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Turbulence in Plasma-Induced Hypersonic Drag Reduction

R. Appartaim,*E.-D. Mezonlin," and J. A. Johnson IIT*
Florida A&M University, Tallahassee, Florida 32310

With the use of a pressure-ruptured shock tube, an experimental study of the dynamics of shock waves in
weakly ionized argon, krypton, xenon, and neon glow discharge plasmas has been performed. For Mach numbers
in the range 1.5-3, our results show that there is an increase in the velocity of a shock wave when it makes a
transition from a neutral gas to a weakly ionized plasma, and the effect increases with increasing atomic weight.
The observations indicate that the shock acceleration cannot be accounted for by thermal effects. However, the
use of turbulence models based on reduced kinetic theory and second-order phase transitions suggests a consistent
role for turbulence in plasma-induced hypersonic drag reduction.

I. Introduction

REVIOUS investigators have suggested that for weakly ion-

ized gases under a variety of circumstances,!~? an increase in
the shock wave velocity and a correspondingdecrease in shock am-
plitude can result compared to the un-ionized case. The decreased
shock amplitude presents a means of improving the flight charac-
teristics at high altitude by weakly ionizing the gas through which
the flight occurs. The decreased shock strength in this medium then
offers a substantial potential influence on the drag forces on the
vehicle.

The anomalous dynamics of shock waves in weakly ionized
glow discharge plasmas have been studied experimentally in both
nonequilibrium molecular gases, such as air and nitrogen, and
monatomic gases such as argon and xenon.*3 In these experi-
ments, plasmas formed in gases at a pressure of 15-30 torr (1999.8—
3999.67 Pa) were used. The plasma electron temperature was typi-
cally a few electron volts and the degree of ionization of the order of
107°~1073. In some cases, a magnetic field was applied eitherlongi-
tudinal or transverse to the direction of the shock wave to study the
role of the charged species on shock dynamics. The results of these
experiments revealed similar features. Specifically, anomalously
high shock velocities were observedin the plasma medium, together
with a significant dispersion and weakening of the shock wave.

There is a growing consensus that most cases of plasma-based
shock wave acceleration in supersonic flow are a consequence of
plasma heating. However, there is now evidence to support a role
for turbulencein shock wave drag reduction and the potential oppor-
tunity of shock wave drag reduction at low plasma concentrations$
We present the results of a series of experiments looking primarily
atthe accelerationof shock waves in weakly ionized argon, krypton,
xenon, and neon plasmas. A glow discharge plasma was used, with
an electrondensity n, of 10'° cm~2, neutral density ny ~ 10'® cm™3,
and electron temperature 7, ~ 1-3 eV. The preplasma shock speeds
ranged from about 500 to 950 m/s. We examine the extrapolationof
the previously observed effects of a connection between turbulence
and shock wave drag reductionin argon to a broader class of weakly
ionized gases and look for systematic trends.
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II. Experimental Procedures

The shock waves were produced in a cylindrical shock tube as
indicated in Fig. 1. The driver section is 60 in. (1.524 m) long with
an i.d. of 5.2 in. (0.132 m); the pressure in this section was varied
from 200 to 500 torr using research grade air as the driver gas. The
driven section begins with a transition piece that reduces the 5-in.
(0.127-m)1i.d. to a 3-in. (0.076-m)1i.d. test section. The shock waves
produced in this fashion are consistent with the standard equations
of one-dimensional shock tube flow. In the test section, we used the
followingnoble gases: argon (atomic weight39.9 g, density 1.78 g/1,
and viscosity 22.9 uP, for conditions in this experiment), krypton
(atomic weight 83.80 g, density 3.73 g/l, and viscosity 25.6 uP),
neon (atomic weight 20.2 g, density 0.89 g/, and viscosity 32.1 uP),
and xenon (atomic weight 131.29 g, density 5.89 g/l, and viscosity
23.2 uP). The local speeds of sound in these gases at 338 K are 332,
280, 465, and 223 m/s, respectively.

The testsectionis made up of three 12-in.(0.305-m)-longmodular
quartz tubes. Five Kistler 606A piezoelectric pressure transducers
situated flush with the inside walls and spaced 5.5 in. (0.1397 m)
apart along the tubes allowed the speed of the shock wave to be
measured. Signals were recorded using two Tektronix 784D dig-
itizing oscilloscopes, the first of which is triggered by a pressure
transducer located in the high-pressure section. Two channels on
this oscilloscope record the pressure in a region where there is no
plasma; two others record the pressure in the plasma region. Sam-
ples of the pressure transducer data are shown in Fig. 2. The overall
time for the data shownis 300 us. The second oscilloscoperecorded
the plasma spectral information as a function of time.

