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Abstract

This paper reviews numerical modeling approaches for Dielectric Barrier Discharge (DBD)
plasma actuators in aircraft active flow control. While extensive experimental studies exist,
a dedicated review of computational methodologies—covering macroscopic, microscopic,
and empirical models—has been absent. This work systematically evaluates major models
(Shyy, Suzen-Huang, Dorr-Kloker, Roth, Orlov—Corke, Massines), discussing their for-
mulations, assumptions, computational cost, and applicability. It synthesizes simulation
studies in aerodynamic applications such as separation control, drag reduction, transition
delay, film cooling, and compressor stability. Key findings show that macroscopic models
offer a practical balance between accuracy and cost for design-oriented studies, whereas
microscopic models provide deeper physical insight at higher expense. The review high-
lights the effectiveness of DBD actuators in modifying boundary layers, delaying stall, and
improving aerodynamic efficiency. Finally, persistent challenges are identified—including
energy efficiency, scalability, and model calibration and future directions are suggested,
such as hybrid modeling, multi-actuator arrays, and real-time control integration.

Keywords: Dielectric Barrier Discharge (DBD); plasma actuators; numerical modeling;
active flow control

1. Introduction

The continuous pursuit of higher aerodynamic efficiency, reduced fuel consumption,
and lower emissions has driven the development of advanced aircraft flow control tech-
nologies. Conventional flight control systems, based on movable aerodynamic surfaces
actuated by hydraulic, pneumatic, electromechanical, or fly-by-wire systems, have under-
gone remarkable technological evolution over the past decades [1-41]. Although these
technologies have significantly improved aircraft controllability and reliability, they still rely
on mechanical components that increase system complexity, weight, maintenance require-
ments, and energy consumption. Consequently, considerable research efforts have been
devoted to the development of alternative flow-control techniques capable of improving
aerodynamic performance while minimizing mechanical complexity.
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Among these alternatives, Active Flow Control (AFC) has emerged as one of themost
promising technologies for future aircraft. Unlike conventional control systems, AFC
manipulates the boundary layer directly by introducing momentum into the flow without
requiring large movable surfaces. This capability enables the control of boundary-layer
separation, the delay of stall, drag reduction, lift enhancement, transition control, vortex
manipulation, and an improvement in overall aerodynamic efficiency.

Within the field of Active Flow Control (AFC), Dielectric Barrier Discharge (DBD)
plasma actuators have attracted particular attention because of their simple construction,
rapid response, absence of moving parts, low weight, and ease of integration into aero-
dynamic surfaces [42,43]. A DBD plasma actuator consists of two asymmetric electrodes
separated by a dielectric material and supplied with high-voltage alternating current. The
plasma generated around the exposed electrode produces an electrohydrodynamic body
force that transfers momentum from the ionized gas to the surrounding neutral air. Nu-
merous experimental investigations have demonstrated their effectiveness for delaying
flow separation, increasing lift, reducing drag, suppressing vortex shedding, improving
compressor stability, and complementing conventional control surfaces [43-62]. The rapid
growth of DBD plasma actuator research has been accompanied by extensive use of Com-
putational Fluid Dynamics (CFD). Numerical simulations provide detailed information
about plasma-flow interaction while reducing experimental costs. Consequently, numerous
macroscopic, microscopic, and empirical numerical models have been proposed, each
presenting different assumptions, computational costs, and predictive capabilities.

Several review papers have addressed different aspects of dielectric barrier discharge
(DBD) plasma actuators from experimental, theoretical, and numerical perspectives. Jayara-
man and Shyy [63] presented a comprehensive review of plasma-induced fluid dynamics
and heat transfer, emphasizing the fundamental physical mechanisms governing elec-
trohydrodynamic (EHD) flow generation, plasma—flow interactions, and heat transfer
enhancement in engineering applications. Corke et al. [64] reviewed the operating prin-
ciples, physical characteristics, actuator configurations, and aerodynamic applications of
single DBD plasma actuators, providing one of the earliest comprehensive discussions
on plasma actuator physics and modeling strategies for flow control. Cho and Shyy [65]
focused primarily on numerical simulations of plasma-based feedback flow control, dis-
cussing the implementation of plasma actuator models in Computational Fluid Dynamics
(CFD) solvers and their application to low-Reynolds-number aerodynamic flows.

More recently, Wang et al. [62] reviewed the technological development of various
plasma actuator configurations, including conventional DBD actuators, synthetic plasma
jets, plasma spark jets, three-dimensional plasma actuators, and plasma vortex generators,
highlighting their performance in aerodynamic flow control and propulsion-related ap-
plications. Portugal et al. [66] summarized more than two decades of research on DBD
plasma actuators, covering actuator design, discharge physics, experimental character-
ization, power consumption, and representative engineering applications. In contrast,
Zhang et al. [67] concentrated on the thermal behavior of sinusoidally driven DBD plasma
actuators, reviewing heat generation mechanisms, thermal diagnostics, and the influence
of operating conditions on actuator performance.

Although these review articles provide valuable insights into the development and
application of DBD plasma actuators, their primary emphasis is placed on actuator de-
sign, discharge physics, experimental investigations, or general plasma-based flow control.
Numerical modeling is generally discussed only as one component of broader reviews,
often without a detailed comparison of the available computational methodologies. Conse-
quently, important aspects such as the mathematical formulation of the governing equations,
electrohydrodynamic body-force models, charge transport equations, coupling strategies
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with fluid flow solvers, computational requirements, numerical accuracy, convergence
behavior, and applicability to different aerodynamic problems remain scattered throughout
the literature. To the best of the authors’ knowledge, there is currently no review paper
specifically devoted to the numerical modeling methodologies of DBD plasma actuators
for aircraft active flow control. The absence of a comprehensive comparison of macro-
scopic, microscopic, and empirical models makes it difficult for researchers to identify the
most appropriate modeling approach for a given aerodynamic application. This review
addresses that gap by systematically analyzing the assumptions, mathematical formula-
tions, computational complexity, advantages, limitations, and representative applications
of the principal numerical models reported in the literature while also identifying current
challenges and future research directions in plasma-assisted active flow control.

The remainder of this review paper is organized as follows. Section 1 introduces the
background, motivation, and objectives of the review. Section 2 provides a comprehen-
sive overview of the principal mathematical models developed for DBD plasma actuators.
Section 3 reviews the numerical and experimental studies reported in the literature, high-
lighting their main findings and applications in active flow control. Finally, Section 4
presents the main conclusions and discusses future research directions.

2. Numerical Models for the Design of DBD Plasma Actuators
2.1. Classification of DBD Plasma Actuator Numerical Models

The multitude of parameters involved in the experimental design of the DBD plasma
actuator, as well as the high material costs, have motivated the use of CFD as a tool in the
design process. There are two main types of numerical models in the literature used for the
design of DBD plasma actuators, namely macroscopic models and microscopic models, see
Figure 1.

| Numerical models for the design of DBD plasma actuators |

‘ Macroscopic models ‘ ‘ Microscopic models ‘

—{ Shyy model ‘ ‘ Massines et al. model ’_/

—( Suzen-Huang model ‘

—{ Dérr and Kloker model ‘

—{ Roth et al. model ‘

—{ Orlov and Corke model ‘

Figure 1. Classification of DBD plasma actuator numerical models.

2.2. Macroscopic Models

Macroscopic models allow for simulating the characteristics of the electric potential
and defining the charge density that forms the force created by the DBD plasma actuator.
The use of these models also allows for studying the range of required magnitudes of
momentum and energy delivered to the flow field near the airfoil wall boundary.

2.2.1. Shyy Model

The Shyy model is one of the simplest models for numerically modeling DBD Plasma
actuators [68]. In this model, it is assumed that the electric field (E) has its maximum value
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at the edge of the upper electrode and its intensity decreases linearly with the distance
between the upper electrode and the dielectric surface as shown in Figure 2, where a
denotes the height and b denotes the length of the electric field, d is the separation between
the two electrodes in the direction x, and the A-B line constitutes the plasma boundary.

Exposed electrode

i -
AC
voltage
s | Dielectric

source

“Insulated electrode

Figure 2. Diagram of a DBD plasma actuator with linear distribution of the electric field in
Shyy’s model.

For this model, the charge density is assumed to be constant and the variation of the
electric field is given by the Equation (1):

E(x,y) =|E|=Ey—ki-x—ky-y 1)
where Ej is the initial electric field, expressed in [V /m]) and defined as:

_

Ep F

@)
where Uy is the applied voltage. The constants k; and k; are evaluated by the expression
(3) by the condition that the local electric field intensity must be equal to the breakdown
electric field intensity.

Eo —Ep

b
Eo—E, ®)

a

k=
ky =

In these two equations, the constants k; and k; are expressed in [V / m?], and E, is the
intensity of the breakdown electric field, expressed in [V /m] and estimated according to
Shyy and Andersson [68] at 3.0 10° V /m. However, a better estimate of the value of Ej, for
an atmospheric discharge can be obtained by considering the empirical formula of Peek’s
law expressed in Equation (4), which was originally developed for corona discharges but
has been shown to be applicable to DBD actuators [69,70].

(4)

h_&&G+Ow8)

v0.50t,

where E, = 3.1 x 10° V/m is the dielectric strength of air, ¢, is the thickness of the top
electrode, € is a surface roughness factor equal to 1 for smooth surfaces, and ¢ is the relative
atmospheric density factor defined by Equation (5):
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_ 298p
== ©)

where T is the temperature in Kelvin, and p is the atmospheric pressure. The value of § = 1

)

for air under standard conditions.
The components of the body force along the x and y directions (fy and fy) are calculated as:

x = Expcec
f 96} ”

fy = Eypeec
where p, [C/cu.m] is the charge density, e. = 1.602 x 10~!? C is the charge of an electron,

and Ey and E, are the electric field components in the x and y directions, respectively,
which are calculated using the following expressions:

E, = _ Lk
NSRS
@)
E, = Ek

This body force acts only in the regions where plasma is present, which is determined
by the field strength at the point.

The components of the effective force on the neutral molecules along the x and y
directions (f,fsx and f,fs,) are given by:

feffx = D‘fxé}

(8)
fegry = afyd

where « is a factor to account for collision efficiency. The components of the effective force
act only during the time At during which plasma is formed, which corresponds to one
half cycle. According to Shyy et al. [68], this force during the second half of the cycle
can be neglected since it has little or no plasma formation. Therefore, this force can be
time-averaged over a full cycle, as expressed in Equation (9).

feffot
Frovex = T,
)
Foy — JE1
avey = T;

Although the actual electric field distribution in DBD plasma actuators exhibits strong
spatial and temporal variations, the linear approximation adopted by Shyy et al. [68]
provides an effective representation of the net electrohydrodynamic forcing and has been
widely employed due to its reduced computational cost and reasonable agreement with
experimentally measured flow characteristics.

2.2.2. Suzen-Huang Model

The Suzen-Huang plasma actuator model is rooted in the concept of electroosmotic
flow introduced by D. C. Henry (1931) [71]. This model is rooted in the concept of elec-
troosmotic flow. Electroosmotic flow refers to the motion of a fluid induced by the presence
of an applied voltage in a capillary tube or narrow channel.

The mathematical equation that describes electroosmotic flow dimensionally is based
on the division of the total electrical potential ($) into two parts for weakly ionized gas
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particles: the first is the potential due to the external electric field (¢), and the second part
is the electric potential due to the net charge density (¢) [72-76].

P=¢+¢ (10)

These two electric potential terms are related to the relative permittivity of both the
medium (e,) and free space (ep) through the following equations:

V- (e V) =0 (11)
V- (eVe) = — (2) (12)

where p. (C/m?) is the electric charge density, €, and €, have units of F/m (farads
per meter).

The net charge density (o) can be defined as the difference between the net positive
charge produced by the ions and the net positive or negative charge of the electrons [76,77].

pc = e(n; —ne) (13)

where e is the electric charge of an electron (C) (e = 1.6 x 10719 C) [73], n; is the ion density
(1/m?®) and n, is the electron density (1/m?).

The values of n; and 7, can be approximated using the Boltzmann relation for the elec-
tron and positive ion densities in thermal equilibrium as expressed in
Equations (14) and (15) [73,76,78].

ne =y exp((;{;p) (14)
e

—ed
n; = ng exp( T > (15)
1

where 1y is the plasma density (1/m?), k is the Boltzmann constant (k = 1.38 x 102 m?kg/s?K,
and T, and T; are the temperatures (in Kelvin) of electrons and ions, respectively.

Substituting Equations (14) and (15) into (13) yields a new expression (Equation (16))
for the net charge density as a function of the total electric potential (P):

—ed ed
Pc = €Ny {exp (kT) — 1 exp (kTeﬂ (16)
1

Developing the exponential functions in Equation (16) with the Taylor series in the
case of e® < kT, we obtain:

1 1

2

=—eny |7+ | P 17
o 0 { 7 kn] (17)
The Suzen-Huang model can be developed dimensionally or non-dimensionally.

Dimensional Form of Suzen-Huang model

The dimensional form of the Suzen-Huang model is based on the Debye-Huckel approxi-
mation, where the electric potential due to the net charge density (¢) has negligible effects in the
computational domain of the plasma actuator when the Debye lengths are low [76].

When a high-voltage alternating current is supplied to the electrodes (as shown in
Figure 2), the air in their vicinity becomes weakly ionized. This can give rise to magneto-
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hydrodynamic and electrohydrodynamic body forces acting on the external flow and thus
inducing stationary or transient velocity components. These body forces are calculated from
the Lorentz equation, which can be written as:

-

Fy = pc(E + (i x B)) (18)

where F, is the body force vector per unit volume (N/m3) called the Lorentz body
force, E is the electric field (V /m), B is the magnetic field (T), and i is the flow velocity
vector (m/s).

The Lorentz body force is derived from Maxwell’s equations, which are known as
Gauss’s law for the electric field, Gauss’s law for the magnetic field, Faraday’s law of
electromagnetic induction, and Ampere’s law with Maxwell’s correction.

e Gauss’s law for the electric field:

v-E=f (19)
€0
*  Gauss’s law for the magnetic field:
V-B=0 (20)
¢  Maxwell-Faraday Law:
VxE=-2 @)

*  Ampere’s law with Maxwell’s correction:
" > oF
V X B =po]+ P‘Oeoa (22)

where 11 is the permeability of free space (N /A2), and J is the induced current (A/m).

In the case of a quasi-stationary system, | and B are equal to zero. Furthermore, the
time derivatives 0B /9t and 9F /9t are also equal to zero [71]. Therefore, only Gauss’s law
for the electric field remains (Equation (19)). This implies that the Lorentz Equation (18)
reduces to:

Fy = pcE (23)

On the other hand, the electric field can be derived from the gradient of a scalar
potential as follows [71,77,79]:

E=-V¢ (24)

Substituting Equation (24) into Equation (23) leads to the expression (25) for the Lorentz
body force in terms of the electric potential:

Fy = pc(~=V¢) (25)
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Eventually, the Lorentz body force can be added as a source term to the Navier-Stokes
equations to obtain the governing equation (Equation (26)) of the computational model of
the plasma actuator.

—

pg—? +p(ii - V)il + VP — V(yVii) = F, (26)

where p refers to the plasma density, # is its dynamic viscosity, i is the velocity vector, P is
the pressure, and ¢ is the time.

Since the number of variables in Equation (26) is greater than the number of equa-
tions, solving the computational model of the plasma actuator is only possible if the mass
conservation equation (Equation (27)) is added.

a£+v'(pﬁ)20 (27)
ot

Solving Equations (26) and (27) requires establishing boundary conditions in the
computational domain. To do this, Equation (11) is solved to determine the electric potential
as boundary conditions applied to the electrodes.

Since the electric potential is neglected in the development of the Suzen-Huang
dimensional model due to the net charge density (¢), expressed by Equation (12), an
additional governing equation is required to determine the net charge density supplied as
boundary conditions in the computational domain of the actuator.

