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The study presents a numerical investigation of aerodynamic drag reduction by implementing a counterﬂow plasma jet, emanating from the stagnation point of an aerodynamic surface in a supersonic regime with a constant pressure ratio (PR � 3), and
compares ﬁndings with a conventional opposing jet. The computational study is carried out by solving three-dimensional and
axisymmetric Navier–Stokes equations for counterﬂow plasma-jet interaction. The calculations are performed at free-stream
Mach (M∞ �1.4) with sea level stagnation conditions. The weakly ionized argon plasma jet generated by a plasma torch has
constant stagnation pressure and temperature of 303, 975 Pa and 3000 K. The eﬀect of the Mach number and the angle of attack
variation on plasma-jet eﬀectiveness is also analyzed. The results indicate that the counterﬂow plasma jet reduces more drag (in
twice) compared to the conventional jet (nonplasma). The gravitational, magnetic ﬁeld eﬀect and chemical processes in the plasma
formation are considered negligible. It is inferred that the eﬀectiveness of the counterﬂow plasma jet strongly depends upon the jet
stagnation temperature.

1. Introduction
Reduction in wave drag and thermal conduction is a major
design consideration for successful realization of supersonic ﬂight [1, 2]. The shock waves primarily contribute to
signiﬁcant drag rise and aerodynamic heating. The eﬀorts
to reduce wave drag can result in improved payload capacity, long-range, and suppression of acoustic signature.
The conventional interventions, introduced in the last
century, for shock reduction usually hovered around
passive techniques. These techniques include cavity formation on the body nose [3–7] or implementation of a
retractable aerospike at the fore-body region [8–12].
However, these passive methods, used to reduce the impact
of shock waves, are generally subjected to high aerodynamic and thermal loads and undesirable induced moments during ﬂight maneuvers [13].

The active ﬂow techniques are another area that has been
the subject of great discussion to alleviate the undesirable
shock characteristics. The counterﬂow jets can provide the
advantage of reducing aerodynamic load by providing virtual disruptive structures. In the early 1950s, the counterﬂow
jet technique was extensively studied due to its eﬀectiveness
in drag reduction [14, 15]. The jet distributes itself under the
free-stream inﬂuence over the body surface and pushes the
shock wave away from the body. The pressure distribution
generates two separated low-pressure zones (recirculation
regions) ahead of the body [16, 17], as shown in Figures 1(a)
and 1(b). These recirculation zones play an important role in
the reduction of drag.
The parameters of the counterﬂow jet have been analyzed experimentally, numerically, and even analytically.
Studies [16–21] depict that the jet-to-body diameter ratio, jet
oriﬁce shape [22], and pressure ratio [23] aﬀect the jet
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Figure 1: Symbolic illustration of the counterﬂow jet with two discrete modes. (a) Short penetration mode. (b) Long penetration mode.

performance. The alteration in pressure ratio between the
free-stream and counterﬂow jet generates two operating
modes, short penetration mode (SPM) (Figure 1(a)) and
long penetration mode (LPM) (Figure 1(b)), determined by
the penetration length of the free-stream ﬂow [24, 25]. The
underexpanded jet (LPM) is achieved at low-pressure ratios
(PR) [26]. It penetrates the bow shock and displaces it to a
maximum distance. LPM mode consists of the weak expansion and compression waves in the form of an unstable
diamond-shaped pattern, as depicted in Figure 1(b) [27].
The size of recirculation regions is small and prevails on the
leading edge of the body. In contrast, the SPM mode is a
stable mode obtained at high-pressure ratios. The recirculation regions are large in width and locate at some distance
from the jet region in Figure 1(a) [28]. In consequence,
although the penetration length of the ﬂow ﬁeld is less in
SPM than that of LPM, the aerodynamic drag reduced up to
40%, even at smaller jet Mach number [29].
The progress in the counterﬂow jet technology lead
researchers to investigate various other aspects such as inﬂuence
of
diﬀerent
jet
ejection
materials
(water, gases, and plasma) [30–32]. It was realized that supersonic ﬂow passed over the body in the presence of external heat release sources which manifest a 50%–60%
reduction in drag [33, 34]. This provoked the scientiﬁc
community to explore active ﬂow control heated gas injection or energy addition in the ﬂow past for drag reduction.
The counterﬂow plasma (ionized gas) ejection is getting
more attention because this technique has the combined
eﬀect of counterﬂow jet and energy deposition. Several
experimental and numerical studies are conducted to analyze the eﬀect of the counterﬂow plasma jet on the aerodynamics of the blunt nose body. Experimentally,
researchers found that the injection of the plasma or hot gas
against the subsonic, transonic, and supersonic Mach
numbers provides twice (or more) drag reduction as
compared to air as an ejecting gas [35]. Like conventional jet
(nonplasma), several parameters also aﬀect the performance
of plasma jet, such as variation in free-stream Mach, pressure
ratio (PR), and jet stagnation temperature. However, the
value of drag reduction strongly depends on jet stagnation
temperature [36].

