redistribution subject to A
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wall units are indicated by the superscript1! and a timestep
Dt150.038. This gives a resolution ofDx1

1510.6,
Dx2

1510.6, andDx3
1 ranging from 0.13 next to the walls to

5.3 in the center of the channel. Such resolution is com
rable with that of well known DNS databases.26,31,32

For both cases, the simulations were started from
steady turbulent channel flow computed in Soldatiet al.20 by
turning on the electrostatic body force.

When the flow field become statistically steady, the
sults were stored for a sufficient number of time steps
allow reliable calculations of the turbulence statistics and
energy budget. It was not possible to directly evaluate
accuracy of the present simulations because of the lac
sufficiently reliable experimental results, as discussed in
introduction. An indication of the accuracy of the simulatio
is given by the maximum residual of the continuity equati
computed at the nodes, which was always belowe510212 in
wall units.

III. RESULTS

A. Mean quantities: drag reduction due to EHD flows

EHD flows generate no mean flow directly. Since th
modify the turbulence field, influencing turbulent transf
mechanisms, mean flow variables may be expected to v
To obtain correct values for the mean variables, avera
must be obtained both in time and in the homogeneous
rections~i.e., averaged over thex2y plane!. In Fig. 4, the
mean velocity profile calculated for the low and highNEHD

cases is compared with that of turbulent channel flow.20 The
mean velocity increases, indicating a discernible drag red
tion in the higherNEHD case~note that the wall shear stress
held constant in the simulations, so an increase in mean
locity indicates drag reduction!. Profiles are very similar in
the wall region, the channel flow profile being slight
steeper, but they differ in the asymptotic value. The me
velocity in channel flow is about 1.16 m/s: It increases
1.19 m/s (;3%) in the lowNEHD case and up to 1.23 m/
(;6%) in the highNEHD case. Thus the value of theNEHD

number is 1.1 in the low intensity case and 2.5 in the h
intensity case, and the Reynolds number based on mean
locity and duct width is;2857 in the lowNEHD case and
2964 in the highNEHD case. As drag varies approximately
the square of the mean velocity, the lowNEHD case results in
;6% drag reduction, whereas in the highNEHD case the
reduction is;12%.

FIG. 4. Mean velocity of flow in the duct for channel flow, for lowNEHD ,
and for highNEHD .
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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Since EHD forces do not generate mean through-fl
directly, in previous work,12,15 attention was not paid to dif
ferences in the mean through-flow for a given pressure
dient.

B. Instantaneous structure of the flow field

The instantaneous structure of the fluctuating veloc
field in thex2z plane is shown in Figs. 3~c! and 3~d! for the
low and the highNEHD cases, respectively, for the distribu
tion of the electrostatic body force shown in Fig. 3~a!. As
expected, recirculating structures show up more clearly
the high NEHD case. Visualizations of the streaklines b
Davidson and McKinney14 for NEHD55.6 show the presenc
of distinct vortical patterns superimposed on the turbul
field. In the present cases, however,NEHD is lower and the
EHD flows are not strong enough to prevent distortion of
vortices by the through-flow. The presence of EHD induc
jetlike structures impinging on the wall are clearly evide
from the upstream and downstream flows near the stagna
points, which appear to be located slightly downstream
the wires in both high and lowNEHD cases owing to mean
flow advection.

In Figs. 3~c! and 3~d!, regions of strong backflows ap
pear upstream from the stagnation points because of the
flection of EHD ‘‘jets’’ after they impinge on the wall. Thes
regions reach up to the wall and are expected to influence
undisturbed structure of the streamwise fluctuating velo
in the proximity of the walls. Figures 5~a!, 5~b!, and 5~c!
illustrate thex2y section atz154 of the fluctuating stream
wise velocity in a turbulent channel flow without EHD e
fects, in the lowNEHD case and in the highNEHD case, re-
spectively. In Fig. 5~a! streaky structures, which have bee
extensively studied for wall turbulence, even though th
dynamics and generation mechanisms are still unclear,32–34

show up clearly. However, it is clear that their pattern
affected by the presence of the four pairs of counter-rota
vortical structures, as evident from spanwise pattern su
imposed on the streaky structures. This effect is more p
nounced for higherNEHD.

