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Examination of the shock wave regular reflexion phenomenon in a rarefied
supersonic plasma flow
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The flow properties of a low-pressure weakly ionized supersonic argon plasma jet are examined
using Fabry—Pérot interferometry and laser induced fluorescence spectroscopy. The flow velocity
and equilibrium temperature measured at the torch nozzle exit are in close agreement with

computational fluid dynamics calculations. The model also predicts the plasma flow to be in a

rarefied regime. Departure from thermal equilibrium is indeed observed behind the nozzle where the
parallel temperature differs significantly from the perpendicular temperature. The development of

the axial velocity component along the jet center stream line reveals the occurrence of the shock
wave regular reflexion phenomenon: No Mach disk is formed and the flow experiences successive
supersonic-to-supersonic transitions before reaching a subsonic regime. Shock wave regular
reflexion is in fact favored under our experimental conditions since the speed ratio is high and the

rarefaction degree is pronounced at the nozzle exik@5 American Institute of Physics

[DOI: 10.1063/1.1835345

I. INTRODUCTION works have been devoted to the investigation of the flow
structure of jets used in the field of aerospace by means of
From a technological point of view, low-pressure super-nonintrusive technique:*! However, in the latter case one
sonic plasma flows are currently employed for thin film can expect very specific flow features. To investigate super-
deposition, microstructure etching, surface passivation, angonic plasma flow characteristics around a body necessitates
treatment of archaeological artifadtéAll these applications  the use of large scale plasma jets produced thanks to the
are based on an optimal energy conversion from the p|asmékpansion of a thermal plasma through a large convergent-
source to the gases used for surface modification or treatmeglyergent nozzle. As a consequence, the velocity is high and
and they take advantage of the high flow velocity in terms ofipe rarefaction degree is pronounced at the nozzle exhaust.
processing duration. Supersonic plasma jets also find appliynger such conditions, it is likely that the shock wave regu-
cations in the field of aerospace engineering where they,. | ofiexion phenomenon occurs: The downstream

serve as simulati_on toqls for some _of the_specific Condition%upersonic-to-subsonic transition occurs smoothly by way of
encountered during high spged flights in planetgry atr_nofhe formation of several expansion cells without the presence
spheres. At present', plasma Jets are employed to INVestigaly 5 Mach disk. In order to correctly simulate a vehicle tra-

hypersonic plane flights in the upper layers of the Earth %ectory through upper layers of an atmosphere, it is obvious

atmosphelfz and entry of a space p“’b?‘ into the Mars that the plasma jet properties, in terms of flow velocity, must
atmqspher .Kn.owledge about thg propert|e.s of the plasmabe well identified especially as a complex shock wave pat-
that is created in front of the vehicle for a given atmosphereiem does exist

composition and a given trajectory is necessary for instance . N .
P 9 ! y Y In this contribution, we report on laser induced fluores-

for optimization of the vehicle’s thermal shieldor determi- L
. . . ... cence and Fabry—Pérot interferometry measurements on ar-
nation of the plasma frequency, which drives attenuation in

radio transmissiondand to investigate plasma enhanced lure92" atoms in a low-pressure supersonic plasma flow gener-
and camouflage effects. Wind tunnels equipped with dc aré‘ted from argon gas seeded V.V'th a small am?“”t of
torch and capable of producing continuous rarefied plas:mgmlecular mt_rogen. Such an experiment can be considered as
jets offer two advantages over other ground-based simulatioft {5t €as€, in the sense that the absence of a complex chem-
means like shock tubes and pulsed wind tunnels: The easiS"¥: With respect to b0, and CQ plasmas, makes easier
ness of probing the jet owing to its large size, and stationary"€ understanding of the observed phenomena. From the
flow conditions for several hours with a low level of con- Measurements, macroscopic flow parameters like axial and
tamination. Whereas numerous laser-aided experiments ha{dial velocity components and temperature of neutral argon
been performed to study the plasma flow dynamics an@toms are extracted both inside the nozzle and in the free
chemistry in the field of plasma processfiig,only few  Plasma jet. It will be shown that the downstream supersonic-
to-subsonic transition is governed by regular reflexion. Fur-
3Author to whom correspondence should be addressed. Electronic maiF.hermore' the appearance of a peculiar flow structure in the
mazouffre@cnrs-orleans.fr vicinity of the nozzle lip is reported and discussed.

