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Shock wave propagation and dispersion in glow discharge plasmas
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Spark-generated shock waves were studied in glow discharges in argon and argon-—nitrogen
mixtures. Ultraviolet filtered Rayleigh scattering was used to measure radial profiles of gas
temperature, and the laser schlieren method was used to measure shock arrival times and axial
density gradients. Time accurate, inviscid, axisymmetric fluid dynamics computations were run and
results compared with the experiments. Our simulation show that changes in shock structure and
velocity in weakly ionized gases are explained by classical gas dynamics, with the critical role of
thermal and multi-dimensional effedfisansverse gradients, shock curvature,) efcdirect proof of

the thermal mechanism was obtained by pulsing the discharge. With a sub-millisecond delay
between starting the discharge and shock launch, plasma parameters reach their steady-state values,
but the temperature is still low, laser schlieren signals are virtually identical to those without the
discharge, differing dramatically from the signals in discharges with fully established temperature
profiles. © 2001 American Institute of Physic§DOI: 10.1063/1.1388204

I. INTRODUCTION energy and momentum transfer from electrons and ions to
the bulk neutral gas, and to very long times of these transfer
Weakly ionized gase¢plasmas could potentially have processes.
an impact on high-speed aerodynamics. Using plasmas for |5 1997, two research groups simultaneously and inde-
shock wave control, drag reduction, vehicle steering, sonigendently showed, based on inviscid computational fluid dy-
boom attenuation, ignition of combustion in engines, an amics(CFD) modeling?22that transverse and longitudinal

magnetohydrodynami¢MHD) power extraction and en- temperature and density gradients present in gas discharges

thalpy by-pass is being actively discussed. Of course, funOkﬁue to Joule heating can be responsible for the observed

gri((e:r;ttzialolrlls;sues have 1o be resolved prior to any practical aanomalous” shock profiles. The inviscid modeling of Ref.

Th . : I 22, extended in Ref. 24, emphasized that transverse gradients
e propagation of shock waves in weakly ionized plas- . . : .
mas was studied in Russial1>16and. later, in the U.&14 result in the multl—dlmen§|onal nature of shock propggatmn,
Shock acceleration, broadening, and “splitting” was ob-2nd that attempts to interpret the phenomena in one-
served in various direct curreftc), radio frequency(RF), dimensional terms can_b_e misleading. For example, shock
and pulsed discharges, in inert as well as molecular gaseSUrvature could be misinterpreted as a “broadened” or
Some researchérd* attributed experimental observations to “SPlit” one-dimensional(1D) structure. The inviscid results
various plasma-specific phenomena, from electric doublavere confirmed in Navier—Stokes computatiéhgddition-
layers to ion-acoustic waves to new long-range interactionglly, as demonstrated in Ref. 25, in the case of very weak
or microscopic structure formed in gas discharges. Howeveghocks(with a Mach number very close to br very long
other Russian research&$ found that their data can be propagation distance@nany meterswall shear could also
adequately explained by conventional thermal phenomenaesult in an apparent “splitting” of laser schlieren signals
Gas heating, temperature inhomogeneity, and vibrational reeven in a cold gas.
laxation were theoretically shown to result in “anomalous” In the present paper, we describe a combined experimen-
behavior of shocks in gas dischargés: tal and computational effort to clarify mechanisms of shock
In Refs. 20 and 21, analysis of various physical mechaprgpagation in weakly ionized plasmas. Experiments were
nisms resulted in a conclusion that the “broadening,” “split- 4one in a well-characterized positive column of glow dis-
ting,” and acceleration of shocks in gas discharges couldparge in Ar and Ar—N mixtures. Shock velocity and struc-
hardly be explained by plasma-specific effects. This is dug e \was measured using the laser schlieren method, similar

ultimately to_ the very low |on|zat|onl fraction in the dis- to experiments of Refs. 12—14. Since the temperature and its
charges, which leads to a small fraction of the total gas en-

N . .=~ ~ gradients could play a critical role in shock propagation, ra-
ergy stored in ionized and excited states, to very |neff|C|en9. play a cit . bropag
dial temperature profiles in our experiments were measured

with filtered Rayleigh scattering. Axisymmetric CFD model-
dAuthor to whom correspondence should be addressed. Electronic mai|'ng gives a very good agreement with experimental data
macheret@princeton.edu . e . - . ’
PPermanent address: Institute of Physics, St.-Petersburg State UniversitghuS proving that it is classical, but multi-dimensional, gas
St.-Petersburg, Russia. dynamics that can account for the “anomalous” effects.
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Gas Pressure Gas the light intensity after the knife edge. The signal was re-
outlet Anode Sopode Cathode Mt corded by a digital oscilloscope with 10kresistor at the
I l input, and a time resolutior0.1 us. In some measurements

FAN ﬂ a miniature pressure sensor was also used.