The seminal research of Fomin [37, 38] observed experimentally as well as numerically that like the conventional
jet, the counterﬂow plasma jet also depicts two operational
modes named long penetration mode (LPM) and short
penetration mode (SPM). The structure of the two lowpressure zones (recirculation regions) and the ﬂow physics
of the plasma jet over the body show the same behavior as
that of the conventional jet. However, LPM causes a better
reduction in drag due to the penetration of jet into the shock
wave [32, 39]. The jet penetration depends on the value of the
pressure ratio [40]. At some speciﬁc value, the jet penetrates
the bow shock and forms a multibarrel structure
(Figure 1(b)); as a result, two small toroidal structures on
either side of the body are formed (recirculation regions).
The width of these recirculation regions depends on the
penetration length of the jet. On medium penetration, the
low-pressure zones have a signiﬁcant eﬀect of drag reduction
[41]. This suggests that the dominant ﬂuid dynamics of the
counterﬂow plasma jet, considerably reduced drag even at
less mass ﬂow rate because of the high temperature of plasma
taken into account. Hence, the reduction in drag due to the
plasma jet occurs because of the combined eﬀect of jet-shock
interaction and energy addition.
The abovementioned studies justify that the counterﬂow
plasma jet can remarkably reduce drag ahead of the blunt
body at supersonic speed. However, a lot of work is carried
out for blunt bodies for the ejection of the plasma jet. A few
studies exist in which elliptical bodies were used for drag
reduction using a counterﬂow jet technique such as by Love
et al. [15]. Recent research was carried out by Rashid et al.
[42] in which a conventional counterﬂow jet was implemented on an airfoil (NACA 0012) nose in supersonic ﬂow
to minimize drag. The present investigation focus on the
understanding of counterﬂow ionized gas (plasma jet) in a
supersonic regime. The detailed investigation of the counterﬂow plasma jet is being held on various angles of attack
and free-stream Mach numbers. The numerical results of the
plasma jet are compared with the conventional jet.
The current article is organized as follows. A brief
problem description is formulated in Section 2. The detailed
plasma analysis is discussed in Section 3, which includes the
plasma generation in a plasma nozzle by using the
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magnetohydrodynamics module. The implementation of the
plasma nozzle on airfoil and validation cases are discussed in
detail in Section 4. The conditions acquired at the outlet of
the plasma nozzle were implemented on the jet region of the
airfoil. The inﬂuence of the free-stream Mach number and
angles of attack on the ejection of the counterﬂow plasma jet
by the constant pressure ratio (PR) are elaborated in Section
5. At last, concluding remarks are discussed in Section 6.

2. Problem Description
In this analysis, a generic airfoil (NACA 0012) is selected as a
baseline geometry. The airfoil has a blunt leading edge with
an adequate thickness to the chord ratio. The airfoil has 1 m
chord with 0.005 m plasma jet oriﬁce at the leading edge
(Figure 2(b)). The computational setup for a generic airfoil is
created by using the two-dimensional Reynolds-averaged
Navier–stokes equation and turbulence model equation.
The specially designed plasma torch Figure 2(a) is
implemented on the nose region of an airfoil, to observe the
reduction in drag by injecting plasma in a supersonic free
stream. For plasma nozzle study, ANSYS FLUENT with the
magneto-hydrodynamic (MHD) module add-on is applied.
A density-based implicit solver is used for all the simulations
due to its eﬀectiveness in supersonic ﬂows.
A 2D and 3D validation for all the geometries (shown in
Figure 2(a)) are followed in this research is a three-step
procedure. The grid strategy (Figure 2(b)) for truncated cone
and an airfoil remains the same as in [42]. This work emphasized the comparison of the counterﬂow conventional
(nonplasma) jet and hot gas (ionized gas or plasma) ejection.
Hence, the air jet ejection case validation is already discussed
in [42] with the experimental data of Eugene [15]. Now, in
the case of plasma, the computational setup for generated
plasma inside the nozzle is validated with the available
experimental data of Liu [43].
The results of supersonic counterﬂow plasma jet ejection
for the blunt body are veriﬁed with the experimental work of
Fomin [38]. The same analogy of Fomin [38] is used for the
counterﬂow ionized gas (plasma) ejection from the leading
edge of the generic airfoil. The boundary conditions obtained at the outlet of the plasma nozzle are applied on the
pressure inlet of an airfoil in a counterﬂow plasma jet
ejection case.

®

temperature gradient zones (called non-LTE regions). In
non-LTE conditions, electrons’ temperature will be very
high as compared to heavy particles. Numerically, the
plasma ﬂow physics is described by the magnetohydrodynamic (MHD) module. The governing equations of MHD
are the combination of Navier–Stokes equations
(for solving fluid dynamics) and Maxwell’s equations
(to resolve electromagnetism) as depicted in Figure 3. To
simplify the plasma generation by MHD model, the following assumptions are made for the plasma arc.
3.1. Model Assumptions. The below-mentioned assumptions
are adopted for plasma formation in the plasma nozzle by
applying Joule heating to the cathode.
(i) The plasma ﬂow inside the torch is quasi-steady and
in local thermal equilibrium (LTE)
(ii) Gravitational eﬀects are negligible
(iii) The plasma is treated as continuum ﬂuid at one
temperature for all species and obeys Navier–Stokes
equations
(iv) The argon gas is injected axially from the nozzle
inlet
(v) In comparison to the applied electric ﬁeld intensity,
the induced electric ﬁeld is considered insigniﬁcant
in the plasma arc region
(vi) The chemical reactions are ignored because the
main concern of this study is the ﬂuid dynamic
properties of plasma, where the nontransferred arc
plasma is generated by Joule heating of gas due to
the constant current ﬂowing between the cathode
and the anode
3.2. Governing Flow Equations. As plasma is the conducting
ﬂuid, its ﬂow description requires a solution of the ﬂuid
conservation and electromagnetic equations. Based on the
preceding assumptions, the 3D plasma ﬂow modeling is
considered valid on ﬂuid dynamics Navier–Stokes and
Maxwell electromagnetic equations. For plasma ﬂow dynamics, the Lorentz force becomes the source term of the
momentum equation. However, Joule heating becomes the
source term of the energy equation. All the generalized
forms of equations are represented as follows.
Continuity equation:

3. Plasma Formation
This section consists of a detailed analysis of plasma generation in the 3D plasma nozzle. A constant DC voltage is
supplied to the heated cathode for the generation of the
plasma by utilizing pure Argon gas. The purpose of supplied
DC voltage is to provide the required energy to maintain the
plasma arc after ionization. To simplify the modeling of
plasma arc, it is assumed that the arc column is in local
thermal equilibrium (LTE), so all the thermodynamics and
transport properties of the ﬂuid are taken as the function of
temperature, pressure, and molar fractions of gases. In reality, the partially ionized gas will deviate from the LTE
condition especially near the electrodes and in high-

z
+ ∇ · (ρv) � 0.
zt

(1)

Conservation of momentum:
ρ

zv → →
→ → →
+ V · ∇ V  � −∇p + ∇ · τ + J × B + ρg.
zt

(2)

Energy conservation equation:
→ →
→
zρ h
λ
+ ∇ · ρh V − ∇ · ∇h � J · E − Srad ,
zt
Cp

(3)

→
where→the
→
→terms
→ in abovementioned equations are −∇p, τ ,
J × B , J · E , and Srad are change in pressure, stress tensor,
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Figure 2: Geometries with computational domain setup. (a) Schematic of all geometries. (b) Computational domain strategy.
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Lorentz force, Joule heating, and volumetric radiation losses,
respectively.
However, the Lorentz force in equation (2)
→ →
( J × B ) can be calculated as
→ → →
(4)
F � J × B,
→
→
2
where J and B represent electric current density
→ (A/m )
and the magnetic ﬁeld (T), respectively. Here, J can be
deduced from the generalized Ohm’s law:
→
→
→
(5)
J � σ( E +(v × B )),
→
→
where σ, E , v, and B represent the electrical conductivity
(S/m), electric ﬁeld (V/m), velocity (m/s) of a particle, and
applied magnetic ﬁeld (T). In this analysis, the magnetic
ﬁeld is neglected; therefore, the current density equation for
the steady state electric ﬁeld becomes
→
→
J � σ E.

(6)

Generally, the electric ﬁeld value can be calculated by
using equation:
→
→
zA
(7)
E � −∇ϕ −
,
zt
→
where ϕ and A are the scalar and vector potentials. By
neglecting Neumann’s boundary condition, the electric ﬁeld

After substituting equation (8) in equation (6), the
current density becomes
→
(9)
J � −σ∇ϕ.
For the adequate conducting material, the principle of
conservation of the electric charge gives
→
(10)
∇ · J � −∇ · (σ∇ϕ) � 0.
→
However, B , the magnetic intensity vector, can be
calculated by using relation:
→
→
(11)
B � ∇ × A,
→
where A is the magnetic vector potential and represented as
→
(12)
∇2 · A � −μ0 · J ,
which is explicitly solved by using relation:
A�

μ0 J
 dV.
4π v r

(13)

In some studies [44, 45], the modeling of plasma torch is
treated as a laminar ﬂow. However, the number of studies
[46–48] considered plasma ﬂow as turbulent. It should be
noted that, in DC arc plasma torches, sudden heating of
projected gas in the nozzle cause change in the acceleration
due to the expansion of gas, thereby making the ﬂow turbulent. The widely used turbulent model for the plasma
modeling is k − ε, but in the present work, the k − ω SST
model is used because it performs accurate formulation in
the near-wall region. The thermal conductivity and the
viscosity which appear in the governing equations for
plasma modeling include both the contribution of laminar
and turbulent components. The k − ω SST model was
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selected to simulate the turbulent plasma ﬂow. The turbulent
kinetic energy k and the speciﬁc dissipation rate ω can be
obtained from the following equations:
z(ρk)
μ
div (ρkV) � divμ + t grad(k) + Pk − β∗ ,
σk
zt

α1 � 0.31,
β1 � 0.0750,

2 zU
+ c2 2t Sij · Sij − ρk i δij  − β1 ρω2 + A1 ,
3 zxj

(14)
where Pk represents the generation of turbulent kinetic
energy. However, σ k and σ ω are turbulent Prandtl numbers
for k and ω, μt is the turbulent viscosity, evaluated as

σω �

μt �

1
F1 /σ k,1  +

1 − F1 /σ k2 

k � 0.41,
2

β σω K
c1 � ∗1 − 1�� .
β
β∗

σ k2 � 1.0,
1 − F1 /σ ω2 

,

(15)
σ ω2 � 0.856,

α1 ρk
,
max α1 ωSF2 

β2 � 0.0828,
β∗ � 0.09,

where F1 and F2 are blending functions with strain rate, S is
given by
F1 � tanhϕ41 ,
F2 � tanhϕ22 .

