
AIAA JOURNAL

Vol. 41, No. 3, March 2003

Nonequilibrium Radio Frequency Discharge Plasma
Effect on Conical Shock Wave: M = 2.5 Flow

Peter Palm,¤ Rodney Meyer,† Elke Plönjes,¤ J. William Rich,‡ and Igor V. Adamovich§

The Ohio State University, Columbus, Ohio 43210-1107

An experimental study of shock modi� cation in an M = 2:5 supersonic � ow of nonequilibrium plasma over a
cone is discussed. The experiments are conducted in a nonequilibrium plasma supersonic wind tunnel. Recent
experiments at the Ohio State University using a supersonic plasma � ow over a quasi-two-dimensional wedge
showed that an oblique shock can be considerably weakened by a transverse rf discharge plasma. The previously
observed shock weakening, however, has been found consistent with a temperature rise in the boundary layers
heated by the discharge. In the present study, the boundary-layereffects on the shock wave are reduced by placing
an entire cone model into a supersonic inviscid core � ow. The electron density in the supersonic plasma � ow in
the test section is measured using microwave attenuation. The ionization fraction in the discharge is in the same
range as in the previous plasma shock experiments, up to ne/N = (1.2–3.0) ££ 10¡7. The results do not show any
detectable shock weakening by the plasma. This strongly suggests that the previously observed shock weakening
and dispersion in nonequilibrium plasmas are entirely due to thermal effects.

I. Introduction

S HOCK wave propagation in weakly ionized glow discharge
plasmas (with ionization fractions of ne=N » 10¡8–10¡6) has

been extensively studied over the past 15 years, both in Russia1¡11

and in the United States.12¡19 A number of anomalous effects, such
as shock acceleration, weakening, and dispersion have been re-
ported. These effects have been observed in discharges in various
gases (air, N2, Ar) at pressures up to P D 30 torr, and for Mach
numbers M D 1:5–4.5. They have also been reported to persist for a
long time after the discharge is off (up to »1 ms). These results led
to a suggestionthat the anomalous shock wave behavior in nonequi-
librium plasmas is primarily due to the effect of the speed of sound
and the � ow� eld modi� cation by the charged species, for example,
ion-acoustic wave,20 or by the metastable species21¡23 present in
the plasma.

Recent experimental and modeling results suggest that these ef-
fects can be explained by nonuniform gas heating in the discharge.
Indeed, pulsed glow discharge/shock tube experiments16 demon-
strate that shock weakening and dispersion in glow discharge plas-
mas are no longer observed when the gas temperature gradients
are reduced to a minimum. In addition, several computational � uid
dynamics models predict acceleration, weakening, and dispersion
of the shock wave propagating across axial and radial temperature
gradients (without plasmas),24¡26 fairly consistent with the experi-
ments. Finally, analysis of possible plasma-related mechanisms of
the � ow� eld modi� cation (ion-acoustic waves, energy storage by
metastable species, etc.) shows that both these phenomena have
a negligible effect on the shock wave propagation.27 This occurs
for two basic reasons: 1) The ionization fraction in these plas-
mas is far too low for the charged species, perturbed by the shock,
to produce signi� cant coupling with the neutral species � ow� eld.
2) The amount of energy stored in the metastables is too low, or the
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metastable relaxation rate is too slow to affect the energy balance
in the shock.

Recently, experimental studies of shock modi� cation have been
conducted at the Ohio State University using a nonequilibrium
plasma supersonic wind tunnel.17;18 In this experiment, an oblique
shock attached to a wedge located in a supersonic � ow of a cold,
nonequilibriumN2–He plasma was monitored using high-pressure
plasma � ow visualization. The plasma was produced by an aero-
dynamically stabilized diffuse dc glow discharge17 sustained in the
tunnel plenum and by a transverse rf discharge18 sustained in the
supersonic test section. The advantage of this experiment is that
a stationary shock is observed in a steady-state plasma � ow with
well-characterized parameters. In addition, in this experiment the
ionization is sustained in a cold supersonic � ow without producing
considerablegas heating. In other words, the thermal and ionization
effects are uncoupled. Such an experiment can determine whether
ionization contributed to acceleration, weakening, and dispersion
of shock waves in glow discharge plasmas observed in previous
experiments1;2;12;13 or whether these effects are entirely due to ra-
dial and axial temperature gradients present in the plasma.