‘ ‘ ‘ ‘ ’ | To measure the instantaneous shock wave velocity we
used an approach similar to that proposed in Ref. 29. After

} the laser beam crossed the discharge it was retro-reflected

Spark E Knife from a small 90° prism and passed through the discharge
electrodes |:| once more with the spatial offset and then focused onto the

knife edge. This produced two closely separated schlieren

Photodiode signals of opposite signs. Shock wave velocity was found by
He-Ne laser dividing the distance between the two beam passéb@so
FIG. 1. Schematic of the experimental setup for studies of shock propageél MM by the time gap between the schlieren signals. This
tion in glow discharges. method provided an accuracy of absolute velocity near 3 per-
cent(~10 m/9 and that of relative velocity about 0.5 per-
cent(2 m/s.

In ord(_er to study shock propagation in weakly ion!zed Experiments were performed in an ArMixture (1%
plasma with very small or absent temperature gradientsys n). The addition of nitrogen substantially improved the
pulsed dlscharge' experiments were carried out. Those eXPefiydial uniformity of the discharge. A pure argon discharge
ments prove again the thermal nature of shock propagation iggniracted at currents>30-40 mA (for pressuresp=30

gas discharges. Torr). With nitrogen the discharge was not contracted at all
conditions studied(p<100 Torr, i<100 mA). To prevent

II. EXPERIMENTS ON SHOCK PROPAGATION IN electrophoresis and the accumulation of impurities, the gas

STEADY-STATE GLOW DISCHARGES mixture was pumped through the discharge with a rate of 300

A. Experimental setup and procedures sccm, which corresponded to 5-10 cm/s linear speed in the

) ) ) ) tube. Control measurements with the gas flow turned off for
The experimental setup at Princeton UniverSity is _a short time gave shock velocities and schlieren profiles
basically similar to that of Refs. 12—14. The plasmas studiegyantical to those with the flow on.
were created by a longitudinal continuous or pulsed glow  ag a5 already mentioned, the flexibility in changing the
discharge. The discharge tube, 3.8 cm i.d. and 120 cm fu'(!iischarge length allowed us to measure an electric Eeild
length, was made of quartz. Shock waves were generated @_’positive column of the dischardeathode voltage drop

a spark discharge at the one end of the tube. The spark Cimﬂbuld also be found in these measuremerfésr p=30—50
parameters are capacitor QuF, voltage 15—-20 kV. The ca- Torr, i=30—-100 mA theE value was from 8 to 14 Vicm.

pacitor discharge was controllgd by a triggering spark gapAssuming a Bessel radial profile for gas temperature, we
The ShOCk wave entereq the discharge through a n{;\(@ow calculated the reduced electric fidtN (N is the gas number
mm W'd.e and 0.1 mm.th|c)kr|ng electrode ma‘?'e of stainless density and electron number density,. Averaged over the
steel foil mounted adjacent t@lmost flush with the wall. tube cross section, these values &#=1.2—1.4 Td,n,
The electrode neares_t to th_e spark was always the ar_10de, @(1.2—4)>< 109 ¢cm™3 for the condition range mentioned
order to prevent the incoming shock wave from passing byabove.
the hot cathode and through the cathode fall of the discharge.
The gatho_de in aII.puIse and mqst steady-state experimengs_ Measurements of temperature profiles
was identical in size and material to the anode. In some
experimental runs, where shock profiles deep inside the We have used ultraviolet filtered Rayleigh scattering
plasma, far from the cathode, were studied, another cathod®V FRS®**! to measure temperature profiles of the dis-
was used: a 25 mm diameter hollow cylinder with the axischarges studied. A summary of these measurements is pre-
perpendicular to the tube axis. This cathode was used onigented here. A narrow linewidth laser is used to illuminate
when it was far enough downstream of the shock and coulthe sample gas and the scattered light is imaged through a
not affect shock propagation. Both the cathode and anodearrow band absorption filter onto a detector, as shown sche-
could be placed at different locations in the tube, so that thénatically in Fig. 2. The laser should be tunable so that it may
distance between the spark and the anode could be 20 or 4@ tuned within an absorption notch, and narrow linewidth so
cm, and the length of discharge could be 20, 40, or 60 cmthat the elastic backgroun@iue to windows, particulates,
The flexibility in changing the discharge length was used foretc) is narrow compared to the spectral width of an absorp-
measuring the electric field in the plasrtsee below. tion notch. The amount of scattered light measured by the
Similarly to Refs. 12-14, we used a laser schlierendetector depends on the spectral overlap of the scattered light
method® for detecting the shock wave frorffig. 1). A and the filter absorption profile. The filter offers very nearly
He—Ne laser beam crossed the discharge horizontally alon00% transmission outside of the absorption notches, yet is
the diameter and was then focused onto the plane of a knifextremely optically thick(suppression modeled as®>1and
by a lens(f=50 cm). The beam ¥ diameter was about 0.3 highep within the absorption notches. The light scattered by
mm. A photodiode with a response time of 20 ns measurethe atoms and/or molecules in the flow is thermally and col-
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FIG. 2. Schematic diagram of experimental setup for
monochromator D photodiode UV FRS measurements of temperature profiles.
computer PMTm
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lisionally broadened, and is therefore spectrally wider tharfrequency. The filter has a length of 5 cm, a mercury vapor
the laser and background. When the laser is tuned to overlggressure of 0.0030 Torr, and a temperature of 315 K. In this
an absorption notch, the filter serves to suppress the backpectral region, mercury has six absorption notches due to
ground while transmitting a large fraction of the light scat- hyperfine splitting and different isotopic contributions. Fig-
tered from the flow. By an appropriate selection of filter con-ure 3 is a closer view of the highest frequency absorption
ditions, and laser frequency, one may obtain very strongiotch—the one used in the current work. The nominal loca-
background suppressidggreater than 10 while transmitting  tion of the lines is at 253.7 nm. The modeled FRS signal
close to half the scattered light. levels are for a scatterer of 50 Torr of argon at various tem-