This governing equation is derived from two equations, including Equation (12),
which is the partial differential equation for the potential due to the net charge density, and
Equation (28), which is the equation for the electric charge density expressed in terms of
the total electric potential and the Debye length (Ap) [79].

pe_ P
€0 )LZD (28)
Since ® = ¢ + ¢, Equation (28) can be rewritten as:
e _ _¢te
€0 N )\%) (29)
Solving ¢ from Equation (29) gives:
22
p=- (4; + pcD) (30)
€0

Substituting (30) into (12) gives:

pcAb _ Pe

which can be expanded as follows:

r Az C
V(e Vo) + (e Ve D) _ P (32)
€0 €0

The first term (V (e, V¢)) of Equation (32) is zero, so it can be rewritten as:
_ P
V.- (eVpc) = (33)

b
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Equation (33) is the second governing equation that, when solved, allows determining the
net charge density supplied as boundary conditions in the computational domain of the actuator.

Note that the Debye length is the characteristic length of electrostatic shielding in
plasma. Basically, the Debye length determines whether or not body forces come into play
in the computational analysis of the plasma actuator [76]. This length can be determined
by substituting Equation (28) into Equation (17) as shown in Equation (34) [73,76,78].

2 —-1/2
elmo (11 (34)
€0 kTi kTg

The boundary conditions for electric potential and net charge density are described in
Figures 3 and 4, respectively.

Ap =

Air side: On outer a_¢ 3
V- (&.4V9) =0 boundaries: an ~

¢=¢@

—ﬁ—‘ & = mean(&,q, &rq)
AC | Q

O Le o
voltage @ DI \
source 1electric materia

i« L, ——p
| V- (£.qV0) =0 |—|
. : i3
Aerodynamic =0
surface ¢ =

Figure 3. Electric potential boundary conditions over the computational domain of the actuator using
the Suzen-Huang model.

Air side: On outer boundaries:
=0
V. (gr,avpc) = pc//hz) Pe
a
ﬁ =0 Pc = pc,w(x; t) ap
an / 11— = 0
_ﬁ—‘ :_\I an
e ! 1 %
AC —— L ——» I i
voltage : :
1 1

source ’

Aerodynamic
surface

Figure 4. Electric charge density boundary conditions over the computational domain of the actuator
using the Suzen-Huang model.

As can be seen in Figure 3, a zero normal gradient (d¢/dn) is imposed for the electric
potential at the outer boundaries of the computational domain. The exposed (top) electrode
has an electric potential greater than zero, which can vary with time, while the isolated
electrode is prescribed as ground with an electric potential equal to zero. In the wall of the
region covering the isolated electrode, a relative permittivity is considered, which is the
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average of the relative permittivity of air (€,,) and dielectric material (€, 4). In Figure 4, a
zero normal gradient (dp./dn) is imposed for the electric charge density on the solid walls,
except for the region that covers the isolated electrode, and the charge density is set to zero
at the outer limits. Downstream of the exposed electrode, in the region above the insulated
electrode, the electric charge density is prescribed so that it synchronizes with the time
variation of the applied voltage ¢(t) at the exposed electrode, as described in the following
equation [71]:

Pew(¥, 1) = " G(E)f (1) (35)

where p"* (C/m?) is the maximum value of the electric charge density supplied in
the domain, and f(t) is the waveform function that can be a sinusoidal wave given by [71]:

f(t) = sin(2nwt) (36)

where w (Hz) refers to the frequency of the supplied AC voltage.
When f(t) is a square wave, it is given by:

1 for sin(2mwt) > 0
f(t) = . (@rect) (37)
—1 forsin(2nwt) <0

On the other hand, G(t) in Equation (35), is a function that can be chosen to resemble
the plasma distribution over the insulated electrode [71]. Experimental results suggest that
this distribution is similar to a Gaussian mean distribution given by:

G(t) = exp[—(x — u)?/(20?)], forx > 0 (38)

where y is the location parameter indicating the x position of the maximum, and ¢ is a scale
parameter determining the decay rate. The effect of o (defined in terms of the electrode
length, L,) on the behavior of G(t) can be observed in [80-82], where representative plots
are shown for various values of this parameter (with # = 0); in those plots, it is evident
that as o increases, the decay rate decreases.

Non-Dimensional Form of the Suzen-Huang Model

The non-dimensional form of the Suzen-Huang model was developed by Ibrahim and
Skote [74,76,77] to transform the original Suzen-Huang equations into non-dimensional
form to simplify calculations and provide a more general understanding of plasma actuator
behavior. The transformation involves the introduction of dimensionless variables based
on the characteristic length, electric field, and charge density, according to research studies.

The modification is specifically based on Equations (11) and (33), which are rewritten
in non-dimensional form as shown in Equations (39) and (40):

V- (e,V) =0 (39)
V- (e,Vp,) = %‘f (40)
D
where . p
$= $o(T) )
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* pc
0, = 42
© peo (1) *2)
where T is a dimensionless amount of time, which is related to frequency as:
T = wt (43)

The term ¢g (V) is the AC voltage applied to the upper (exposed) electrode. It is
calculated using the following formula:

$0(T) = Pmax x f(7) (44)

where ¢pay (V) is the maximum amplitude of the supplied AC voltage, and f(7) is the
function for the AC voltage source, expressed as follows:

f(t) =sin (§T> (45)

The term p, is the net charge density established as a boundary condition at the lower
(insulated) electrode. It is calculated using the following formula:

0c0(T) = pemax X f(T) (46)

where pcmax (C/ m3) is the maximum electric charge density of the alternating
current supplied.

The electric potential boundary conditions and net charge density for the non-dimensional
form of the Suzen-Huang model are described in Figure 5 and Figure 6, respectively.

Air side: On outer .
* boundaries: ¢*=0
V(&4 )=0
* G0N
(l) = 1 ¢ -0

on

—,4—‘ & = mean(e.q, &q)
I_ ¥

AC e Ly

voltage @ R N\
source 1electric materia . N .
Rt St

V- (e,qV¢") = 0
| (er,aV9") ,—I

Aerodynamic N ¢*=0

surface

Figure 5. Non-dimensional electric potential boundary conditions over the computational domain of
the actuator using the Suzen-Huang model.

*
In Figure 5, the boundary condition ¢ for the upper (exposed) electrode is equal to
one, so that once (7) is determined, the dimensional value ¢ in Equation (41) can be obtained

at any given time by multiplying g?) with the value corresponding to ¢y(7) calculated by
Equation (44).

Similarly, in Figure 6, the boundary condition p*c for the lower (insulated) electrode
is equal to one. This allows the dimensional value p. in Equation (42) to be obtained by

multiplying HC with the corresponding value for p.o(7) calculated by Equation (46).

https://doi.org/10.3390 /machines14080861


https://doi.org/10.3390/machines14080861

Machines 2026, 14, 861

12 of 52

The governing Equations (39) and (40) are used to determine the dimensionless Lorentz
*
body force (F,). These equations are solved separately from the Navier Stokes equations.

Then, the dimensional Lorentz body force (F;,) can be obtained by multiplying F, with the
value corresponding to the product of pc uas and ¢y as expressed in Equation (47).

-

* Ph

= "% 47
b (Pc,mux X fpmax) #7)

Air side: On outer % 3
V- (.,9p2) = pi/23 boundaries: 9n
ap; pc=0

= dp;
on 0 / pc:O

— i

AC L, -~
voltage @ Dielectric material
source V- (€T,aVPé‘) =0 1 '

| ]

Aerodynamic St =1
surface

Figure 6. Non-dimensional electric charge density boundary conditions over the computational
domain of the actuator using the Suzen-Huang model.

Finally, ﬁb is added as a source term to the Navier-Stokes equations (Equation (26))
and, together with the mass conservation equation (Equation (27)), are used to model the
computational domain of the plasma actuator.

Experimental validations have shown that Suzen-Huang-based body-force models
can satisfactorily reproduce the global characteristics of DBD-induced flows, including
velocity distribution and jet formation. Nevertheless, their predictive accuracy decreases
when resolving localized plasma phenomena and instantaneous discharge dynamics.

Modified Suzen—-Huang Model

The modifications to the Suzen-Huang model proposed by Ibrahim and Skote [75,77]
consist, on the one hand, in changing the boundary conditions applied in the non-dimensional
model [74,77] and, on the other hand, in adding an electrode exposed to the upper surface of
the dielectric material.

The change of boundary conditions is carried out by replacing the expression (d¢/0n)
at the boundary above the encapsulated electrode (see Figure 5) by the expression
Vi(€rmAp Vt(ji;), where Ap is the thin layer thickness, €, is the relative apparent per-
mittivity, and the term V; describes the tangential derivative of the non-dimensional
electric potential variable. As for the non-dimensional charge density, the original bound-
ary condition at the surface of the encapsulated electrode (;c = 1) in Figure 6 is replaced by
(HC = 0). This modification favors an instantaneous growth of the charge density along the
boundary of the encapsulated electrode that propagates in the normal (upward) direction
of the dielectric surface. Furthermore, the original boundary condition at the dielectric
surface above the encapsulated electrode (8,52 /on = 0) is replaced by a combination of two

previous boundary conditions that are (ap*c /on = 0) and (p*c /on =0).

https://doi.org/10.3390 /machines14080861


https://doi.org/10.3390/machines14080861

Machines 2026, 14, 861

13 of 52

2.2.3. Dorr and Kloker Model
Original Form of Dérr and Kloker Model

The Dorr and Kloker model is an empirical model based on a velocity field approach
generated by a DBD actuator, which is determined using anemometry techniques such as
Particle Image Velocimetry (PIV) or hot wire [69,83]. In this model, the effect of the plasma
actuator is determined by a dimensionless, wall-parallel planar force distribution ( fx),
which is based on the empirical model proposed by Maden et al. [84]. This empirical model
was extended in two dimensions using the same formulation to calculate the wall-normal
force component ( ﬁ;) The distribution of the body force vector per unit volume (N /m3)
called the corresponding dimensional Lorentz body force (f,(x,y)) is calculated by the
following formula (Equation (48)):

2 773

7 — poouio — poouoo
folxy) = fxy) == = f(xy) Reir.

(48)

where p, is the air density, Uﬁo is the free stream velocity, L is the reference length, Re is the
Reynolds number, ji, is the dynamic viscosity of air and f(x, y) is the dimensionless body
force distribution which is expressed by the following empirical formula (Equation (49)) [69]:

2/5

f(x/ y) = Cx (110111x + Q(Z)HZXZ)e_aOX (bly + bzyz)e_bﬂy (49)

The empirical formula for the dimensionless body force distribution can be rewritten
as follows:

flxy) = cxX(x)Y(y) (50)

where X(x) and Y(y) are the dimensionless magnitude of the force along the x and y
axis, respectively. Both magnitudes are expressed through the following empirical models
(Equation (51)):

X(x) = (aoalx + a%azxz)e_“ox

(51)
Y(]/) — (bl]/+ b2y2)efh0y2/5

where x,yy > 0; by > 0; a1 2, b12,cx > R. These coefficients allow the force distribution to be
controlled, allowing the length and height of the force to be modified.

Modified Form of Dorr and Kloker Model

Bernal-Orozco et al. [69] have shown that the model proposed by Dérr and Kloker
may have difficulty in accurately predicting the behavior of a DBD actuator, because the
dimensional body force distribution equation does not include operating parameters of a
DBD actuator such as voltage and frequency, and also takes into account the free stream ve-
locity, making it invalid in cases with still air, which limits the use of this model. Therefore,
Bernal-Orozco et al. [69,85] proposed a modification to the Dorr and Kloker model, which
consisted of multiplying the dimensionless body force distribution (Equation (49)) by the
dimensional electrohydrodynamic (EHD) force factor, which allows for a better approxima-
tion of the force for a given voltage and frequency. In addition to using the aforementioned
technique, the coefficient values of the Dorr and Kloker model were modified in order to
reduce the length and height of the force.
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In general, plasma actuator simulation using the modified Dérr and Kloker model
achieves good results and has a low computational cost, but depends on the availability of
experimental data for the dimensional factor of the EHD force, which limits its use [69,85].

2.2.4. Roth et al. Model

The model proposed by Roth et al. [86] is one of the oldest macroscopic models. The
main difference between this model and the one proposed by Suzen-Huang is that the
body force is proportional to half the vacuum permittivity and the square of the electric
field, as shown in the following equation (Equation (52)):

=

1, =
Fy = 5(eoE?) (52)
The main disadvantage of this model is that it can only model a one-dimensional flow,
which does not apply to the aerodynamic plasma actuator [76,80].

2.2.5. Orlov and Corke Model

Another macroscopic model prior to the Suzen-Huang model was introduced by
Orlov and Corke [87]. The model was designed to model three-dimensional flow. The
calculation of the body force per unit volume includes the net electric charge density, the
electric field (E), the permittivity of free space (€p), the Debye length (Ap), and the total
electric potential (®), as shown in the following expression (Equation (53))

E, = = — <€°> ®F (53)

In this model, the net charge density at any point in the plasma is defined as the
difference between the net positive charge produced by the ions and the net negative
charge of the electrons, as described in the following equation (Equation (54)).

pe = e(n; —ne) (54)

The net charge density at any point in the plasma can also be defined by the rela-
tionship between the total electric potential and the Boltzmann equation, assuming a
quasi-steady state with a time scale long enough for the charge store to distribute, as shown
in Equation (55).

ed ed } (55)

Pc = —eng [le—i_kTe

The model concludes that the net charge density at any point in the plasma is propor-
tional to the potential at that point [76].

Orlov and Corke [87] developed another lumped parameter model to simulate the
behavior of the single-dielectric-barrier discharge aerodynamic plasma actuator. The
model allows calculating the voltage and current intensity in plasma near a dielectric
surface. Both parameters allow evaluating the power consumption of the dielectric barrier
discharge plasma actuators P(t), which is calculated by means of the following expression
(Equation (56)):

P(t) = Ip(t) [Vapp(t) — Vau(t)] (56)
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where I, (t) is the current intensity in plasma near a dielectric surface, which is proportional
to the plasma conductance, G, and is given by (Equation (57)):

Ip(t) = Gy(t) [Vapp(t) — V2 (1)] (57)
Gp(t) is proportional to the plasma width as defined in Equation (58):

Gﬂw=<%ﬂxm (58)

where L is the length of the actuator, x is the extent of the plasma, Gy is the conductance of
the plasma when the plasma reaches maximum extent at x = Xy.

Vapp(t) is the applied voltage defined in terms of its time derivative as follows
(Equation (59)):

AVapp (1)

T Vowcos(wt) (59)

W is the amplitude of the applied voltage, and w is its angular frequency.

Vo4 (t) in Equations (56) and (57) is the voltage across the virtual electrode covered
by plasma, which is defined in terms of its time derivative by the following governing
Equation (60):

dAVou(t)  dVapp(t) Cya(t) Iy(t)
e dt (ClA(t)+C2A(f) ClA(f)+C2A(f)> (©0)

C1 4 represents the capacitance between the exposed electrode and the top surface of
the dielectric, while Cy4 represents the capacitance between the top surface of the dielectric
and the encapsulated electrode. Both capacitances are defined as follows:

Cia(t) = D‘CZA(t)}
(61)

where a is a constant that is estimated from measurements, €y is the permittivity of the free
space, z is the spanwise length of the actuator, and 4 is the thickness of the dielectric.

2.3. Microscopic Models

Microscopic models, also called charge transport models, are models used to capture
the motion of charged particles in the vicinity of the airfoil wall boundary.