(16)

However, ϕ1 and ϕ2 are constants represented as
√�
4ρk
k 500μ
ϕ1 � minmax ∗ ,
,
2 ,
β ωy ρωy σ ω,2 Dky2
√�
k 500μ
ϕ2 � max2 ∗ ,
,
β ωy ρωy2

(17)

where
Dkω � max2ρσ 2

(19)

β∗ � 0.09,

For outside of the boundary layer, the constant values of
the stan da r d k-ϵ model are represented as

,

1
F1 /σ ω,1  +

σ k1 � 0.85,
σ ω1 � 0.50,

z(ρω)
μ
div (ρωV) � divμ + t grad(ω)
zt
σω

σk �

The constants for the boundary layer of k − ω SST are
deﬁned as

1 zk zω − 10
, 10 .
ω zxj zxj

(18)

These blending functions (F1 and F2 ) secure the
switching of models (k − ω SST and k − ε) for the prediction
of far-ﬁeld ﬂow characteristics. The inner boundary layer is
resolved by the k − ω SST model; however, the outside of the
boundary layer are summoned by the standard k − ε model
[49].

(20)

k � 0.41,
c2 �

2
β2 σ ω 2 K

��
.
−
β∗
β∗

3.3. Calculation Domain for the Plasma Nozzle. A simple 3D
plasma torch was used for the generation of plasma in these
simulations. Based on the nozzle geometry, a simpliﬁed
computational domain is created, which consists of a
cathode, anode, gas ﬂow inlet, and nozzle outlet. A schematic
overview with corresponding dimensions of the computational domain is shown in Figure 4(a). The diameters of the
nozzle outlet and tungsten rod cathode are 5 mm and 4 mm,
respectively. The insulated walls are represented by solid
lines. However, the computational domain consists of the
internal region of the plasma torch which comprises 1.58
million nodes with a particular reﬁnement in a near-wall
region. A partially enlarged view of the cathode region and
the internal mesh of the plasma torch is shown in
Figure 4(b). The mesh is dense in the cathode region
(Figure 4(b)) to capture the eﬀect of change in temperature
and Mach of ionized particles.
3.4. Boundary Conditions. The applied values of the ﬂow
conditions for diﬀerent regions of the plasma torch are listed

6

Mathematical Problems in Engineering
Ga

si

nl

et

D
Cathode

C
I

B
Ga

s in

let

J

K

Outlet

5mm

4 mm

H
E
G

F
0

N
Insulated walls

M

L

Anode Nozzle

A

(a)

(b)

Figure 4: Computational domain of the plasma nozzle with boundary conditions. (a) Schematic diagram of the plasma torch. (b) Meshing
strategy of the plasma nozzle.

in Table 1. The convective heat transfer condition is used for
the anode. Temperature-dependent electrical conductivity is
employed to predict the electric ﬁeld inside the plasma
nozzle.
The current density and the temperature distributions
are deﬁned over the cathode tip. The temperature of the
cathode was set as 3000 K (Table 1) to avoid divergence due
to the sudden temperature rise during the plasma formation.
Argon is used for plasma gas. The values of thermal conductivity, enthalpy, viscosity, and electrical conductivity for
the working gas (Argon) are taken from [50, 51]. Argon gas
entered axially into the plasma arc region with the mass ﬂow
rate of 8.5 SLPM. The stagnation pressure at the inlet and
outlet is taken as 1,01,325 Pa and 100 Pa, respectively. At the
same time, the inlet temperature remains ﬁxed at 288.15 K,
whereas the outlet temperature is achieved during the iteration process. For solid walls, a no-slip boundary condition was adopted. In the present study, the plasma is
generated by Joule heating by applying direct current (DC)
between the cathode and the anode. The anode is set at zero
potential; however, the Gaussian-like current density proﬁle
(J(r)) and temperature distribution were deﬁned at the
cathode tip. It was observed that J(r) has no signiﬁcant eﬀect
on the temperature and velocity distribution at the nozzle
exit, as the exchange of heat and momentum downstream of
the plasma arc can eliminate the bias value [52, 53]. The
current density proﬁle at the cathode tip is deﬁned as
n

c
r
J(r) � J0 exp −  ,
Rc

(21)

where J0 represents the maximum current density at the
cathode tip and r is the radial distance from the torch axis.
Typically J0 and nc are deﬁned as the shape of the current
density proﬁle. For J0 � 3 × 108 A/m2 and nc � 5, the value
of Rc is calculated to ensure that the integration of J(r) over
the cathode tip is equal to the total applied current of 300 A.
3.5. Validation of Plasma Nozzle Setup. The plasma nozzle
geometry and boundary conditions for plasma torch validation are extracted from the work of Sen-Hui Liu [43]. The
ionized gas comprises the mixture of 70% nitrogen and 30%
argon. The plasma generation conditions for validation
remains the same as in Table 1 except the inlet (1.1 atm) and

outlet (1 atm) pressure values. However, the value of current
for the validation case was taken to be 160 A at a current
density of J0 � 108 A/m2 . The comparison of current density
between numerical and experimental data shows reasonable
agreement in Figure 5.
The current density is maximum at the cathode tip due to
the ionization of the mixture of gases. The ionization is
maximum in the central region near the cathode tip. When
gas passes near the heated cathode, it will experience strong
heating that causes an increase in kinetic energy of gas
molecules which leads to the ionization of the gas. This
produced maximum current density in the central region
near the cathode tip, but propagation along the radial direction of plasma torch current density starts decreasing, as
can be seen in Figure 5.
3.6. Plasma Flow Structure inside the Nozzle. For the present
numerical analysis, argon gas with boundary conditions
mentioned in Table 1 was used. The ﬂow structure of plasma
inside the nozzle can be understood with the help of Figure 6. It (Figure 6) illustrates that the plasma ﬂow structure
can be divided into three radial zones: hot core zone,
transition zone, and cold ﬂow zone. The hot core region is
mostly represented by temperatures greater than 6000 K,
and the gas is considered as plasma (ionized gas). This zone
can be further divided into two regions: one near the cathode
tip where the temperature is higher than 18, 000 K, and the
second located after the ﬁrst zone where the temperature is
lower than 18, 000 K. Farther away radially along with the
nozzle, the temperature starts decreasing, which represents
the transition zone (point b), which was at low temperature
than a. Similarly, point c is in the cold ﬂow zone and has the
least temperature as compared to other zones (Figure 6).
3.7. Temperature and Velocity Proﬁles of Plasma.
Figure 7(a) illustrates the axial temperature distribution
inside the plasma nozzle at diﬀerent cross sections. It can be
noticed that the strong heating eﬀect of the plasma arc
results in a very high-temperature region behind the cathode. This high-temperature region is conserved in the center
of the plasma torch (Figure 7(c)). The high-temperature
(18000 K) plasma arc column expands axisymmetrically
from the cathode to the anode. Due to heat conduction, the
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Table 1: Boundary conditions of the plasma torch.
Regions
Outlet
Anode
Walls
Cathode
Gas inlet