Depending on the conditions of a specific measuremenperatures. The Rayleigh scattering cross-section is not af-
slightly different approaches may be used. In cases of corfected by the weak ionization and so the curves describe both
stant(known) pressure we use a method which precludes thargon gases and the plasmas used in these experiments. The
need for background subtraction. The approach is to ratio thsignals are normalized to 300 (Ky the ideal gas lajso that
FRS signal at a temperature to be measuigg, to the their relative magnitude scales as would be measured by a
signal at a known temperatur€,.;. Both measurements are detector. In the absence of the filter the signal is linear with
taken at the same frequency within an absorption notch sdensity(or 1/T), while within the absorption features there is
that any background is strongly suppressed in both cases. A&lso a weaker effect from the variation of a scattering line-
constant pressure there is a one-to-one correspondence width with temperature. From such modeling one may find
temperature and density so that the measured ratio uniquetiie relationship between the experimentally measured FRS
defines the unknown temperatufg,. The signal ratio is signal ratio,
primarily determined by the density ratio, with a smaller op-
posing contribution from lineshape effects. Ratio= FRS signal T=Ty,)/FRS signal T=T,y),

Modeling results for the present measurements are
shown in Figs. 3 and 4. Figure 3 shows the modeled filteand the unknown temperatufg, . Figure 4 is such a curve.
transmission profile and FRS signal levels as functions ofn this case the unknown temperatufig,, corresponds to

Modeled UV FRS signal levels for Argon, T=300,..,750 K

Hg filter: Scm, p=0.0030 torr, T=315 K
signals normalized to 300 K i
notch used in experiments shown Hg filter; 5 cm, P=0.0030 torr, T=315 K
scatterer: argon 50 torr
normalized to Toff = 308 K

Conversion Graph: Signal Ratio - Temperature

Filter Transmission

FR 0.9
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nal

r Filtered Rayleigh
08 vies

signal ratio (plasma ON : plasma OFF)
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FIG. 3. Modeled FRS signal levels for argon at a range of temperatures. Temperature (K)

Mercury has several absorption notches in the 253.7 nm vicinity, howeverf-IG. 4. Look-up graph used to convert signal ratio found with discharge
Fig. 3 shows the experimentally uséugh-frequency notch. ON/OFF to plasma temperature.
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UV FRS Temperature Profile of Ar Plasma, p=50 torr, i=20 mA

70034
< 600" FIG. 5. Radial temperature profile in
:._f an Ar glow discharge tube measured
2 by UV filtered Rayleigh scattering.
E Pressure and electric current are indi-
E- 500 7 cated on the plot. Fitting curve—see
2 Eq. (D).

400 -

-0.3 0 0.3 06 09 12 1.5 1.8

radius (cm)

the “plasma on” temperature while the reference temperafiltering. The three signals were collected with a Stanford
ture, T,ef, COrresponds to the “plasma off” temperature—in Research System boxcar onto a computer.
this caseT =308 K. In plasma temperature profile measurements, a thermo-
The experimental configuration for FRS temperaturecouple was used to the measure the wall temperature. Two
measurements is illustrated in Fig. 2. A high power, tunable1-D translation stages were used to translate the discharge
narrow linewidth titanium sapphire laséwas used as the tube horizontally relative to the laser beam. Radial profiles
excitation source. The frequency-tripled output was deliv-along the horizontal axis were found by translating the dis-
ered to the plasma tube through several anti-reflection coatetharge tube. Profiles were obtained in the argon plasma as
beam-shaping optics. For these experiments pulse energieswéll as the argon plus 1% nitrogen mixture, both at a pres-
~10 mJ in the ultraviole{254 nm were used. The beam sure of 50 Torr, at several different values of electric current.
passed through a quarter-wave plate to ensure the correct For the range of experimental conditions studied,
orientation of the linearly polarized beam, and through ap=30-50 Torr,i=30-100 mA, the steady-state centerline
half-wave plate to correct for the slight elliptical polarization temperature range was found to be from 480 K to
introduced at the tube windows. Several irises were used t830+=70 K. Figure 5 shows the experimental profile of an
reduce stray light carried with a beam. A long focal lengthargon plasma at pressure 50 Torr and current 20 mA. Figures
lens(~90 cm was used to weakly focus the beam to a waist6 and 7 are experimental profiles of an argeh% nitrogen
of ~200 microns at the sample volume. The sample volumenixture at a pressure of 50 Torr, and currents of 10 and 40
was within the discharge tube and was defined by the lasenA, respectively. The experimental points are in good agree-
beam waist and an iris located between the discharge tubment with computatioi We have plotted them here with
and imaging lengf#=2.4). The geometry was such that the fitted Gaussian curves:
sample volume had a length of about 1 mm. The scattered
light was collected at a scattering angle of 90 degrees with Lr): Eex;{ — InE . (r/R)Z}, )
the imaging lens and imaged through the mercury vapor fil- Tw  Tw Tw