The driven section is filled with the test gas at 1 torr. We con-
tinuously replenish the flow of gas through this section by running
the vacuum pump at a very low speed and leaving the loading valve
slightly open. The glow discharge plasmais produced in the central
quartz tube between hollow molybdenum electrodes with a 2-kV
dc constant current source (Universal Voltronics BRC 20000) us-
ing currents ranging from 60 to 200 mA. As discussed in previous
work,S the degree of ionization of the plasma, & = n; /n, (at fixed
pressure) can be controlled by varying the mean discharge current.
(Here n; is the plasma ion density and n is the neutral gas density.)
The on-axis plasma gas temperature is monitored (before the shock
wave is produced) with a chromega/alomega thermocouplejunction
situated 60 mm from the positive electrode.

Once a quasi-steady plasma is created at the desired pressure,
a shock wave is generated by breaking the diaphragm. The shock
travels downstream past the first two pressure transducers in the
first quartz tube. The reading of these transducers gives the speed
of the shock wave before it enters the plasma. The transducers
on the plasma-filled central quartz tube give the shock speed in
the plasma. Two electric probes each with a 1-mm-diam, 1-mm-
long probe tip located in the middle of the plasma section are used
to measure plasma properties such as electron number density n,
and electron temperature 7,. Optical spectral radiation from the
plasma is observed with a diffraction grating Acton Research Corp.
(ARC) Spectrapro-5001 spectrometer and photomultiplier station.
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Fig.1 Schematic of the shocked plasma tube.
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Fig. 2 Sample pressure data: The overall time for the data shown is
300 x 107 ys.

The spectral measurements provide information on the ionization
state of the plasma, as well as the emission characteristics of the
plasma during the passage of the shock. When these diagnosticsare
used, the effect of the plasma on the shock wave can be character-
ized as a function of the plasma properties n, n,, T,, o, and shock
Mach number. Because the local density, speed, and viscosity are
known, we can determine the unit Reynolds number (Re/!) for all
of our data.

The argon experiments were performed over a range of shock
Mach numbers from 1.5 to 3.0, using a test section pressure of ei-
ther 1 or 4 torr (133.32 or 533.29 Pa) argon. [The highest pressure at
which the discharge could be sustained was ~4.5 torr (599.95 Pa).]
For these measurements, the discharge current was varied between
20 and 200 mA, using a voltage of about 1 kV across the elec-
trodes. After initiation, the plasma was allowed to stand for about
2 min to reach a quasi-steady state before the shock wave was gen-
erated. This time period was arrived at after an observation of the
thermocouple readings over a period of several minutes. A number
of experiments were performed with and without the plasma under
identical conditions. In all cases, the propagation of the shock was
monitored from the time it was generated until it was reflected from
the end wall. The average speeds of the shock wave in the neutral
gas and in the plasma were obtained to an accuracy better than 5%
from the pressure jump of the transducer signals. When the plasma
was used, the discharge current during the transit of the shock was
measured using a potential divider connected to one of the channels
of the oscilloscopes.

For neon, krypton, and xenon, the range of operating parameters
was narrowed. The currentin all of these cases was keptat 200 mA,
and the pressure in the driven section was kept at 1 torr. For these
data, we isolate trends associated with changes in currentand trends
associated with changes in the driven section pressure from trends
solely derived from changes in the local Mach number (and, by
extrapolation, the local temperature).

The preshock plasma current and optical emission signals ob-
tained from the photomultipliershow that the plasma was quenched
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by the interaction with the shock. This quenching was attributed
to the interruption of the discharge current resulting from the sus-
tained recombination and high-pressure effects that occurred when
the shock passed through the plasma. The plasma decay time was
characterized by the electron-folding time of the discharge current
signals. Observations showed that for preplasmashock speeds of up
to ~850 m/s, that is, ~Mach 2.7, the transit time in the plasma tube
was less than the existence time of the 1-torr (133.32-Pa) plasma.
This suggests that between the shock detecting transducers on the
plasma tube, the shock wave interacted fully with a weakly ionized
plasma. The decay times were observed to be shorter for the 4-torr
(533.29-Pa) plasmas, on the order of 70 s, compared with transit
times of about 200 us, within the plasma tube.

The plasma electron number density n, and electron tempera-
ture 7, were measured using either a single-electrostatic(langmuir)
probe or the double electrostatic probe method.” The measurements
were performednear the midpointof the positive column of the glow
discharge. The results were as follows: n, ~0.75 x 107! cm~* and
T, =3¢V forthe 1-torr(133.32-Pa)plasmaand n, = 10~ cm=3 and
T, =1.5¢V for the 4-torr (533.29-Pa) plasma. A study of the plasma
radiation spectrum from 3000 to 7000 A indicated that the plasma
was predominantly singly ionized. This is in agreement with the re-
sults of the plasma density and temperature measurements. The de-
gree of ionizationof the plasma, «, is, therefore, of the orderof 1076,
The plasma gas temperature, which was measured with the thermo-
couple, peaked at ~330 K on the axis for the 1-torr (133.32-Pa)
discharge, falling to ~310 K at a radius of 1 in. (0.0254 m) from
the axis. At 4 torr (533.29 Pa), the plasma was observed to have a
somewhat hollow structure near the positive electrode. In this case,
the observed temperature on the axis was 330 K, droppingto 325 K
at a radius of 1 in. (0.0254 m).