Previousmeasurements18 showedconsiderableobliqueshock an-
gle increasewith the rf dischargeturnedon, that is, shockweakening.
With the rf discharge on, the shock angle increased from its base-
line value of ® D 99 deg to ®0 D 113 deg, which corresponds to an
apparent Mach number reduction from M D 2:06 to 1.88. However,
both the observed shock weakening and its subsequent recovery af-
ter the rf discharge was turned off occurred on a long timescale,
over a few seconds. For comparison, the supersonic � ow residence
time in the test section was of the order of 50 ¹s. In addition, the
observed Mach number reduction was found to be consistent with
the temperature increase in the boundary layers on the test section
walls, adjacent to the transverse rf discharge electrodes. These ob-
servationssuggest that the observedshock weakening is likely to be
due to thermal effects, in particular, oblique shock interaction with
the heated boundary layers.

The present paper discusses the resultsof a follow-onexperimen-
tal study where the boundary-layereffects on the shock are reduced.
The main objective of this work is to determine whether the shock
weakeningby plasmas reported in previous studiesat the Ohio State
University and elsewhere is indeed due to thermal effects.

II. Experimental Facility
The facilityused in thepresentstudyis a modi� cationof a recently

developed, small-scale, steady-state nonequilibrium plasma wind
tunnel.17;18 The design and operation of the wind tunnel has been
describedin greaterdetail in Refs. 17 and 18. Brie� y, the supersonic
� ow of nonequilibrium plasma in the wind tunnel is produced by
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a)

b)

Fig. 1 Schematic of the supersonic rf discharge/test section: a) side
view and b) top view.

an aerodynamicallystabilizeddiffusedc glow discharge17 sustained
in the tunnel plenum and by a transverse rf discharge18 sustained
in the supersonic test section. Both discharges can be sustained at
quite high plenum and test section pressures, up to P0 D 2

3 atm and
Ptest D 0:1 atm, respectively, in nitrogen and air. Operation at rela-
tivelyhigh plenumpressurescreatesa supersonic� ow of reasonable
quality (»75% inviscid core), in the test section of the tunnel.17 At
M D 2, run durations of at least a few minutes are attained.18 This
is not an arc-heated tunnel. Although the electrical power into the
dischargescan be rather high, up to 500-W dc and 300-W rf in pure
N2 , up to about 90% of the input power goes into the vibrational
and electronic energy modes of nitrogen.28 In contrast to an electric
arc, very little of the power goes directly to gas heating. Therefore,
conditions of the gases in the test section exhibit the extreme ther-
mal disequilibriumof the positive column of a glow discharge.The
translational/rotationalmode temperatureis low (»100–200 K), the
energy in the vibrational mode is high (0.1–0.2 eV per diatomic
molecule), the electron density is ne » 1011 cm¡3 , and the average
electron energy is in the 1.0 eV range.

Downstream of the plenum/dc discharge section is a 9-cm-long,
rectangular cross section supersonic nozzle, shown in Fig. 1. The
nozzle is made of transparent acrylic plastic, with a CaF2 window,
which provides optical access to the test section, both in the visible
and in the infrared. Fabrication and use of a range of nozzles with
varying expansion ratios and test section lengths is straightforward
and rapid.The nozzle is connected,througha simple step diffuser,to
a ballast tank pumped by a several-hundred-cubic-feet-per-minute
vacuumpump. To reduce the effect of the side wall boundary layers
on the supersonic inviscid core � ow, the side walls of the nozzle are
divergingat a constant angle of 5.5 deg. This also allows accommo-
dation of a small plastic cone model in the test section. The nozzle
throat and exit dimensions are 17 £ 3 mm and 29 £ 20 mm, respec-
tively. During the wind-tunnel operation, static pressure in the test
section is monitored using two pressure taps in the top nozzle wall,
one between the rf electrodes and the other approximately halfway
between the electrodesand the diffuser (Fig. 1). The diameter of the
pressure taps is about 0.2 mm.