2.3.1. Massines et al. Model

Massines et al. [88] are the pioneers in developing the microscopic model for the
design of DBD plasma actuators. The model consists of the coupling of the drift diffusion
equation for electrons (Equation (62)) and ions (Equation (63)) and Maxwell’s equation
(Equation (64)), as described below [76,88-90]:

] = = =
é%+v.kmmE—mvm}:mw—mmi (62)
on; +V- {—n‘yf—Dvn} = NoV; — M (63)
ax [¥ga’ 1 1 eY1 erty

- = e

V- (eE) = e—o(ni — 1) (64)
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where 1, and n; are electron and ion densities (1/m3), p, and y; are electron and ion
mobilities, (m?/(sV)), E is the electric field (V /m), D, and D; are diffusion coefficients,
v; is the ionization frequency (1/s), r is the recombination rate (m3/s), € is the vacuum
permittivity (F/m), € is the relative permittivity, and e is the electron charge (C).

The Lorentz body force for the microscopic model is calculated using Equation (65).

= - —

F, = pcE =e(n; —n,)V¢ (65)

where p. is the charge density (C/m3), and ¢ is the electric potential.
The influence of the body force on the airflow is taken into account by including the
Lorentz body force in the Navier-Stokes equations (Equation (66)):
a i = — =3 - —
o LI (Vi) 4 p(it - V)it + VP = e(n; — 1)V

—

a—p+V~(pﬁ):O

In 1998, Massines et al. [88] used this model to experimentally and theoretically study
a dielectric-gated atmospheric pressure glow discharge. The theoretical study consisted of
a one-dimensional model based on the simultaneous solution of continuity equations for
charged and excited particles and Maxwell’s equation. The use of these equations laid the
groundwork for future microscopic models.

Massines et al. [88] were among the first to use this model to experimentally and
theoretically study a dielectric-gated atmospheric pressure glow discharge. The theoretical
study consisted of a one-dimensional model based on the simultaneous solution of conti-
nuity equations for charged and excited particles and Maxwell’s equation. The use of these
equations laid the groundwork for future microscopic models.

A few decades later, Boeuf and Pitchford [89] in 2005 performed a similar study to
model the electrohydrodynamic forcing and aerodynamic flow acceleration in a dielectric
surface discharge barrier considering nitrogen and oxygen at atmospheric pressure. Nu-
merical results showed that this forcing is significant only in the envelope of the surface
discharge propagating along the dielectric surface when the cathode is below the dielectric
layer. In 2008, Rouffet [90] used Comsol software to investigate the multiphysics approach
of a plasma actuator consisting of a mixture of ions, electrons, and neutral molecules by
numerical simulations.

The microscopic model has many advantages, as it is suitable for resolving the trajec-
tories of individual charge particles that constitute the charge density. However, its main
disadvantage is that it requires high computational resources since its plasma processing
time scale is approximately 108 to 10~s, compared to macroscopic models such as the
dimensional and non-dimensional Suzen-Huang models whose processing time scale is
approximately 10~* s [76].

2.3.2. Evolution over Time of Numerical Models for DBD Plasma Actuators

Figure 7 illustrates the temporal evolution of numerical models for DBD plasma
actuators, clearly highlighting the differences between early models and more recent
models. The early models, developed in the late 1990s and early 2000s, are characterized by
relatively simple formulations, mainly empirical or dimensional, with a limited number of
parameters and a simplified representation of plasma effects. These models were useful for
gaining an initial understanding of the phenomenon; however, they exhibited limitations
in terms of accuracy and general applicability.

In contrast, the new and modified models, developed from around 2010 onward,
incorporate non-dimensional formulations and more detailed physical adjustments, leading
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to an improved representation of the plasma-flow interaction. These advanced versions aim
to overcome the limitations of the early models by providing greater numerical robustness,
improved stability, and enhanced predictive capability, in line with current requirements
for aerodynamic flow simulation and control.

. Dimensional form  Non-dimensional Original form of
Massines et Shyy of Suzen - Huang form of the Suzen- Dorr and Kloker
al. Model model model Huang model Model
‘ 2002 2005 2010 2011 2015
Roth et al. Orlov and Corke Modified Suzen- Mj)diﬁed form of
Model lumped parameter Huang model Dérr and Kloker
model Model

Figure 7. Timeline of numerical model development for DBD plasma actuators [68,69,71,74-77,77,83,86-88].

3. Software for Simulation
3.1. Shyy’s Model

Development and validation of the Shyy phenomenological model.

The numerical representation of dielectric barrier discharge (DBD) plasma actuators
has evolved considerably over the last two decades, leading to the development of several
phenomenological models capable of reproducing the electrohydrodynamic (EHD) body
force without explicitly solving the complex plasma chemistry. Among these approaches,
the phenomenological model proposed by Shyy et al. [68] has become one of the most
widely adopted due to its balance between physical consistency, numerical robustness, and
computational efficiency. Instead of resolving the ionization process, the model introduces
the plasma-induced force as an additional momentum source within the Navier—Stokes
equations, providing an efficient framework for simulating the interaction between plasma
discharges and fluid flow.

The original work of Shyy et al. [68] demonstrated that this simplified representation
successfully reproduces the wall-jet generated by DBD actuators under atmospheric condi-
tions. Their simulations showed that both the induced jet velocity and the downstream
pressure rise increase with the applied voltage and excitation frequency, confirming the
capability of plasma actuators to accelerate the near-wall flow. Beyond aerodynamic control,
the study also revealed a significant enhancement of convective heat transfer, with local heat
fluxes reaching approximately 4.5 times those obtained without plasma actuation. These
findings established the foundation for subsequent numerical investigations involving
active flow control and thermal management while demonstrating that phenomenological
approaches could accurately capture the dominant macroscopic effects of plasma-induced
forcing without incurring the computational cost associated with detailed plasma kinetics.

As the use of DBD actuators expanded into increasingly complex aerodynamic config-
urations, several researchers evaluated the predictive capability of the Shyy model against
alternative phenomenological formulations. Among these, the comparison performed by
Abdelraouf et al. [91] represents one of the most comprehensive validations available in
the literature. The authors compared the Shyy and Suzen formulations for simulating flow
separation control over a NACAQ012 airfoil, showing that both models produced nearly
identical aerodynamic predictions, including a stall delay of approximately two degrees
and a lift increase of about 6.1%. Despite these comparable aerodynamic results, the Shyy
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formulation required substantially fewer iterations and considerably lower computational
time, highlighting its superior numerical efficiency. Owing to its straightforward imple-
mentation asla momentum source term and its reduced computational cost, the study
concluded that the Shyy model remains the preferred option for large-scale engineering
simulations where computational efficiency is a critical consideration.

Collectively, these pioneering studies established the Shyy model as the reference
phenomenological formulation for DBD plasma actuator simulations. The combination
of satisfactory predictive capability, numerical stability, and ease of implementation has
facilitated its widespread adoption in computational fluid dynamics, particularly for ap-
plications involving aerodynamic flow control, turbomachinery, and aerothermal systems.
Consequently, the vast majority of subsequent investigations have employed this formula-
tion either directly or as the baseline against which newer plasma models are assessed.

Aerodynamic flow control applications.

Following its successful validation, the Shyy phenomenological model rapidly be-
came the preferred numerical framework for investigating the aerodynamic capabilities of
dielectric barrier discharge (DBD) plasma actuators. The simplicity of incorporating the
plasma-induced body force into the momentum equations has enabled its application to a
wide range of active flow control problems, including boundary-layer separation delay, lift
enhancement, vortex suppression, shock-wave attenuation, and aeroelastic stabilization.
Despite the diversity of these applications, most studies consistently demonstrate that
plasma actuation modifies the near-wall momentum distribution, delaying flow separation
and improving aerodynamic performance without requiring mechanical moving parts.

Flow separation control over airfoils has received particular attention because of
its direct influence on lift generation and stall characteristics. Numerical investigations
conducted using the Shyy formulation consistently report that plasma-induced momentum
injection energizes the boundary layer, promoting flow attachment and delaying separation
under adverse pressure gradients. This behavior has been demonstrated for both steady
and unsteady aerodynamic conditions. For example, Abdelraouf et al. [91] showed that
DBD actuation delayed the stall angle of a NACA0012 airfoil by approximately two degrees
while increasing the maximum lift coefficient by more than 6%. Similar conclusions were
obtained by Hasan and Atkinson [92], who investigated the NASA hump configuration as
a representative turbulent separation problem. Their large-eddy simulations demonstrated
that positioning the plasma actuator immediately upstream of the natural separation point
generated sufficient momentum addition to eliminate the separated region almost entirely,
highlighting the importance of actuator placement in maximizing control authority.

The influence of plasma actuation has also been investigated under highly unsteady
aerodynamic conditions representative of flapping wings and oscillating airfoils. Mah-
boubidoust et al. [93] demonstrated that actuator location strongly influences the aerody-
namic response of an oscillating NACA0012 airfoil operating at low Reynolds numbers.
While leading-edge actuation promoted flow attachment, trailing-edge plasma proved
considerably more effective in simultaneously increasing lift and reducing drag by mod-
ifying vortex shedding during the pitching cycle. Depending on the reduced frequency,
lift improvements approaching 30% and drag reductions exceeding 12% were obtained,
confirming that plasma actuation remains effective even under strongly time-dependent
flow conditions.

As research progressed toward more demanding operating regimes, several studies
explored the effectiveness of DBD actuators under higher Reynolds and Mach numbers.
Zheng et al. [94] performed one of the most comprehensive comparisons between con-
ventional alternating-current (AC) DBD actuators and nanosecond-pulsed plasma actu-
ators. Their combined numerical and experimental investigation demonstrated that the
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governing control mechanism depends strongly on the operating conditions. Under low-
Reynolds-number conditions, conventional AC actuators primarily improve aerodynamic
performance through momentum injection, whereas nanosecond-pulsed actuators generate
localized thermal disturbances that become increasingly effective as flow velocity increases.
Their results showed that nanosecond actuation completely suppressed flow separation
within a few milliseconds while producing substantially larger lift coefficients than con-
ventional AC excitation, indicating that thermal energy deposition becomes the dominant
control mechanism in high-speed applications.

Beyond conventional airfoil configurations, the Shyy model has also been successfully
applied to more complex three-dimensional aerodynamic problems involving vortex control
and shock-wave interactions. Anzalotta et al. [95] investigated the mitigation of tip leakage
vortices generated by finite wings using DBD plasma actuators installed inside the wing
tip gap. Both numerical simulations and experimental measurements demonstrated that
continuous plasma forcing significantly weakened the leakage vortex by generating a
stationary counter-rotating structure that opposed the natural leakage flow. The resulting
reduction in low-velocity wake regions confirmed the potential of plasma actuation for
mitigating vortex-induced aerodynamic losses.

Similarly, Bagheri et al. [96] extended the application of momentum-source concepts to
compressible supersonic flows, where plasma-inspired body forces were employed to modify
shock-wave/boundary-layer interactions inside a low-aspect-ratio duct. Their simulations
revealed that appropriately positioned momentum sources substantially weakened shock
intensity, reduced the separation bubble, and smoothed discontinuities within the flow field.
Increasing the forcing intensity further improved shock attenuation, demonstrating that
body-force-based plasma models remain effective even in highly compressible environments.

The versatility of the Shyy formulation has also enabled its application to aeroelastic
control problems, where flow manipulation must remain synchronized with structural
motion. De Giorgi et al. [97] investigated alternating-current DBD actuators operating on
oscillating compressor cascades and demonstrated that the phase relationship between
pressure-side and suction-side actuators governs the resulting aerodynamic damping. An
optimal phase difference reduced both lift and pitching moment fluctuations by nearly 50%,
substantially increasing aeroelastic stability and mitigating flutter susceptibility. These
results illustrate that plasma actuators are capable not only of modifying mean aerodynamic
loads but also of controlling the dynamic response of oscillating lifting surfaces.

Collectively, these investigations demonstrate the remarkable versatility of the Shyy
phenomenological model across a broad spectrum of aerodynamic applications. Although
the specific control mechanisms differ according to the flow regime, a common trend
emerges throughout the literature: plasma-induced body forces consistently enhance the
near-wall momentum, weaken adverse pressure-gradient effects, suppress coherent vortical
structures, and delay or eliminate flow separation. These improvements translate into
measurable gains in lift, reductions in drag and aerodynamic losses, enhanced flow stability,
and improved aeroelastic behavior. Consequently, the Shyy formulation has evolved from
a simplified numerical approximation into one of the most widely accepted computational
tools for the design and optimization of plasma-based active flow control strategies.

Applications in Turbomachinery and Aerothermal Systems.

As numerical confidence in the Shyy phenomenological formulation increased, its
application gradually expanded beyond conventional aerodynamic flow control toward
more complex engineering systems involving rotating machinery and aerothermal man-
agement. These applications introduced additional physical challenges, including blade
rotation, highly three-dimensional flow structures, periodic aerodynamic loading, and
strong fluid—thermal interactions. Nevertheless, the computational efficiency of the Shyy
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model allowed researchers to investigate these phenomena while preserving an adequate
representation of plasma-induced momentum transfer.

One of the earliest extensions of plasma-based flow control to rotating aerodynamic
devices focused on cycloidal rotors. Benmoussa et al. [98] incorporated the Shyy body-
force formulation into computational fluid dynamics simulations to evaluate the influence
of DBD plasma actuators on the unsteady aerodynamics of a six-bladed cycloidal rotor.
Unlike previous investigations devoted primarily to geometric optimization, this work
introduced active plasma control as a complementary strategy for improving rotor perfor-
mance. By synchronizing actuator activation with the azimuthal position of each blade, the
authors proposed a control methodology capable of generating a “virtual contra-camber,”
whereby the plasma-induced momentum modified the effective aerodynamic curvature
experienced by the blade. This strategy increased the peak blade lift by approximately
11% while producing a measurable increase in overall rotor thrust and simultaneously
reducing the recirculation region on the suction surface. These results demonstrated that
plasma actuation can provide aerodynamic benefits comparable to those achieved through
mechanical design modifications while avoiding increases in rotational speed and the
associated energy consumption.

The successful application of plasma actuators to cycloidal rotors encouraged their
implementation in axial turbomachinery, where flow instabilities and tip leakage vortices
represent major sources of aerodynamic loss. Khoshnejad et al. [99] investigated the influence
of plasma-induced force orientation on the aerodynamic stability of a low-speed axial com-
pressor rotor. Their numerical simulations revealed that actuator inclination plays a critical
role in controlling the development of tip leakage vortices and delaying the onset of rotating
stall. Among the investigated configurations, a negative inclination of 30° produced the most
favorable aerodynamic response, increasing the compressor stability margin by approximately
8% while reducing total pressure losses near the blade tip by almost 30%. These improvements
were attributed to the ability of plasma forcing to suppress backflow and weaken the leakage
vortex before it developed into large-scale flow blockage, illustrating the effectiveness of DBD
actuators for enhancing compressor operability.

The application of plasma actuation to turbomachinery has also been extended to
aeroelastic problems involving periodically oscillating blade cascades. De Giorgi et al. [97]
demonstrated that alternating-current DBD actuators can actively manipulate the unsteady
aerodynamic loads responsible for flutter development in compressor cascades. Rather
than focusing solely on mean flow control, their investigation emphasized the synchro-
nization between plasma forcing and blade oscillation. Appropriate phase differences
between actuators located on the pressure and suction surfaces substantially reduced lift
and pitching-moment oscillations while improving aerodynamic damping. These findings
highlight the versatility of plasma actuation, showing that the same phenomenological
formulation originally developed for steady boundary-layer control can also be employed
to regulate highly dynamic fluid-structure interactions encountered in turbomachinery.

Beyond aerodynamic performance enhancement, the Shyy model has become an
important computational tool for aerothermal applications, particularly those involving
film cooling technologies employed in gas turbines. Because cooling effectiveness strongly
depends on coolant attachment and mixing within the boundary layer, plasma-induced
momentum offers an attractive mechanism for manipulating the flow without modifying
the blade geometry. Consequently, numerous numerical investigations have explored
different actuator configurations, cooling-hole geometries, and operating conditions using
the Shyy body-force formulation.