Spectral measurements were performed by observing the on-axis
plasma with the spectrometerand photomultipliertube arrangement.
The data were digitized by a detector interface system (supplied by
ARC) in combination with a personal computer. The evolution of
selected spectral line relative intensityin real time was monitored as
the shock wave goes through the plasma. The selected lines are as
follows: for argon, Ar I 6965 A; for krypton, Kr I 5871 A; for neon
Ne I13574.6 A; and for xenon, Xe 1 4916 A A pressure transducer
signal was recorded together with the spectral signals to provide a
timing fiduciary. A sample of such results is shown in Fig. 3.

The light fluctuations are studied for evidence of turbulent sig-
natures. In these measurements, we perform Fourier analyses of
the light fluctuations and look for the standard profile® of 1) power
input range, 2) Kolomogorov-like decay, 3) energy characteristic
inputrange, 4) fast decay, and 5) noise. In the Kolomogorov range,
the power law decay is expected to be P ~ w™, were n is defined as
the spectral index and is typically found in the range 1 <n <7. A
sample of the data from xenon fluctuations is shown in Fig. 4. The
fluctuation power spectrum s derived from 20,000 samples at 10 ns
per sample. All analyses are done in Mathematica. The spectral in-
dex n is determined from data showing a Kolomogorov-likedecay.
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Fig.3 Sample: pressure and light data. The light emissions are from
excited argon neutrals.
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Fig.5 Sample data: spectral index n and turbulent fluctuation energy
U vs time.

InFig.5,asample of the measured evolutionof turbulence-related
parameters is shown. The history of the spectral index n over 30 us
is obtained from the Fourier analyses of 1000 measurementsof light
emission at a sample rate of 10 ns per sample. Therefore, each set
represented 10 us of overlappingdata. In each set, the total turbulent
fluctuationenergy U is calculatedby integratingthe power spectrum
over the range 0 < w < 200 kHz. Figure 5 shows the evolutionin U
over 30 us for the data correspondingto the evolutionin 7.

III. Results and Discussion

In Fig. 6, which includes all of the data collected on the argon
plasma, the results of observations of shock speeds are given for
1- and 4-torr argon over a range of Mach numbers. We show the
differencein shock wave speed between plasma and nonplasmaflow
vs ReynoldsnumberRe/ [ for our measurements. Thereis an onsetof
Reynolds number-based influence on shock wave speed at roughly
(Re/1) =2 x 10° /m. In both cases, compared to the un-ionized gas,
there is a significant increase in the shock speed when the shock
wave makes a transition from the neutral gas to the weakly ionized
plasma. The percentageincrease in shock speed is higher for lower
Mach numbers. At Mach 2.0 0.2, the average percentageincrease
in the preplasma shock speed is about 14% for 1-torr plasma and
20% for 4-torr plasma. The largest increase for the measurements
reported here was obtained at ~33% in 4-torr plasma.

Relative percentage change in Mach number

M T T T T T 1
.2 4 8 8 10
Reynolds number per unit length(10° m™)
Fig. 6 Velocity enhancements: argon. The Mach number of the

shock wave is determined before and after interacting with the
argon plasma.
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Fig.7 Velocity enhancements: neon, krypton, and xenon.

The increase in shock speed did not correlate in any way with the
gas temperature measured with the thermocouple for either 1- or
4-torr argon. There was also no observed dependence on the dis-
charge current. However, it was not possible, using the current ap-
paratus, to change the magnitude of the plasma discharge current
by a large factor to observe a dependence on current.

Behavior similar to that in Fig. 6 is observed in all cases, for
example, as in Fig. 7. Figure 7 is restricted to plasmas where the
discharge current is 100 mA and the pressure in the test section
is 1 torr. In all cases, there is a growth in importance of Reynolds
number as a correlation with changes in the enhancement of local
Mach number over a range of local Reynolds numbers. There is a
peak value for the speed enhancement (associated with a peak value
for Reynolds number Re /1) followed by a roll off to lower values
of speed enhancement. However, in all cases, it is difficult to infer
an onset Reynolds number equivalent to that for argon.

