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a b s t r a c t

Surface DBD plasma actuators are novel means of actively controlling flow. They have shown promising
ability in reducing drag, postponing transition from laminar to turbulent flow, suppression of separation,
noise reduction and enhancement of mixing in different applications. The CFD simulation of the effect of
plasma actuator in such kind of applications could provide more information, and insight, for optimi-
zation and design of close looped flow control systems. However, the fluid models for simulating the
formation of the plasma and its effect are computationally expensive such that, although they provide
more detailed information about the physics related to the formation plasma, they are still not viable to
be used in large scale CFD simulations. In this paper, we present the modified version of a simpler model
that predicts the thrust generated by the plasma actuator with acceptable accuracy and can be easily
incorporated in CFD calculations. This model is also free of empirical fitting parameters, being based on
pure flow physics scaling.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Dielectric Barrier Discharge (DBD) plasma actuators gained
increased interest during the past decade for different applications
[1e4]. It has been proven that they have a promising potential for
controlling flow in diverse applications. Many experimental and
numerical works have been done for the purpose of better under-
standing the mechanisms by which these kind of actuators influ-
ence the flow and also for the optimization of their design and
improvement of their performance [5e7]. DBD plasma actuators
mostly influence the flow through two different mechanisms,
depending on the type of the excitation voltage shape employed. If
the DBD plasma actuator is excited through a nano-second voltage
pulse, the characteristics of the flow around the DBD actuator is
altered through fast energy deposition and creation of micro shock-
waves. In contrast, if some kind of radio frequency excited voltage is
used, the flow will be accelerated around the actuator plate due to
the formation of ionic wind.

The plasma fluid model [8e11] and the particle in cell model
[12] are the most sophisticated and commonmodels for simulating
plasma actuators. However, due to large difference between the
bile).
. Abdollahzadeh).
spatial and temporal scales of the flow and the plasma, the
computational time of these techniques is excessively high. Even
with multi-processor modeling approaches and some kind of un-
steady acceleration techniques [13], such as adaptive local time
stepping. The solution of large scale problems in realistic geome-
tries is not viable with those models. A more simplified approach
needs to be devised in order to have both acceptable accuracy and
fast simulation times.

In this aspect, a semi-numerical modeling of the effect of plasma
actuator could provide a rapid tool to ascertain the effect of plasma
actuators. Different such numerical models have been proposed,
including semi-experimental [14,15], basic phenomenological
models [16e23] and PIV measurement-based models [24e27].
Obviously, the accuracy of the simulation results reduces when the
simplicity of models is increased. However, high fidelity fluid
models are too much computationally expensive to be used for
simulation of large scale problems. PIV data basedmodels also need
availability of complex experimental results for the tested plasma
actuator. Moreover, since the major influence of the DBD actuator
occurs at large scales, such as energy deposition and ionic field, the
overall effect could be captured by simpler phenomenological
models.

Different simplified models can be found in the literature. Shyy
et al. [28] considered a body force formulation. The electric field
regionwas confined to a triangular shaped region over the actuator
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plate, whose size was estimated by the length of the actuator and
an assumed value for the height of the plasma region. The
maximum body force in that model would occur at the edge of the
exposed electrode and this body force was directed parallel to the
shape of the body force region. The height of the plasma region and
a constant charge density were considered to be the fitting pa-
rameters of the model. Suzen et al. [29] developed a model
assuming a Gauss law, by additionally considering the electric po-
tential to be produced by the accumulated charge density over the
dielectric surface to obtain the charge density distribution. The
distribution of the charge density was assumed to be Gaussian in
accordance to the observed experimental distribution. Scales for
the space charge density (maximum charge density), shape factors
of the Gaussian distribution, and Debye length were selected to
match experimental results. Both these models were not able to
accurately capture the applied voltage-thrust dependency which
was observed experimentally by [30] to be UmaxaV

7=2
app .

An involved unsteady phenomenological model was presented
by Orlov et al. [20], who considered the DBD actuator system as an
electric circuit with several electric components, including capac-
itances and resistances. In this way, they were able to calculate the
so called memory voltage over the surface of the dielectric layer.
The model successfully predicted the ratio of the voltage-thrust
dependency. However, the value of the body force was too much
over estimated in comparison to experimental results. Mertz [21]
modified the model presented by Orlov et al. to increase the ac-
curacy of the direction of the predicted induced flow. These models
required some parameters, such as plasma resistivity and plasma
height which were fitted to match experimental results. Recently,
Lemire et al. [31] developed a hybrid model, by estimating the
charge density distribution over the embedded electrode as in the
model of Suzen et al., and by considering the virtual electrode
concept from the circuit model of Orlov et al.

