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Abstract
Experimental and theoretical investigations have been conducted for the on-set of electrohydrodynamically (EHD) induced turbulence
for cylinder in cross ﬂow. The experiments were conducted for Reynolds numbers from 0.2 to 80 based on cylinder diameters, and
Reynolds numbers from 103 to 4  103 based on the ﬂow channel width. This ﬂow conditions represent laminar to transitional-ﬂow
before the on-set of the EHD-turbulent ﬂow. Theoretical analysis was based on the mass, momentum, and charged particle conservation
equations coupled with the Poisson’s equation for electric ﬁeld evaluation. The results showed that: (1) on-set of EHD turbulence is
initiated near the real-stagnation point; (2) EHD turbulence can be generated even for Reynolds numbers (Re) less than 0.2, if the EHD
number (Ehd) is larger than the critical Reynolds number square (Ehd4Re2); and (3) the electrical origin of instability, which is leading
into the on-set of turbulence can be estimated from Ehd/Db24Re2 relation, where Db is the Debye number.
r 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Based on the previous experimental and theoretical work
of cylinder in cross ﬂow [1–3], ﬂow proﬁles have been
determined and correlated to the magnitude of the
Reynolds number (Recd ¼ U o L=nf ), where Uo is the mean
velocity far upstream of the cylinder, L is the characteristic
dimension either the cylinder diameter or channel width,
and nf is the kinematic viscosity of ﬂuid. The results show
that the ﬂow past cylinder can be categorized in six regimes
as follows: (a) For a very small Reynolds numbers
(Reo0.1), symmetrical ﬂow resembling non-viscous ﬂuid
ﬂow has been observed; (b) for Reynolds numbers in the
range from 0.1 to 7 (0.1oReo7), the streamlines are not
symmetrical before or after the cylinder; (c) for 7oReo80,
the recirculation wake appears in a downstream region in
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the form of two symmetrical vortices; (d) for 80oReo300,
the ﬂow becomes unstable and laminar; (e) for larger
Reynolds numbers, the ﬂow becomes more unstable and
the well-known Von Karman vortex appears. The on-set of
turbulence occurs at ReX5  105.
It is well known that a space charge gradient coupled
with an electric ﬁeld induces instabilities leading to a ﬂuid
motion [4–7]. When the ﬂuid is a gas, it has been observed,
both theoretically and experimentally [8–10] that the
electrical charges generated by corona discharge together
with the electric ﬁeld will generate motion of the gas,
known as electrohydrodynamically (EHD) induced secondary ﬂow or ionic wind. This type of ﬂow can be used
not only for pressure drop control in a ﬂow channel but
also for the enhancement of mass and heat transfer. Under
these EHD ﬂow, transition from laminar to turbulent ﬂow
onsets when the space charge injection exceeds the threshold value. In this paper, experimental and theoretical
investigations were conducted to study the mechanisms of
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the on-set of EHD laminar to turbulent motion for cylinder
and smooth wire in cross-ﬂow.

2. Experimental apparatus
The ﬁrst experimental ﬂow channel for a cylinder in a
cross-ﬂow is shown in Fig. 1a. The channel was constructed
from a vertical rectangular Plexiglass [11]. The cylinder,
schematically shown in Fig. 1b, is placed perpendicular to
the ﬂow in the region of fully developed parallel ﬂow. Two
electrodes were mounted on the surface of the cylinder. The
high voltage needle-type electrode, was placed at the front
stagnation point in the median plane of the channel. The
grounded electrode, was made from a ﬂexible metal sheet
placed in the rear part of the cylinder. Negative corona was
generated by applying negative dc electrical potential
between the needle and the grounded electrodes. The
regularity of the ﬂow is ensured by an electric fan blowing
through an injector and two cellular regulators. In order to
visualize the ﬂow, a smoke generator was used to generate
particles. A luminous plane for visualization is obtained by
a laser, an optical ﬁber, and a planar lens. The ﬂow has
been recorded with a video and photo camera. All the
experiments were carefully conducted under the following
conditions: (a) stable upstream ﬂow, (b) stable particle
proportion, and (c) stable and uniform temperatures.
The second experimental set-up for the cylindrical wireplate electrode system is shown in Fig. 2. A smooth corona
discharge wire of 0.9 mm diameter was placed in the
Plexiglas horizontal rectangular chamber. Two-grounded
parallel plate electrodes (20  60 cm) spaced by 10 cm were
used as top and bottom walls of the channel. The particle
image velocimetry (PIV) system as shown in Fig. 2 was the
same as used by Mizeraczyk et al. [12]. TiO2 powder
(particle size diameter dpE0.2 mm) or cigarette smoke
(dpo1 mm) was used as seed particles for a ﬂow visualization. The experiments were conducted for ﬂow velocities
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from 0 to 0.6 m/s at positive and negative applied voltages
ranging in magnitude from 0 to 30 kV.
3. Experimental results
Experimentally observed quasi-steady state ﬂow pattern
at Re ¼ 35 is shown in Fig. 3 for various applied voltages.
Since current ﬂows along the cylinder surface and current
ﬂux density diverged from needle electrode to plate
electrode, the ﬂow recirculation will be generated ﬁrst near
the needle electrode [4]. The size of EHD recirculation ﬂow
increases with increasing current ﬂow and ﬁnally integrates
with the ﬂow wake. The directions of EHD ﬂow streamline
opposes direction of recirculation and ﬂow wake, thus the
size of the wake reduces and deforms with increasing
voltage. At the same time, the current ﬂux density near the
grounded electrode increases, and hence small recirculation
EHD ﬂow will be generated near stagnation point that will
deform the ﬂow wakes. When applied voltage or discharge
current is above certain threshold value, the ﬂow is no
longer steady-state and the transition to unsteady ﬂow
occurs, leading into turbulent ﬂow.
Based on the dimensionless analyses of the Navier–
Stokes Equation [6,13], the EHD secondary ﬂow becomes
signiﬁcant when
Ehd=Re2 X1,