C. Triple decomposition: Filtering of the flow field

EHD vortices are organized coherent structures. In or
to separate the effect of these organized spanwise vor
from the turbulent flow field, and to clarify the role of EHD
flows on turbulence modification, field variables,f (x,y,z,t),
were decomposed as

f ~x,y,z,t !5 f̄ ~z!1 f̄ ~x,z,t !1 f 8~x,y,z,t !, ~12!

where

f̃ 5^ f &2 f̄ ,

and f̄ is the space average over the homogeneous direc
~x and y!, ^ f & is the phase average~the average over the
spanwise direction in the present case!, representing the or
ganized EHD field, andf 8 is the instantaneous turbulen
fluctuation. Similar decompositions have been applied pre
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ously to investigate the influence of an organized wave o
turbulent channel flow35,36 and in discussions related to co
herent structures in turbulent flows.37

D. Filtered EHD flows

In Fig. 6, the organized component of the flow field,ṽ,
is shown for the low and highNEHD cases in a portion of the
domain containing two wires—i.e., half of the computation
domain. The recirculating structure of the EHD flows is e
dent, although the shape of the cells is distorted if compa
to the undisturbed case of Fig. 3~b!, corresponding toNEHD

5`, which is included as a benchmark. The through-flo
weakens the EHD flow, especially in the central region of
channel. Strong streamwise flows appear in the wall reg
beside the stagnation points. A more detailed picture of
shape of the vortical EHD cells may be had from the strea
line plots in Fig. 7, where a portion of the domain aga
containing two wires is shown. Consider the no-flow ca
each wire generates four equal vortical cells, two upstre
and two downstream from the wire. For decreasingNEHD,
the vortical cells lose coherence, and intensity, and fluctu
in shape. In previous work,9 oscillations of the vortical cells

FIG. 5. Wall parallel (x2y) section of the streamwise velocity compone
of the fluctuating field. Streaky structures in the near-wall region
z154, for: ~a! channel flow;~b! low NEHD case;~c! high NEHD case. Low
~dark! and high~light! speed regions are clearly visible. The shading in
cates the values of the dimensionless streamwise component of the ve
field in wall units. The influence of EHD flows is more clear for high
NEHD .
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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have been found in simulations of two-dimensional visco
flows, for NEHD above a critical value of about 5. In th
present work, the oscillations of the vortical cells are like
to be due also to the fluctuating character of the interacti
with the turbulence field, which induce a slight dependen
on time of the EHD flows. The instantaneous plots of Fi
7~b! and 7~c!, may be used to examine the modifications
the vortical cells caused by the turbulent through-flow.
NEHD decreases, the initially symmetric cells upstream a
downstream of the wires become different. Upstream c

FIG. 6. Organized EHD flow field obtained by phase averaging the field
filtering out mean and turbulent components:~a! low NEHD ; ~b! high NEHD .

FIG. 7. Isocontours of streamlines of EHD flows in three cases:~a!
NEHD5`, with contours going from21 to 1 with 0.1 increments in wall
units; ~b! NEHD52.5 with contours going from20.27 to 0.3 with 0.03
increments in wall units;~c! NEHD51.1, with contours going from20.12 to
0.18 with 0.015 increments in wall units; Distortion of upstream and dow
stream vortices is uneven. Upstream flows have larger gradients but sm
extent than downstream flows.
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lstend to assume a trapezoidal shape, while downstream
take on a triangular shape, similar to previous findings in
viscous regime.5,9 The upstream flows encounter an adve
pressure gradient, while downstream flows find a favora
one; therefore, the upstream branch of the upstream vo
tends to stay attached to the wall, displacing the downstre
branch of the neighboring vortex from the wall. In contra
the downstream branch of the upstream vortex is adve
downstream, reducing the extent of the upstream branc
the downstream vortex, also counteracted by the stron
mean flow velocity field in the center of the channel.

Vortical cells appear also to besqueezedtoward the wall
for decreasingNEHD. If NEHD is reduced, the region wher
EHD flows can compete with the mean flow, and so maint
their identity, becomes increasingly smaller, and more c
fined to the wall region.

In Fig. 7~a!, stagnation points are located at equa
spaced intervals. The through-flow displaces the stagna
points downstream and changes the spacing between t
Two different types of stagnation points may be identifie
the first ~an ‘‘i’’ point ! generated by impingement of the je
on the wall, and the second~an ‘‘s’’ point! generated by the
return flow toward the center of the channel. Since for b
types, the organized streamwise velocity component is z
their locations are identified by the contours of the strea
wise velocity component as shown in Fig. 8, in which t
contour touching the walls is the zero contour. Stagnat
points appear to be steady, i.e., no appreciable displacem
due to turbulent fluctuations were observed. The downstre
displacements of ‘‘i’’ points are 0.40h in both high and low

d

-
ller

FIG. 8. Isocontours of the organized streamwise velocity component in
of channel:~a! NEHD5`; ~b! NEHD52.5; ~c! NEHD51.1. Lines connecting
the walls areũ50 isolines. Decrease inNEHD induces~i! loss of symmetry
and organization;~ii ! increase in the velocity gradients near the wall a
their decrease in the center of channel;~iii ! larger shape fluctuations. Stag
nation points, located where 0 isolines touch the walls, appear adve
downstream by the mean flow.
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NEHD cases, whereas downstream displacements of
points are 0.62h in the highNEHD case and 0.64h in the low
NEHD case. In the no-flow case, the vortical cells are 1.5h
wide. When the turbulent through-flow is imposed, the u
stream vortex is;1.34h in streamwise extent, whereas th
downstream vortex is about a third larger, being about 1.8h
in extent. For theNEHD numbers investigated, there are n
significant differences in the dimensions of the vortical ce
in the low and highNEHD cases.