Although the above mentioned models have gained success in
modeling some experimental cases, as shown by Palmeiro [32],
their predictive capability varies significantly depending on
particular experimental situations. Moreover, most of them involve
fitting parameters that need to be predefined by observing exper-
imental results. These aspects restrict their practicality as a tool for
the purpose of designing and testing flow control applications for
which experimental results are not available. In the present paper,
we wish to propose a modification to the model presented in Ref.
[29]. This modification will serve to reduce the dependency of the
results on fitting parameters, to capture correctly the voltage-
thrust dependency, and to increase the range of validity of the
model for different experimental situations.

2. Modified split-potential model

In this section we will present the modification to the split-
potential model. The model is modified through scaling the
Fig. 1. a) Schematic of the considered DBD capacitor system. b
components of the body force (Section 2.1) and introducing these
new scales in the split-potential model to simulate body force
distribution generated by the plasma.

2.1. Scaling of generated thrust and body force

The thrust produced by the DBD plasma actuator is proportional
to the power consumption of the DBD actuator system. For esti-
mating the scale of power consumption the dielectric barrier
discharge actuator is regarded as an AC circuit having a capacitor.
Two cylindrical capacitors are considered, similarly to the work of
Yoon et al. [15]. Cg includes the upper electrode and the generated
plasma over the dielectric surface, while Cd is the embedded elec-
trode and the dielectric barrier. These capacitances are estimated
as,

Cgff
�
te; td; ε0; lp

� ¼ 2pε0
lp

ln
�
0:5teþld
0:5te

� ; (1)

Cdff ðte; td; εd; leÞ ¼ 2pεd
le

ln
�
0:5teþ2td

0:5te

� (2)

The difference in the definition of the capacitance with that of
[15] is the inclusion of the length of the embedded electrode length
le, which is known, and the plasma region length lp, which is un-
known. Here, for simplicity the spanwise length of the electrodes is
assumed to be finite and equal to unity. And the considered cylin-
drical capacitors for each electrode are aligned in the stream wise
direction. The schematic of the typical DBD actuator and the cor-
responding AC circuit is presented in Fig. 1, where the various
lengths appearing in Eqs (1) and (2) are depicted. Cg and Cd ca-
pacitors are connected in a serial way to each other. Thus, the
equivalent capacitance of the DBD actuator can be readily calcu-
lated as,

Ceq ¼ CgCd
Cg þ Cd

(3)

The Debye length (lD (m)) is estimated through the relation
presented by Bouchmal [33] as,

lD ¼ 0:2
�
0:3� 10�3VappðkVÞ � 7:42� 10�4

�
(4)

in which Vapp is the applied voltage in kilo Volts.
The property that governs if ionization occurs is the electric field

(threshold value of at which the ionization occurs). To define this
threshold value, the critical voltage at which the air is observed to
first ionize (the critical voltage) is considered to be equal to the
break down voltage Vbd, of the DBD. Yoon et al. [15] correlated the
) Equivalent circuit for the DBD plasma actuator system.
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break down voltage taken as the initial operation voltage in the
work of Thomas et al. [34] as,

VbdðkVÞ ¼ 4:8289þ
�
8:063145� 102td

�
: (5)

where td (m) is the thickness of the dielectric. However it is well
known that the break down voltage is dependent on the operating
pressure p, the secondary emission coefficient g and the dielectric
thickness. an alternative relation, for calculating the break down
voltage is adopted from the work of Ref. [35] as,

VbdðVÞ ¼ pB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pðTorrÞtdðcmÞln�1þ g�1

�
2A

s
: (6)

where A ¼ 15 cm�1 Torr�1, B ¼ 365 V cm�1 Torr for air as working
fluid. The effect of the plasma actuator arises through the electro-
static pressure which can be interpreted as the total energy con-
sumption of the plasma actuator. The DBD plasma actuator was
considered as a circuit with equivalent capacitance Ceq, thus the
energy consumption of the plasma actuator over the period t is
related to the energy consumption (W) of the equivalent capaci-
tance, calculated as,
lp ¼ max