Li et al. [100] investigated the implementation of saw-tooth plasma actuators po-
sitioned downstream of cooling holes on turbine blades. Their large-eddy simulations
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demonstrated that plasma forcing significantly reduced coolant jet lift-off by weakening the
counter-rotating vortex pair responsible for coolant dispersion. As a result, the cooling film
remained attached to the blade surface over a longer downstream distance, increasing local
cooling effectiveness by more than 20%. The study further revealed that plasma actuation
reduced the intermittency of coherent vortical structures, promoting a more homogeneous
coolant distribution and improving thermal protection of the blade surface.

Similar conclusions were obtained by Li et al. [101], who evaluated two different saw-
tooth actuator arrangements on a flat-plate film cooling configuration. Their investigation
highlighted the importance of actuator geometry in determining plasma effectiveness.
When the actuator tips were aligned with the center of the cooling hole, plasma forcing
generated favorable anti-counter-rotating vortex pairs that expanded the coolant laterally
while simultaneously forcing it toward the wall. Under these conditions, the average
cooling effectiveness increased by more than 65% compared with the baseline configuration.
Conversely, an unfavorable actuator orientation strengthened the natural vortical structures,
increasing coolant jet lift-off and reducing thermal protection. These results demonstrated
that plasma actuation effectiveness depends not only on forcing intensity but also on the
interaction between actuator geometry and the inherent flow topology.

The influence of plasma forcing on film cooling has also been investigated under
different cooling-hole geometries and operating conditions. Sun et al. [102] analyzed
several hole configurations combined with different blowing ratios and plasma voltages.
Their numerical results confirmed that the interaction between geometric optimization
and plasma actuation can substantially improve thermal performance. Among the evalu-
ated configurations, laidback fan-shaped holes combined with moderate plasma voltages
produced the highest cooling effectiveness by promoting favorable anti-vortex structures
while minimizing coolant mixing with the mainstream flow. Excessively high plasma
voltages, however, generated local flow rebound effects that reduced cooling performance,
indicating that the aerodynamic benefits of plasma forcing are not necessarily proportional
to actuation intensity.

Taken together, these investigations demonstrate that the application of the Shyy phe-
nomenological model has progressively evolved from conventional external aerodynamics
toward increasingly multidisciplinary engineering problems involving rotating machinery,
aeroelasticity, and thermal management. Although the governing physical phenomena dif-
fer considerably among these applications, a common mechanism underlies their success:
plasma-induced momentum modifies the near-wall flow, suppresses unfavorable vortical
structures, improves flow attachment, and enhances transport processes. Consequently,
the Shyy formulation has established itself as a versatile computational framework capable
of supporting the design and optimization of plasma-assisted technologies across a broad
spectrum of turbomachinery and aerothermal systems.

Table 1 summarizes the studies that have employed Shyy’s plasma body force model.
For each reference, the table provides key information, including the formulation type
(whether 1D, 2D, or 3D), the simulation dimensionality, the software used, and the numeri-
cal method implemented. This overview allows for a straightforward comparison of how
the model has been applied across different computational frameworks and highlights the
diversity of approaches in the literature.
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Table 1. Summary of studies employing Shyy’s plasma body force model, including formulation type
(dimensionality), simulation dimensionality, software used and numerical method.

Shyy’s Model
Reference Form 1D, 2D or 3D Software SMOLI:E::I‘

[91] Adimensional 2D Ansys Fluent FEM
[98] Dimensional 2D Ansys Fluent FEM
[92] Adimensional 3D Ansys Fluent FVM
[97] Adimensional 2D Ansys Fluent FEM
[94] Dimensional 2D DNS FVM
[96] Dimensional 3D OpenFOAM —

[93] Dimensional 2D OpenFOAM FVM
[100] Dimensional 2D & 3D Ansys Fluent FVM
[102] Dimensional 2D Ansys Fluent —

[101] Dimensional 3D Ansys Fluent FEM
[99] Dimensional 3D Ansys Fluent FVM
[95] Dimensional 3D Star-CCM+ FVM
[68] Dimensional 2D DNS FVM

3.2. Suzen—Huang Models

Development of the Suzen-Huang model.

The continuous advancement of dielectric barrier discharge (DBD) plasma actuators
has motivated the development of increasingly sophisticated numerical models capable of
representing the electrohydrodynamic (EHD) interaction between the plasma discharge and
the surrounding airflow. Unlike simplified body-force approaches, the phenomenological
model introduced by Suzen and Huang [71] explicitly considers the electrostatic nature
of the discharge by coupling the flow solver with additional governing equations for the
electric potential and charge density. This formulation provides a more physically represen-
tative description of the plasma region while maintaining a computational cost significantly
lower than that required by fully coupled plasma kinetic models. Consequently, the Suzen-
Huang model has become one of the most widely adopted numerical frameworks for
investigating DBD plasma actuators in aerodynamic flow-control applications.

The original formulation proposed by Suzen et al. [71] represented a major milestone
in plasma actuator modeling by introducing a split-potential approach in which the electric
field and net charge density are computed independently before evaluating the resulting
electrohydrodynamic body force. Assuming the plasma to behave as a weakly ionized gas
under quasi-electrostatic conditions, the model solves Poisson’s equation for the electric
potential while representing the charge density through a Gaussian distribution derived
from experimental observations. The resulting body force is subsequently incorporated into
the Navier-Stokes equations as a momentum source term. Validation against quiescent-flow
experiments demonstrated that the model successfully reproduced the characteristic wall
jet generated by DBD actuators, while simulations performed on a low-pressure turbine
blade confirmed its ability to delay flow separation and reduce aerodynamic losses. These
results established the Suzen—-Huang formulation as one of the first practical numerical tools
capable of linking plasma-induced forcing with engineering-scale aerodynamic simulations.
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Following its introduction, considerable research efforts focused on improving the
physical realism of the original formulation while preserving its numerical efficiency. One
of the earliest contributions was presented by Abdollahzadeh et al. [103], who proposed
a modified split-potential formulation aimed at eliminating the empirical adjustments
commonly required in previous implementations. Their approach significantly improved
the prediction of plasma-induced thrust over a wide range of operating voltages while
maintaining excellent agreement with available experimental measurements. An important
contribution of this work was the extension of the model to high-altitude operating condi-
tions, demonstrating that variations in atmospheric pressure and temperature substantially
modify both the effective plasma length and the generated electrohydrodynamic force.
These findings emphasized the importance of considering environmental conditions when
designing plasma-based flow-control systems for aerospace applications.

Further improvements were introduced by Omidi and Mazaheri [104], who addressed
several limitations associated with estimating plasma length, Debye length, and maximum
charge density. Instead of relying on extensive experimental calibration, the authors pro-
posed analytical relationships for estimating these parameters directly from the applied
electrical conditions. Their improved formulation reduced prediction errors for plasma-
induced thrust to less than 5% while accurately reproducing experimentally observed
charge distributions over a broad range of operating frequencies. By incorporating more
realistic electrostatic boundary conditions, the modified model substantially reduced its
dependence on empirical fitting parameters without increasing numerical complexity,
thereby improving its applicability to different actuator geometries and operating condi-
tions. Collectively, these studies illustrate the progressive maturation of the Suzen-Huang
model from its original electrostatic formulation toward a more robust and versatile com-
putational framework. Although subsequent developments introduced refinements in
charge-density estimation, plasma-length prediction, and environmental adaptability, the
fundamental structure proposed by Suzen et al. [71] has remained largely unchanged. As
a result, most contemporary implementations continue to adopt the original governing
equations while incorporating localized improvements that enhance predictive capability
without sacrificing computational efficiency. This balance between physical fidelity and
numerical practicality largely explains why the Suzen-Huang formulation remains one of
the reference phenomenological models for DBD plasma actuator simulations.

Validation and Numerical Improvements of the Suzen-Huang Model.

Following the introduction of the Suzen-Huang phenomenological formulation, con-
siderable research efforts focused on evaluating its predictive capability and identifying
opportunities for improving its physical representation of dielectric barrier discharge (DBD)
plasma actuators. Rather than proposing entirely new formulations, most subsequent in-
vestigations sought to validate the model against experimental measurements, compare
its performance with alternative numerical approaches, and refine specific aspects of the
electrohydrodynamic force distribution. These studies collectively established the strengths
and limitations of the model while providing important guidelines for its implementation
in computational fluid dynamics simulations.

One of the earliest comprehensive validation studies was presented by Maden
et al. [84], who combined particle image velocimetry (PIV) measurements with Reynolds-
averaged Navier-Stokes simulations to evaluate two different approaches for representing
plasma-induced body forces. Besides the conventional Suzen-Huang formulation, the
authors proposed a velocity-based model derived directly from experimentally measured
flow fields. Both approaches successfully reproduced the characteristic wall jet generated
by DBD actuators and captured the pressure recovery obtained in a continuously diverg-
ing diffuser. However, the experimentally derived body-force model exhibited superior
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agreement with the measured velocity distribution, suggesting that inverse approaches
based on PIV data may provide improved spatial accuracy while preserving computational
efficiency. Their work demonstrated that experimental information can effectively comple-
ment phenomenological formulations, particularly for complex flow configurations where
accurate body-force distributions are required.

Additional insight into the predictive capability of the Suzen-Huang model was ob-
tained through direct numerical simulations. Brauner et al. [105] performed a detailed
comparison between the phenomenological formulation and experimentally reconstructed
forcing terms obtained from PIV measurements. Their investigation confirmed that the
Suzen-Huang model accurately reproduces the temporal evolution of the initial plasma-
induced vortex, validating its capability to capture the dominant macroscopic flow struc-
tures generated by DBD actuators. Nevertheless, the study also identified important
physical limitations. In particular, the wall-normal component of the electrohydrodynamic
force was shown to play a fundamental role in accurately reproducing the induced flow
field, whereas neglecting pressure gradients—an assumption frequently adopted in simpli-
fied inverse Navier-Stokes approaches—introduced noticeable discrepancies because these
gradients were found to be of the same order of magnitude as the plasma body force itself.
These findings highlighted that although the phenomenological model captures the overall
actuator behavior remarkably well, careful representation of all force components remains
essential for high-fidelity simulations.

Several researchers subsequently investigated possible improvements to the numerical
implementation of the model. Pescini et al. [106] compared three different methodologies for
estimating the plasma-induced force, including the original Dual Potential Model (DPM), a
simplified Single Potential Model (SPM), and an experimentally based Velocity Information
Based Model (VIBM). Their comparison demonstrated that the DPM consistently provided the
closest agreement with experimental measurements for both induced velocity fields and wall-
jet development, whereas simplified algebraic formulations required empirical calibration
to achieve acceptable accuracy. The study further demonstrated that the Suzen-Huang
framework is capable of reproducing the downstream decay of the induced wall jet, an aspect
that had remained difficult to predict in previous microscale actuator simulations.

Transient flow validation represented another important stage in the evolution of the
model. Aono et al. [107] investigated burst-modulated plasma actuation under quiescent
conditions by coupling a time-dependent implementation of the Suzen-Huang formula-
tion with experimental schlieren and PIV measurements. Their simulations successfully
reproduced both the mean wall-jet velocity and the coherent vortex structures generated
during burst operation while accurately capturing the temporal fluctuations associated with
different modulation frequencies. The results demonstrated that the phenomenological
formulation remains valid even under highly unsteady operating conditions, extending its
applicability beyond the steady-state assumptions adopted in many earlier investigations.

Further refinement of the electrohydrodynamic representation was achieved through
studies focusing on specific physical mechanisms governing plasma-induced momentum
transfer. Ibrahim and Skote [79] investigated the interaction between adjacent plasma
actuators operating within confined channel flows. Their modified Suzen-Huang imple-
mentation successfully reproduced the experimentally observed velocity distributions for
relatively large channel heights but also revealed important discrepancies under highly
confined conditions. The study suggested that microscopic plasma phenomena and charge-
interaction mechanisms, which are not explicitly represented in phenomenological for-
mulations, become increasingly significant as confinement intensifies. Consequently, the
authors emphasized that, although the Suzen-Huang model provides reliable predictions
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for most engineering-scale applications, additional physical modeling may be required for
microscale and strongly confined flow configurations.

Complementary investigations also explored the influence of actuator geometry and
electrical operating parameters on plasma performance. Seth et al. [73] analyzed the effects
of dielectric thickness, electrode spacing, excitation frequency, and voltage waveform on the
electrohydrodynamic force generated by DBD actuators using a transient implementation
of the Suzen-Huang formulation. Their numerical results showed that relatively small
geometric modifications can significantly alter both the induced ionic wind and the resulting
body force, while square-wave excitation consistently generated stronger plasma-induced
velocities than sinusoidal or triangular waveforms. These findings demonstrated that
actuator performance depends not only on the numerical formulation itself but also on the
electrical and geometric characteristics adopted during the design process.

Taken together, these validation and refinement studies significantly strengthened the
credibility of the Suzen-Huang phenomenological model. Despite differences in numerical
implementation, experimental configuration, and validation methodology, a consistent
conclusion emerges throughout the literature: the model accurately reproduces the dom-
inant macroscopic effects of DBD plasma actuation while maintaining a computational
cost compatible with engineering-scale simulations. At the same time, these investigations
clearly identify the principal sources of uncertainty, including pressure-gradient effects,
wall-normal force components, actuator confinement, and parameter calibration. Con-
sequently, the Suzen-Huang formulation has evolved into one of the most thoroughly
validated phenomenological models available, providing a reliable foundation for the
broad range of aerodynamic, turbomachinery, and aerothermal applications discussed in
the following sections.

Table 2 summarizes the studies that have adopted the Suzen-Huang plasma body force
model. For each work, the table presents the formulation type (distinguishing between
1D, 2D, and 3D approaches), the simulation dimensionality, the software employed, and
the numerical method used. This compilation provides a clear comparative view of the
model’s implementation across various computational environments and illustrates the
range of numerical strategies reported in the literature.

Table 2. Summary of studies employing Suzen-Huang plasma body force model, including formula-
tion type (dimensionality), simulation dimensionality, software used and numerical method.

Suzen’s Model

Reference Form 1D, 2D or 3D Software ?\zleltlltligél

[84] Dimensional 2D OpenFOAM FVM
[108] Adimensional 2D — FVM
[105] Adimensional 2D — FEM
[71] Adimensional 2D GHOST FVM

[52,73,103,109] Adimensional 2D Ansys Fluent FVM
[110] Adimensional 2D Incompact3d —
[79] Dimensional 2D & 3D Ansys Fluent FVM
[106] Adimensional 2D CONSDI FVM
[104] Dimensional 2D Ansys Fluent —
[111] Adimensional 2D & 3D Ansys Fluent FVM
[112] Adimensional 3D Ansys Fluent FEM
[113] Dimensional 2D PROPID-53 FEM
[114] Dimensional 2D Ansys Fluent —
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3.3. Dorr and Kloker Model

Development of the empirical model.

Although most phenomenological formulations estimate the electrohydrodynamic
body force from simplified electrostatic equations, an alternative modeling strategy has
emerged in which the force distribution is reconstructed directly from experimentally
measured flow fields. This empirical approach seeks to reproduce the macroscopic ef-
fects of dielectric barrier discharge (DBD) plasma actuators without explicitly solving the
electric potential or charge-density equations, thereby reducing model complexity while
preserving the experimentally observed characteristics of the induced wall jet. Among
these approaches, the empirical model proposed by Maden et al. [84] and subsequently
extended by Dorr and Kloker [83,115] represents one of the most significant alternatives to
conventional phenomenological formulations.