ter. The filter had length 5 cm and had two temperature conwhere T, and T,, are the centerline and wall temperature,

trollers yielding a vapor pressure of 0.003 Torr, and a filterrespectivelyr is the radial variable; anR is the tube radius.
temperature of 315 K. After the mercury filter, the light

passed through a monochromator, which acted as a broad
passband filter, while rejecting plasma luminosity and othef!l: RESULTS OF SHOCK PROPAGATION STUDIES IN

. . STEADY-STATE DISCHARGES AND COMPARISON
colors of light from the laser. Finally,

. the scattered light Sig-, .1~y AX|SYMMETRIC MODELING
nal was collected with a Hamamatsu R960 photomultiplier

tube. After propagation through the discharge tube a quartz In our earlier worlké>?* we performed a 2-D inviscid
flat was used to pick off a fraction of the beam for powermodeling of shock propagation through a discharge-heated
normalization as well as a frequency reference. The pickedas and concluded that transverse gradient and multi-
off beam illuminated a diffuser, and the elastically scatteredlimensionality play a crucial role in shock propagation in
light was detected through a second mercury filfge-  glow discharges, and that multi-peak laser schlieren signals
quency referenge as well as measured by a photodiodeare simply due to the shock curvature. For better comparison
(power reference The latter two measurements used thinwith experiments, in this work we developed an axisymmet-
film interference filters(fCORION G25-254-F for spectral ric version of our code. The code solves the axisymmetric

Downloaded 17 Sep 2001 to 128.112.32.240. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



Phys. Fluids, Vol. 13, No. 9, September 2001 Shock wave propagation and dispersion 2697

UV FRS Temperature Profile of Ar + 1% N2 Plasma, p=50 torr, i=10

mA
J
360 FIG. 6. Radial temperature profile in
4 + an Ar+1%N, glow discharge tube
3 measured by UV filtered Rayleigh
% 340 1 scattering. Pressure and electric cur-
® rent are indicated on the plot. Fitting
E‘ curve—see Eq(1).
A
320 A
-0.3 0 0.3 0.6 0.8 1.2 15 1.8
radius (cm)

conservative form of the Euler equations on unstructuredto the fact that the initial spark-generated shock broadens so
triangular, adaptive meshes. The flux balance and shock capiuch in its 20—40 cm path to the discharge entrance or a
turing were carried out by extending the Bhatnagar—Gross-+measurement point that on the 5 mm distaaelO us time
Krook (BGK) solver developed and validated in Ref. 33 tointerval) from the shock front the shock is very close to a
axisymmetric problems. The grid adaption technique wagstep” shock?* This simplification, while being quite accu-
identical to the one used for the two-dimensional code. Theate, saved us from running extremely CPU-intensive full
“driven” gas was initially at rest, and a shock wave of pre- computations of the spark-generated pulse shocks. The
scribed strength separated initially the “driven” gas from the plasma region between the infinitely thin electrodes was con-
“driver.” The state of the “driver” gas was specified accord- sidered uniform along the tube axis), and to have a sym-
ing to the Rankine—Hugoniot conditions. metric radial temperature profile described by the analytical
The subsequent development of the flow field was comfit (1) to the experimentally measured profile. Both the wall
puted by solving time-dependent Euler equations in conseitemperature and the gas temperature outside the discharge
vation form. Thus, no additional care was required to satisfywere set equal to room temperature. Thus, there was a sharp
the Rankine—Hugoniot conditions, and the correct shockhermal diaphragm between the cold and hot regions. In the
propagation and jump conditions across shocks and othebsence of diffusioriboth physical and numerigathis dia-
discontinuities were captured by the solution. phragm will remain fixed with respect to a quiescent gas
As found in the earlier work? to model shock structure until the incident shock impinges upon it. The initial position
on a 10 microsecond time scale, simple computations of af the incident shock in the calculations reported here was
“piston-driven,” or “step” shock would suffice. This is due one tube radius to the left from the boundary between the

UV FRS Temperature Profile of Ar + 1% N2 Plasma, p=50 torr, i=40

mA

T FIG. 7. Radial temperature profile in
< 500 1 an Ar+1%N, glow discharge tube
g measured by UV filtered Rayleigh
b scattering. Pressure and electric cur-
§_ rent are indicated on the plot. Fitting
g curve—see Eq(l).
= 400 -

-0.3 o] 03 0.6 0.9 12 15 18
radius {cm)
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FIG. 8. Calibration of the “laser beam width” for CFD modeling against a
laser schlieren signal with the discharge off. Note: experimental timas
measured from the moment of spark firing, while the computational time

was counted from the moment when the shock was located at a distance of

one tube radius to the left of the discharge.