2
6666664

8>>>>>><
>>>>>>:

22=3404=5

402

�
22=3 rf C2

d0C
2
g0l

10
e
�
Vapp � Vbd

�2�Cg0 þ Cd0
�8�1=5

�
Cg0 þ Cd0

�2
0:0025

lg

3
7777775

(14)
W ¼
Zt
0

VI dt ¼ Ceq

Zt
0

V
dV
dt

dt: (7)

Plasma only discharges when the electric field strength (applied
voltage (Vapp)) is larger than the critical value of electric field for the
ionization to occur Ecr (the break down voltage (Vbd)), and there-
fore, the consumed power (P) of the capacitance is estimated by
taking the integration only in the effective plasma period (Dt) as,

W ¼ 1
2
Ceq
�
Vapp � Vbd

�2; (8)

Dt ¼
�

1
2pf

	
p

2
� sin�1

�
Vbd
Vapp

�
�
z

1
4f

; (9)

P ¼ W
Dt

¼ 2fCeq
�
Vapp � Vbd

�2
: (10)

where f is the frequency of the applied voltage. In the above
equations, it was assumed that Ceq is the average equivalent
capacitance over the effective plasma period. Moreover, In Eq. (9),
the effect of voltage shape was ignored for the approximation of Dt.
In fact, Eq. (10) provides an estimation of the area of the charac-
teristic Lissajous figure of the DBD actuator. As we have already
mentioned, the thrust generated by the DBD actuator is propor-
tional to its power consumption, and thus,
Ty2afCeq
�
Vapp � Vbd

�2
: (11)
where a is a fitting coefficient which is considered to be unity.
Moreover the dimension of the region in which this thrust is
effective is obtained from an experimental correlation presented by
Ref. [15], as,

lp ¼ 0:005
�

T
0:04

�0:5

; hp ¼ 0:0018
�

T
0:04

�0:5

(12)

where lp, hp are respectively the length and the height of the plasma
region in (m), and thrust T, is in (N/m).

However the dependency of thrust on the extension of the
plasma regionwere observed in the experimental work of Durscher
and Roy [36] to have to have a linear relation, with a minimum
length for the plasma region of 2.5 mm. Thus, If we consider,

Cg0 ¼ Cg
lp

; Cd0 ¼ Cd
le

; (13)

and replace the thrust in Eq. (12) from Eq. (17), the length of the
plasma region is calculated directly as,
where lp, lg, le are in [m]; Cg0, Cd0 [F/m] and Vapp, Vbd in [V]. lg is the
asymmetric gap length between the trailing edge of the exposed
electrode and the leading edge of the grounded electrode. Opti-
mum gas spacing could higher thrust for the plasma actuator. Here,
we have assumed that the minim length of the plasma region is
equivalent to the gap spacing (if exists).

To approximate this dependency of the thrust on the power
consumption, we assume a situation of uniform flow�
m$ ¼ dm

dtzcte
�
, this results in,

T ¼ dm
dt

v; P ¼ 1
2
dm
dt

v2;
dm
dt

¼ rAv; (15)

T ¼
h
4rAP2

i1=3
: (16)

where A is the area of the actuator.
Substituting Eqs. (11) and (10) inside Eq. (16), we have an esti-

mation of the thrust generated by plasma actuator,

T ¼ a

2
44rlp

 
2f

Cg0Cd0lelp
Cg0lp þ Cd0le

�
Vapp � Vbd

�2!2
3
51=3: (17)

The air density r in the above equation is calculated from the
ideal gas law.

2.2. Numerical modeling of plasma generated body force

Since Eq. (17) already provides us with a correct scale for the
thrust generated by the plasma, we only need the correct
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distribution and direction of the body force generated by the
plasma actuator to close the formulation of the model. The body
force generated by the plasma actuator depends on the charge
density (rc) and the electric field ð E

/
Þ as expressed by,

F
/

0 ¼ rc E
/

(18)

With this and the Eq. (17), we define the scales for the charge
density and the electric field as,

rc;max ¼ 2fCeq
Vapp � Vbd
� �

fcorrlD
;

fcorr ¼ 1
2

ffiffiffiffiffiffiffi
2p

p s

lp
erf

1
2
m
ffiffiffi
2

p

s

 !
þ erf

1
2

ffiffiffi
2

p
lp � m
� �
s

 !" # (19)