In the present experiment, the dc discharge in the nozzle plenum
is used only for supersonicplasma � ow visualization.17;18 Previous
experiments17 showed that turning the dc discharge on and off did
not produce a detectable effect on the shock angle. On the other
hand, the rf discharge is primarily used to produce ionization in
the supersonic test section. The rf discharge is sustained between
17-mm-long, 4-mm-wide strip copper electrodes embedded in the
nozzle side walls, as shown in Fig. 1. Both rf electrodes are placed
inside the C-shaped rectangularquartz channels, as shown in Fig. 1,
to prevent secondary electron emission, which would result in the
discharge collapse into an arc. The thickness of the quartz layers

between the electrodes and the � ow is 1 mm. The electrodes do not
extendwall to wall (Fig. 1) becausethis would produceconsiderable
discharge and temperature nonuniformity in the boundary layers
because of the long � ow residence time there. The rf voltage was
applied to the electrodes using an ENI 13.56-MHz, 600-W ACG-
6B rf power supply, and a 3-kW MFJ-949E tuner was used for rf
circuit impedance matching. Typically, the re� ected rf power did
not exceed 3–5% of the forward power. This allowed sustaining a
stable, diffuse, and uniform transverse discharge in air, nitrogen,
and N2–He mixtures. Initiating and sustaining of the rf discharge
did not require � ow preionizationby the dc discharge upstream.

For electrondensitymeasurementsin the test section, two rectan-
gular microwave waveguides, 2 £ 1 cm across, are placed on both
sides of the nozzle immediately downstream of the rf electrodes.
The electron density in the plasma is determined from the relative
attenuation of a 10-GHz microwave signal across the plasma. The
average electron density in the plasma is inferred from these mea-
surements using the following relation29:

ne D
¡
mec"0

¯
e2

¢
ºcoll.±V =Vinc/.1=d/ (1)

where ºcoll is the electron–neutral collision frequency,

±V =Vinc D .Vtrans ¡ Vinc/=Vinc

is the relative attenuation factor in terms of the forward power de-
tector voltage proportional to the incident and the transmitted mi-
crowavepower, and d D 7:5 mm is the averagedistancebetween the
internal nozzle walls in the test section (that is, at the location of the
waveguides).The microwave attenuationmeasurement apparatus is
described in greater detail in Ref. 29.

For the shock modi� cation studies reported here, an 8-mm-long,
40-deg full angle plastic cone is inserted into the supersonicionized
� ow 5 mm downstreamof the rf electrodes, as shown in Fig. 1. The
model is glued to a metal sting embedded in a thin plastic brace lo-
cated in the diffuser.The distancebetween the test sectionside walls
at the model location exceeds the model base diameter by about
a factor of 2.2. The model occupies about 6% of the test section
cross-sectionalarea. With this system, the effect of the nonequilib-
rium plasma on the strength of the resultant shock attached to the
nose of the wedge can be studied in detail, in a steady and well-
controlledplasma environment.The objectiveof the experiments is
to measure the oblique shock angle, under both rf plasma-on and
rf plasma-off conditions. It had been reported that the effect of the
plasma is to weaken the shock. This should produce an apparent
reduction of the shock Mach number and, therefore, increase the
shock angle. Flow images visualized by the dc plasma were taken
using a high-resolutionmonochrome camera COHU-4910.

III. Results and Discussion
The presentexperimentshavebeen conductedin pure nitrogen,as

well as in two different N2–He gas mixtures, 70% N2–30% He and
30% N2–70% He, at the same plenum pressure of P0 D 250 torr. At
these conditions, the mass � ow rate through the nozzle varies from
4.3 g/s in a 70% He mixture to 5.1 g/s in nitrogen. Both the axial dc
and the transverserf dischargeswere equallydiffuseand stable in all
gas mixturesused.The resultsof thedc and the rf currentandvoltage
measurements at these conditions are summarized in Table 1. It can
be seen that a sizable fractionof thedc powergeneratedby thepower
supply is dissipated in the ballast resistor (from 25% in nitrogen up
to 60% in a 30% N2–70% He mixture). The reduced electric � eld
in the aerodynamically stabilized dc discharge, determined from
the measured dc voltage, plenum pressure, and the interelectrode
distance varied in the range .E=N /dc D (4–6)£ 10¡16 V ¢ cm2. At
these conditions, up to 90% of the input electrical power goes to
vibrational excitation of N2 by electron impact rather than to direct
gas heating.28 This limits the maximum temperature rise in the dc
discharge to only a few degrees. Indeed, for a nitrogen � ow with
a mass � ow rate of 5.1 g/s and the dc discharge power of 290 W,
the temperature rise can be estimated as 1T » 5 K. Because of the
very slow rate of N2 vibrational relaxation at these temperatures,30

