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Aerodynamic Drag Reduction by Plasma and Hot-Gas Injection
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Central Research Institute of Machine Building, Russian Space Agency, 141070, Korolev, Moscow Region, Russia

The influence of plasma and hot-gas injection from a model’s surface toward the external flow on aerodynamic
drag of the modelis researched. Experimental tests are conducted in transonic and supersonic wind tunnels at Mach
numbers M« =0.59-4. Numerical experiments are carried out using unsteady Euler equations of an ideal perfect
gasinintegral conservativeform. The calculations were performed at the oncomingMach number M = 4,constant
jet stagnation pressure, and jet stagnation temperatures of 600, 2000, and 6000 K. The investigations showed that
the plasma or hot-gas injection can be used to reduce drag at subsonic, transonic, and supersonic Mach numbers,
resulting in twice (or more) drag reduction. The calculations are in general agreement with the experimental data.
The amount of drag reduction depends on jet stagnation temperature.

Nomenclature
C, = drag coefficient
M, = freestream Mach number
p = pressure, atm
q = freestream dynamic pressure, pe, V.2 /2
S = area, m’
T = temperature, K
t = time, S
Vv = velocity, m/s
p = density, kg/m?
Subscripts
J = jet
0 = stagnation parameter
00 = freestream

Introduction

IRCRAFT dragreductionis a veryreal and importantproblem.

Fuel is now half of the aircraft’s base weight and even more
than that for rockets. A 1% drag decrease leads, approximately, to
a 10% increase in aircraft passengers payload or increased range.
For many decades the aviation slogan has been “to fly higher and
faster,” and the point has been reached that drag reductionby means
of finding optimal configurations has been practically exhausted.
Therefore, we have begun to develop new technologies.

Supersonic aerodynamicdrag can be reduced by mounting a nee-
dle or by injectinga gas jet at the tip of the aircraftnose.! Regulation
of the needlepositionor theinjected gas pressure permits both a con-
siderable surface pressure redistribution and a reduction in the drag
coefficient. The effectis attained as a result of the formation of flow
separation zones ahead of the body, where the pressureis lower than
behind the separated shocks ahead of analogous bodies without a
needle or gas injection.

The model drag can be reduced as a result of the formation of a
narrow rarefied channel ahead of the body.? The numerical calcu-
lation carried out for supersonic flow past a sphere in the presence
of external heat release sources showed that the wave drag can be
reduced by approximately 50-60% (Refs. 3 and 4). The effect of an
electric discharge in front of an axisymmetric body on the super-
sonic flow was studied in Refs. 5 and 6. Many reports on that subject
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were made at 1stand 2nd Weakly Ionized Gases Workshopsin 1997
(Colorado Springs, Colorado) and in 1998 (Norfolk, Virginia).”-*

Earlier, Finley described a series of experimentsin which a single
cold jet issued from an orifice at the nose of a body in supersonic
flow to oppose the mainstream.? Using these data he developed an
analytical model of flow that suggests that the aerodynamic features
of a steady flow depend primarily on a jet flow-force coefficient and
the Mach number of the jet in its exit plane.

In this paper we present the experimental and theoretical study
of reducing aerodynamic drag by employing plasma and hot-gas
injection conducted during the last several years beginning from
our first publication'® on this subject. The various results we have
reported previously are in Refs. 11-13.

Experimental Facilities

The tests were conducted in supersonic and transonic wind tun-
nels. The specifications of the wind tunnels are given in Table 1.

Model with Built-In Plasma Generator

To conduct the studies we designed and manufactured a cone-
cylinder model with a built-in plasma generator and strain gauges.
In Fig. 1 the model is shown schematically. The barlike uncooled
copper electrodes are embedded in a fluoroplastic insulator. The
latter is inserted into a ferromagnetic-steelhousing and fastened by
three set screws. The clearance between the housing and insulatoris
sealed with a rubberring. The plasma generatornozzle is connected
with the housing by a ferromagnetic-steel adapter. The adapter-
nozzle and adapter-housingconnectionsare threaded and are sealed
with rubberrings. The nozzle is made of copper. The inner surfaces
of the housing and adapter are coated with electrical insulation.