E
/

¼ E0 E
/*

E0 ¼
�
Vapp � Vbd

�
lp

; (20)

where E
/

is the electrostatic field vector E
/

¼ �VF, and the star in-
dicates normalizedfields. To arrive at Eq. (19),wehave assumed that
plasma is distributed uniformly in the span wise direction and the
effective height of the equivalent capacitor that is storing the same
charges is equal to the Debye length, and the accumulation of the
charge occurs during the time interval Dt. Moreover, this effective
height is corrected (with an error function) in a way to compensate
for the charge density drop over the dielectric surface (Eq. (27)).
Solution of the charge density field and the electric potential was
based on the model developed in Ref. [29],with a modified bound-
ary condition for the electric field on the surface of the dielectric
layer. We should mention that a key advantage of the parameter
scaling in Eqs. (19) and (20) is that the voltage dependency of power
and body force can be predicted more accurately, and also that the
model thus needs less unknown fitting parameters.

By considering Gauss law, we need to solve the following Pois-
son equation for the electric field,

V � �ε E/� ¼ rc: (21)

According to the split-potential field model, the electric poten-
tial is separated in two parts, one being a potential due to the
external electric field, and the other being a potential due to the net
charge density in the plasma,

F ¼ fþ 4: (22)

Assuming that the Debye length is small, as well as the charge
on the wall above the encapsulated electrode, then the distribution
of charged particles in the domain is governed by the potential due
to the electric charge on the wall, being unaffected by the external
electric field. The smaller the Debye length, the narrower the
plasma region located near the electrode and dielectric surface
becomes. Therefore, the governing equations for the potentials due
to the external electric field and for the net charge density are,

V � ðεVfÞ ¼ 0; (23)

V � ðεV4Þ ¼ �rc: (24)

The charge density and Debye length are related by,

rc

ε0
z� 4

l2D

: (25)

and after replacing the above equation into Eq. (24), we obtain the
governing equation for the net charge density is obtained,
V � εrVrcð Þ ¼ rc

l2D

; ε ¼ ε0εr (26)

Eq. (23) is solved for the electric potential, using the applied
voltage on the electrodes as boundary conditions. Applied AC
voltage is imposed at the exposed electrode while the embedded
electrode is prescribed as ground by setting the electric potential to
zero. At the outer boundaries, vf/vn ¼ 0 is assumed. Eq. (26) is
solved for the net charge density on the air side of the domain. A
zero normal gradient for the net charge density is imposed on the
solid walls except in the region covering the lower electrode. The
charge density is set to zero on the outer boundaries. To close the
formulation of the model, the distribution of charge density on the
surface of the dielectric, over the embedded electrode, is prescribed
in the streamwise direction by a half Gaussian distribution function
G(x),which follows closely the experimental plasma distribution
over the embedded electrode, that is,

GðxÞ ¼ exp

 
� ðx� mÞ2

2s2

!
; (27)

In Eq. (27), m is the location parameter indicating the position of
the maximum, and s is a scale parameter determining the rate of
decay. The location and scaling parameters depend on the voltage
and operating characteristics of the DBD. We should mention that
the correct distribution of the charge density on the dielectric
surface (rc,w ¼ rc,maxG(x)f(t)) can have a great influence on the ac-
curacy of the simulation results. However, for the purpose of
simplification of the computations, the assumption of a simple
Gaussian distribution is viable. The location parameter is chosen
such that the peak of charge density corresponds to the middle of
the plasma region extension over the embedded electrode. In
addition, the value of scaling parameter is selected in away to allow
a gradual decay of the charge density distribution to the end of the
plasma region length. Moreover the dielectric shielding boundary
condition introduced by Ibrahim and Skote [37] for the electric
potential is also adopted which reads as,

Vnf ¼ Vt � lDεrVtfð Þ (28)

The condition produces a thin layer across the boundary that
shields the electric field formed by the two electrodes, thus giving
rise to the formation of the so called memory voltage on the
dielectric surface.
3. Numerical procedure and flow solver

We note that Eqs. (23) and (26) do not contain a time derivative
term. Only the boundary condition for the applied voltage at the
exposed electrode and the boundary condition for the charge
density at the dielectric surface are time dependent. Therefore, Eq.
(23) can be normalized and be solved by imposing a constant
boundary condition equal to unity at the upper electrode and
similarly Eq. (26) can be normalized for charge density. The
normalized parameters for two dimensional coordinates are as
follows,

r*c ¼
rc

rc;maxf tð Þ; f*¼ f

fmaxf tð Þ; E
/*

¼Vf*¼ lp
vf*

vx
i
/

þvf*

vy
j
/

� �
;

(29)

where f(t) is a function representing the shape of the applied
voltage.