500
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Fig. 2. Schematic of PIV system used in wide wire-plate geometry set-up.
(Flow channel dimensions are as follows: plate- to-plate distance
A ¼ 10 cm, plate length B ¼ 60 cm, and plate width C ¼ 20 cm).

(b)

Fig. 1. Schematic of (a) experimental ﬂow channel, and (b) details of
cylindrical and electrodes arrangements.

(1)

where Re ¼ U 1 L=nf , Ehd ¼ I s L3 =Arn2f mi , L is the diameter of cylinder, UN is the gas ﬂow, n is the kinematic
viscosity, Is is the total current, A is the electrode surface
area, r is the gas density, mi is the mobility of ions. Time
averaged current–voltage characteristics observed from
experiments is shown in Fig. 4 for various Reynolds
numbers. Hence, predicted transition line (shown by
dashed line in Fig. 4) can be calculated based on (1) with
the following parameters: mi ¼ 2 cm2 =V s; r ¼ 1:2 kg=m3 ;
A ¼ 40  60 mm; L ¼ 50 mm; and nf ¼ 1:52  105 m2 =s.
If we considered the total time-averaged current, hence
Ehd/Re2 as a parameter, critical EHD ﬂow onset can be
observed near 3.5 kV. A formation of forward wake (ﬂow
recirculation upstream of cylinder) can be observed as
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Fig. 4. Time-averaged current–voltage characteristics.

based on wire diameter of Rew ¼ 28 and Reynolds number
based on the ﬂow channel width of Red ¼ 2800. Without
an applied voltage V ¼ 0 (kV) for which the Ehd number
based on the wire and channel are Ehdw ¼ 0 and Ehdd ¼ 0,
respectively, Fig. 5 shows laminar ﬂow in the channel and
near the wire, where the wake behind the wire is to small to
be observed by PIV images.
However, once Ehd numbers have been increased to
Ehdw ¼ 2.3  106 (Ehdd ¼ 8.4  106) and Ehdw ¼ 5.7  106
(Ehdd ¼ 2.1  107), as shown in Figs. 5b and c, respectively, not are only unsteady wakes observed but also some
forward wakes were evident. The EHD-induced vonKarman vortex stream shown in Fig. 6 was usually
observed before onset of turbulence observed around
Ehdw ¼ 5–8  105. The on-set of turbulence in relation to
Re and Ehdw is more clearly observed in Fig. 7, where
based on the Reynolds number the ﬂow is in a non-wake
condition (Rew ¼ 5.6 and Red ¼ 560) but Ehdw ¼ 2.3  106
indicates strong EHD secondary ﬂow (Ehdd ¼ 8.4  106).
The time-averaged ﬂow streamlines (averaged over the
period of 5 s) show fully developed vortex ﬁeld in the entire
ﬂow channel.
4. Theoretical analysis
Based on the model proposed by Chang and Watson [5],
the laminar EHD ﬂow can be analyzed by the following
dimensionless conservation and transport equations:
Fig. 3. Typical ﬂow patterns for cylinder in a cross-ﬂow geometry
observed for various applied voltages: (a) Re ¼ 35; V ¼ 0 (kV), (b)
Re ¼ 35; V ¼ 4:5 (kV), and (c) Re ¼ 35; V ¼ 5 (kV).