It is clear that the through-flow reduces the intensity
EHD flows. In our simulations, the maximum wall-norm
velocity ~found in the wire section of the no-flow case a
slightly downstream in the through-flow cases! decreases
from about 0.95 m/s down to 0.11 m/s for the conditions
the high NEHD case, and from about 0.45 m/s to appro
mately 0.04 m/s for the conditions of the lowNEHD case, a
reduction of about an order of magnitude. The maxim
value of the streamwise velocity is reduced by less, fall
from 0.8 m/s to 0.34 m/s, for the highNEHD case, and from
0.38 m/s to 0.15 m/s for the lowNEHD case. The maximum
values of the streamwise component are found in the
stream branch of the upstream vortical cell.

In order to validate these findings, qualitatively compa
sons were made with experimental data. The Reynolds n
bers of the simulations were necessarily lower due to co
puter resources. For instance, experimental data of Ka
and Stock,15 who measured the velocity of the EHD je
toward the walls were obtained in a three-wire precipita
20.32 cm wide, with a wire-to-wire spacing of 20.32 cm. F
an applied voltage of 42 000 V, the linear current dens
was I 50.5•1023 A/m, which, in their experiments with
mean flow velocity of 1 m/s, givesNEHD.2.5. Kallio and
Stock15 presented results for the time-averaged wall-norm
velocity of the particle seeds in the section corresponding
a wire, and in that corresponding to the midpoint betwe
two wires. Since they also provided an estimate of the C
lomb drift of particle seeds, it is possible to compare th
findings against our simulation for the highNEHD case. How-
ever, the Reynolds number based on mean flow velocity
duct width was more than 12 000 for their experiments
about four times larger than ours—and since their precip
tor was larger than ours, their EHD structures were stron
than those obtained in the present work. Therefore, the
sults of our solution can be compared against their exp
mental data only on a qualitative basis.

In Fig. 9, where velocity has dimensions of meters p
second, data are compared against the time average o
EHD organized component in the highNEHD case. Figure
9~a! refers to the streamwise section, corresponding to
wire and Fig. 9~b! corresponds to the midpoint between tw
wires. Although there are significant differences between
perimental data and the present simulation, the qualita
behavior of the velocity field in the EHD structures is sim
lar.

E. Instantaneous turbulence field

In has been shown that EHD flows reach their maxim
velocity in the wall region in the streamwise direction. F
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tering out the organized component clarifies the characte
tics of the turbulent wall layer. If the organized componen
eliminated from the overall streamwise velocity fluctuatio
relative to the mean shown in Figs. 5~b! and 5~c!, then the
fluctuating fields shown in Figs. 10~a! and 10~b! are ob-
tained. In the lowNEHD case shown in Fig. 10~a!, streaky
structures appear that are similar to those shown in Fig. 5
channel flow. In the highNEHD case, the influence of EHD
flows appears more significant though the qualitative cha
teristics of the reference channel flow are still there. Exa
nation of several wall parallel sections at different times ga
a spanwise spacing of the low-speed streaks of about
615 in wall units.

FIG. 9. Comparison of profiles of organized wall-normal component
EHD flows from the present simulations against data by Kallio and St
~Ref. 15!: ~a! cross section corresponding to wire;~b! cross section corre-
sponding to midpoint between two wires. Velocity is measured in m/s.

FIG. 10. Wall parallel (x2y) section taken atz154 of streamwise velocity
component of fluctuating field. Streaky structures filtered from organi
component:~a! low NEHD ; ~b! high NEHD . The shading indicates the value
of the dimensionless streamwise component of the velocity field in w
units.
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F. Statistics of the turbulence field