A tap is introduced into the insulator to measure the pressure in
the plasma generator chamber. An arc dischargeis initiated by short
circuiting the electrodes with a thin copper wire. The electrodes
are connected to the three-phase 380-V ac mains via an automatic
circuit breaker.

The plasma generator was mounted on a sting installed in the
wind-tunnel working section, and the model-tubular strain gauge
assembly was fitted on it. The strain gauges were fixed to the plasma
generator housing with set screws. When voltage is fed to the elec-
trodes, an electricarc is started. Driven by the electrodynamicforces,
it moves toward the electrode ends, heats the gas in the plasma gen-
erator housing, is blown out of the interelectrode gaps, and breaks
up. The plasma generator has the following major characteristics:
the working sectionis up to 120 mm long, the interelectrodegaps are
10 mm wide, the electrode diameter is 4.5 mm, the short circuiting
wire diameter is 0.4 mm, the inner diameter of the arc chamber is
30 mm, the nozzle throat diameters are 2 or 4 mm, the exit diameters
are 5.65 and 7.61 mm, respectively, and the discharge current and
time are approximately 300 A and 0.05, respectively.
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The model, in the form of a thin-walled cylinder-cone shell with
a front vertex angle of 30 deg, is mounted on six-componentaerody-
namic strain gauges that are fastened to the tubular plasma generator
housing. There are small clearances between the front of the model
and the plasma generator nozzle housing, as well as between the
rear portion of the model and the afterbody fairing. The effect of
gas penetration into the model interior on the measured drag was
considerably reduced by making the front clearance much smaller
than the rear clearence.

In choosing the strain gauges, preference was given to tubular
multicomponent dynamometers with short, and hence stiff, elastic
elements whose aspect ratio was less than unity.

The pressure in the plasma generator chamber was measured us-
ing an inductive transducer. The oscillograms showed that an in-
creasein the nozzle throatdiameterresults in the maximum pressure
decreasing by a factor of 1.5 (Ref. 10). The plasma efflux time also
decreases. For the nozzle throat diameter d =2 mm, the maximum
pressure in the plasma generator chamber was 15.4 atm, and for
d =4 mm, it was 9.7 atm.

Experimental Results for Model with Plasma Generator

Shadowgraph

A series of shadowgraphphotographswas obtained to study flow-
field structurechange prior to and at the instant of plasma discharge.
The photographs were taken using an IAB-451 shadowgraph (by
the circular knife-edge method) and a movie digital color camera
shootingat 2000 frames per second with an exposure of about42 us.
Figures 2-6 show the results of these experiments for the conditions
presentedin Table 1. The first frames in Figs. 2-6 show the flow past
the model prior to plasma discharge, and the second ones show the
flow at the instant of plasma discharge from the internal plasma
generator.

All tests were conducted with a plasma generator nozzle throat
diameter of 4 mm except Mach 4, which was conducted with a
nozzle throat diameter of 2 mm. At Mach 4 (Fig. 2), in the first
frame, one sees an ordinary shock wave configuration, but at the
instant of plasma discharge, one observes the decomposition of the
original bow shock wave, the formation of the plasma ball in front
of the model, and the formation of a new shock wave configuration.

At Mach 1.18 (Fig. 3), by comparing photographs prior to and
at the instant of plasma discharge, one can see that the plasma jet
moves the bow shock wave forward significantly.

At Mach 0.96 and 0.89 (Figs. 4 and 5), the bow shock wave
is absent, and one can observe the changing of the A-shock wave
configuration only. The plasma jet influences the entire forehead
model in these cases. The same also may be observedat the subsonic
Mach number of 0.59 (Fig. 6).

Table1 Wind tunnel specifications

Wind tunnel Supersonic Transonic

Test section dimensions, m 0.4 X0.4 0.6X0.6

Mach number 4 0.59,0.89,0.96,1.18
Reynolds number X10° 2.8 0.82+ 1.13

forL=1m

After looking through all of the photographs, it is possible to
conclude that the flow near the model could be very changed by
injecting plasma into oncoming subsonic, transonic,and supersonic
flows.