The work of Maden et al. [84] introduced a data-driven methodology in which the
spatial distribution of the electrohydrodynamic body force was reconstructed from particle
image velocimetry (PIV) measurements obtained under quiescent conditions. Rather than
relying on simplified assumptions regarding the electric field or charge density, the pro-
posed formulation employed analytical functions fitted directly to experimentally measured
velocity fields to determine the body-force distribution. Comparative analyses performed
against the Shyy and Suzen models demonstrated that the empirical formulation repro-
duced the wall-jet velocity profile with significantly higher spatial accuracy, particularly
within the plasma region where conventional phenomenological models either underes-
timated or excessively concentrated the applied force. These results demonstrated that
experimental reconstruction techniques could substantially improve the representation
of plasma-induced momentum transfer while remaining compatible with conventional
computational fluid dynamics solvers.

The growing interest in experimentally derived body-force distributions motivated
further investigations into the physical assumptions underlying empirical plasma mod-
els. Dorr and Kloker [83] conducted a comprehensive numerical assessment of force-
reconstruction methodologies by comparing different inverse formulations based on
velocity-field information. Their analysis demonstrated that pressure gradients cannot be
neglected when reconstructing the electrohydrodynamic force in the presence of a back-
ground flow, since their contribution becomes comparable to that of the plasma-induced
forcing itself. Furthermore, although the wall-normal component of the force exhibited only
a limited influence on the global flow development, neglecting this contribution affected the
accuracy of the reconstructed force field under certain operating conditions. These findings
provided an important physical interpretation of the empirical approach, clarifying both its
capabilities and its inherent limitations.

Unlike electrostatic formulations such as the Shyy and Suzen-Huang models, the
empirical methodology developed by Maden and later refined by Dorr and Kloker is
fundamentally driven by experimental observations rather than by simplified plasma
physics. Consequently, its predictive capability depends strongly on the quality and repre-
sentativeness of the experimental database used during model construction. Nevertheless,
this characteristic also constitutes one of its principal advantages, since the reconstructed
body-force distribution naturally incorporates physical effects that are often neglected by
simplified electrostatic formulations. As a result, the Dérr—Kloker empirical model has be-
come an attractive alternative for applications requiring highly accurate representations of
the induced wall jet while avoiding the computational complexity associated with detailed
plasma-discharge simulations.

Validation and engineering applications of the D6rr—Kloker empirical model.
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Following the development of the empirical body-force formulation, subsequent
investigations focused on evaluating its capability to reproduce plasma-induced flow
control under increasingly realistic aerodynamic conditions. Unlike the original studies
conducted in quiescent environments, these investigations assessed the model in the
presence of external flows, pressure gradients, and transitional boundary layers, thereby
establishing its applicability to practical engineering problems. Collectively, these studies
demonstrated that experimentally reconstructed body-force distributions provide a reliable
alternative to conventional electrostatic formulations while simultaneously revealing the
limitations associated with data-driven approaches.

One of the first engineering applications of the Dorr—Kloker methodology ad-
dressed the control of laminar-to-turbulent transition in boundary-layer flows. Dorr and
Kloker [115] incorporated the experimentally reconstructed body-force distribution into
direct numerical simulations of a flat-plate boundary layer subjected to free-stream dis-
turbances. Their results demonstrated that DBD plasma actuation effectively delayed
transition by attenuating the growth of instability waves responsible for turbulence onset.
The plasma-induced wall jet redistributed momentum within the near-wall region, reduc-
ing disturbance amplification and extending the laminar flow regime over a significant
downstream distance. Beyond confirming the effectiveness of plasma actuation, this work
demonstrated that empirical body-force reconstruction could successfully reproduce highly
sensitive instability mechanisms without requiring explicit electrostatic calculations.

The applicability of experimentally reconstructed force fields was subsequently extended
to more complex aerodynamic configurations. Wang et al. [116] investigated plasma-based
active flow control under external aerodynamic conditions representative of practical engineer-
ing applications. Their numerical simulations confirmed that body-force distributions derived
from experimental measurements accurately predicted the interaction between plasma forcing
and the surrounding flow, reproducing the principal characteristics of boundary-layer acceler-
ation and separation control observed experimentally. The study emphasized that empirical
formulations naturally preserve the spatial distribution of the electrohydrodynamic force
generated by the actuator, allowing realistic simulations even when detailed plasma physics
remain unresolved. These findings reinforced the potential of data-driven plasma models for
engineering-oriented computational fluid dynamics analyses, particularly in situations where
experimental information is available for model calibration.

Although empirical formulations demonstrated excellent agreement with experimen-
tal observations, their predictive capability remains inherently linked to the quality and
representativeness of the experimental database from which the body-force distribution is
reconstructed. Consequently, recent research has focused on evaluating the performance of
empirical and phenomenological formulations within a common computational framework
in order to establish their respective advantages and limitations.

An important contribution in this direction was presented by Bernal-Orozco et al. [69],
who performed one of the first systematic comparisons between the three phenomenologi-
cal approaches most frequently employed for dielectric barrier discharge plasma actuators:
the Shyy model, the Suzen-Huang formulation, and the empirical Dérr—Kloker methodol-
ogy. Using identical numerical conditions, the authors evaluated the predictive capability,
computational efficiency, and implementation complexity of each approach. Their results
showed that all three models successfully reproduced the principal macroscopic charac-
teristics of plasma-induced flow control, including the generation of the wall jet and the
resulting momentum transfer to the surrounding fluid. However, important differences
emerged regarding their physical representation and numerical requirements. The Shyy
formulation provided the simplest implementation and the lowest computational cost,
making it particularly attractive for large-scale engineering simulations. In contrast, the
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Suzen-Huang model offered a more physically representative description of the plasma
discharge through the solution of additional electrostatic equations, albeit with increased
computational complexity. The empirical Dérr—Kloker approach exhibited the closest agree-
ment with experimentally reconstructed velocity fields because the body-force distribution
was directly derived from experimental measurements. Nevertheless, its applicability
remained strongly dependent on the availability of high-quality experimental data, limiting
its predictive capability for configurations lacking prior measurements.

The comparative analysis performed by Bernal-Orozco et al. [69] clearly illustrates
that no single phenomenological model is universally superior for every application. In-
stead, the selection of an appropriate formulation depends on the specific objectives of the
numerical investigation. When computational efficiency and ease of implementation are
prioritized, simplified body-force models such as Shyy remain highly competitive. Conversely,
simulations requiring a more detailed representation of the electrostatic field benefit from
the Suzen-Huang formulation, whereas empirical approaches provide the highest level of
agreement with experimental observations whenever reliable calibration data are available.
This comparative perspective represents an important milestone in the evolution of plasma
actuator modeling because it shifts the discussion from identifying the “best” model toward
selecting the formulation most appropriate for a given engineering application.

Overall, the available literature demonstrates that the Dorr—Kloker empirical model
constitutes a valuable complement to conventional phenomenological formulations rather
than a direct replacement. By combining experimentally reconstructed body-force distri-
butions with computational fluid dynamics simulations, the model provides an effective
compromise between physical realism and numerical efficiency for applications where
detailed experimental information is available. At the same time, the comparative studies
published in recent years have clarified the relative strengths and limitations of empirical
and electrostatic approaches, providing researchers with a more comprehensive framework
for selecting the most suitable plasma model according to the complexity, computational
resources, and objectives of each investigation.

Table 3 summarizes the studies that have utilized Dorr’s plasma body force model. For
each reference, the table details the formulation type (categorized by dimensionality, i.e.,
1D, 2D, or 3D), the simulation dimensionality, the software employed, and the numerical
method implemented. This overview facilitates a direct comparison of how the model
has been applied across different computational setups and underscores the variety of
numerical approaches found in the existing literature.

Table 3. Summary of studies employing Dorr’s plasma body force model, including formulation type
(dimensionality), simulation dimensionality, software used and numerical method.

Dorr’s Model
Reference Form 1D, 2D or 3D Software ?\zleltlltligg
[115] Adimensional 3D NS3D (DNS) FDM
[84] Dimensional 2D OpenFOAM FVM
[116] Adimensional 3D DNS NPSE-FDM
[83] Adimensional 2D NS3D FEM
[69] Dimensional 3D OpenFOAM FVM

3.4. Other Models
Physically based plasma-fluid models.

The development of physically based plasma-fluid models represented one of the first
approaches to describe the complex interaction between dielectric barrier discharge (DBD)
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plasma actuators and the surrounding flow. Unlike simplified phenomenological formu-
lations, these models attempt to directly resolve the fundamental mechanisms governing
plasma generation, charge transport, electric field distribution, and momentum transfer
from charged species to the neutral gas. Consequently, they provide a more comprehen-
sive description of the electrohydrodynamic (EHD) forces generated by plasma actuators,
although at the expense of significantly higher computational requirements due to the
multiple spatial and temporal scales involved.

Early efforts focused on establishing self-consistent plasma-fluid formulations capable
of coupling plasma dynamics with fluid motion. Jayaraman et al. [117] developed a
two-fluid numerical framework for atmospheric-pressure non-thermal plasma discharges,
where the plasma phase and the neutral gas were coupled through electric forces and
pressure contributions. The model solved the continuity, momentum, and energy equations
for charged species together with the Poisson equation for the electric field, while the
induced flow was described through the incompressible Navier-Stokes equations. This
approach demonstrated that the plasma-generated body force could be obtained directly
from charge distributions rather than through empirical assumptions, providing a more
physically consistent prediction of the ionic wind generated by DBD actuators. However,
the authors also highlighted the increased computational complexity associated with
resolving plasma transport phenomena over significantly smaller time scales than those
governing aerodynamic flows.

Subsequent studies improved these formulations by incorporating more detailed
descriptions of charge transport and electric field evolution. Singh and Roy [118] proposed a
self-consistent multiphysics model based on the drift-diffusion approximation for electrons
and ions coupled with the Poisson equation. Using a finite element formulation, they
analyzed the influence of voltage amplitude and excitation frequency on the electrodynamic
force generated by asymmetric DBD actuators. Their results demonstrated that the induced
force increases strongly with the applied voltage, following an approximately fourth-power
relationship, and that the resulting velocity profiles were comparable with those obtained
from simplified force approximations. This study established a direct relationship between
electrical operating parameters and aerodynamic performance, although the computational
cost limited the application of the model to relatively small computational domains.

Further advances were introduced by Jayaraman et al. [63], who investigated the
physical mechanisms governing asymmetric DBD actuators through a coupled electric field,
plasma transport, and momentum formulation. Their model solved the Poisson equation,
charged-particle transport equations, and fluid momentum equations using a finite-volume
approach. The transient simulations allowed the evolution of force generation during
the voltage cycle to be analyzed, revealing the dependence of the induced momentum on
electrode geometry, dielectric properties, and voltage waveform. The study showed that
the asymmetry of charge accumulation during the discharge cycle plays a fundamental role
in producing a net directional force, providing important insights into the optimization of
actuator configurations.

The need for accurate representation of transient plasma phenomena motivated the
development of more advanced numerical strategies. Papageorgiou et al. [119] developed a
three-dimensional model for atmospheric-pressure gaseous discharges including photoion-
ization effects through Helmholtz equations. Their work compared fully three-dimensional
simulations with axisymmetric two-dimensional approaches, demonstrating good agree-
ment in electron density and current distributions while emphasizing the considerable
computational cost associated with three-dimensional plasma simulations. The authors
showed that although three-dimensional models are necessary for capturing complex
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instabilities and asymmetric discharge structures, two-dimensional formulations remain
essential for practical engineering applications where computational efficiency is a priority.

The implementation of plasma-fluid models into open-source computational frame-
works further expanded their accessibility for flow-control studies. Abdollahzadeh
et al. [120] implemented a classical plasma-fluid formulation within OpenFOAM, cou-
pling charged-species transport equations, the Poisson equation, and fluid dynamics. Their
approach incorporated numerical strategies such as operator splitting and super-time-
stepping methods to improve stability and computational efficiency when solving highly
transient plasma phenomena. The results demonstrated that the predicted current density
and EHD force distributions were strongly affected by the applied voltage waveform,
confirming the importance of accurately capturing the temporal evolution of charge accu-
mulation and electric-field formation.

More recently, plasma-fluid models have been extended to analyze specific discharge
characteristics and waveform effects. Singh and Roy [121] investigated the spatial and
temporal evolution of charge separation in asymmetric DBD actuators, demonstrating
that the accumulation of surface charges on the dielectric generates a non-uniform electric
field responsible for the directional electrohydrodynamic force. Similarly, Chen et al. [122]
analyzed pulsed-DC DBD actuators with fast-rise-slow-decay voltage waveforms using a
transient fluid model. Their results revealed that the discharge evolution can be divided
into distinct stages, where the rapid voltage rise primarily generates the plasma channel,
while the decay stage contributes predominantly to thrust production. These studies
highlighted the importance of waveform optimization as a mechanism to improve energy
conversion efficiency in plasma-based flow-control systems.

Despite their high predictive capability, physically based plasma-fluid models remain
computationally demanding due to the disparity between plasma and aerodynamic time
scales, the requirement of fine spatial discretization near electrodes, and the need to solve
strongly coupled nonlinear equations. Therefore, their application has been mainly limited
to fundamental investigations, actuator characterization, and the generation of physically
meaningful databases for reduced-order models. Nevertheless, these approaches provide
the most complete description of DBD actuator operation and constitute the reference
framework for the development and validation of simplified models intended for large-
scale engineering applications.

Phenomenological body-force models.

Although physically based plasma-fluid models provide a detailed description of the
discharge process and the resulting electrohydrodynamic (EHD) forces, their computational
cost limits their direct application to large-scale engineering problems. To overcome this
limitation, phenomenological body-force models have been developed as an alternative
approach, where the effect of the plasma actuator is represented as an equivalent mo-
mentum source term incorporated into the Navier-Stokes equations. These formulations
neglect the detailed plasma chemistry and charge transport mechanisms, but they provide
a practical balance between computational efficiency and predictive capability, enabling
the simulation of plasma actuators in complex aerodynamic configurations.

One of the first approaches toward experimentally derived body-force modeling was
reported by Kotsonis and Ghaemi [123], who developed a methodology to estimate the spa-
tial distribution of the force generated by DBD actuators from time-resolved particle image
velocimetry (PIV) measurements. By applying the momentum conservation equation to
experimentally obtained velocity fields, the authors reconstructed the plasma-induced force
distribution without explicitly resolving the plasma discharge. The proposed approach
was validated for both continuous and pulsed actuation modes, showing good agreement
between numerical predictions and experimental measurements. However, the authors
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also identified that experimentally derived force distributions provide limited predictive
capability because new measurements are required when operating conditions or actuator
geometries are modified.

A complementary experimental methodology was proposed by Kotsonis et al. [124],
who investigated the spatial distribution of the body force generated by DBD actuators
through high-speed PIV measurements. By combining velocity-field measurements with
the Navier-Stokes equations, the authors obtained the force vector distribution acting on
the flow and compared the results with direct thrust measurements using a high-sensitivity
load cell. The good agreement between both approaches demonstrated the feasibility of
using experimentally reconstructed force fields as a validation tool for numerical models.
Their results also revealed the strong influence of excitation voltage and frequency on the
size and magnitude of the induced flow region, highlighting the importance of actuator
operating parameters in determining the aerodynamic response.

To reduce the dependency on experimental calibration, semi-empirical formulations
were later developed by relating the induced force to measurable electrical and geometrical
parameters. Singh and Roy [118] introduced a functional approximation for the electrody-
namic force generated by DBD actuators, derived from a self-consistent plasma model and
expressed as a function of voltage amplitude and actuator characteristics. Their formulation
provided a simplified representation of the plasma effect that could be directly integrated
into fluid solvers, while maintaining the relationship between electrical excitation and
induced momentum. Similarly, Yoon and Han [125] proposed an improved thrust model
based on electrostatic pressure generation, incorporating environmental conditions, dielec-
tric properties, electrode dimensions, voltage amplitude, and excitation frequency. The
model was validated against a large experimental dataset and achieved acceptable accuracy,
demonstrating that simplified formulations can reproduce the main trends of actuator
performance without resolving the complete plasma discharge process.