Once the dimensionless distribution is determined, the dimen-
sional values at any given time can be obtained by multiplying this
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distribution with the corresponding normalization factor. In this
manner, there is no need to solve the plasma model in an unsteady
manner. The methodology is explained in detail in Ref. [23].

The interaction of the plasma actuator is implemented as an
explicit source term inside the momentum equation. The flow
governing equations were solved by finite volume method using
the Commercial CFD solver FLUENT. The plasma model was then
coded as an UDF (User Defined Function) and was used alongside
for the simulation purpose. Two dimensional Cartesian orthogonal
grid were used for the numerical simulation. Note that the grid
spacing should not be larger than the Debye length. For enforcing
this and reaching grid independency of the obtained results, and
also reducing the numerical cost, the numerical grid was refined
toward the electrodes and surface of dielectric layer. Moreover, the
grid was refined in the regions where higher values of electric field
and charge density exist. Thus, the grid spacing was stretched to-
ward the electrode both in the normal direction and in the stream
wise direction leading to the minimum cell size of about 2 mm. The
total number of the cells varies for the different test cases as the size
of the computational domain varies.
4. Results and discussion

For the purpose of validation and to ascertain the improvement
due to this new modeling approach, three different test cases have
been selected. The first validation test case is the experimental
work of Thomas et al. [34], upon which the experimental correla-
tion of the plasma extension is based. Table 1, presents the details of
the DBD plasma actuator used in that work of Thomas et al. [34].
The computational grid of this case (Mesh A) consists of around
47 � 104 cells for a rectangular domain of 1.1 m � 0.5 m.

Fig. 2a) shows the comparison of the scaled calculated thrust
and experimental results of Thomas. It is clear that model provides
the correct trends regarding the influence of the different effective
components of DBD actuator. Also, the model reasonably predicts
the nonlinear dependency of the thrust and applied voltage
although the rate of increase of the data is somewhat lower that the
predictions. It should be mentioned that, considering the simplicity
of the model, the difference between the calculated and experi-
mental results is reasonable and in line with experimental results.
In Fig. 2b), the correlation between the applied voltage and thrust
dependency is depicted. As shown in Ref. [30] the voltage and
thrust are related through TfV7=2

app , and here we have calculated
this to be TfV6:54=2

app . It is interesting to note that the thrust data of
[34] in Fig. 2a) shows an even smaller rate of variationwith voltage.

Moreover, a comparison between the unmodified split-potential
model and the present modifiedmodel shown in Fig. 3, reveals that
much improved level of agreement is achieved. The addition of the
scaling to the model clearly modifies and improves the results. We
should mention that for the unmodified model the values of the
rc,max and lD were taken from the work of Suzen et al. [29] being
0.0008 C/m3 and 0.001 m respectively.
Table 1
Details of the first validation test case (Thomas et al. [34]).

Dielectric
material

εrd le (cm) te (mm) td (mm) f (kHz)

A- Teflon 2.0 5.08 40.0 3.18, 6.35 2.1
B- Derlin 3.5 5.08 40.0 6.35 2.3
C- Quartz 4.2 5.08 40.0 6.35 2.3
D- Kapton 3.9 5.08 40.0 0.15 4.4
E- Macor 6.0 5.08 40.0 3.18 2.3
For the second test case, we selected the experimental work of
Durscher and Roy [36] in order to examine the predicting capability
of the model in a range of the experimental data outside that used
for the fitting of Eq. (12), which was, we recall, correlated from
experimental results of Thomas et al. [34]. The DBD plasma actuator
used in the experiments of [36] includes an exposed electrode with
a length of 0.5 cm and an embedded electrode with length of 2 cm.
Both electrodes were built from 70 mm thick copper strips. Also, the
dielectric was 3 mm thick layer of acrylic with relative permittivity
of 3.0. The computational domain for this case (Mesh B) was a
rectangular with the dimension of 1.0 m � 0.5 m with around
3.1 � 104 grid cells. Fig. 4 compares the thrust calculated by the
present model and the experimental results of Durscher and Roy
[36] for two frequencies over a range of applied voltage. The
computed thrust is in reasonable agreement with the experimental
results and thus confirming that the considered correlations been
proposed are sufficiently general for thrust estimation outside of
the range of parameters on which they were based.