Macheret et al.

row “laser beam” and averaged in the radial direction across
the tube was computed. The “laser beam” width in the com-
putations was adjusted once to match the experimentally de-
termined width of the schlieren signal with the discharge off.
The result of this calibration is shown in Fig. 8. As seen in
the figure, computations reproduce the shape of the experi-
mental peak very well.

Note that in the experiments time was measured from
the moment of spark firing, while the computations started
with the shock located at a distance of one tube radius to the
left of the discharge region. Thus, computational time is
shifted with respect to the experimental one by a constant.
This is reflected in Figs. 8—11. For example, in Fig. 9, the
experimental signals are plotted vergtis 700 us), wheret
is the time from the spark firing, and the computational re-
sults are plotted against{ 420 us), with the computational
timet counted from the moment when the shock was located
at a distance of one tube radius to the left of the discharge
region. The constant shift afobviously does not affect dif-
ferential measurements or computations of shock velocity.
Figures 9—-11 show measured and computed schlieren
signals in pure argofFig. 9 and Ar+1%N, (Figs. 10 and
11). In each figure, upper plots correspond to the discharge-

cold and the discharge-heated gases. Mach numbers of tloéf case, while lower plots correspond to the discharge cur-
incident shock were selected so as to give the shock velocitsent of 20 mA(Fig. 9), and 10 and 40 mA in Figs. 10 and 11.
in the uniform room-temperature gas at a given locationFigures 10 and 11 differ in that the schlieren measurement
close to that measured experimentally with the discharge offpoint in Fig. 11 is about 11 cm downstream of that in Fig. 10.
For comparison with laser schlieren measurements, thileasured and computed velocities of shock waves are

density gradient integrated in thedirection across the nar-

experiment

150 4

Ar 50 Torr
38 cm from spark, 18 cm inside disch.
3.6 cm between beams

100 4

shown near all the signals in Figs. 9-11.

computation

FIG. 9. Experimentally measured and

v, =419+8 m/s
-50 4
760+20 ps ‘

-100 No discharge

Average Density Gradient

-150 -15 4

v, =429 m/s

simulated laser schlieren signals for
shocks propagating in a glow dis-
charge in pure Ar at 50 Torr. The dis-
charge current is 20 mA. The first of
the two laser beams is located 18 cm

20 0 20 40 60 .40
1800 s

60  -40

Schlieren signal

40
i=20 mA

204

\'A

inst

=531+2 m/s

20 0

from the entrance to the discharge, and
the spacing between the two beams is
3.6 cm. The experimentally measured
and computed shock velocities are in-
dicated in the figure. Note: experimen-
tal timet was measured from the mo-
ment of spark firing, while the
computational timet was counted
from the moment when the shock was
located at a distance of one tube radius
to the left of the discharge.

20 40 60

t-500 us

66842 us

Average Density Gradient

20 -8 4

—

v =531 m/s
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s @14 ing between the two beams is 2.1 cm.
= 0.00/ Vi =417 M/s 8 o The experimentally measured and
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40 30 20 10 0 10 20 30 40 40 -30 -20 -10 O 10 20 30 40 tional timet was counted from the mo-
t-650 us 1285 s ment when the shock was located at a
H distance of one tube radius to the left
0.034 34 of the discharge.
k=
g 2
0.02{576 s K
9 1
2
il @
0.01 v, =470 mis g e
a
@
0004 =40 mA & -1 Vins =456 m/s
g
< 5
-0.01