By the use of reduced kinetic theory, turbulent processes
with correlation timescales comparable to that of a nonequilib-
rium process may distort the natural evolution of the nonequi-
librium process.! The distortion has been observed in NO,
recombinations,'! in polymer mixing,'? in detonation waves,'* and
in heterogeneous nucleation.!* In most cases just cited, the indi-
cation of turbulent distortion came in the form of a dependence
of a turbulence sensitive parameter (droplet size, detonation reac-
tant, etc.) on Reynolds number showing an Orr—Sommerfeld-like
relationship (see Ref. 15) parameterized by a dimensionless char-
acteristic frequency. Distortions in nonequlibrium processes can be
manifest in the effective local speed of sound,'® which is implic-
itly dependent on the molecular weight of the flow constituents.
If plasma-induced drag reduction, resulting from a manipulation
of the local speed of sound, is to be a turbulence sensitive para-
meter, then there may be a similar dependence of drag reductionon
Reynolds number. The overall shape of the dependence shown and
the atomic weight sensitivityin Figs. 6 and 7 are consistent with the
predictionsin Refs. 15 and 9. These results are at least qualitatively
consistent with an important role for turbulence in drag reduction
in hypersonic flow using weakly ionized gases.
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The measurements on shock wave speed enhancement are
summarized in Fig. 8. The peak Mach number enhancement is
designated as % A M., where the subscript ¢ indicates the measured
value of the maximum percentage Mach number enhancement. The
linearlike correlation between the peak Mach number enhancement
and atomic weight is indicated. Because the value of %A M. is de-
finable (by measurement) for each atomic species, data in Fig. 8
suggest, by the correlation with atomic weight, that it might be
derivable from fundamental microscopic parameters.

The data in Figs. 6 and 7 define regimes where turbulence pro-
duces a Mach number enhancement. Because each measurement is
associated with a Reynolds number and each measurementis made
at a specific value of primary shock wave Mach number, there could
be parametrically an implicit correlation between the Mach num-
ber at which the enhancement effect is observed and its associated
Reynoldsnumber. This is particularlylikely because, by keeping the
glow discharge currentand the glow dischargepressure constant,the
effectof increasing Mach numbers (and thereby increasing the local
temperature) should be isolated. In Fig. 9, the data for Mach number
vs Reynolds for the turbulence-driven Mach number enhancement
are shown, and a correlation does indeed seem to exist. For each
species in our study, the turbulence sensitive regime seems to be
well defined.

In addition, for each species, the nature of the correlation ev-
idenced in Fig. 9 seems to be sensitive to the changes in atomic
weight. Specifically, the slope defined as d(M)/d(Re) decreaseswith
increasing atomic weight (as shown in Fig. 10). Notice, from Fig. 9,
that the overall range of Mach numbers over which the effect is
observed increases with increasing atomic weight. Notice further
(from Fig. 10) that the Reynolds range over which the effect will be
observed also increases with increasing atomic weight.

An additional interpretationof the shapes in Figs. 6 and 7 comes
from associating the values of % AM,_ with an unspecified transport
parameter. This interpretationthen affords the view of the evolutions
as evidence of a lambdalike second-orderphase change!” in the un-
derlying transition to turbulence. This interpretation characterizes
transition to turbulence as a disorder to order transition, with in-
creasinginternal energy, specifically allowed in a Ginzburg-Landau
effect (see Ref. 18). This interpretationalso allows a connection be-
tween the turbulentkinetic theory in Ref. 9 and standard approaches
to the nonequilibriumstatistical mechanics of phase transitions.!’
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Fig.10 Rate of changein Mach number with respect to Reynolds num-
ber vs atomic weight.
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Fig.11 Turbulent energy at peak percentage change in Mach number
vs atomic weight.

Therefore, because Figs. 6-8 and 10 all suggest a defining re-
lationship between the local temperature (as driven by the local
Mach number), the local atomic weight, and the change in transport
evidenced by Mach number enhancement from turbulence, the lo-
cal turbulentenergy associated with the defining conditions should
have some specialimportance.In Fig. 11, the valuesof U, vs atomic
weightare shown, where U, is the average value of U (over80 us) of
the turbulent fluctuation energy measured at % A M, as defined ear-
lier. Notice that, for increasing atomic weights, the turbulentenergy
associated with Mach number enhancement also increases.

IV. Summary

An investigation of the dynamics of shock waves in weakly ion-
ized plasmas has been performed using a pressure ruptured shock
tube and four different plasma species. The velocity of the shock
wave is observed to increase when the shock wave traverses the
plasma in all cases. The potential beneficial influence of a plasma
specieson shock wave drag increases with increasingatomic weight
atfixed densitiesand degreesof ionization.If the evolutionof % AM
with Reynolds number Re is interpreted using a turbulent kinetic
theory, then the dependence of % A M, on atomic weight is at least
qualitativelyexplained. Furthermore, if the changein the Mach num-
ber enhancement at U, is interpreted using current approaches to
phase transitions, then the appropriate sensitivity of U, with atomic
weightis observed, and thereby these data providea first step toward
a unified theory of turbulence.
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