Phenomenological models have also been widely adopted for aerodynamic flow-
control studies due to their straightforward implementation in commercial and open-source
CFD platforms. Szulga et al. [126] developed an empirical body-force representation of
a DBD actuator based on velocity measurements and applied it to investigate boundary-
layer transition control over an airfoil. The model successfully reproduced the stabilizing
effect of the actuator when positioned near the transition region, although discrepancies
between numerical and experimental results indicated the limitations of simplified forcing
approaches in capturing localized velocity overshoots and complex interactions with
instability waves. Similarly, Liu et al. [127] incorporated a quasi-steady body-force model
into Reynolds-averaged Navier-Stokes simulations to evaluate the influence of SDBD
actuators on Tollmien—Schlichting wave attenuation and drag reduction. Their results
demonstrated that actuator position and forcing intensity strongly affect transition delay,
while also emphasizing the challenge of achieving positive energy efficiency due to the
relatively high electrical consumption of plasma actuators.

The simplicity of phenomenological formulations has enabled their application beyond
aerodynamic flow control. Chen et al. [128] employed a simplified representation of
nanosecond DBD thermal effects to analyze flap-flow control, demonstrating that pulse
width and energy density significantly influence lift enhancement and separation delay.
In another application, Sumanik et al. [129] modeled a DBD actuator as a tangential
velocity boundary condition to investigate aerodynamic control of a sounding rocket.
Their approach demonstrated that plasma-induced momentum addition could generate
measurable control moments without mechanical moving surfaces, although the simplified
boundary condition does not capture the detailed physics of plasma-flow interaction.
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To further improve computational efficiency, hybrid formulations combining ana-
lytical solutions with empirical information have been proposed. Amanifard et al. [130]
introduced a reduced-order model based on the similarity solution of a laminar wall jet,
where the plasma actuator effect was represented through an imposed velocity profile
rather than a distributed body force. This approach significantly reduced computational
requirements while maintaining reasonable agreement with experimental velocity distribu-
tions, making it suitable for parametric studies and optimization procedures. However, the
authors noted that the simplified representation may not accurately capture local discharge
effects or complex transient phenomena.

Overall, phenomenological body-force models have become the most widely used
approach for engineering-scale simulations of plasma actuators due to their reduced com-
putational cost and compatibility with conventional CFD frameworks. Their main advan-
tage lies in enabling the integration of plasma effects into complex geometries, turbulent
flows, and multiphysics applications that would be computationally prohibitive using fully
coupled plasma-fluid models. Nevertheless, their predictive capability remains strongly
dependent on calibration procedures, actuator configuration, and operating conditions.
Consequently, current research trends are increasingly focused on developing hybrid strate-
gies that combine the physical consistency of plasma-fluid formulations with the efficiency
required for practical engineering applications.

Reduced-order and hybrid models.

The limitations associated with both fully coupled plasma-fluid models and purely
empirical body-force formulations have motivated the development of reduced-order and
hybrid modeling strategies. These approaches aim to preserve the dominant physical mech-
anisms responsible for plasma-induced momentum transfer while reducing computational
requirements. By combining analytical descriptions, experimental correlations, electrical
models, and simplified plasma representations, hybrid models provide an intermediate
level of fidelity that is particularly attractive for optimization procedures, multiparametric
studies, and engineering-scale simulations.

One of the main challenges in plasma actuator modeling is the representation of the
complex relationship between electrical excitation and aerodynamic performance. Erfani
etal. [131] addressed this problem by combining experimental characterization with numer-
ical optimization techniques to determine an optimal DBD actuator configuration. Instead
of resolving the complete plasma discharge physics, the authors developed a response sur-
face methodology (RSM) based on experimental velocity measurements, relating induced
flow velocity to design parameters such as voltage, frequency, and electrode geometry. The
optimization process, performed using a D-optimal design strategy, significantly reduced
the number of required experiments while identifying configurations capable of increasing
induced velocity compared with conventional designs. This approach demonstrated the poten-
tial of reduced-order models as efficient tools for actuator design optimization, although their
applicability remains limited to the parameter space covered during model development.

Another important direction in hybrid modeling involves the integration of simplified
electrical representations with fluid simulations. Zhang et al. [132] developed a coupled
magnetohydrodynamic (MHD) and equivalent RLC circuit model to investigate energy de-
position, heat transfer, and efficiency in plasma actuators. The electrical model reproduced
the discharge behavior, while the MHD formulation provided the coupling between plasma
properties and fluid motion. The results showed that energy losses are strongly influenced
by the discharge evolution, with the sheath region accounting for a significant fraction of
the dissipated energy. This work highlighted that simplified electrical models can provide
valuable information about actuator efficiency while avoiding the computational cost of
resolving the complete plasma chemistry and charge transport mechanisms.
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Reduced-order formulations have also been implemented through user-defined func-
tions and semi-empirical force models within commercial CFD environments. Moayedi
and Amanifard [133] investigated the enhancement of natural convection heat transfer
using multiple DBD actuators by introducing a semi-empirical plasma-induced body-force
model into ANSYS Fluent. Their approach represented the electrical force as a function
of applied voltage and actuator parameters, allowing the influence of actuator number
and arrangement on thermal performance to be evaluated. The results demonstrated that
multiple actuators can significantly enhance heat transfer, while also revealing the existence
of an optimal number of actuators when energy consumption is considered. This study
illustrates the advantage of reduced-order approaches for exploring design variables in
multiphysics systems where fully resolved plasma simulations would be impractical.

Hybrid approaches have also been extended to plasma-assisted combustion, where
the interaction between plasma chemistry, fluid dynamics, and combustion processes
introduces additional modeling challenges. Mardani and Khanehzar [134] evaluated the
effect of nanosecond repetitive DBD plasma on MILD combustion using a simplified plasma
representation incorporated into a reacting-flow model. Rather than explicitly resolving
plasma generation, the authors introduced plasma effects through modified boundary
conditions involving reactive species and thermal contributions. Their results showed that
plasma actuation enhanced flame stability, increased radical production, and extended the
operational range of diluted combustion regimes. Although this approach simplified the
plasma physics, it provided valuable insight into the dominant thermal and kinetic effects
governing plasma-assisted combustion.

A more detailed hybrid plasma-combustion coupling was proposed by Massa and
Freund [135], who developed a three-dimensional numerical framework combining sim-
plified plasma microstreamer dynamics with combustion chemistry and turbulent flow
modeling. The model incorporated plasma-induced source terms while avoiding the com-
putational expense of resolving individual discharge events. The simulations successfully
reproduced experimentally observed trends in ignition probability and flame stabilization,
demonstrating that appropriately simplified plasma descriptions can capture the essential
mechanisms governing plasma-assisted combustion under realistic flow conditions.

Hybrid formulations have also been developed for applications involving fluid-
structure interaction (FSI) and complex flow control problems. Russo et al. [136] in-
vestigated the influence of DBD actuators on the oscillatory response of an elastic structure
subjected to vortex-induced vibrations. The plasma actuator was represented through a
simplified tangential velocity boundary condition characterized by actuation intensity and
frequency. This reduced-order approach enabled the analysis of synchronization phenom-
ena between plasma forcing and structural oscillations, demonstrating the potential of
plasma actuators as active flow-control devices for FSI applications. However, the simpli-
fied representation inherently neglects the transient plasma dynamics responsible for the
generation of the induced momentum.

The combination of analytical formulations and empirical information has also led to
efficient models for rapid prediction of plasma-induced flow fields. Amanifard et al. [130]
proposed a hybrid analytical-empirical model based on the similarity solution of a lam-
inar wall jet, where the plasma-induced velocity profile was introduced as a boundary
condition in CFD simulations. Compared with conventional body-force approaches, this
methodology reduced computational complexity while maintaining good agreement with
experimental measurements. The authors demonstrated that the approach is suitable for
preliminary design and optimization studies, although the simplified treatment limits its
ability to reproduce complex discharge phenomena.
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Opverall, reduced-order and hybrid models represent an important transition between
fundamental plasma simulations and practical engineering applications. Their main contri-
bution is the ability to incorporate relevant plasma effects into large-scale computational
analyses while maintaining manageable computational costs. However, these approaches
involve a compromise between physical fidelity and efficiency, since simplifications may
limit their predictive capability outside the conditions used for calibration. Future devel-
opments are therefore expected to focus on adaptive hybrid frameworks that combine
physically based plasma descriptions with data-driven and reduced-order techniques,
enabling accurate yet computationally efficient simulations for the design and optimization
of plasma-assisted systems.

Multiphysics applications of DBD plasma actuators.

The versatility of dielectric barrier discharge (DBD) plasma actuators has enabled
their application in a wide range of multiphysics problems, including aerodynamic flow
control, combustion enhancement, thermal management, and fluid—structure interaction.
The ability of these devices to introduce momentum, modify boundary-layer characteristics,
generate localized heating, and influence chemical reactions without mechanical moving
components has positioned plasma actuation as an attractive alternative for advanced
control systems. Consequently, numerical modeling approaches have been increasingly
employed to evaluate their effectiveness in complex engineering environments.

Aerodynamic flow control.

Aerodynamic flow control remains the most extensively investigated application
of DBD plasma actuators due to their capability to modify near-wall flow structures
through electrohydrodynamic momentum transfer. Early studies demonstrated that
plasma-induced body forces can influence boundary-layer development, separation be-
havior, and transition mechanisms, providing an alternative to conventional mechanical
control devices.

Abdollahzadeh et al. [137] investigated the interaction between nanosecond DBD
plasma-generated shock waves and transonic flow using a coupled plasma-fluid numerical
model. Their results demonstrated that rapid energy deposition from the discharge gener-
ates localized pressure disturbances capable of modifying the flow characteristics around
aerodynamic surfaces. The study highlighted the potential of nanosecond plasma actuators
for high-speed flow manipulation while maintaining lower computational requirements
compared with fully resolved plasma simulations.

The ability of plasma actuators to delay boundary-layer transition and control insta-
bilities has also been extensively explored. Shang and Huang [138] analyzed the use of
plasma actuators for controlling cross-flow instabilities over swept wings. Their simulations
showed that plasma actuation reduced the amplitude of cross-flow vortices and delayed
the transition to turbulence by modifying the instability growth mechanisms. Similarly,
Liu et al. [127] evaluated the influence of SDBD actuators on Tollmien-Schlichting wave
development and drag reduction in an airfoil configuration. Their results demonstrated
that actuator position and forcing intensity strongly affect transition delay, although the
energy efficiency remained limited due to the high electrical power consumption required
for actuation.

Plasma actuators have also been investigated for improving aerodynamic performance
in high-lift configurations. Chen et al. [128] studied the influence of nanosecond DBD
operating parameters on the aerodynamic behavior of a flap-equipped airfoil. Their results
indicated that pulse width and energy density significantly affect separation control, with
optimized conditions producing improvements in lift generation and drag reduction.
These findings demonstrate that plasma actuation can provide effective flow manipulation
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during critical aerodynamic conditions, such as take-off and landing, where conventional
mechanical systems become less efficient.

Beyond conventional aircraft applications, plasma actuators have been explored for
aerodynamic control in aerospace systems. Sumanik et al. [129] proposed a simplified
DBD model to investigate the generation of aerodynamic moments on sounding rocket
fins. Their results showed that plasma-induced momentum could generate measurable
roll control without requiring mechanical actuators. Although the simplified boundary
condition employed in the study does not fully capture plasma dynamics, it demonstrated
the feasibility of using DBD actuators as lightweight and compact control devices for
aerospace applications.

Plasma-assisted combustion.

In addition to aerodynamic applications, DBD plasma actuators have attracted sig-
nificant attention in combustion systems due to their ability to generate reactive species,
modify local temperature fields, and enhance ignition processes. Plasma-assisted combus-
tion represents a highly coupled multiphysics problem involving plasma kinetics, chemical
reactions, heat transfer, and turbulent transport.

Song et al. [139] investigated the ionization characteristics of methane-air mixtures
subjected to DBD plasma discharge, focusing on the generation of reactive species and their
influence on combustion enhancement. Their results demonstrated that plasma excitation
promotes the formation of chemically active species, particularly under lean conditions,
improving the potential for ignition and flame stabilization.

Mardani and Khanehzar [134] analyzed the effects of nanosecond repetitive DBD
plasma on MILD combustion systems. By incorporating plasma-induced thermal and
chemical effects into reacting-flow simulations, they demonstrated that plasma actuation
enhances reaction rates, increases radical production, and extends the operational range of
diluted combustion regimes. Their results emphasized that thermal, kinetic, and dynamic
effects contribute simultaneously to combustion improvement, with the relative importance
depending on operating conditions.

A more detailed plasma-combustion interaction was investigated by Massa and Fre-
und [135], who developed a hybrid numerical framework to describe plasma-assisted
ignition in a hydrogen jet under cross-flow conditions. The model captured the influence
of plasma microstructures on energy deposition and flame initiation, reproducing experi-
mental trends in ignition probability and absorbed power. Their results demonstrated that
simplified plasma representations can successfully describe the dominant mechanisms con-
trolling ignition while avoiding the prohibitive computational cost of resolving individual
discharge events.

Experimental and numerical investigations have also explored the influence of plasma
actuation on burner flow dynamics. Pescini et al. [140] characterized the effects of AC-DBD
actuators on coaxial jet flows in a Bunsen burner configuration. Their results showed that
plasma actuation modifies velocity fluctuations, mixing characteristics, and flame behavior
through combined thermal and momentum effects. This dual influence highlights the
importance of considering both fluid dynamic and chemical mechanisms when designing
plasma-assisted combustion systems.

Thermal management and heat transfer enhancement.

The capability of DBD actuators to modify near-wall flow structures has also moti-
vated their application in thermal management systems. Moayedi and Amanifard [133]
investigated the enhancement of natural convection heat transfer in vertical channels using
multiple plasma actuators. By introducing a semi-empirical body-force model into CFD
simulations, they evaluated the effects of actuator number and arrangement on thermal
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performance. Their results demonstrated significant increases in the Nusselt number due
to boundary-layer destabilization and enhanced fluid mixing. However, the study also re-
vealed the existence of an optimal actuator configuration, since additional devices increase
energy consumption without proportional thermal benefits.

These findings indicate that plasma actuators may provide an alternative method for
active thermal control, particularly in systems where conventional cooling strategies are
limited by space, weight, or mechanical complexity. Nevertheless, further investigations
are required to improve energy efficiency and evaluate long-term operational reliability.

Fluid-structure interaction and advanced control applications.

The influence of plasma actuators has recently been extended to coupled fluid—structure
systems, where flow modification can directly affect structural dynamics. Russo et al. [136]
investigated the application of DBD actuation to control vortex-induced vibrations in a flex-
ible structure. By modeling the actuator through a simplified tangential velocity boundary
condition, they demonstrated that plasma forcing can modify vortex shedding behavior,
reduce structural oscillations, and achieve synchronization between actuation frequency
and structural response.

This application represents a significant expansion of plasma actuator technology
beyond traditional aerodynamic control, suggesting potential applications in adaptive
structures, vibration suppression, and energy harvesting systems. However, the develop-
ment of accurate models capable of simultaneously capturing plasma dynamics, turbulent
flow behavior, and structural deformation remains an open challenge.

Overall, the reviewed studies demonstrate that DBD plasma actuators have evolved
from aerodynamic flow-control devices into multifunctional systems capable of influencing
coupled physical phenomena. Despite significant advances, practical implementation
remains limited by challenges related to energy efficiency, actuator durability, and accurate
prediction under realistic operating conditions. Future developments will likely depend on
the integration of advanced reduced-order models, experimental validation techniques, and
optimization frameworks capable of designing plasma-based control systems for complex
engineering applications.