Prescribed boundary
LK
IJ/NM
DHI/JK/AON/ML/CE/GB
EFG
CD/AB

T (K)
zT/zn � 0
500
288.15
3000
288.15

V (SLPM)
zV/zn � 0
0
0
0
8.5

P (Pa)
100
zP/zn � 0
zP/zn � 0
zP/zn � 0
101325

ϕ (V)
zϕ/zn � 0
0
zϕ/zn � 0
J(r)
zϕ/zn � 0

1E + 08

j(r)A/m2

8E + 07

6E + 07

4E + 07

2E + 07

0

0

0.4

0.8
1.2
1.6
Radial position (mm)

2

2.4

Experimental
Numerical

Figure 5: Current density comparison.

c
b

a

Hot core zone
Transition zone
Cold ﬂow zone

Figure 6: Plasma ﬂow structure inside the nozzle.

temperature of the plasma arc decreases with the increase in
axial distance from the cathode tip, as shown in Figure 7(a).
Due to the continuous ﬂow of gas through the plasma arc, it
is signiﬁcantly heated up and maintains a relatively high
temperature at the nozzle exit. Additionally, a diﬀusive arcroot is established for argon gas at the anode wall, which
developed a relatively high-temperature region at the anode
root attachment (Figure 7(e)) due to the current passing
through the anode. After evacuation from the anode, the
reduction in temperature occurs because the hot jet emerges
from the nozzle exit.

The velocity distribution of plasma is almost axisymmetric and its behavior depends on the temperature distribution. In the vicinity of the cathode, where the
temperature is high enough due to Ohmic heating, plasma
velocity increases, with the increase in axial distance from
the cathode tip (insulated region), the velocity starts decreasing. It can be noted from Figure 7(d) that the highvelocity region exists in the center of the plasma torch as a
result of a rapid rise in the temperature that causes the
expansion of gas, which leads to an appreciable accelerating
eﬀect. This accelerating eﬀect leads the high-velocity
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particles (electrons) to the anode, where these particles slow
down (Figure 7(f )) due to the high particle density. However, the high density creates maximum Joule heating that
provides a high value of the electric current. The ﬂow accelerates due to excessive Joule heating in the anode region
and forms two discrete vortices upstream and downstream
of the anode, as depicted in Figure 7(b). The accelerated ﬂow
evacuated from the nozzle exit with one order of magnitude
has greater velocity than that near the cathode tip. In the
present analysis, the maximum velocity on the nozzle exit
reaches about 1000 m/s.

value. Hence, at the nozzle exit, ﬂow persists sonic Mach
(Mach � 1).
In contrary to the Mach number, axial pressure distribution inside the nozzle decreases in the direction of ﬂow,
from the gas inlet to the outlet (Figure 8(b)). A strong
pressure gradient near the cathode region is established by
the electromagnetic force, due to the high current density, as
mentioned in Figure 8(d). The reduction in pressure takes
place downstream of the cathode area. However, at the
anode, depletion in Mach intensiﬁes the pressure, as
depicted in Figure 8(d), by high current density.

3.8. Mach and Pressure Distribution inside Plasma Nozzle.
For any selected gas, the nozzle geometry and ohmic heating
deﬁne the change in the Mach number and static pressure
along with the nozzle. Usually, the value of the Mach
number and static pressure is evaluated by assuming isentropic ﬂow in the nozzle [54].
Analogous to velocity, the high temperature near the
cathode tip causes a rapid increase in axial Mach
(Figure 8(c)) which is maintained (Figure 8(a)) in the center
of the plasma nozzle. With the increase in the axial distance
from the cathode to the anode, the Mach number also increases, as the high-velocity particles accelerate towards the
anode with great velocity. However, the Mach number of the
accelerated particles sharply decrease (Figure 8(c)) at the
anode as a result of an increase in stagnation pressure.
However, these high-velocity particles (electrons) perform
vortex ﬂow, as shown in Figure 7(b). This vortex ﬂow accelerates the ionized particles (electrons), causes a rise in
Mach again (Figure 8(c)), and attains a near-supersonic