40 30 20 10 0 10 20 30 40

1265 pis

50 -40 30 20 -10 0 10 20 30 40

t-610, ps

As seen in the figures, agreement between the computdional to the axial component of the density gradient. There-
tions and experiments, in both shock velocities and the twofore, with the decrease of the shock angle with the tube axis
peak signal shapes, is excellent. As discussed in Ref. 24, tifeom 90° to lower valuegFig. 12d)], the signal weakens
two-peak structure of the laser schlieren signals is due to theubstantially.
curvature of the shock front in a region with transverse tem-  Although in Figs. 9—-11 the agreement between com-
perature gradient. This is illustrated in Figs.(d212(d), puted and experimentally measured parameters is excellent,
where lines of constant density are shown in four momentd is not perfect. Specifically, computed shock velocities and
of time, as the shock propagated from the room-temperaturdistances between two peaks in schlieren signals agree very
gas into the plasma. Note that flow perturbations upstream ofell with experimental values. On the other hand, computed
the moving shock, such as the distortion of the boundanheight of both peaks in the signals relative to the signal
between hot and cold regions seen in Figdcland 12d), strength between the peaks is higher than that in experi-
do not affect shock propagation. The first peak in thements. One of the principal uncertainties in computations is
schlieren signal comes from the portion of the shock thatue to the use of Gaussian (i) to the experimentally mea-
propagates through the hot centerline region. The high tensured temperature profile, especially since temperature mea-
perature and low density in this region result in both highersurements have their own errors. Next, neither experimental
shock speed and lower intensity of the peak compared witlmor computationalthe latter—due to the mesh sjzeesolu-
those corresponding to colder near-wall regions. The portiotion is perfect. Still another factor is the use of an inviscid
of the shock moving through the cold near-wall region lagsmodel that disregards viscosity and heat conduction. Accord-
behind and produces a strong peak in the signal due to thieg to the data of Ref. 34, kinematic viscosity of Ar at 50
high density near the wal[Note that in Fig. 1&), a well-  Torr, 300 K, isv=2.1 cnf/s, and at 50 Torr, 600 K, it is
resolved Mach stem is discernible near the Wallhe de- »=7.1 cnf/s. Thermal diffusivity values are, of course, com-
crease in the schlieren signal following the first peak is dugarable with those of viscosify. The total width of the sig-
to the curvature of the shock. Indeed, the signal is propornal (that is, the distance between the peaksFigs. 9—-11 is
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g ’\ ( 8 \‘ The experimentally measured and
= 0.02 i 8 -34 ‘ ' computed shock velocities are indi-
e i=10 mA ‘ | 3 I cated in the figure. Note: experimental
,‘,v\ z 64 f : time t was measured from the moment
-0.04 4 "\ ) of spark firing, while the computa-
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aboutt=10 us. During this time, viscosity and heat conduc- For further quantitative comparison between computa-

tion can smear velocity and density profiles on a length scaléonal and experimental results, Figs. 13 and 14 show the
of 6~\61rt=0.1-0.2 mm. Since the width of each peak, width of schlieren signals versus centerline temperaig
converted into the length scale is about 0.5 mm, and th&3) and the shock velocity versus average temperature in the
distance between the peaks—about 5 mm, viscosity and hedischarge(Fig. 14), using the same set of shock propagation
conduction cannot change the overall structure of thelata. The average temperature was determined in a standard
schlieren signals, which reaffirms the validity of inviscid way:
modeling; however, some smearing of the signals can occur,
helping to fill the “trough” between the peaks.

Note that since the linear velocity of the gas downstream

of the shock is extremely low, 5—10 cm/s, boundary layer is, . .
virtually nonexistent prior to the shock arrival. Behind the Again, Figs. 13 and 14 show excellent agreement between

. L computations and experimental data. This provides a strong
shock, boundary layer thickness growth with distarazan . : .
. 2 . evidence of conventional, thermal mechanism of shock
be estimated, similar to the previous paragraph, &s

~6vt, wheret=x/u, andu is the gas velocity behind the propagation in weakly ionized plasmas.

shock. On the time scale of 1- 3 after the shock passage, V. EXPERIMENTS ON SHOCK PROPAGATION IN
the boundary layer will grow to only=0.03—0.09 mm in ' S ON SHOC OPAGATIO

. P . PULSED DISCHARGES

our experimental conditions. Thus, the boundary layer is
very thin in the vicinity of the shock and does not affect To distinguish between thermal and plasma-specific
schlieren signals. As to the boundary layer farther upstreammechanisms of shock propagation, it would be desirable to
it has no effect on the shock propagation. eliminate temperature effects while maintaining plasma with

IRT(r)-27rdr

7R2

@)

av
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FIG. 13. The width of the schlieren signal in the dischafg¢ minus the
signal width with the discharge offA(;) vs temperature difference between
the axis and the wallT ,,;s— T,,. Gas mixture Ar-0.16%N,, pressure 50

> Torr; 3 cm spark gap, 15 kV spark voltage; the first laser beam is 24.8 cm
inside the discharge; spacing between the two beams is 2.9 cm.

N
o)

integral emission(with no shock wavg Clearly, at times
near to the middle of the pulse the emission reaches its
steady-state value, similar to that of the continuous dis-
charge. The initial peak of intensity is a result of the higher
electric field arising in the discharge immediately after the
transistor switch is openedee below

As shown in Figs. 16 and 17, for the pilot discharge a
FIG. 12. Computed constant-density lines during shock propagation in small acceleration, accompanied by some widening and
glow discharge tubépure Ar, 50 Torr, 20 mA (a) t=21 us, prior to shock ~ weakening of the signal can be noticed, but the changes are
entry into the dischargéb) t=43 us, shock entering the discharge) t=60 very small Compared to the higher-current continuous dis-

us, shortly after the shock entered the dischafdet=123 us; the shock i : : .
has penetrated deep inside the discharge. The computational t charge. This is no surprise since the electron number density

. . . . 73
counted from the moment when the shock was located at a distance of ol& _the pilot discharge 15 108 cm only and the measured
tube radius to the left of the discharge. axial gas temperature is less than 320 K.

the same density of charged patrticles, electric field, etc. Un-
fortunately, a conventional steady-state discharge is a systen 600 ] o experiment
where thermgl effects are _coupled W|_th electric fields _and o computation o
electron density. However, in pulsed discharges, a relatively

long time interval can exist when electron, ion, and excited 5501 Ea
molecule densities are quite high while the temperature is e

low. Indeed, gas heating and cooling occurs on time scale 500 ] o HOH
orders of magnitude longer than the time scale for ionization/ HOH
recombination/excitation processes.