its contribution to the gas heating in the supersonic expansion � ow
is negligible.
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Table 1 Discharge parameters: dc and rf

dc power to rf power, Urf, Irf ,
Run Udc , kV Idc, mA plasma, W W kV (rms) mA (rms)

Gas mixture, 30% N2–70% He
1 17.0 25.2 175 100 0.78 72
2 200 1.28 111
3 250 1.42 119

Gas mixture, 70% N2–30% He
4 20.0 17.3 225 200 1.28 130
5 300 1.70 176
6 350 1.84 184

Gas, N2
7 25.0 15.3 290 200 1.28 122
8 300 1.70 173

Table 2 Electron density measurements

Run dc power, W rf power, W ±V=V ne , cm¡3

Gas, N2

9 0 100 0.098 1.93£ 1011

10 150 0.079 1.55£ 1011

11 200 0.076 1.49£ 1011

12 250 0.077 1.51£ 1011

Gas mixture, 70% N2–30% He
13 200 0.096 1.60£ 1011

Gas mixture, 30% N2–70% He
14 200 0.29 3.60£ 1011

15 175 0 <2:5 £ 10¡3 <3 £ 109

The estimated reduced electric � eld based on the measured rms
rf voltage and a distance between the rf electrodes of »10 mm is
signi� cantly higher, .E=N /rf D (10–20)£ 10¡16 V ¢ cm2. This esti-
mate does not take into account the voltage drops across the quartz
layers covering the electrodes, as well as across the plasma sheaths.
The measured rms rf current varies from 72 to 184 mA, which
gives the current density in the transverse rf discharge of j D 100–
270 mA/cm2 . Although at these conditions a much smaller frac-
tion of the input power goes to vibrational excitation,28 the tem-
perature rise in the rf discharge remains rather modest. Previous
measurements18 show that the temperature rise in the inviscid core
of an M D 2, 30% N2–70% He � ow excitedby a 200-W rf discharge
is only 1T D 15 K.

The results of the electron density measurements are summa-
rized in Table 2. The electron–neutral collision frequency re-
quired for the electron density inference ºcoll was obtained from
the Boltzmann equation solution at E=N D 10 £ 10¡16 V ¢ cm2

(Ref. 31) using the experimentalcross sectionsof elastic and inelas-
tic electron–molecule collision processes available in the literature.
At P D 20 torr and T D 150 K, the collision frequencies in pure ni-
trogen, 70% N2–30% He mixture, and 30% N2–70% He mixtures
are ºcoll D 1:74 £ 1011 s¡1 , 1.47 £ 1011 s¡1, and 1.10 £ 1011 s¡1,
respectively. Note that the electron density in the rf discharge in
pure nitrogen is nearly independentof the rf power (within »25%),
ne

»D (1.5–2.0) £ 1011 cm¡3. The observed electric current increase
with the applied rf power (Table 1) is likely due to the electron
drift velocity increase at a higher E=N . Increasing the helium par-
tial pressure in the gas mixture up to 70% resulted in an electron
density rise of about a factor of two, up to ne D 3:6 £ 1011 cm¡3.
These values of electron density correspond to test section ioniza-
tion fractions of ne=N D (1.2–3.0)£ 10¡7, which are in the same
rangeas the estimated ionizationfractions in previousplasma shock
experiments.1;2;12;13

In contrast, the test section electron density produced by the dc
dischargeafterglow in the nozzle plenum (with the rf dischargeoff)
is much lower, ne < 3 £ 109 cm¡3 . In fact, in this case microwave
absorptionmeasurementsdid not show detectableabsorptionabove
the noise level.This dramatic differencebetween the electrondensi-
ties in thedcdischargeafterglowand in the rf dischargeis mainly due
to two factors: 1) the lower reducedelectric � eld in the dc discharge
and 2) the � ow expansion between the nozzle plenum and the test
section.Basically, thevalueof E=N in nonequilibriumdischargesin

Fig.2 Electron energy balance in air plasmas32: ——, vibrationalexci-
tation, N2; – – – , vibrational excitation, O2; –. –. –., electrical excitation,
N2; ², electrical excitation, O2; ¥, ionization; and N, dissociation at-
tachment to O2 .