3.9. Turbulent Kinetic Energy and Current Density Distribution in the Plasma Nozzle. The high temperature and applied
DC voltage at the cathode generate considerable turbulence
in the employed gas. Figure 9(a) illustrates that the turbulent
kinetic energy maintains a maximum value in the center of
the plasma nozzle. The high-temperature ionized ﬂow
propagates from the center of the nozzle towards the anode.
This change results in a high value of turbulent kinetic
energy in the center that looks in the form of an arc. The
empirical representation in Figure 9(c) illustrated that increase in the axial distance from the cathode causes a reduction in turbulent kinetic energy. Nonlinearity in the
graph depicts the dissipation and retrieval of energy by
ionized particles due to collision with other particles. In the
anode region, turbulent kinetic energy regains its value due
to the collection of high-energy ionized particles.
Similar to turbulent kinetic energy, the current density
(J) of thermionic emission also depends on cathode surface
temperature. Unless the temperature does not gain a
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threshold value, it is not possible to achieve the current
density encountered in the plasma arc. The maximum
current density value exists near the cathode tip, due to the
high-temperature gradient that causes a high degree of
ionization. The value of high current density propagates
towards a low potential (anode) (Figure 9(b)) and manifests
the plasma arc-root attachment. The attachment of the
plasma arc with the anode induces a rise in the value of
current density again just like temperature behavior
(Figure 7(e)). The axial current density conserved the total
current value inside the torch. However, in the radial direction (Figure 9(d)), the value of current density is decreased on propagation from the hot core region to the cold
zone. The temperature of ionized gas drops on mixing with
cold gas from the inlet. This reduction in the temperature
generates depletion in current density far from the cathode
(cold zone).

meshing strategy remains the same (Figure 10(a)) as used
in [42] except the installation of the plasma nozzle
(Figure 10(b)). In a fully structured mesh with boundary
conditions, pressure inlet, pressure outlet, and pressure
far-ﬁeld are selected to model the ﬂow structure. By
utilizing isentropic relations, mentioned in equation (22),
the static pressure and temperature (P∞ , T∞ ) can be
calculated under sea-level stagnation conditions
(P0∞ , T0∞ ) [17]:

4. Counterflow Plasma-Jet Ejection

The interaction of the counterﬂow plasma jet from the
leading edge of an airfoil with the free stream was modeled
by using ANSYS Fluent. Two-dimensional unsteady
Reynolds-averaged Navier–Stokes (URANS) and turbulence
model equations were solved using a density-based implicit
solver, as it works eﬀectively for supersonic ﬂows. The ideal
gas law was used to model the ﬂow properties in the far-ﬁeld.
This numerical approach successfully summarizes the dynamics of the counterﬂow plasma jet and its associated
multiple shock pattern after interaction of the internal
nozzle and external supersonic ﬂow.
The experimental data generated by Fomin [38] for a
truncated cone is validated numerically for the counterﬂow
plasma jet. The parameters of truncated cone were cone halfangle ϕ � 30 deg, ratio of midsection diameter d3 to the jet
diameter d1 of 5: 1, and d1 : d2 � 1: 4. The free-stream
conditions include Mach number M∞ � 2, angle of attack α
� 0 with total temperature and pressure of T0∞ � 283K, and
P0∞ � 1 atm. However, Mach of jet (Mj ) at the inlet exit is

After generation of onboard argon plasma with the help of
the plasma nozzle, the torch was installed on generic airfoil
for ejection of the counterﬂow plasma jet from the leading
edge of the airfoil to observe drag reduction in supersonic
ﬂow. Fomin [38] was the ﬁrst who executed the concept of a
counterﬂow plasma jet on the truncated cone for drag and
heat reduction in supersonic and hypersonic ﬂows. So, in the
present analysis, the computational method is ﬁrst validated
with experimental results of Fomin [38], by applying the
same boundary conditions on the truncated cone.
4.1. Computational Setup and Associated Validation. In the
current investigation, a NACA 0012 airfoil is selected as a
reference aerodynamic body. The airfoil has a blunt
leading edge with a chord length of 1 m. The jet diameter
is taken as 5 mm at the leading edge. However, the

(c/(c− 1))
Po ∞
c−1 2
� 1 +
,
M
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unity. Total jet temperature was considered as T0j � 5000K
with a speciﬁc heat ratio value, c � (cp /cv ) � 1.4. The
pressure ratio P was deﬁned as
p0j
P�
,
(23)
p0f′
where p0f′ is the stagnation pressure downstream of the
shock wave and p0j is the jet stagnation pressure. The numerical results were compared only for SPM mode with the
experimental data at P � 1.7. The graphical representation of
pressure coeﬃcient in Figure 11(b) depicts good agreement
between experimental and current numerical results.
In Figure 11(b), surface pressure is plotted against dimensionless coordinate (X/d2 ), where the value of
d2 � 9mm. Figure 11(b) exhibits the eﬃciency of the
counterﬂow plasma jet that pushed the shock wave away
from the body and provide a reduction in drag. Though

edges of the truncated cone are covered by recirculation
regions (low pressure zones) that vanish the eﬀect of the
oblique shocks, as shown in Figure 11(a), the pressure from
point a to b drops drastically (Figure 11(b)) because the lowpressure zones (re − circulation regions) cover the body up
to point b. From point b to c, decrease in pressure becomes
steady (Figure 11(b)). Our numerical results also support the
ﬁndings of Fomin [38].