(i) Mass conservation
r  ðuÞ ¼ 0.

(2)

2

predicted by EhdERe condition. Typical current–voltage
characteristics as shown in Fig. 4 for Re ¼ 35 indicated
that Ehd ¼ Re2 is fulﬁlled at 7 kV range. If we considered
peak pulse current instead of time-averaged one, since
corona discharge is normally a multiple pulse corona
current, EhdERe2 accurately predicts the on-set of
forward wakes.
Fig. 5 shows a typical PIV images of wire-plate system
observed at various applied voltages for Reynolds number

(ii) Momentum conservation
qu
~2u.
~ u ¼ rp
~ þ Ehd ni Z þ 1 r
þ u r
qt
Re2
Re

(3)

(iii) Ion transport
Re Sci ~
~  ðni ZÞ  r
~ 2 ni ¼ 0.
u rni þ F E r
2

(4)
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Fig. 6. EHD Von-Karman vortex at Rew ¼ 22.4; Ehdw ¼ 8  105;
Red ¼ 2240; Ehdd ¼ 3.1  106.

Fig. 7. Fully developed vortex
Red ¼ 560; Ehdd ¼ 8.4  106.

at

Rew ¼ 5.6;

Ehdw ¼ 2.3  106;

The electrical origin of the ﬂow instability leading into
onset of turbulence can be estimated from combination of
Eqs. (3) and (4) for the condition of Ehd/Db24Re2 for
which the space charge generated electric ﬁeld becomes
unstable.
Fig. 5. Typical PIV images for wire-plate geometry at various applied
voltages: (a) V ¼ 0 (kV); Rew ¼ 28; Ehdw ¼ 0; Red ¼ 2800; Ehdd ¼ 0,
(b) V ¼ 24 kV; Rew ¼ 28; Ehdw ¼ 2.3  106; Red ¼ 2800; Ehdd ¼
8.4  106, and (c) V ¼ 30 kV; Rew ¼ 28; Ehdw ¼ 5.7  106; Red ¼ 2800;
Ehdd ¼ 2.1  107.

(iv) Poisson’s equation
~ Z ¼ Dbi ni .
F Er

(5)

where Sci is the ion Schmidt number, FE is the electric ﬁeld
number, Dbi is the Debye number (L/8D), u is the
dimensionless velocity vector. 8D is the Debye length, Z is
the dimensionless electric ﬁeld, and ni is the dimensionless
ion density. For laminar ﬂow, EhdXRe2 is the condition
when EHD ﬂow becomes dominant. For example, the ﬂow
near cylinder was dominated by EHD ﬂow since [Ehd/
Re2]wb1 as shown in Figs. 5–7. It can be also seen that the
EHD ﬂow is not signiﬁcant near the wall of the ﬂow
channel for the cases when [Ehd/Re2]do1. Hence, the onset of the turbulence can be observed when Ehd4Re2c ,
where the critical Reynolds number (Rec) for the on-set of
turbulence are approximately 2  105 and 2300 based on
the cylinder and ﬂow channel dimensions, respectively.

5. Concluding remarks
Based on simple charge injection-induced EHD ﬂow
model and experimental observations, we concluded that:
1. No signiﬁcant ﬂow modiﬁcations will be observed when
EHD number Ehd5Re2.
2. Forward wake is observed when EhdERe2 due to the
charge injection (EHD ﬂow).
3. Small recirculation will be generated along the surface of
cylinder from front to real stagnation point.
4. Flow wake deformation is observed when EhdERe2.
5. Fully developed EHD wakes are observed when
EhdbRe2.
6. On-set of vortex stream tails normally observed at
Re480 can be generated even at lower Reynolds
number when Ehd4Re2.
7. On-set of EHD turbulence is usually initiated downstream of the near real-stagnation point.
8. EHD turbulence can be generated even when Reynolds
numbers based on the cylinder diameter are less than
0.2, if the Ehd number is larger than Reynolds number
square (Ehd4Re2) and the local Reynolds number
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based on velocity maximum exceeds critical Reynolds
number based on ﬂow channel (Recb2300), and
9. The electrical origin of instability leading to the on-set
of turbulence can be estimated from Ehd/Db24Re2
relation.
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