Fig. 5 depicts the normalized electric potential distribution
around the electrodes alongwith the normalized distribution of the
charges over the surface of the dielectric material. It should be
mentioned that the effect of finite electrode thickness is considered
just for the scaling of the body force, as explained in the previous
section, while the actual numerical domain for simulations as-
sumes infinitely thin electrodes. In addition, In Fig. 5c), illustrates
the induced ionic wind by means of the contour of velocity
magnitude and velocity vectors are shown. The direction of most of
the induced flow is in stream wise direction because the vertical
component of the force generated by the plasma actuator is smaller
than the horizontal component. Since the spatial distribution of the
generated plasma body force and the ionic wind are obtained
numerically, different actuators arrangement and electrode ge-
ometries could be modeled and analyzed easily.

In Fig. 6, calculated profiles of the steam wise velocity compo-
nent are compared with the PIV data of Durscher and Roy [36] at
two stations, x ¼ 25 and 35 mm for Vmax ¼ 10 kV, f ¼ 14 kHz. The
trend is well captured but there is a difference between the
maximumvalues of the velocities for both profiles. This is related to
the under estimation of the thrust computed by the present model
for the applied voltage (as can be seen in Fig. 4). However, for a
simplified model the accuracy is acceptable and the predictions are
in line with the experiments. Moreover, the figure shows that the
position of the maximum velocity is predicted correctly by the
present model.

One of the parameters that is known to affect the thrust is the
length of the plasma region, which was estimated by Eq. (14). The
obtained plasma region length from the present model was then
compared with experimental results of Durscher and Roy [36], and
the results are shown in Fig. 7. As can be seen the experimental
results show approximately a linear relation between thrust and
plasma region length while the numerical calculation is showing a
quadratic tend. The deviation of the estimated scaled thrust (under
estimation at low voltages, and over estimation at high voltages) is
related to this point, i.e. the correct evaluation of the flow regime.

Finally, the experimental and numerical work of Palmeiro [32] is
considered to compare the present model with other models and
with experiment results. Three test cases are considered following
[32], with different electrode geometry and applied voltage and
some of their details are tabulated in Table 2. As shown in Ref. [32],
the existing phenomenological models have diverse accuracy for
different cases.

Table 3 compares the maximum velocity obtained from the
present model with other phenomenological models and the ex-
periments. It is obvious from this table that although our model is
simple, it offers a more uniform predictive capability for the various



Fig. 2. a) Comparison of the computed scaled thrust (solid lines) with the experimental results of [34] (symbols). b) Correlation between the voltage and the calculated scaled thrust
for the 6.35 mm thick Teflon material.
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test cases compared with the other models. The maximum velocity
shown in Table 3 is obtained at a specified stream wise measuring
location which was equal to 10 mm, 10 mm, and 5 mm from the
leading edge of the exposed electrode, respectively for cases (1), (2)
and (3). The present model shows acceptable accuracy for all the
three cases. Although the hybrid model of Lemire et al. [31] shows
good accuracy for two of the cases, it is not capable of replicating
the experimental results of the other case.

In Fig. 8 the obtained x-velocity profiles at the measuring loca-
tions mentioned above are compared with experimental and nu-
merical results of Palmeiro [32]. The velocity profiles for each
measuring station and modeling methods are normalized by the
corresponding maximum velocity. For each case four sets of results
are presented, namely A) the experimental results [32]; B) un-
modified split-potential model; C) the model giving the closest
behavior to the experiments; D) and the results obtained from the
present model. After removing the discrepancies introduced by the
correct prediction of the velocity peak, we see that our model is the
Fig. 3. Comparison between the numerically obtained thrust from the present modi-
fied model (which is more accurate) and the previous unmodified split-potential
model.
best to predict test cases (2) and (3), and none of the models is able
to predict adequately the very narrow boundary-layer behavior of
test case (1).