Strain Gauges Measurements

Figures 7-11 present the experimental time dependence of the
drag coefficient C,; for plasma flowing from a plasma generatornoz-
zle at the same Mach numbers as for Figs. 2-6. The drag coefficients
were calculated using the measured drag, the flow parameters, and
the geometrical characteristicsof the model. The data were recorded
on a computer using a RWS 3072 amplifier with 0.1 accuracy rat-
ing. The signals were received and processed with the help of the
FLEXLAB program module.

Figures 7-11 demonstrate the large drag reduction (from approx-
imately two to four times) that correlates with the large flow changes
of the photographs.The values of drag are practically the same prior

Fig. 2 Shadowgraphs at M« =4 prior to (top) and at the instant of
plasma discharge.
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Fig. 1 Model with built-in plasma generator: 1, nozzle; 2, 3, and 10, rubber rings; 4 and 6, electrical insulators; 5, housing; 7, electrodes; 8 and 12,
set screws; 9, thin copper wire; 11, fluoroplastic insulator; 13, pressure tap; 14, adapter; 15, afterbody fairing; and 16, strain gauges.
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Fig. 3 Shadowgraphsat M« =1.18 prior to (top) and at the instant of Fig. 5 Shadowgraphsat M =0.89 prior to (top) and at the instant of
plasma discharge. plasma discharge.

Fig. 4 Shadowgraphsat Mo =0.96 prior to (top) and at the instant of Fig. 6 ShadowgraphsatMs =0.59 prior to (top) and at the instant of
plasma discharge. plasma discharge.
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Fig. 8 Time dependence of C; for plasma flowing at M =1.18.

to and after plasma discharge. The model-sting system oscillations
lead to the relative high-frequency curve oscillations.

The plasmajet thrust,evaluatedusing the measured pressurein the
plasma generator chamber, the geometric parameters of the nozzle,
and a rough value of plasma stagnation temperature of 6000 K,
amounted to from 5 to 10% of the total aerodynamic force.

By studying Figs. 7-11, one can see that the plasma generator
workingtime changedfrom 3 to approximately 10 ms in the different
tests. Maximum working time ~10 ms corresponds with Mach 4.
In this case the nozzle throat diameter was minimum (d =2 mm).
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Fig. 9 Time dependence of C; for plasma flowing at M« =0.96.

Ca
0.7 : T
: "fransonic Wind Tunnel, M.,~0.89
0.60 i
050 o
s Plasmatron switch on
.40 I

e

0.3¢ i
4.20 f /
oo | )
0.00 : — S e —
0.00 0.04 0.08 012 048 ¢, s

Fig. 10 Time dependence of C; for plasma flowing at Mo, =0.89.

The largest drag reduction (about four times) is observed at Mach
0.89 (Fig. 11).

By usingthe experimentalresults of Figs. 7-11, the Mach number
dependence of C,; was plotted (Fig. 12). The dotted lines are an
approximation of the experimental data there.

After a careful analysis of Fig. 12, we can conclude that plasma
injection technology can be developed to reduce aerodynamic drag
at subsonic, transonic, and supersonic Mach numbers. Thus, the
presented technology can be used to destroy or to reduce greatly
the effects of the sonic barrier. However, to achieve this purpose the
investigation of optimum results must be carried out.

Model with Built-In Solid Fuel Gas Generator

To study the possibility of reducing aerodynamic drag by use of
a differentmethod, we designed and manufactured a cone-cylinder
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¢y The pressure in the hot gas generator chamber also was measured
070 . i using a DMI inductive transducer. To ignite the solid fuel, 27 V dc
L i ! are fed to the initial charge in front of the solid fuel cartridge.
L Transonic Wind Tunnel, M,=0.59 ‘
080 ; Experimental Results for Model with Built-In
. Solid Fuel Gas Generator
- i The tests were carried outin the supersonic wind tunnel at Mach 3
0580 L and stagnation pressure of 3.5 atm. Figure 13 shows as an example
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Fig. 11 Time dependence of C; for plasma flowing at M =0.59.
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Fig. 12 Mach number dependence of Cy;: 1, without plasma flowing;
2, with plasma flowing; and - - -, approximation.

model with a built-in solid fuel gas generatorand strain gauges. The
model and strain gauges were the same as before (Fig. 1), but the
solid fuel gas generator replaced the plasma generator.