The filtered statistics of the turbulent velocity field giv
information on the distribution and intensity of turbule
fluctuations. In Fig. 11, the distribution of turbulence kine
energy is shown for the twoNEHD cases and compared to th
of channel flow. Consider first the lowNEHD case; it appears
that turbulence is damped across the whole channel wi
The peak is about one-half of that in channel turbulen
Examining the highNEHD case, turbulence is reduced in th
central region of the channel, but appears to have increa
in the wall region. The position of the peak is also displac
toward the wall for increasingNEHD, reducing the thickness
of the wall region, and increasing the gradients. This in
cates that, on the one hand, EHD flows have a damp
effect on turbulence, and on the other, they introduce mec
nisms that may generate turbulence in the wall region. T
effects of EHD flows on turbulence intensity may be bet
appreciated in Fig. 12, where the rms values of the velo
fluctuations in all three directions are shown. Turbulence
tensity decreases in all directions in the lowNEHD case. With
increasing NEHD, turbulence intensity increases in th
streamwise direction and in the wall-normal direction. It
clear that EHD flows exert a damping action on turbulence
low NEHD, but they also promote turbulence generation,
effect which becomes important at higherNEHD. As we will
see later, this does not mean, however, that the Reyn
stress,2u8w8, increases for the highNEHD case.

More information on distribution of the fluctuations i
the turbulent field may be obtained by examining skewn
and flatness factors, shown in Figs. 13~a!–13~f!. In Figure
13~a!–13~c!, the skewness factor for the fluctuations
shown for the three velocity components. A high positi
value of the skewness means that velocity fluctuations m
frequently attain large positive rather than negative valu
and of course the reverse for negative skewness. For
streamwise component in Fig. 13~a!, channel turbulence ex
hibits more frequent large positive fluctuations at the w
and more frequent large negative fluctuations in the cente
the channel. The effect of EHD flow is to reduce the ske
ness at the wall in both low and highNEHD cases, and to
increase the skewness in the center of the channel. H
positive fluctuations indicatesweeps, i.e., events that bring
high speed fluid toward the wall. These also form the h
shear stress regions at the wall. Thus the reduction in sk
ness withNEHD indicates a reduction in either the number
sweeps or their intensity, both of which produce shear str

FIG. 11. Total kinetic energy of turbulence for channel flow, lowNEHD ,
and highNEHD . A marked reduction in turbulence intensity is observed
low NEHD case. In highNEHD case, turbulence intensity is reduced in t
center of the channel and increased in the wall region.
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Turning now to the skewness of the normal fluctuations
Fig. 13~c!, it is clear that there is an increase withNEHD close
to the wall. A high skewness factor value is also an indica
of high rates of dissipation,38 which will be discussed below

FIG. 12. Root mean square of turbulent velocity fluctuations for chan
flow, low NEHD , and highNEHD : ~a! streamwise component;~b! spanwise
component;~c! wall-normal component. In the lowNEHD case, turbulence
intensity is reduced in all directions. In the highNEHD case, turbulence
production by EHD flows is evident in the streamwise direction—in the w
region—and in the wall-normal direction.

FIG. 13. Skewness and Flatness factors of turbulent velocity fluctuation
channel flow, lowNEHD , and highNEHD : ~a! Skewness factor foru8; ~b!
Skewness factor forv8; ~c! Skewness factor forw8; ~d! Flatness factor for
u8; ~e! Flatness factor forv8; ~f! Flatness factor forw8.
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The skewness of the distribution of the spanwise fluctua
velocity, shown in Fig. 13~b!, is zero everywhere, as require
by symmetry considerations.

The flatness factor of the velocity fluctuations is sho
in Figs. 13~d!–13~f!. A normal distribution has a flatnes
factor equal to 3. A high value of the flatness factor indica
that the fluctuations are often larger than the variance of
distribution and that the fluctuations have an intermitt
character. The streamwise fluctuations in Fig. 13~d! show a
reduction of the flatness factor, due to the EHD effects
proximity of the walls—more marked for increasingNEHD.
The flatness factor in the wall-normal direction, shown
Fig. 13~f!, does not appear much influenced by the prese
of EHD flows.

G. Quadrant analysis

The drag reduction caused by EHD flows as obser
through the increase of the mean flow~Fig. 4! is confirmed
by the behavior of the2u8w8 Reynolds stress, shown in Fig
14. In the low NEHD case, the variations of the Reynold
stress are small, and mostly relative to the peak; in the h
NEHD case, the profile differs substantially from that of cha
nel flow, particularly in the wall region. In the region fa
from the wall, all three profiles appear to collapse onto e
other.