Table 4 summarizes the studies that have employed other plasma body force models
not covered in the previous tables. For each reference, the table provides the formulation
type (distinguishing between 1D, 2D, and 3D approaches), the simulation dimensionality,
the software used, and the numerical method implemented. This compilation offers a
comprehensive overview of alternative modeling strategies and serves as a complement to
the preceding summaries.

Table 4. Summary of studies employing other models, including formulation type (dimensionality),
simulation dimensionality, software used and numerical method.

Other Models
Reference ﬁ;ﬁhﬁﬁiﬂg?&ﬁ;‘l Domain Software Solution Method
Coupled plasma-fluid model
[137] Dimensional 2D In-house code solving energy deposition and
compressible Navier-Stokes
equations
Plasma—fluid model including
[63] Dimensional 2D In-house code species transport anfi Po%ssfon
equation, solved using finite
volumes
[124] Dimensional 2D (experimental, DaVis 7.4 High-speed PIV with body-force
planar velocity field) ’ estimation via momentum balance
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Table 4. Cont.

Other Models
Reference l\lI)oi Ilzll?rlrfi(r)giaér?arl Domain Software Solution Method
Transient FEM model solving
[141] Dimensional 2D COMSOL Maxwell’s equations with
field-dependent properties
Quasi-steady PIV + DBD, RSM
[131] Dimensional ri?ezif&igr?\reﬂ:) MATLAB turbulence modeling and
numerical optimization
Transient CFD with
[138] Dimensional 3D In-house code phenomenological plasma model
for boundary-layer control
1D plasma model with transport,
[139] Dimensional 1D (Cﬁzzigfl_glate In_%%lfsel(é)fe + ionization and electron—particle
8 collisions
Direct numerical simulation of
[142] Dimensional 2D In-house DNS code incompressible Navier-Stokes
with plasma-induced body force
RANS CFD with combustion;
[134] Dimensional 2D axisymmetric CHEMKIN plasma modeled as thermal and
species source terms
RANS CFD with DBD modeled as
[129] Dimensional 2D OpenFOAM a tangential velocity boundary
condition
Coupled CFD-plasma model with
[132] Dimensional 2D ANSYS Fluent electrical circuit and RSM
turbulence model
Natural convection CFD with
[133] Dimensional 2D ANSYS Fluent semi-empirical plasma body-force
model
CFD-plasma model with plasma
P 1%
[135] Dimensional 3D In-house solver source terms and hybrid modeling
approach
Boundary-layer CFD with
y-lay
[127] Dimensional 2D PMNS2D quasi-steady plasma force and
linear stability analysis
Coupled plasma—fluid model
[120] Dimensional 2D OpenFOAM solving species transport, charge
density and Poisson equation
. . 2D (experimental + Hybrid PIV-CFD approach with
[123] Dimensional numerical) OpenFOAM experimentally derived body force
Transient RANS CFD with
[128] Dimensional 2D ANSYS Fluent 17.1 NS-DBD actuator modeled as a
thermal perturbation
2D axisymmetric Hybrid experimental-numerical
[140] Dimensional (experimental + ANSYS Fluent model with plasma treated as a
numerical) thermal source
. . Analytical-empirical model where
[130] Dimensional 2D ANSYS Fluent the DBD is imposed as a wall jet
. . Laminar FSI simulation with DBD
[136] Dimensional 2D (FSI) In-house solver modeled as tangential wall slip
. Transient plasma model solving
[119] Dimensional 3D (compared with In-house code Poisson equation, species

2D axisymmetric)

transport and photoionization
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Table 4. Cont.

Other Models
Reference l\lI)oi Il:lleirrl;iigiaér?;‘l Domain Software Solution Method
CFD with physics-based empirical
[125] Dimensional 2D ANSYS Fluent thrust model calibrated against
PIV
. Two-fluid plasma—flow model
[117] Dimensional 2D (asynllll;gg?c DBD STREAM coupled through
electrohydrodynamic (EHD) force
. Classical transient plasma—fluid
[120] Dimensional 2D (classical DBD, OpenFOAM model with electrohydrodynamic

atmospheric air
p ) force

Empirical DBD force model
[118] Dimensional 2D In-house FEM coupled with boundary-layer flow
and stability analysis

Plasma—fluid model for DBD

[126] Dimensional 2D (boundary layer) ONE%A S3C3D + FRSD using a
atset . .
numerical-analytical approach
: : Plasma—fluid model for DBD
[122] Dimensional 2D PASSKEY FRSD using a numerical approach
Transient plasma model focused
[121] Dimensional 2D In-house FEM on charge separation and EHD

force

4. Discussion

1. Physical Representation of the Plasma-Flow Interaction.

One of the principal distinctions among phenomenological models for dielectric
barrier discharge (DBD) plasma actuators lies in the manner in which the electrohydro-
dynamic (EHD) body force is represented. Although all formulations pursue the same
objective—reproducing the macroscopic influence of plasma actuation on the surrounding
flow—they differ substantially in the level of physical detail incorporated into the numer-
ical description. Consequently, the evolution of these models reflects a progressive shift
from simplified engineering approximations toward formulations that preserve a larger
fraction of the underlying plasma physics without reaching the complexity of fully coupled
plasma-fluid simulations.

The Shyy model represents the simplest physical approximation among the most
widely adopted phenomenological approaches. By introducing the plasma effect directly
as a prescribed momentum source within the Navier-Stokes equations, the formulation
neglects the explicit solution of electrostatic variables, including charge transport and elec-
tric potential distributions. Despite these simplifications, the reviewed studies consistently
demonstrate that the model successfully reproduces the dominant macroscopic effects of
DBD actuation, such as wall-jet generation, boundary-layer energization, flow reattachment,
and vortex attenuation. This observation suggests that, for many aerodynamic applications,
accurate prediction of the detailed plasma discharge is not a prerequisite for obtaining
reliable estimates of the resulting flow modification. Instead, the global momentum transfer
appears to be the governing mechanism controlling the aerodynamic response.

The Suzen-Huang formulation introduces a significantly higher level of physical consis-
tency by explicitly coupling the fluid solver with electrostatic equations governing electric
potential and charge density. This additional physics enables the body force to emerge from
the calculated electric field rather than from an imposed analytical distribution, providing a
more realistic representation of the discharge region. As evidenced throughout the reviewed
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literature, subsequent developments have primarily focused on refining charge-density esti-
mation, plasma-length prediction, and boundary-condition treatment rather than modifying
the original theoretical framework. This evolution indicates that the fundamental structure of
the Suzen-Huang model has proven sufficiently robust, with recent improvements directed
toward reducing empirical dependence while preserving computational tractability. Conse-
quently, the model occupies an intermediate position between simplified momentum-source
formulations and fully resolved plasma-fluid approaches.

A fundamentally different philosophy is adopted by the Dorr—Kloker empirical model,
in which the body-force distribution is reconstructed directly from experimentally mea-
sured velocity fields instead of being derived from electrostatic assumptions. Rather than
increasing the physical complexity of the governing equations, this methodology transfers
the physical realism to the experimental reconstruction process. As a result, the model
naturally incorporates discharge characteristics and force distributions that may be diffi-
cult to reproduce using simplified analytical formulations. The reviewed investigations
consistently report superior agreement with experimentally measured velocity fields, par-
ticularly within the plasma region where conventional phenomenological models tend to
oversimplify the force distribution. However, this improved local accuracy is achieved at
the expense of generality, since the predictive capability of the model becomes intrinsically
dependent on the availability and quality of experimental calibration data.

Beyond these three reference formulations, physically based plasma-fluid models
represent the highest level of physical fidelity currently available. Unlike phenomenological
approaches, they directly resolve plasma generation, charged-species transport, electric-
field evolution, and momentum exchange with the neutral fluid. These models therefore
provide the most comprehensive description of DBD actuator operation and constitute the
reference framework against which reduced-order formulations are commonly assessed.
Nevertheless, their computational requirements remain prohibitive for most engineering-
scale simulations, limiting their application primarily to fundamental plasma studies and
model development.

The emergence of hybrid and reduced-order formulations illustrates a recent shift in
modeling philosophy. Instead of pursuing either maximum physical fidelity or maximum
numerical simplicity, these approaches seek to preserve only the dominant mechanisms
governing plasma-induced momentum transfer while replacing computationally expensive
processes with analytical approximations, experimental correlations, or simplified electrical
models. This trend reflects the growing recognition that engineering-oriented simulations
require an appropriate balance between physical realism and computational efficiency
rather than a complete description of discharge physics.

Overall, the reviewed literature demonstrates that the progression of phenomenolog-
ical modeling has not followed a linear path toward increasingly complex formulations.
Instead, different models have evolved to satisfy different levels of physical representation
according to their intended application. Simplified body-force models remain highly effec-
tive when the objective is predicting the global aerodynamic response, whereas electrostatic
formulations become advantageous when the spatial distribution of the EHD force plays
a dominant role. Empirical approaches offer the highest agreement with experimental
observations whenever reliable calibration data are available, while plasma-fluid models
continue to provide the benchmark for physical understanding. Consequently, the choice
of an appropriate phenomenological model should not be interpreted as a competition
between formulations but rather as the selection of the level of physical fidelity required to
accurately reproduce the relevant flow phenomena.

2. Computational Efficiency and Numerical Complexity.
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Computational efficiency remains one of the decisive criteria governing the selection
of a phenomenological model for dielectric barrier discharge (DBD) plasma actuator simu-
lations. Although all reviewed formulations seek to reproduce the electrohydrodynamic
forcing generated by the discharge, they differ substantially in the number of additional
equations solved, the required spatial resolution, and the sensitivity of the numerical proce-
dure to operating conditions. Consequently, the literature reveals a clear trade-off between
physical fidelity and computational cost, with each modeling strategy occupying a distinct
position along this spectrum.

Among the commonly used formulations, the Shyy model consistently exhibits the
lowest numerical complexity. Because the plasma effect is represented through a prescribed
momentum source directly incorporated into the Navier-Stokes equations, the method does
not require the solution of electrostatic variables or charged-species transport equations.
As a result, the additional computational overhead remains relatively small compared
with a baseline aerodynamic simulation. The reviewed studies repeatedly identify this
simplicity as the principal reason for the widespread adoption of the Shyy formulation
in large-scale engineering problems involving airfoils, turbomachinery, and aerothermal
systems. Even when compared directly with more elaborate phenomenological approaches
under identical flow conditions, the model generally converges with fewer iterations and
reduced execution time while preserving comparable aerodynamic predictions.

The Suzen-Huang formulation introduces a moderate increase in computational de-
mand because the electric potential and charge-density fields must be solved in addition to
the flow equations. This coupling improves the physical representation of the discharge
region but inevitably increases memory requirements, solver complexity, and sensitivity
to boundary-condition treatment. Nevertheless, the available evidence indicates that the
additional cost remains manageable for engineering-scale simulations and is significantly
lower than that associated with fully coupled plasma-fluid models. For this reason, the
Suzen-Huang approach is frequently selected when the spatial distribution of the electro-
hydrodynamic force is important, but the computational resources required by detailed
plasma simulations are not available.

The Dorr—Kloker empirical methodology presents a different computational profile.
Once the body-force distribution has been reconstructed from experimental data, the subse-
quent flow simulation can be performed with a computational effort comparable to that
of simplified phenomenological models because no additional electrostatic equations are
solved during runtime. However, this apparent efficiency conceals an important practical
limitation: the force reconstruction process itself requires high-quality experimental mea-
surements and additional preprocessing before numerical simulations can be conducted.
Consequently, the overall modeling workflow may become more demanding than that
of purely analytical formulations, particularly when multiple actuator configurations or
operating conditions must be investigated.

Physically based plasma-fluid models represent the opposite extreme of the complexity
spectrum. These formulations simultaneously resolve electric-field evolution, charged-
species transport, plasma chemistry, and fluid dynamics across widely disparate temporal
and spatial scales. The resulting systems are strongly coupled and highly stiff, requir-
ing very small time steps and fine mesh resolution near the electrodes. The reviewed
studies consistently emphasize that such models remain computationally prohibitive for
most practical aerodynamic applications and are, therefore, used primarily for fundamen-
tal investigations, actuator characterization, and the generation of reference datasets for
reduced-order formulations.

The emergence of reduced-order and hybrid approaches can be interpreted as a di-
rect response to this computational challenge. By replacing the most expensive plasma
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processes with analytical approximations, empirical correlations, or simplified electrical
representations, these methods seek to retain the dominant effects of plasma-induced mo-
mentum transfer while drastically reducing computational requirements. Their growing
adoption in optimization studies, thermal-management analyses, and multiphysics simula-
tions demonstrates that numerical efficiency has become as important as physical accuracy
in contemporary plasma-actuator research.

Overall, the reviewed literature demonstrates that computational complexity increases
systematically with the level of physical detail incorporated into the model. Simplified
momentum-source formulations provide the highest efficiency and remain the preferred
choice for extensive parametric studies and industrial-scale simulations. Electrostatic
formulations offer an intermediate compromise between accuracy and cost, whereas em-
pirical approaches shift part of the computational burden to the experimental calibration
stage. Fully resolved plasma-fluid models, despite their superior physical fidelity, re-
main restricted to specialized investigations because of their substantial computational
requirements. Consequently, the selection of a phenomenological model is fundamen-
tally an exercise in balancing the desired level of physical realism against the available
computational resources and the scale of the engineering problem under consideration.

3. Predictive Capability and Experimental Validation.

Beyond physical representation and computational efficiency, the predictive capability
of phenomenological models constitutes one of the primary criteria for evaluating their
suitability in engineering applications. Regardless of the underlying formulation, an effec-
tive plasma actuator model must accurately reproduce the macroscopic consequences of
electrohydrodynamic forcing, including wall-jet development, boundary-layer modifica-
tion, flow separation control, and the resulting aerodynamic performance. The reviewed
literature demonstrates that, although the different phenomenological approaches employ
substantially different physical assumptions, they generally converge toward comparable
predictions of these global flow phenomena. Their principal differences emerge instead
in the accuracy with which the spatial distribution of the body force and localized flow
structures are represented.

The Shyy model has consistently demonstrated reliable predictive performance for
engineering-scale aerodynamic simulations despite its simplified physical formulation.
Numerous validation studies report that the model successfully reproduces the principal
macroscopic effects of plasma actuation, including separation delay, lift enhancement, drag
reduction, and vortex suppression across a broad range of flow configurations. Particularly
noteworthy is the observation that its aerodynamic predictions often remain comparable
to those obtained with more physically detailed formulations, despite requiring signifi-
cantly fewer computational resources. This consistency suggests that, for many practical
flow-control applications, the global momentum introduced by the actuator dominates
the aerodynamic response, making simplified body-force representations sufficient for
predicting integral performance parameters.

The Suzen-Huang formulation achieves similar predictive capability while providing
improved representation of the electrohydrodynamic forcing process. Because the body
force is derived from the calculated electric potential and charge-density fields, the model
generally reproduces the spatial evolution of the plasma region with greater physical
consistency. Validation against particle image velocimetry (PIV), schlieren imaging, and
direct numerical simulations has demonstrated that the formulation accurately captures
both steady and transient plasma-induced flow structures, including the formation and
evolution of coherent vortices generated during burst-mode actuation. These studies
further indicate that the model remains robust under a wide range of operating condi-
tions, although its predictive accuracy depends on appropriate estimation of electrostatic
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parameters and careful treatment of boundary conditions. Consequently, the additional
physical detail primarily improves the local representation of plasma forcing rather than
fundamentally altering the predicted global aerodynamic trends.

The empirical Dorr—Kloker methodology exhibits the highest level of agreement
with experimentally measured velocity fields because the body-force distribution is recon-
structed directly from experimental observations. Unlike analytical formulations, which
necessarily rely on simplifying assumptions regarding the plasma discharge, the empirical
approach inherently incorporates complex physical effects present during actuator opera-
tion. This characteristic enables particularly accurate reproduction of the near-wall velocity
distribution and localized momentum transfer within the discharge region. However, this
superior agreement should not be interpreted as universally greater predictive capability.
Since the reconstructed force field remains closely tied to the experimental conditions used
during calibration, the model may lose accuracy when extrapolated to different actuator ge-
ometries, operating voltages, or flow environments for which no experimental information
is available.