5. Flow Characteristics of the Counterflow
Plasma Jet
In supersonic ﬂow, the bow shock is formed ahead of the
aerodynamic surface and contributes to an increase in drag
and heat. This study compares the eﬃciency of conventional
(counter flow air jet) and counterﬂow plasma jet to alleviate
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drag on the leading edge of the airfoil. The ﬂuid dynamics of
the plasma jet are almost the same as that of the conventional
jet in moderate supersonic ﬂow. The impact of variation in
angles of attack and Mach number is investigated in detail
such that eﬀective drag reduction can be computed for both
(air and plasma) counterﬂow jets. To analyze the performance of both jets, free stream and jet conditions for plasma
and conventional jets remain the same. The jet Mach is unity
(Mj � 1) and jet stagnation temperature is T0j � 3000 K.
However, at constant PR � 3, the free-stream Mach,
(M∞ �1.4), stagnation pressure and temperature are
101325 Pa and 288.15 K.

5.1. Eﬀect of Mach Number Variation. Analogous to the
conventional jet, the counterﬂow plasma jet is also inﬂuenced by diﬀerent parameters; among them, free-stream
Mach is the key parameter that governs the plasma jet ﬂow
structure. In the plasma jet, a signiﬁcant reduction in drag
was observed, compared to the conventional jet
(Figure 12(d)). The increment in free-stream Mach number
(M∞ �1.4 to 3.0) enhanced the reduction in the drag coeﬃcient (Cd ). Pressure ratio, PR of 3, and Mach of jet, Mj ,
equal to unity was used to dislocate the shock wave ahead of
an airfoil, which substantially helped in the depletion of the
drag coeﬃcient.

Mathematical Problems in Engineering
Mach
number: 0.50 1.00 1.50 2.00 2.50 3.00
0.2

0.1
y/c

0

Mach
number: 0.50 1.00 1.50 2.00 2.50 3.00
0.2

0

0.1

0

0

–0.1

–0.1

–0.1

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
0.2

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
0.2

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
0.2

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
0.2

0.1

0.1

0

0

0

0

y/c

0.1
y/c

0.1
y/c

y/c

–0.1

–0.1

–0.1

–0.1

–0.1

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
0.2

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
0.2

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
0.2

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
0.2

0.1

0.1

0

0

0

0

y/c

0.1
y/c

0.1
y/c

y/c

–0.1

–0.1

–0.1

–0.1

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
240

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
240

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
240

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
240

200

200

160

160

160

120
80
40

120
80
40

P∞ (kPa)

200

160

P∞ (kPa)

200
P∞ (kPa)

P∞ (kPa)

0.1
y/c

y/c

0.1

Mach
number: 0.50 1.00 1.50 2.00 2.50 3.00
0.2

y/c

Mach
number: 0.50 1.00 1.50 2.00 2.50 3.00
0.2

13

120
80
40

120
80
40

0
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c

0
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c

0
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c

0
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c

Without jet
With jet (air)
With jet (plasma)

Without jet
With jet (air)
With jet (plasma)

Without jet
With jet (air)
With jet (plasma)

Without jet
With jet (air)
With jet (plasma)

(a)

(b)

(c)

(d)
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The comparison of Mach contours for without jet, air
(conventional), and plasma jets with its respective variation
in pressure over the surface of an airfoil with increasing
Mach is demonstrated in Figures 13(a)–13(d). The comparison of Mach contours depicts that, at high Mach, less PR
ratio is required to attain the Mach disc. The increment in
Mach number strengthens the bow shock, as the total
pressure downstream of the shock decreases. This decline in
pressure behind the shock reduced the pressure in recirculation regions; as a result, the static pressure ratio of jet
increases [55].

For conventional jet M∞ at 1.4 and 1.8, the unstable
ﬂow structure is developed due to subordinate jet performance and gives rise to a high drag value. In contrast,
the counterﬂow plasma jet exhibits a stable SPM mode
even at low Mach (M∞ �1.4 and 1.8) with appropriate
recirculation regions and visible Mach disc. The Mach
disc matures at M∞ � 2 in counterﬂow plasma, SPM
mode retains, and a signiﬁcant reduction in the drag
coeﬃcient occurs. However, in the conventional jet, the
SPM mode is achieved at relatively high Mach (M∞ � (2)
having recirculation regions and Mach disc. At M∞ � 3,
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the jet is more underexpanded for the counterﬂow plasma
jet and the Mach disc does not sustain its shape, but in the
case of the conventional jet, the SPM mode persists itself
with a noticeable Mach disc.
In Figures 13(a)–13(d), the comparison in depletion of
pressure values between the conventional and plasma jet
at the stagnation point of the airfoil are plotted. The
counterﬂow plasma jet displaces the stagnation point to a
remarkable distance, creates a large shock stand-oﬀ distance as compared to a conventional jet, and causes
considerable reduction in drag ahead of an airfoil. The
graphical comparison (Figure 14(b)) of without jet,
conventional jet, and plasma jet is illustrated; for the
counterﬂow plasma jet, the recirculation regions are large
and expanded over the airfoil surface (point B in
Figure 14(b)). However, in the conventional jet, the
shaded part point A in Figure 14(b) depicts that the
compact recirculation regions are established and prevail
in the leading edge region of airfoil.
In Figure 14(a), the sudden rise in pressure occurs
after the displacement of shock. The recirculation region
disintegrates at point (x/c � −0.02) and generates turning
shocks along the surface of the airfoil. In comparison to
the conventional jet, the rise in pressure due to reattachment of shock in the counterﬂow plasma jet is less, as
the recirculation regions in the plasma jet cover the large
area of the airfoil, as shown in Figure 12(c). The hatched
region in Figure 14(a) describes the diﬀerence in the
length of turning shocks. The pressure value in the
turning shocks is greater in the conventional jet (point A)
as compared to the counterﬂow plasma jet (point B).