To elucidate the mechanisms by which the Reyno
stress are decreased by EHD flows, quadrant analysis39,26

may be employed. Considering theu82w8 plane, with posi-
tive w8 directed outward, the Reynolds stress2u8w8 is pro-
duced by four types of events: first quadrant events~I!, char-
acterized by outward motion of high-speed fluid, wi
u8.0 andw8.0; second quadrant events~II !, characterized
by outward motion of low-speed fluid, withu8,0 and
w8.0, which are usually calledejections; third quadrant
events~III !, characterized by inward motion of low spee
fluid, with u8,0 and w8,0; and finally, fourth quadran
events~IV !, which represent motions of high-speed fluid t
ward the wall, withu8.0 andw8,0, and are usually called
sweeps. Ejections and sweeps contribute to the negative R
nolds stress, i.e., to positive turbulence production, thus t
increase in general corresponds to an increase of drag.
and third quadrant events contribute to positive Reyno
stress, i.e., to negative turbulence production and their
crease corresponds in general to a decrease of drag. In
15, the fractional contribution of each type of event to t
2u8w8 Reynolds stress is presented for the low and h

FIG. 14. Profile of Reynolds stress2u8w8 filtered from organized compo-
nent for channel flow, lowNEHD , and highNEHD .
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NEHD cases compared to channel flow. Data for channel fl
are in agreement with those presented by Kimet al.26 for a
larger shear Reynolds number.

In channel flow, sweep events dominate close to
wall, whereas farther away ejection events dominate, wit
crossover point atz1.12. Contributions from first and third
quadrants appear to be relatively small. The presence
EHD flows modifies the balance among the different qu
rants, mostly in the wall region. They appear to increase b
positive and negative Reynolds stress contributions.

At low EHD flow intensity, sweeps events are prac
cally unaffected by EHD flows, whereas first, second, a
third quadrant event contributions are all increased. At h
EHD flow intensity, variations are large in all quadran
However, the increase of the positive Reynolds stress co
butions, i.e., first and third quadrants, is larger compared
that of the negative Reynolds stress contributions, i.e., s
ond and fourth quadrants, which, coupled with the shift
the sweep/ejection crossover point closer to the wall,
plains the observed drag reduction. Furthermore, analyz
the frequency of the events, we found that, in the wall
gion, EHD flows increase the number of first and third qua
rant events, whereas they reduce the number of second
fourth quadrant events, as suggested by the behavior o
skewness of the fluctuating streamwise component.

The overall effect of EHD flows in the wall region i
thus to increase the intensity of the events from all quadra
both by increasing the intensity of the fluctuations and
correlation between streamwise and wall-normal fluct
tions. However, they also affect the frequency of the diff
ent events, decreasing that of the events that give nega
Reynolds stress from the second and fourth quadrants
increasing that of those that give positive Reynolds str
from first and third quadrants, and shift the sweep/eject
crossover point to reduce the sweep dominated region
the wall—thus leading to an overall reduction of the drag

FIG. 15. Comparison of quadrant analysis for channel flow and~a! low
NEHD , and ~b! high NEHD . Lines and symbols represent the values f
channel flow and channel flow with EHD effects, respectively:~d! and
~– – –! first quadrant events;~h! and ~––––! second quadrant events;~s!
and ~• • • •! third quadrant events;~j! and ~-----! fourth quadrant events
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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H. The governing equations and energy balance
considerations

Insight into the dynamics of the flow field, and in pa
ticular into the mechanisms of turbulence production
EHD flows, may be gained by examining the equations
motion for each component. The continuity equation for
three fields are obtained by applying triple decomposit
@Eq. ~12!# to the continuity equation@Eq. ~4!#, and then
phase-averaging, and space-averaging, over the hom
neous components. The continuity equations for all com
nents of the flow field are

]ūi

]xi
5

]ũi

]xi
5

]ui8

]xi
50. ~13!

A similar procedure is adopted for the momentum bala
equations, i.e., by substituting Eq.~12! into Eq. ~5!, and
phase averaging, we obtain the following equation,

]ũi

]t
1ū j

]ūi

]xj
1ū j

]ũi

]xj
1ũ j

]ūi

]xj
1

]

]xj
^ui8uj8&1

]

]xj
~ ũi ũ j !

5
1

Re S ]2ūi

]xj ]xj
1

]2ũi

]xj ]xj
D2

] p̄

]xi
2

] p̃

]xi
1F̃i , ~14!

which, averaged over the homogeneous components, g
the equation for the mean field:

ū j

]ūi

]xj
52

] p̄

]xi
1

1

Re

]2ūi

]xj ]xj
2

]

]xj
~ui8uj8!2

]

]xj
~ ũi ũ j !.

~15!

As expected, there is no direct generation of mean flow
the body forces. The equation of motion for the organiz
EHD flows is obtained by subtracting Eq.~15! from Eq.~14!.
Therefore,

]ũi

]t
1ū j

]ũi

]xj
1ũ j

]ūi

]xj

52
] p̃

]xi
1

1

Re

]2ũi

]xj ]xj
1

]

]xj
~ ũi ũ j2ũi ũ j !

1
]

]xj
~ui8uj82^ui8uj8&!1F̃i . ~16!