4.1. Effect of altitude on the thrust generation of plasma actuators

For a flow control system to be used in real applications, for
which the altitude, for example, will vary significantly the charac-
teristics of the thrust generated by the plasma actuators under
various ambiental parameters need to be assessed to prove that
they have adequate capability of usage. When the altitude of the
aeronautical system is changed, several prosperities, including
pressure, temperature and humidity, will change. These factors
could alter various parameters of the plasma actuator system. As an
example, the dielectric permittivity, secondary emission coefficient
of the surface of the dielectric material, space ionization and
attachment coefficient are dependent on local characteristics of the
environment. The results of such assessment will serve to help the
Fig. 4. Comparison between the calculated thrust from the present modified model
and the experimental results of Durscher and Roy [36].



Fig. 5. a) Electric potential field around the DBD actuator for Vmax ¼ 10 kV, f ¼ 14 kHz. b) Charge density distribution over exposed electrode. c) Induced ionic wind velocity
magnitude contour (m/s).
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design of a novel flow control system using DBD plasma actuators,
for high altitude airships which consists of both cruiser and feeder
airship, with a wide range of change of altitude [38].

Several studies addressed the influence of the variation of alti-
tude, temperature and relative humidity, such as [39] who
concluded that the effectiveness of the actuator increases with
Fig. 6. Comparison between the calculated profile of the horizontal velocity and the exper
exposed electrode.
relative humidity also authors [27,40e44] studied the influence of
the operating pressure on the performance of the plasma actuator.
Wu et al. [40] considered the reduction of the operating pressure
below atmospheric pressure level. They showed that the reduction
of operating pressure causes a decrease of the rotational temper-
ature of the electrons, and also an initial decrease in vibrational
iments of Durscher and Roy [36]. At a) x ¼ 25 mm. b) x ¼ 35 mm, downstream of the



Fig. 7. Comparison of the estimated length of the plasma zone and the experimental
results of Durscher and Roy [36].

Table 3
Maximum induced velocity Umax (m/s).

Test
case

Experiments
[32]

Simple
body
force
model
[28]

Split-potential
model [29]

Lumped-circuit
model [21]

Hybrid
model
[31]

Present
model

(1) 1.9458 0.7266 0.2110 8.9311 1.5339 1.05642
(2) 1.2772 0.8383 0.2495 7.3674 0.2927 1.10435
(3) 1.5181 0.3042 0.2124 3.9770 1.2382 0.959561
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temperature of the electrons followed by an increase. They also
observed that the pressure reduction causes a change of the
discharge mode at a transition pressure of 45 torr. Litvinov et al.
[41] mentioned that the larger thrust resulting from a decrease in
pressure could be associated with an increase in the plasma vol-
ume, ahead of the electrodes, allowing for a larger total number of
ions, moreover, it was shown that the relative area occupied by the
plasma on the dielectric surface varies with pressure as
(p0(200 torr)/p)7/5. Benard et al. [42] also showed that the plasma
extension increases when reducing the operating pressure. Their
results revealed that the extension of the plasma region was
smaller than the length of the embedded electrode, when the
pressure is equal to 1 atm (in accordance to the assumption we
made in previous Section 2), however, when the operating pressure
is reduced the plasma tended to extend more.

Abe et al. [44] investigated the effect of operating pressure on
the plasma actuators performance and reported the same result,
the power consumption of the DBD increases with a decrease of
pressure. In essence, pressure influences the thrust generating
capability of the plasma actuator by decreasing the voltage required
to create a discharge (Eq. (6)). In other words, when the gas density
is reduced, current pulses become more intense as the electric field
is kept constant and fewer collisions between charged particles and
surrounding neutrals occur. Versailles et al. [45] looked to the effect
of pressure in a range above atmospheric pressure. They concluded
that, for a given actuator input, the plasma density and extent tends
to decrease with increasing pressure.

For the purpose of examining the ability of the proposed model
to capture the effect of altitude on the thrust produced by the
plasma actuator, several test cases were considered. Table 4 shows
Table 2
Details of the test cases of Palmeiro [32].

Test
case

εrd le (mm) lg (mm) td (mm) f (kHz) Vmax

(kV)

(1) 2.9 6.35 1.0 0.19 3.0 6.0
(2) 2.9 12.7 1.0 0.57 3.0 7.5
(3) 2.9 5.0 0 0.18 2.75 5.0
the geometrical details of the actuators employed for testing the
effect of operating pressure. The first test case is related to pres-
sures below the atmospheric pressure level, and the second is
related to pressures above the atmospheric level.