In this work, the pulsed mode of the discharge was pro- 4501 o=
duced by using a transistor switch in series with the dis- w
charge. The rise time for the current pulse wasu®0and the 400
pulse duration was about 0.5 ms. It was found that this time
was insufficient to get a uniform discharge. In fact, when the . . . . .
discharge was turned on, undesirable transitional processe 300 400 500 600 700
(for example, discharges on the wall of the tulbeere ob- T K
served. Therefore a weak pilot discharge with 1 mA current _ o
was maintained between puises, which resulted in a fa{l® 4, Sk vave oo vs uage eoeralaation-see o
uniform volume pulsed discharge. Figure 15 shows the diSgpark gap, 15 kv spark voltage; the first laser beam is 24.8 cm inside the
charge pulse shape and the time dependence of dischargiecharge; spacing between the two beams is 2.9 cm.

o

v, m/s
#
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FIG. 17. Schlieren signals and shock velocities in a glow discharge in
Ar+1%N, at 50 Torr: the discharge off; 80-mA continuous dc discharge,
weak (1 mA) pilot discharge, and a pulsed discharge.

Much more important is that schlieren signal obtained

FIG. 15. Discharge current and integrated spectral emission vs time durinffOm the pulsed discharge, as seen in Figs. 16 and 17, closely

the pulse.
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Schlieren signal
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FIG. 16. Schlieren signals and shock velocities in a glow discharge in

Ar+1%N,
No discharge
50 Torr v=384 m/s

DC discharge, 38 mA

v=450 mv/s
2N
.

‘\—\_\J

Pilot discharge, 1 mA
v=387 m/s

V
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v=387 m/s

1 1 1
600 650 700
t ps

matches both no-discharge and pilot-discharge curves, and is
very unlike the signal from the continuous discharge. After
the transistor switch is turned on, the discharge current
reaches its new steady-state value~i0 us. This value is
almost the same as in continuous discharge. The electric field
strengthE in the pulse could be found by subtracting cathode
drop V. and voltage drop across the ballast resistor from the
power supply voltage. ThE values were found to be some-
what larger than in the continuous discharge, but EiN
values are almost identical. Thus, the electron number den-
sities and mean electron energiédectron temperaturgs
should be very close to those in the continuous discharge.
This is confirmed by the behavior of the discharge emission
(Fig. 15. It reaches its steady-state value that is very close to
that of the continuous discharge. An initial overshoot is re-
lated to the over voltage applied to the discharge in the tran-
sition period(~20 us) from small to large current. Higher
E/N values in this interval result in efficient excitation of
atoms and molecules, including those with radiative lifetime
~1-10us (e.g., intensive bands of the first positive system
of the N, moleculse.

The increase in gas temperatute], during the pulse
for the pulse duratiom, may by calculated from the simple
balance equationE7,=c,mAT, wherec, is the specific
heat, andn, is a mass of gas per unit length. Here we ignore
heat losses because the pulse duration is a factor of 100 less
than the characteristic time for thermal conductivity. For the
conditions of Fig. 16, this equation givasI =0.4 K—0.6 K.
Thus, the pulsed discharge has electron component param-

Ar+1%N, at 50 Torr: the discharge off, 38 mA continuous dc discharge,eters( E/N, ne, T,) the same as in the continuous discharge,
weak (1 mA) pilot discharge, and a pulsed discharge.

but the gas temperature is the same as in the pilot discharge,

Downloaded 17 Sep 2001 to 128.112.32.240. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



Phys. Fluids, Vol. 13, No. 9, September 2001 Shock wave propagation and dispersion 2703

30 I pilot syt 500 F e T
[ d ) ) Disch. § §
< 201 isch. [ariable time pulse i § §
€ I delay to spark © 480 |
- 10_— / <oy o sl IS DC discharge
0 Y L 1 N 1 . WA At 8 § §
-100 0 100 200 300 400 Q 460
t, ms ;’" - §
S a0 | %
-0,10 St (% Ar, p=50 Torr
dlschﬁ" [ ipulse=30 mA
Ar, p=50 Torr - 420 - N
008 | Iee=30 MA . 0 50 100 150 200
_ P T —
2 q 6
k=) 50 ms N
2 £ 12| § :
£-0,05 - 5] DC discharge
S 10 2 0
S ©
2 o
3 3 of 9
-0,03 &
g
5
» 6
PR SR TR T SN O TN T T TN TN W SN NN U SN SN T |
0,00 o ; u X 0 50 100 150 200
680 700 720 740 Delay, ms
t, us