In this equation, the termF̃ is the electrostatic body forc
which drives the EHD flows~it is clear thatF̃5F!. The
equation for the turbulent component of the flow field
obtained by subtracting Eq.~14! from Eq. ~5!. This gives

]ui8

]t
1ū j

]ui8

]xj
1uj8

]ūi

]xj
1ũ j

]ui8

]xj
1uj8

]ũi

]xj

52
]p8

]xi
1

1

Re

]2ui8

]xj ]xj
1

]

]xj
~^ui8uj8&2ui8uj8!. ~17!

The term 2ũi ũ j is the organized Reynolds stress~or the
EHD supported stress!, appearing both in the equation fo
the mean field and for the organized motion. It represents
contribution of the organized flows to the transport of me
momentum. Analogously, the term2ui8uj8 represents the
contribution of the turbulence field to the mean moment
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transport. Following Hussain,37 the momentum transport du
to the turbulent field,r i j8 52ui8uj8 , may be viewed as:

r i j8 5 r̄ i j 1 r̃ i j 1r i j ,

where

r̄ i j 52ui8uj8,

r̃ i j 52^ui8uj8&1ui8uj8,

r i j 52ui8uj81^ui8uj8&.

These terms represent the contribution of the turbulent fi
to the momentum transport of the three fields:r̄ i j is the tur-
bulent contribution to the mean momentum transport;r̄ i j is
the turbulent contribution to the organized momentum tra
port; and r i j is the turbulent contribution to the turbulen
momentum transport. In particular,r̃ i j is the difference be-
tween the phase and space averages of the turbulent
nolds stress, and can be interpreted as the oscillation of
turbulent Reynolds stress due to the presence of the peri
pattern.

A detailed examination of the Reynolds stress transp
equation for the mean field, for the organized field and
the turbulent field are currently under investigation40 and will
be presented in a later paper. We will now examine the
ergy fluxes which couple the three fields through analysis
the kinetic energy transport equations.

On application of Eq.~12!, the total kinetic energy,
1/2uiui , may be expressed as the sum of the kinetic ene
associated with the mean field, that associated with the o
nized motions and that associated with the turbulence fiel

1
2uiui5

1
2ūi ūi1

1
2ũi ũi1

1
2ui8ui8.

By multiplying the momentum equation forūi @Eq.
~15!#, by ūi , phase averaging and averaging over the hom
geneous directions, we obtain the mean field kinetic ene
transport equation:

~18!

Analogously, by multiplying the momentum equation forũi

@Eq. ~16!# by ũi , phase averaging and averaging over t
homogeneous directions, we obtain the organized field
netic energy transport equation:
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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~19!

Finally, by multiplying the momentum equation forui8 @Eq.
~17!# by ui8 , phase averaging and averaging over the hom
geneous directions, the turbulence field kinetic energy tra
port equation is obtained:

~20!

In Eqs.~18!, ~19!, and~20!, the l.h.s. is the material rate o
change of the mean, organized, and turbulent kinetic ene
respectively. This term is zero in steady flows. The ene
from the electrostatic body force field which produces

EHD flows is the last term of Eq.~19!, ũiF̃i . The terms
identified as I, II, and III are the energy fluxes that couple
three fields. Term I is the production of turbulence by t
action of the turbulent Reynolds stresses against the m
strain rate. This term appears as a drain term in Eq.~18! and
as a source term in Eq.~20!. Analogously, term II is the
production of disturbance energy by action of the mean fie
through the mean strain rate, against the organized flow R
nolds stresses. This term drains energy from the mean
toward the organized field. The energy coupling between
turbulent field and the organized field is given by term I
which is the turbulent kinetic energy produced by the or
nized EHD flows through the phase-averaged turbulent R
nolds stresses. Term III appears as a source of turbulen
netic energy in q.~20!.

I. Turbulence kinetic energy budget

As pointed out by Hunt,41 the direct effect of the body
force field on the kinetic energy of turbulence is zero. Ho
ever, this force has a significant indirect effect on the tur
lence kinetic energy budget. To analyze in detail the effec
EHD flows on transfer and production of turbulence kine
energy, we will rewrite Eq.~20! in the following form:
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~21!

The terms on the r.h.s. represent: production by mean fl
dissipation, pressure-strain correlation, turbulent diffusi
viscous diffusion, pressure diffusion, production by EH
flows (PEHD), and transport by EHD flows (TEHD), respec-
tively. In the absence of EHD flows—i.e., in turbulent cha
nel flow—the last two terms are obviously zero. The thi
fourth, fifth, sixth, and eighth terms contribute to the ener
transfer to other flow regions, and their integral over the fl
domain is zero. Production by the mean flow, and by EH
flows, are the energy gain terms, and dissipation is the
ergy loss term. All terms included in Eq.~21! are normalized
by ut

4/n and are shown in Fig. 16 except for the pressu
strain term. For clarity of presentation, the EHD-relat
terms,PEHD and TEHD, have been plotted by shifting the
zero by 20.2 and20.3, in the low and highNEHD cases,
respectively.