Eq. (17) provides us with the thrust exerted by a unit mass of
working fluid, per unit length of plasma region. Moreover, using Eq.
(18), source term for the momentum equations of air with density
of r, the thrust which is generated by the force induced by the
plasma actuator on the surface can be numerically calculated.

An extra correction needs to be done for the Debye length.
Valerioti et al. [7], considered a pressure dependency of the Debye
length as lDfpð�4=3Þ. Debye Length is related to the electron charge

density and electron temperature as 1
lD
y e2ne

ε0

1
kbTi

þ 1
kbTe

� �h i
1
2. We

have fitted the variation of the electron density and electron tem-
perature with operating pressure from the work of Wu et al. [40].
We have obtained the Debye length dependency to operating
pressure as lDfpð�3=5Þ by replacing the fitting of the electron
density and electron temperature in the formula of the Debye
length and then replaced in the mentioned equation, resulting in
the dependency of the Debye length on operating pressure.

In Fig. 9 the variation of the normalized thrust obtained from
(Eq. (17)) and normalized body force (from Eq. (18)), with
decreasing pressure is presented for this case. As indicated in this
figure both parameters possess amaximumpoint, whose value is in
accordance with the results presented by Refs. [40,42,44]. The
peaks of the scaled thrust and body force, estimated by Eqs. (17)
and (18) are occurring respectively at 0.59 atm and 0.71 atm,
while the experimental results suggest a peak at 0.6 atm. However,
the main point is that the simple model presented here could
capture the behavior of thrust correctly.

For test case P1, the velocity profiles obtained at different stream
wise sections over the plasma actuator, are presented in Fig. 10. The
maximum value of the induced velocity is in accordance with the
experimental results for this case at atmospheric pressure.

For the case in which operating pressure is higher than the at-
mospheric pressure, the thrust obtained from the present study is
compared with the experimental results of [45]. For pressures
higher than atmospheric pressure, no pressure correction for the
Debye length is considered. The results are plotted in Fig. 11 and
show the correct trend: reduction of the thrust by increasing the
pressure. As was explained at Ref. [45], increase in operating
pressure in constant temperature causes an increase in air density.
Therefore the mean free path between the particles and the kinetic
energy of them when they collide reduces. Thus the rate of the
momentum transfer decreases. Secondly the ignition voltage
(break down voltage) is increasing with increase in operating
pressure. Thus at higher operating pressure, the voltage needed for
the plasma region to form is larger. In this study, the secondary
electron emission (g), was considered constant and equal to 0.01. In
fact, g depends on surface characteristics, ionization energy, and
primary electron energy. As shown by Wu et al. [40], when the
operating pressure is changed the electron energy and temperature



Fig. 8. Comparison of the x-velocity profile at the specified measuring location a) Case (1) b) Case (2) c) Case (3).
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will change. Thus, it may be expected that the secondary electron
emission g would also be depend on pressure. To approximate the
sensitivity of the results to the level of g, in Fig. 11 the estimated
thrust is shown for two values of g and the lower g ¼ 0.001 seems
to offer results closer to the experiments inwhich pressure varies in
a range p ¼ 150e250 kPa.
5. Conclusions

A simple model for plasma discharge and its effect on the flow
was developed based on scaling the thrust generated by DBD
plasma actuators. The scaled thrust model correctly predicts the
nonlinear dependency of the thrust produced and the applied
voltage. These scales were then introduced into a simple
phenomenological model to estimate and simulate the body force
distribution generated by the plasma actuator. Although the model
includes some experimental correlations, it does not need any
fitting parameter. The model was validated with experimental
Table 4
Case details e effect of operating pressure.

Test case te (mm) le (mm) lg (mm) td (mm) εd Dielectric material

P1 [42] 0.1 10 5 4 3 PMMA
P2 [45] 0.076 12.7 2 1.6 2 Teflon
results and showed better accuracy compared to previous plasma
models. Moreover, the generality of the model was confirmed
through validation with three different experiments. Finally, the
model was tested for predicting the thrust for cases in which the
altitude (pressure) is changing.
Fig. 9. Variation of normalized thrust and force with decreasing pressure (below
atmospheric).



Fig. 11. Comparison of the effect of higher atmospheric pressure on thrust estimated
by the present study with the results obtained in Ref. [45].

Fig. 10. Velocity profile at different stream wise sections for atmospheric pressure,
p ¼ 1 atm.
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