At high Mach (M∞ � 3), the barrel shocks for the
counterﬂow plasma jet are compressed and moves along the
free-stream extending the recirculation regions over the
airfoil surface. This squeezing of barrel shocks provides more
room to jet outﬂow and yields a signiﬁcant reduction in drag
force.

5.2. Eﬀect of Angle-of-Attack Variation. The other important
variable that aﬀects jet performance is the angle of attack. An
increase in angle minimizes the jet performance of the conventional jet (Figures 15(a)–15(d)). Flow conditions for air and
plasma jet remains same; PR � 3, M∞ � 1.4, and Mj � 1. The
interaction of shock with the stagnation point built a high value
of drag for the no jet case. The employment of a counterﬂow jet
(air or plasma) mitigates the drag eﬀect by creating a large
shock stand-oﬀ distance with increasing angles of attack.
The SPM mode sustained with the increase in the angle of
attack (α∞ ) from 0∘ to 4∘ in the counterﬂow plasma jet. At
higher angles of attack (6∘ and 8∘ ), the jet performance is reduced due to the introduction of strong ﬂow asymmetry. The
counterﬂow plasma jet tilt towards the windward side along the
surface of an airfoil and the shock wave reattaches with the
surface. On the contrary, conventional jet depicts inferior
performance, and a strong ﬂow asymmetry is introduced even
at 2∘ . This asymmetry in the conventional jet persists and
becomes stronger with the increasing angle of attack (4∘ to 8∘ ),
as shown in Figures 15(a)–15(d). A small recirculation region
allows the shock wave to attach near the leading edge of the
airfoil. However, for the counterﬂow plasma jet, the recirculation region covers a large area of the airfoil’s surface and the

Mathematical Problems in Engineering
Mach
number:

Mach
number:

Mach
number:
0.50 1.00 1.50 2.00 2.50 3.00

Mach
number:
0.50 1.00 1.50 2.00 2.50 3.00

0.50 1.00 1.50 2.00 2.50 3.00
0.2

0.1

0.1

0.1

0.1

0

0

y/c

0.2

y/c

0.2

y/c

0.2

0

0

–0.1

–0.1

–0.1

–0.1

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
0.2

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
0.2

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
0.2

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
0.2
0.1

0

0

0

0

y/c

0.1
y/c

0.1
y/c

0.1

–0.1

–0.1

–0.1

–0.1

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
0.2

0.1

0.1

0.1

0.1

0

0

y/c

0.2

y/c

0.2

y/c

0.2

0

0

–0.1

–0.1

–0.1

–0.1

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c

–0.2
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c

240

240

240

240

160
120
80
40

200

160
120
80

200

160
120
80
40

40

0
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c

0
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c

Without jet
With jet (air)
With jet (plasma)

Without jet
With jet (air)
With jet (plasma)

(a)

6 deg

P∞ (kPa)

200

2 deg

P∞ (kPa)

200

0 deg

P∞ (kPa)

y/c

y/c

y/c

0.50 1.00 1.50 2.00 2.50 3.00

P∞ (kPa)

15

(b)

8 deg

160
120
80
40

0
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
Without jet
With jet (air)
With jet

(c)

0
–0.8 –0.7 –0.6 –0.5 –0.4 –0.3
x/c
Without jet
With jet (air)
With jet (plasma)

(d)

Figure 15: Surface pressure distribution with increasing angles of attack (a � 0∘ to 8∘ ) at constant PR � 3.0 and M∞ � 1.4. (a) α � 0∘ .
(b) α � 2∘ . (c) α � 6∘ . (d) α � 8∘ .

shock reattachment occurs away from the nose of an airfoil. The
comparison of pressure graphs for without jet, counterﬂow air,
and plasma jet reinforce the above explanation.

6. Conclusion
In the present study, a detailed analysis of plasma generation in
the plasma torch by the magnetohydrodynamic model (MHD)

is examined. By controlling applied voltage and cathode temperature, required jet conditions (Mj � 1) were obtained at the
nozzle exit. After numerical validation of the baseline experimental cases, the plasma nozzle is implemented on the conventional airfoil. The detailed comparison of ﬂow characteristics
between counter ﬂow conventional (air) and plasma jet are
investigated at Mach 1.4. The computational analysis depicts
that a counterﬂow plasma jet provides 16% more reduction in
drag as compared to a conventional counterﬂow jet. However,
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the plasma jet performance is inﬂuenced by the same parameters that aﬀect the conventional jet performance:
(i) The jet stagnation temperature is the key parameter
that aﬀects the counterﬂow plasma jet. The hightemperature provides more ionization of gas, which
enhances the mass ﬂow rate of the plasma jet.
(ii) Analogous to the conventional jet, the plasma
jet also exhibits inferior performance on the increment in angles of attack. At higher angles (beyond α∞ � 6), for both jets (air and plasma), the jet
tilt towards the free stream and cause increase in
drag at the leading edge.
(iii) The ﬂow ﬁeld characteristics generated by counterﬂow jets (air and plasma) primarily depend on
free-stream Mach. An increase in free-stream Mach
ampliﬁes the mass ﬂow rate of conventional and
plasma jets. However, compared to the conventional jet, the plasma jet achieves the SPM mode
even at low Mach. The analysis depicts that the SPM
mode is attained at Mach 1.8 for the plasma jet.
With the further enhancement in Mach
number(M � 3), the plasma jet becomes highly
underexpanded and changes the Mach disc shape
into convex curvature. In contrast to plasma, the air
jet sustains its SPM mode at M � 3 with a visible
Mach disc.
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