The solid fuel gas generator was mounted on a sting installed
in the wind tunnel working section, and the model-tubular strain
gauge assembly was fitted on it. The general parameters of the solid
fuel gas generator are as follows: The working section is up to
120 mm, the inner diameter of the gas generator chamberis 30 mm,
the cylinder wall thickness is 4 mm, the nozzle throat diameters
are 4 and 5 mm, the exit diameters are 7.61 and 8.6 mm, and the
length and the diameter of the solid fuel cartridge are 48 and 25 mm,
respectively.

The gas generator uncooled nozzles were made of tungsten. The
temperature of solid fuel burning was about 3000 K, and the time of
burning was from 4 to 8 s. At such conditions copper begins to melt. Fig. 13 Shadowgraphs of the flow at M =3.

With hot gas flowing, t = 7.07 s
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Fig. 14 Time dependence of C,; for hot gas flowing at M =3.
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Fig. 15 Time dependence of dimensionless thrust 7/¢S without exter-
nal flow for hot gas flowing.

By comparison of Figs. 2 and 13 at the moment of plasma and
hot-gasinjection, one can note that the formation of the shock wave
configurations is different. The hot-gas injection forms a sharper
shock wave configuration than plasma injection.

Figure 14 shows the time dependence of C,; during the experi-
ment, when the nozzle throat diameter was 5 mm. Maximum drag
reduction is about two times greater in this case, and the working
time of the hot-gasinjectionis about 3.5 s. Figure 15 demonstrates
the time dependenceof the dimensionlessthrust 7/q S for the hot gas
flowing through a nozzle throat diameter of 5 mm. In this case the
model was fastened and the gas generator was unfastened from sup-
porting device. The test was carried out in the wind tunnel without
external flow. By comparison of Figs. 14 and 15, one can conclude
that maximum thrustis about 10% of the value of the drag reduction.
Thus, in this case the positive effect of the drag reduction is rather
significant.

Computational Simulations

To understandthe physicsof the dragreductionin the wind-tunnel
experiments, numerical experiments were conducted. A computer
program was written, and preliminary calculations of the symmet-
rical flow near the body cone-cylinder at M., =4 were conducted
for the injection of very hot and medium hot gas into the oncoming
supersonic flow. The hot-gas Mach number was M; =3.65, and the
stagnation pressure was po; = 15.4 atm in all cases.

The following dimensional (dimensionless) parameters of the on-
coming flow at a stagnation pressure of py =12 atm and a stagna-
tion temperature of Tp =290 K were used: po =0.4 kg/m® (1),
Ve =666 m/s (1), and p, =0.079 atm (0.0446). The specific heat
ratio y = 1.4 was constant, and the characteristic values for the di-
mensionless flow parameters were density p., velocity V,, and
length L =1 mm. Three cases with the same jet impulse but differ-

Table2 Dimensionless parameters of jet
at the nozzle exit

Tpj, K
Parameter 6000 2000 600
pj 0.0865 0.2602 0.8675
Vi 4.4 2.565 1.4
Dj 0.0918 0.0918 0.0918

\ Y

A
D
—
M= Mp=3.65
—>
E

0

Fig. 16 Flow scheme.

ent jet stagnation temperatures, 7y; = 6000, 2000, and 600 K, were
calculated. The dimensionless parameters of the jet at the nozzle
exit are given in Table 2.

Figure 16 presents the flow scheme. The boundary conditions
were as follows: on lines AB, AC, and BF, uniform freestream flow;
on the symmetry axis, symmetrical conditionsof flow; on the outside
of boundaries CD and EF, free out; on the cone-cylinder surface,
U, =0, where U, is the normal component gas velocity to the body
surface; on the cone nose, parameters of injecting gas at the nozzle
exit.

The unsteady Euler equations of the ideal perfect gas in inte-
gral conservativeform were considered for the mathematical model,
and the well-known McCormac difference scheme was used. In the
places where flow instability appeared, the solution was smoothed.!*
During the calculation process, the shock waves were not especially
noted.

The dimensionless time step At was determined from Courant
stability conditions. The meshes used included 100 X 100 points.
The calculations were finished when the differences of relative flow
parameters at the neighboring time steps were less than 0.01.