Fig. 3 Results of test section static pressure measurements, air at P0 =
250 torr.

molecular gases controls the electronenergy balance.(For example,
see Fig. 2 and Ref. 32.) An increase of E=N reduces the fraction of
input power going into vibrational excitation and greatly increases
the rates of both molecular dissociation and ionization (Fig. 2).
This is consistent with previous measurements of the CO vibra-
tional temperature in supersonic plasma � ows sustained by dc and
rf discharges.18 Higher values of E=N in the transverserf discharge
are responsible for a higher electron impact ionization rate and,
therefore, higher electron density. In addition, expansion of the dc
afterglow plasma downstream of the nozzle throat reduces both the
numberdensity and the electrondensity in the test section.Note that
the � owresidencetime in thenozzle,¿� ow » u=L » 50–100¹s, is too
short to allowsigni� cantelectron–ion recombinationdownstreamof
the dc discharge. (The recombination time is ¿rec » 1=¯ne » 1 ms.)
Here u » 500–1000 m/s is the � ow velocity, L » 5 cm is the nozzle
length, ¯ » 10¡7 cm3/s is the dissociative recombination rate, and
ne » 1010 cm¡3 is the electron density in the dc discharge estimated
from the measured dc voltage and current.17 This result suggests
that a transverse rf discharge can be ef� ciently used to produce
rather high electron densities, as well as atomic species and radical
concentrationsin supersonic � ows of molecular gases.

Figure 3 shows the results of the test section pressure measure-
ments during the wind-tunnel operation with both dc and rf dis-
charges turned off. Note that the static pressure remains stable and
nearly constant (within 5%) for about 30 s before the back pressure
starts rising. Turning the dc dischargeon had almost no effect on the



468 PALM ET AL.

a)

b)

Fig. 4 Inverted photographs of the supersonic � ows visualized by the
plasmagenerated bya dc discharge in thenozzleplenumatP0 = 250torr:
a) 50% N2–50% He � ow over a 35-deg wedge18 [the shock angle is
100 deg (M = 2.05)] and b) 30% N2–70% He � ow over a 40-deg cone
[the shock angle is 69 deg (M = 2.39)].

test section pressure, whereas turning the rf discharge on resulted
only in a slight pressure increase (within 1–3% dependingon the rf
power).

As in previous experiments,18 with the dc and/or rf discharge on,
the nozzle and the test section are � lled with bright visible emis-
sion, arising primarily from the well-known second positive bands
of nitrogen, C35u ! B36g . This emission allows straightforward
supersonicplasma � ow and shock visualization.17;18 As a � rst-order
approximation, neglecting kinetic processes of population and de-
cay of electronically excited radiating species, we can assume that
the observed emission intensity, that is, the radiating species con-
centration, is simply proportional to the local number density. The
rationale for this assumption is that the excited electronic level pop-
ulationsof N2 are stronglycoupledwith the ground state vibrational
populationsof nitrogen,which relax extremelyslowly. For example,
the vibration–translation relaxation time of N2 by He at the condi-
tions of the present experiment is of the order of seconds,31 whereas
the � ow residence time in the test section is of the order of tens of
microseconds.

Figure 4 shows inverted black and white photographsof a super-
sonic N2–He � ow over a wedge in a quasi-two-dimensional plane
nozzle18 and a supersonic N2–He � ow over a cone in the nozzle
shown in Fig. 1. Both � ows are visualized by a dc discharge sus-
tained in the nozzle plenum.Comparisonof these two images shows
signi� cant qualitative differences. Indeed, the supersonic � ow� eld
over the wedge appears to be quite complicated. First, one can see
that the visible oblique shock attached to the wedge nose extends
only over about one-quarterof the wedge length. Second, there ap-

pears to be a fainter secondary shock formed about halfway along
the wedge. Finally, there are two distinct bright features formed
near the wedge surface that look similar to boundary layers. On the
other hand, the supersonic � ow over the cone appears to be much
less complicated. The entire region behind the shock is � lled with
bright, nearly uniform visible emission, with no apparent bright or
dark structures (Fig. 4). This observation is consistent with our as-
sumption regarding the correlation between the emission intensity
and the local number density. Indeed, in the absence of the shock
perturbation by the nozzle walls, the number density of the � ow
behind the conical shock is expected to be uniform. The conical
shock front looks somewhat less distinct compared to the oblique
shock front (Fig. 4) because in the former case we are looking at a
three-dimensionalobject that is not entirely in focus.