Turbulence production by action of the mean flow
given by the product of the mean strain rate,dū/dz, shown
in Fig. 17, and2u8w8, the turbulent Reynolds stress, a
shown in Fig. 14. Note that the Reynolds stresses decr
with increasingNEHD, consistent with the mean velocity in
crease with increasingNEHD discussed earlier.

For theNEHD examined, mean flow production is slightl
increased by the presence of EHD flows.

Consider now the new term of turbulence production
EHD flows: PEHD is given by the action of the phase
averaged fluctuating Reynolds stress,2^ui8uj8&, against the
organized strain rate,]ũi /]xj . In the low NEHD case, this
term accounts for one fourth of total turbulence kinetic e
ergy production, whereas in the highNEHD case it has the
same importance as the mean flow production term. Si
ũ25]ũi /]x250, PEHD may be written as:

PEHD52^u18u18&
]ũ1

]x1
2^u18u38&

]ũ1

]x3
2^u38u18&

]ũ3

]x1

2^u38u38&
]ũ3

]x3
, ~22!

from which we see that turbulence kinetic energy is p
duced both in the streamwise and in the wall-normal dir
tion. From Figs. 16~b! and 16~c!, it may be observed tha
turbulence is produced mostly in the wall region. Product
in the wire region is very limited. Furthermore, increasi
the intensity of EHD flows displaces the peak toward t
wall. Equation~22! shows that no turbulence production o
curs in the spanwise component, which thus receives kin
energy from the pressure-strain terms, which are shown
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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Fig. 18. For incompressible fluids the sum of the thr
pressure-strain components is always zero. Examinatio
each component, however, indicates how kinetic energ
transferred among the velocity components. In channel fl
turbulence kinetic energy is received entirely by the strea
wise component, and is redistributed to the other com
nents. The wall-normal component becomes negative at
wall because fluctuations are damped. EHD flows mod
this balance producing (1/2)u38

2 at the edge of the wall re

FIG. 16. Turbulent kinetic energy budget:~a! channel flow;~b! low NEHD ;
~c! high NEHD . New terms of energy input and transfer are generated
EHD flows: turbulence production by EHD flows and turbulence transfer
EHD organized motions. For clarity of presentation, the zero of these
terms is shifted by20.2 in the lowNEHD case and by20.3 in the highNEHD

case. All terms made dimensionless byut
4/n.

FIG. 17. Profile of shear rate in the duct for channel flow, lowNEHD , and
high NEHD .
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gion ~aroundz1.10! and (1/2)u18
2 at the wall. Finally, we

can see that in the lowNEHD case, all pressure-strain term
are decreased. Since it can be seen from Fig. 19 that the
of pressure fluctuations increases due to the EHD flows
can be concluded that turbulence velocity gradients are
reduced, corresponding to a generalsmoothingof the field.

It is apparent that EHD flows increase turbulence p
duction. However, they also increase dissipation. The pea
the wall almost doubles in the lowNEHD case, and increase
more than three times in the highNEHD case.

Turbulent diffusion, viscous diffusion and pressure d
fusion are also affected by the presence of EHD flows.

Finally the EHD flows transfer term,TEHD, redistributes
turbulence kinetic energy to other regions by means of
organized flows. Its most significant role is to receive ene
in the wall region and redistribute it farther from the wall.

y
y
w

FIG. 18. Profile of pressure-strain correlation for~a! channel flow;~b! low
NEHD ; ~c! high NEHD . In channel flow, turbulence kinetic energy is pro
duced entirely in the streamwise direction. EHD flows produce turbu
kinetic energy both in wall-normal and in streamwise directions.

FIG. 19. Profile of the rms pressure fluctuations in channel flow, lowNEHD ,
and highNEHD cases.
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IV. SUMMARY AND CONCLUSIONS

The flow field generated by the interactions betwee
turbulent through-flow and spanwise EHD vortical motio
is of interest in the evaluation of transport parameters
wire-plate electrostatic precipitators. Examination of the
erature leads to the conclusion that theoretical work was
ited to viscous flow, and numerical evaluations perform
with k2e models. Furthermore, experimental approac
have proven difficult because of interference caused by
electrical field. For example, the turbulence measurem
by hot-wire techniques are difficult in the wire section of t
precipitator, and can only be used well downstream fr
such regions. LDA techniques may be applied in the w
region, but measurements are biased by the drift velo
which seed particles have with respect to the flow. Th
problems have led to interpretations of experimental findi
which sometimes contradict each other and leave the fun
mental mechanisms controlling the coupling between
EHD flows and the turbulent flow field unclear.