Figures 17 and 18, as examples, show the computed pressure,
density, temperature, and Mach number distributions at stagnation
temperatures Ty; =6000 and 600 K, respectively. The results are
presented as color fields of small regions p, p, T, and M =const.
The values of the parameters are an average for those small re-
gions. Let us consider the computed results for hot-gas injection at
Ty; =6000K. Figure 17 shows that the pressureand the density near
the critical point are small in comparison with the values without
hot-gas injection. Those, as well known, are approximately equal to
0.92and 3.7, respectively. The jet temperatureis about 1100 K at the
initial and middle parts, and at the end the temperature increases to
~2900 K. Here the jet is separated by the contact surface. Near the
stagnationpoint, one can see the hot region with temperature ~ 6000
K and pressure ~0.9. The high-pressureregion is localized, and the
flow with temperatures ~4500-5000 K cover a rather long region.
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Fig. 17 Pressure, density, temperature, and Mach number distribu-
tions at stagnation temperature 7; = 6000 K.

Fig. 18 Pressure, density, temperature, and Mach number distribu-
tions at stagnation temperature T; = 600 K.
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Table3 Stagnation hot-gas
temperature dependence of Cy4

Toj, K Cq

Without gas injecting 0.56
600 0.52
2000 0.45
6000 0.32

Near the stagnationpoint, the hot jet turns around, separated from
the involved gas by a second contact surface, which is separated by
the next contact surface from external flow. Between the first and
second contact surfaces, the gas initially moves with supersonic
velocity and subsonic velocity near the external contact surface.
The flow between second and third contact surfaces is subsonic.
Near the jet stagnation point, the bow shock wave forms. The flow
following it is subsonic and then supersonic. In fact, the oncoming
flow moves almost as if it is a liquid body. This flow is supersonic
except in the stagnation point region.

The gasflow fromthe jethas a smalldensityof ~0.1. This gas flow
consists of two parts near the meeting of the second contact surface
with the cone. The first part of the flow returns and forms a closed-
flow region. The second part of the flow is near the cone surface and
forms a fictitious liquid body with smaller angle, respectively, to
the oncoming supersonic flow. Here the pressure value is ~0.2-0.3
and the density is small, but the temperature is high. The pressure
increases as a result of the external supersonic flow slowing. Its
slowing causes a shock to form near the cone surface.

By analyzing and comparing Figs. 17 and 18, one can conclude
that all higher pointed structure flow elements for 7p; =6000 K
take place for Typ; =600 K. However, for Tp; =600 K the sizes
of interaction regions are smaller because in that case the kinetic

energy stream, determinedas p; Vj3 /2,is smallerbecause V; ~ TUI./ .
Having smaller kinetic energy, the jet also has a smaller penetration

range. The pressure value at the cone surface is significantly greater
in that case. As a result, drag reduction is less.

In Table 3 the computed results for the hot-gas stagnationtemper-
ature dependenceof C, are presented. In Table 3 one can see that the
value of drag reductiondepends on jet stagnation temperature. Also
note that the value of drag reduction for 7;; =6000 K is quite near
the experimental results at M, =4 with plasma injection (Fig. 7).

Conclusions

The influence of plasma and hot-gas injection from a cone-
cylindermodel surface toward the external flow on the aerodynamic
drag of the model has been studied. The experimental and theoreti-
cal investigationsshowed that the plasma and hot-gas injection can
be used to reduce drag at subsonic, transonic, and supersonic Mach
numbers. Therefore, technology can be developed to destroy or at
least to reduce the effects of the sonic barrier and, possibly, to help
overcome the hypersonicbarrier (the design and realizationof high-
speed civil transport).

The value of the drag reductiondepends on the jet stagnationtem-
perature. The experimental and theoretical results are in agreement.

The drag reduction at supersonic velocities can be explained as a
result of the formation, near the model, of an effective liquid body
with the low pressure and density values.

The flow pictures with plasma and hot-gasinjection are different.

Furtherinvestigationsare required to explainthe effect of the drag
reduction at subsonic and transonic Mach numbers. In addition, it
is necessary to understand the influence that plasma and hot-gas
physics properties have on the drag reduction.
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