The reviewed literature also reveals an important distinction between validation and
prediction. While empirical models achieve excellent agreement under calibrated condi-
tions, electrostatic formulations such as Suzen-Huang generally offer greater flexibility for
evaluating previously unexplored operating scenarios because the body force is generated
from physically based governing equations rather than reconstructed data. Similarly, al-
though the Shyy model incorporates a simplified force distribution, its robustness across
diverse engineering applications demonstrates considerable predictive generality when
the primary objective is evaluating global aerodynamic performance. This distinction
highlights that predictive capability should not be assessed exclusively by agreement with
existing experiments but also by the ability of a formulation to provide reliable estimates
under new conditions where experimental measurements are unavailable.

Physically based plasma-fluid models continue to provide the benchmark for vali-
dation because they resolve the fundamental discharge mechanisms responsible for elec-
trohydrodynamic force generation. Their ability to predict charge transport, electric-field
evolution, and transient plasma behavior makes them invaluable for understanding the
underlying physics and evaluating the assumptions adopted by reduced-order formula-
tions. Nevertheless, their extensive computational requirements limit their routine use as
predictive engineering tools, reinforcing their role as reference models for validation rather
than practical simulation platforms.

Overall, the comparative evidence indicates that no phenomenological formulation
demonstrates universally superior predictive capability across all performance metrics.
Instead, prediction accuracy depends strongly on the quantity of interest being evaluated.
Simplified momentum-source models provide remarkably accurate estimates of global
aerodynamic performance, electrostatic formulations improve the representation of local
plasma physics and transient behavior, empirical approaches maximize agreement with
experimentally observed flow fields, and plasma-fluid models offer the highest physical
fidelity for fundamental investigations. Consequently, model validation should be inter-
preted within the context of the intended engineering application, recognizing that different
formulations optimize different aspects of predictive performance rather than pursuing a
single definition of accuracy.

4. Engineering Applicability.

The widespread adoption of phenomenological models for dielectric barrier discharge
(DBD) plasma actuators has been largely driven by their ability to address engineering prob-
lems that would be computationally impractical using fully resolved plasma simulations.
However, the reviewed literature demonstrates that the suitability of each formulation
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depends not only on its predictive capability but also on the specific objectives of the
numerical investigation. Rather than identifying a universally superior approach, recent
research increasingly recognizes that each phenomenological model occupies a distinct
niche within the spectrum of engineering applications.

The Shyy formulation has become the preferred choice for large-scale computational
fluid dynamics studies where computational efficiency, numerical robustness, and ease of
implementation are primary considerations. Its simple momentum-source representation
enables straightforward integration into commercial and open-source CFD solvers without
requiring modifications to the underlying numerical framework. This versatility explains its
successful application across a remarkably broad range of engineering problems, including
aerodynamic flow control, compressor stability enhancement, aeroelasticity, film cooling,
and thermal management. In these applications, the principal objective is typically to
evaluate the global aerodynamic or thermal response rather than to investigate the detailed
physics of plasma generation. Consequently, the simplified representation adopted by the
Shyy model is generally sufficient to support engineering design, parametric analyses, and
optimization studies involving numerous operating conditions or geometric configurations.

The Suzen-Huang model is particularly advantageous when a more physically consis-
tent description of the plasma discharge is required without abandoning the computational
feasibility necessary for engineering-scale simulations. Because the electrohydrodynamic
body force is derived from electrostatic field calculations, the formulation provides ad-
ditional insight into the spatial characteristics of plasma forcing and its interaction with
complex flow structures. This capability has facilitated its extensive application in studies
involving boundary-layer transition, transient plasma actuation, actuator optimization,
and detailed investigations of electrohydrodynamic force distributions. The reviewed
studies indicate that the additional computational cost associated with solving the electro-
static equations is often justified when the local characteristics of the plasma region play a
significant role in determining overall system performance.

The engineering applicability of the Dérr—Kloker empirical methodology differs sub-
stantially from that of electrostatic formulations. Since the body-force distribution is recon-
structed directly from experimental measurements, the model is particularly well suited
for validation studies, high-fidelity numerical reproductions of laboratory experiments,
and investigations where accurate representation of the near-wall velocity field is required.
Its ability to reproduce experimentally observed force distributions with minimal simpli-
fying assumptions makes it an effective tool for evaluating flow-control mechanisms and
assessing the performance of alternative phenomenological formulations. Nevertheless, the
dependence on experimental calibration limits its applicability to design-oriented studies
involving new actuator geometries or operating conditions for which suitable experimental
datasets are unavailable.

Physically based plasma-fluid models continue to occupy a fundamentally different
role within plasma actuator research. Their primary contribution lies in improving the
understanding of discharge physics, charge transport, electric-field evolution, and plasma-
flow coupling rather than supporting routine engineering design. Accordingly, these
models are predominantly employed for actuator development, fundamental plasma
investigations, and the generation of reference solutions used to validate or improve
reduced-order formulations. Their limited application to large-scale engineering systems
reflects computational constraints rather than deficiencies in predictive capability.

The reviewed literature also demonstrates a growing diversification of application
areas beyond conventional aerodynamic flow control. While early investigations focused
primarily on delaying boundary-layer separation and increasing lift, recent studies have
successfully extended phenomenological models to turbomachinery, aeroelastic control,
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thermal management, plasma-assisted combustion, fluid—structure interaction, and multi-
physics optimization. This expansion illustrates that the governing mechanism represented
by these models—namely, plasma-induced momentum transfer—is sufficiently general
to influence a wide variety of transport phenomena. Consequently, the selection of a
modeling strategy increasingly depends on the dominant physical processes governing the
engineering system rather than on the traditional distinction between aerodynamic and
non-aerodynamic applications.

An important trend emerging from the reviewed studies is that engineering applica-
bility is becoming increasingly associated with model adaptability. Modern simulations
frequently involve coupled physical processes, multidisciplinary optimization, and complex
geometries that require numerical formulations capable of balancing robustness, flexibility,
and computational efficiency. In this context, simplified phenomenological models con-
tinue to dominate industrial-oriented applications, whereas electrostatic, empirical, and
hybrid approaches provide complementary capabilities whenever higher physical fidelity
or experimental consistency becomes necessary. Overall, the comparative analysis indicates
that the different phenomenological models should be viewed as complementary engineer-
ing tools rather than competing alternatives. Their practical value is determined by the
requirements of the specific application, including the desired level of physical detail, the
availability of computational resources, the existence of experimental calibration data, and
the objectives of the numerical investigation. Consequently, the engineering relevance of a
given formulation is defined less by its intrinsic complexity than by its ability to provide
reliable and computationally efficient predictions for the problem under consideration.

5. Current Research Trends and Future Perspectives.

The comparative analysis of the reviewed phenomenological models reveals that the
current evolution of DBD plasma actuator modeling is no longer driven by the pursuit of
increasingly complex formulations, but rather by the search for an optimal balance between
physical fidelity, computational efficiency, and engineering applicability. This transition
reflects the growing maturity of the field, where the principal challenge is no longer demon-
strating that plasma actuators can modify fluid flow, but developing numerical models
capable of supporting reliable design and optimization of plasma-assisted technologies
under realistic operating conditions.

One of the most evident research trends is the gradual convergence of phenomeno-
logical and physically based approaches. Early model development followed two largely
independent directions: simplified body-force formulations focused on engineering appli-
cations, and plasma-fluid models aimed at understanding the discharge physics. Recent
investigations increasingly attempt to bridge these approaches by incorporating physically
meaningful information into reduced-order formulations while preserving computational
tractability. This tendency has resulted in the development of hybrid models that combine
simplified electrostatic descriptions, experimental correlations, analytical approximations,
and reduced plasma representations. Rather than replacing existing phenomenological
models, these strategies seek to enhance their predictive capability without introducing the
computational burden associated with fully coupled plasma simulations.

Another important trend concerns the progressive reduction in empirical dependence.
Although phenomenological formulations have traditionally relied on experimentally cali-
brated parameters, several recent studies focus on deriving charge density distributions,
plasma length, body-force intensity, and electrical characteristics directly from physically
based relationships. This evolution is particularly evident in modern implementations
of the Suzen-Huang framework, where analytical parameter estimation has gradually
replaced empirical adjustments. Similar efforts are observed in reduced-order formu-
lations that establish explicit relationships between electrical operating conditions and
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plasma-induced momentum transfer. Such developments improve the generality of phe-
nomenological models by extending their applicability beyond the specific conditions
under which they were originally calibrated.

The literature also demonstrates a clear expansion in the range of engineering applica-
tions addressed by plasma actuator models. While early investigations concentrated almost
exclusively on external aerodynamic flow control, contemporary research increasingly
considers multidisciplinary problems involving turbomachinery, aeroelasticity, thermal
management, combustion enhancement, and fluid-structure interaction. This diversi-
fication has imposed new modeling requirements because plasma actuation must now
be coupled with heat transfer, chemical reactions, structural dynamics, and multiphase
transport. Consequently, future phenomenological models will likely require greater flex-
ibility to accommodate coupled multiphysics simulations while maintaining acceptable
computational performance.

Another emerging direction involves the increasing role of optimization methodologies
and high-throughput numerical analyses. Modern engineering design frequently requires
the evaluation of hundreds or even thousands of operating conditions, actuator geometries,
and electrical excitation parameters. Under these circumstances, computational efficiency
becomes as important as physical accuracy. This requirement explains the growing interest
in reduced-order formulations, surrogate models, and hybrid computational strategies
capable of supporting optimization procedures without compromising the reliability of the
predicted flow response. In this context, simplified phenomenological models are expected
to remain indispensable because their low computational cost enables large parametric
studies that remain inaccessible to fully resolved plasma-fluid simulations.

An equally important observation emerging from the reviewed literature is that future
developments are unlikely to establish a single universal phenomenological model. Instead,
the evidence suggests a progressive specialization of numerical formulations according to
their intended application. Simplified body-force models will probably continue to domi-
nate industrial-scale CFD analyses where computational efficiency is the primary concern.
Electrostatic formulations are expected to remain valuable for investigations requiring im-
proved representation of plasma-force distributions, whereas empirical methodologies will
continue to serve as high-accuracy validation tools whenever experimental databases are
available. Physically based plasma-fluid models, in turn, will retain their role as benchmark
solutions for understanding discharge physics and validating reduced-order approaches.

Looking forward, we see that one of the most promising research directions lies in the
integration of data-driven methodologies with conventional phenomenological formula-
tions. The increasing availability of high-resolution experimental measurements, advanced
diagnostic techniques, and high-fidelity numerical databases provides opportunities to de-
velop adaptive models capable of dynamically adjusting body-force distributions according
to operating conditions. Such approaches could significantly reduce the dependence on em-
pirical calibration while preserving computational efficiency, thereby overcoming one of the
principal limitations shared by current phenomenological models. Furthermore, advances
in machine learning, reduced-order modeling, and physics-informed computational meth-
ods offer the potential to construct hybrid frameworks that combine the interpretability of
physics-based formulations with the predictive capability of data-driven techniques.

Overall, the evolution of phenomenological modeling demonstrates that the field
has entered a stage of methodological consolidation rather than conceptual competition.
The reviewed formulations should, therefore, be regarded as complementary tools that
address different levels of physical complexity and engineering requirements. Future
progress will likely depend less on replacing existing models and more on integrating their
respective strengths into flexible computational frameworks capable of delivering accurate,

https://doi.org/10.3390 /machines14080861


https://doi.org/10.3390/machines14080861

Machines 2026, 14, 861

46 of 52

robust, and computationally efficient predictions across the increasingly diverse range of
applications envisioned for DBD plasma actuators.

Table X provides a qualitative comparison of the key features and performance of
the different plasma actuator models discussed in this review. The models are evaluated
across several criteria, including physical fidelity, computational cost, experimental depen-
dence, local electrohydrodynamic (EHD) force prediction, global aerodynamic prediction,
industrial applicability, and typical applications. This comparative overview highlights the
strengths and limitations of each modeling approach and serves as a practical guideline for
selecting the most suitable model depending on the specific objectives of a given study.

Table 5 provides a qualitative comparison of the key features and performance of
the different plasma actuator models discussed in this review. The models are evaluated
across several criteria, including physical fidelity, computational cost, experimental depen-
dence, local electrohydrodynamic (EHD) force prediction, global aerodynamic prediction,
industrial applicability, and typical applications. This comparative overview highlights the
strengths and limitations of each modeling approach and serves as a practical guideline for
selecting the most suitable model depending on the specific objectives of a given study.

Table 5. Qualitative comparison of key features and performance across plasma actuator models.

Performance Assessment of DBD Plasma Simulation Models

Criterion Shyy Suzen-Huang Dorr-Kloker Plasma-Fluid Hybrid
Physical fidelity oo xXx} XX XXX X xxl
Computational cost Very Low Moderate Low-Moderate Very High Low
Experimental dependence Low Moderate High Low Moderate
Local EHD force prediction Moderate High Very High Excellent High
Global aerodynamic . . . .
prediction High High High Excellent High
Industrial applicability Excellent High Moderate Limited Very High
Typical applications turb Ogﬁ?ﬂi nery Flow control Validation Plasma physics Optimization

5. Conclusions

This review has shown that numerical modeling has become an essential tool for the
design and optimization of dielectric barrier discharge (DBD) plasma actuators. Rather
than identifying a universally superior model, the literature demonstrates that each mod-
eling strategy addresses a different level of physical fidelity and computational complex-
ity. Macroscopic formulations remain the preferred choice for engineering-oriented CFD
because of their favorable balance between accuracy and computational cost, whereas
microscopic plasma-fluid models continue to provide the highest physical insight for un-
derstanding discharge mechanisms and validating simplified approaches. Consequently,
model selection should be driven by the objectives of the analysis, ranging from rapid
aerodynamic optimization to detailed plasma physics investigations.

The analysis of the reviewed literature also reveals that numerical simulations have
successfully extended DBD plasma actuators beyond conventional flow-separation control
toward applications involving turbomachinery, aeroelasticity, thermal management, and
high-speed aerodynamics. These advances demonstrate that plasma-based active flow
control has evolved from a laboratory concept into a promising enabling technology for fu-
ture aerospace systems. Nevertheless, important challenges remain, particularly regarding
actuator energy efficiency, long-term durability, large-scale implementation, and reliable
model calibration under varying operating conditions.

Looking forward, we find that one of the most promising research directions lies in
the integration of plasma actuator models with Artificial Intelligence (AI) and Digital Twin
technologies. Machine learning techniques could be employed to develop reduced-order
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surrogate models capable of reproducing high-fidelity plasma simulations in real time,
dramatically reducing computational requirements during design optimization. Likewise,
Al-based optimization algorithms may enable autonomous tuning of actuator voltage,
frequency, waveform, and placement according to changing flight conditions.

Digital Twins represent another emerging opportunity for plasma-assisted active flow
control. By combining CFD models, experimental measurements, and onboard sensor data,
Digital Twins could continuously update the virtual representation of an aircraft, allowing
DBD actuators to be optimized adaptively throughout operation. Such an approach would en-
able predictive flow-control strategies, health monitoring of plasma actuators, fault detection,
and real-time aerodynamic optimization within next-generation autonomous aircraft.

Finally, future research is expected to move toward hybrid multiscale frameworks that
combine physics-based plasma models, data-driven approaches, and real-time control architec-
tures. The convergence of high-fidelity numerical simulations, artificial intelligence, advanced
sensing technologies, and Digital Twins has the potential to transform DBD plasma actuators
from primarily offline design tools into intelligent adaptive systems capable of continuously
optimizing aerodynamic performance throughout the aircraft operational envelope.
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