FIG. 19. Evolution of shock velocity and the width of the schlieren signal at
FIG. 18. Evolution of the schlieren signal at a fixed location inside the & fixed location inside the discharge with time delay between the beginning
discharge with a time delay between the beginning of the discharge and tHef the discharge and the shock launch.
shock launch.

plete. Indeed, this persistence is clearly seen in Figs. 20 and

that is, close to room temperature. Comparing the thre@l, again supporting the thermal mechanism of shock-—
schlieren curves of Fig. 1@and, similarly, those of Fig. 7 plasma interaction.
definitely shows that changing the electron density by two It should be noted that vibrational temperature, or popu-
orders of magnitude does not affect shock wave propagatiomations of vibrational states, of nitrogen molecules, could be
while changing gas temperature frofy,~320 K to Ty  another parametefapart from the gas temperatyrthat is
~500-600 K(from the pilot or pulsed discharge to the con- quite different in pulsed and continuous discharges. The vi-
tinuous dischargeaffects the shock dramatically. This result brational relaxation characteristic time is 1-2 orders of mag-
may by considered as a strong evidence of thermal mechaitude longer than the pulse duration, so the vibrational tem-
nism of shock wave—plasma interaction. perature in the pulsed discharge must be almost the same as

To further illustrate the role of heating in shock dynam-in the pilot (1 mA) discharge.
ics, Fig. 18 shows schlieren signals taken with a time delay  To clarify the role of vibrational relaxation, shock wave
between turning the discharge on and launching the shocgropagation through pure argon discharge was also studied at
ranging from 1 ms to 200 ms. The 1-ms-delay signal is venjow currents where contraction did not occur. In Fig. 22
close to that in the pilot discharge, while the 200-ms-delayschlieren signals for the two gasésr and Ar+1%N,) are
signal is close to that in the continuous discharge. It takesompared. The main features of schlieren signals for both
tens and hundreds of milliseconds of the discharge existenasases are similar. For a more detailed comparison, one has to
for the signal to get close to its steady-state shape. The sant@ke into account that the addition of even 0.1%-1% of ni-
point is also illustrated in Fig. 19, showing measured shockrogen to argon dramatically changes the electron drift veloc-
speed and schlieren signal width approaching their dc disity for the sameE/N.3® Another important factor found in our
charge values as the discharge is allowed to exist longeexperiments is that the values BN in Ar+1%N, are sub-
Only gas heating in the discharge takes that long; ionizatiostantially lower than those in pure Ar. SinEgN in the posi-
and excitation processes are many orders of magnitudéve column is determined by the local ionization balafite,
faster. ionization, and/or recombination rates must be affected by

As the discharge is turned off, one would expect thermathe addition of nitrogen. The exact mechanism of the de-
effects to persist for a long time, tens or even hundreds ofrease irE/N with nitrogen addition is not clear at this time,
milliseconds, when the recombination of a charged specieand, being outside the immediate goal of this work, can be
and the quenching of excited states will be long since cominvestigated in the future. One possible explanation is that
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FIG. 22. A comparison of shock schlieren signals at a fixed location in Ar
and Ar+1%N, discharges at 50 Torr and various values of the electric
current.

metastables, such as(N2), and vibrationally excited nitro-
gen molecules enhance the ionization. In any case, the reduc-
lon in E/N is an experimental fact, and it results in a lower
gas temperature in Ar1%N, even at the same current as in
pure Ar (see, for example, Figs. 5 and. For a meaningful
comparison of shock propagation data in Ar and+AL,
mixtures, at least one of the parameters—electric current,
electron number density, or gas temperature—should be the
same in both cases. Data presented in Fig. 22 for 126N,
mixture are shown at=20 mA (the same as for pure argon

at 40 mA, where gas temperatures are close for both dis-
charges, and at 60 mA, where electron densities are almost
equal. It is evident that for the condition of almost-equal gas
temperature$40 mA) similarity of the patterns is the best.
This eliminates unambiguously the vibrational relaxation ef-
fect and supplies more evidence of the thermal mechanism of
shock dispersion.

V. CONCLUSIONS

Extensive experimental data on shock propagation in
steady-state glow discharges in argon and argon—nitrogen
mixtures were found to be in excellent agreement with high-
accuracy axisymmetric CFD modeling. This provides com-
pelling evidence that shock acceleration, attenuation, and
“broadening” in weakly ionized plasmas can be explained
by conventional gas dynamics, with multi-dimensionality
(due to transverse temperature gradiemiaying a critical
role.

Experiments with pulsed discharges allowed us to sepa-
rate thermal effects from those due to electric fields and
charged patrticles. It turned out that gas heating is necessary
for shock velocity and schlieren signal parameters to attain
their steady-state values. This provides a direct proof of ther-

a fixed location inside the discharge with time delay between the end of thénal mechanism of weakly ionized plasma effects on shock
discharge pulse and the shock launch.

propagation.
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