This qualitative analysis suggests that the � ow over a wedge
in the quasi-two-dimensional plane nozzle studied in previous
experiments17;18 is ratherstronglyperturbedby thenozzlesidewalls,
which were only 4–5 mm apart. In the wedge � ow shown in Fig. 4a,
the obliqueshockangle of ® D 100 deg indicatesa test sectionMach
numberof M D 2:05. In the cone � ow, the shockangle is ® D 68 deg,
which corresponds to a Mach number of M D 2:39. The shock an-
gle is measured with an accuracy of §0.75 deg, which was found
by comparing the angle determined from several frames of a high-
resolutionvideo camera taken during the same run at a rate of about
1 frame per second.

Unlike previous experiments,18 turning the rf discharge on and
off during the wind-tunnel operation did not result in a detectable

a)

b)

Fig. 5 Photographsof the supersonic � ow over a cone visualized by the
plasma generated by a dc and an rf discharges in a 30% N2 –70% He
� ow at P0 = 250 torr: a) only the 175-W dc discharge is on and b) both
the 175-W dc and the 250-W rf discharge are on.
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shock angle increase. These measurements have been done in all
three gas mixtures considered. In these measurements, the dc dis-
charge remained on all of the time to provide plasma � ow visual-
ization and enable shock angle measurements with the rf discharge
off. The maximum rf discharge power applied was 350 W. This is
almost twice the maximum rf power used in previous experiments
in a quasi-two-dimensionalplane nozzle (200 W) (Ref. 18), which
resulted in a considerable shock weakening. As an example, Fig. 5
shows two typical � ow images obtained in a 30% N2–70% He � ow
overa conewith the250-Wrf dischargeturnedon andoff. In all runs,
the shock angle with the rf discharge turned on was within about
1 deg from its value with the rf discharge turned off, ® D 68 deg.
At all experimental conditions, the shock front appeared sharp and
well de� ned, with no evidence of splitting or dispersion (Fig. 5).

In previous shock weakening experiments in a supersonic � ow
overa 35-degwedge,18 theobliqueshockangle in a 30%N2–70%He
� ow increasedfrom ® D 99 deg to ®0 D 113 deg, which corresponds
to an apparent Mach number reduction from M D 2:06 to M 0 D
1:88 (M 0=M »D 0:913). In a supersonic � ow over a cone, the shock
anglechange that correspondsto such Mach number reduction,from
M D 2:39 to M 0 D 2:18, is substantiallysmaller becauseof the three-
dimensionalreliefeffect, from® D 68deg to ®0 D 72deg.However,a
4-degangle changeconsiderablyexceedsthe accuracyof the present
shock angle measurements, and a consistent shock angle increase
of such magnitude would certainly have been detected.

IV. Conclusions
Removal of the heated boundary layers, which contributed to the

shock weakening in previous plasma wind-tunnel experiments,18

as well as the resulting reduction of gas temperature gradients in
the supersonic test section, essentially resulted in disappearanceof
the effect of the plasma on the shock strength. Although in the
present experiments the rf discharge power substantially exceeded
the power used in previous work,18 this did not produce any de-
tectable shock weakening. Therefore, we conclude that the heated
boundary-layer/oblique shock interaction was indeed the only rea-
son for the previouslyreported shock weakeningin the plasma wind
tunnel. Also, because in the present experiments both the � ow and
the plasma parameters[P D 10–20 torr, M D 2:4, and ne=N D (1.2–
3.0) £ 10¡7] are comparable with their values in previous plasma
shock experiments,1;2;12;13 the present results strongly suggest that
previously reported anomalous shock behavior in nonequilibrium
plasmas is due to thermal effects alone.
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