DNS provides a clear picture of the flow field, enablin
the calculation of various turbulence statistics and the exa
nation of the instantaneous flow structure. In this work,
flow field obtained by superimposing a through turbule
channel flow onto the EHD recirculating structures in a ty
cal wire-plate precipitator was simulated for two differe
intensities of the electrostatic body force characterized by
governing dimensionless number,NEHD, equal to 1.1 and
2.5. These values are typical of laboratory-scale a
industrial-scale facilities. The balance equations for the fl
were solved directly with a pseudo-spectral method.

The flow field was examined by decomposing it into
mean field, an organized EHD field, and a turbulence fie
Using thistriple decomposition, the modifications of the tu
bulence field induced by EHD flows, and the modificatio
of the EHD flows because of the presence of the throu
flow, were isolated.

The first interesting result is that the drag is increasin
reduced with increasing EHD flow intensity. Since the n
merical experiments were conducted at constant pres
drop, the observed mean velocity increased about 3% in
low NEHD case and more than 6% in the highNEHD case—
suggesting drag reduction of about 6% and 12%, resp
tively. From the viewpoint of the overall energy budget
the electrostatic precipitator, drag reduction is a second o
effect: the power required to drive the flow is about 23%
the overall power required to operate an ESP in the
NEHD case, and about 7.5% in the highNEHD case. This
indicates that the overall saving is of the order of 2% in
low NEHD case, and about 1% in the highNEHD case.

The structure of undisturbed EHD flows is modified
the turbulent through-flow. Each wire generates two pairs
counter-rotating vortical cells, with an upstream vortex an
downstream vortex, advected downstream by the mean fl
No vortex shedding was noted. The structure of these E
flows appeared only weakly time dependent, with the st
nation points at the walls observed to be steady. Becaus
the adverse pressure gradient, upstream flow branches te
to be shorter than corresponding downstream flow branc
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and tended to stay close to the walls. The upstream vort
cells assume a trapezoidal shape—short at the wall and
in the center of the channel—and the downstream vort
cells assume a triangular shape—long at the wall and sho
the center of the channel. Maximum velocity is reached
EHD flows in the upstream branches in the wall region.
the highNEHD case, the maximum velocity of the EHD flow
is about one third of the mean flow velocity.

Examination of turbulence statistics indicates that
presence of EHD flows has a twofold effect; viz. they indu
higher dissipation but they also increase production us
their own energy. On one hand, the increased dissipa
damps turbulence rather uniformly throughout the chann
on the other hand, turbulence production increases, most
the wall region. The balance between these two effects g
the overall effect on turbulence intensity. In the low intens
EHD flows case, turbulence is reduced if compared to
corresponding channel flow case. In the highNEHD case, tur-
bulence intensity is reduced in the center of the channel,
increases in the wall region. However, the Reynolds str
2u8w8 decreases with increasingNEHD, consistent with the
increase in mean velocity discussed earlier. This reductio
responsible for the drag reduction observed and can be
plained by a quadrant analysis of the Reynolds stresses
creasing the intensity of EHD flows corresponds to an
crease of the intensity of events from all quadran
However, the frequency of the negative Reynolds stress c
tributions, i.e., ejections and sweeps, responsible for posi
turbulence production, is decreased if compared to chan
flow. Altogether, this causes a reduction of the Reyno
stress, particularly in the wall region. Furthermore, t
sweep/ejection crossover point is shifted to reduce the sw
dominated region near the wall—all this leading to drag
duction.

The features of the turbulence field in the wall regio
e.g., the streaky structures, do not appear qualitatively dif
ent due to the presence of EHD flows. Stre
characteristics—spacing and length—are similar to those
channel flow.

Examination of the governing equations and of the
netic energy balance for the mean field, for the organiz
field and for the turbulence field allow estimation of the e
ergy fluxes coupling the three fields. In particular, an ana
sis of the turbulent kinetic energy budget was presen
EHD flows are coupled to the turbulence field by a produ
tion term, given by the action of the phase-average fluctu
ing Reynolds stress against the organized strain rate, an
a transport term, which transfers turbulence kinetic energ
other regions by means of the organized field. In the l
NEHD case, turbulence production by EHD flows is moder
and turbulence damping is the main effect. In the highNEHD

case, turbulence production by EHD flows is of the sa
significance as turbulence production by the mean flow.

Finally, it appears that modulation of the flow fiel
through tuningNEHD could improve the performance o
ESPs both with regard to collection efficiency and press
loss. The influence of EHD flows on particle transport a
collection efficiency is currently being investigated.42
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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