1070-664X/2005/12(1)/012323/9/$22.50 12, 012323-1 © 2005 American Institute of Physics

Downloaded 08 Mar 2005 to 194.167.30.129. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp


http://dx.doi.org/10.1063/1.1835345

012323-2 Mazouffre et al. Phys. Plasmas 12, 012323 (2005)

residual gas TABLE Il. On-axis conditions at the nozzle exhaust under our experimental
stationary barrel p=25Pa conditions. The electron density profile has been previously repoRet]
shock wave 12). \ refers to the local mean free path for momentum exchange.
Laval nozzle supersonic flow m © Parameter Value Means
§>>1 .
‘ | E ___________________ Nar 2X 1Pt m3 Calculation
& Nar-Ar 8 mm Calculation
7 ~10!8 m-3 i
AT " subsonic flow Ne 10%¥ m Langmuir probe
s<1 Teq 2440 K LIF
- v, 4.7 kms? LIF
~150 mm T rsomm h 11.0 kI g* Calculation

FIG. 1. Drawing of the convergent-divergent nozzle and sketch of the free
jet expansion. Under our conditions, the transition between the supersonic
flow regime and the subsonic flow regime occurs without the formation ofpeing deduced from the torch cooling water temperature.

Mach disks. Typical sizes of a jet produced in the SR5 wind-tunnel are
0.2 m in diameter and abb@ m in length.
A detailed description of the physics of rarefied super-
Il. PLASMA SOURCE AND PLASMA FLOW FEATURES sonic plasma jets is available elsewhtté! As the plasma
) - expands through a convergent-divergent nozzle from a high

The plasma source used in the ground-test facility, the,rassure region into a low pressure region, a well-defined
so-called SR5 ww;d tunnel, is a water-cooled vortex stabifree jet shock wave structure is produced, as shown in Fig. 1.
lized dc-arc tor'cH. The torch is equipped with a tungsten The plasma first flows supersonically: The Mach number
cathode and with a converge@0°)-divergent(50°) Copper  reaches 1 at the nozzle throat and the flow is supersonic in
nozzle that acts as a grounded anode. The length of the dine divergent portion. In this flow domain, the temperature
vergent part is 5.1 cm and the exit diameter of the nozzle igjrops and the drift velocity increases due to energy conser-
4.9 cm, see Fig. 1. The arc extends from the tip of the cathyation. |n the mean time, the particle density along a stream-
ode throug a 4 mmdiameter molybdenum throat and at- |ine decreases because of the increase in the jet diameter. In
taches diffusely to the nozzle. The plasma torch can be opsase of an underexpanded jet, the flow domain is limited by
erated in a wide range of currents0 to 300 A and flows(5 5 parrel shock wave behind the nozzle exit. At some distance
to 50 sIm, and it can be run for several hours, the lifetime from the source, depending among others upon the back-
being determined by the cathode erosion. Gases are fegound pressure, the side shock waves interact with one an-
through mass flow controllers directly into the cathode areagiher on the jet axis. Depending upon the exit Mach number
The torch is mounted on an arm that can be moved in vertiang the rarefaction degree, two shock wave configurations
cal and horizontal directions. _ are then possible as explained by Graur and co-worReks.

A thermal plasma is created in argon gas seeded with fyach disk associated with an oblique reflected shock can be
small amount of molecular nitrogen for experimental conve-ceated through which the flow undergoes a supersonic to
nience(see Sec. IY. Subsequently the plasma expands fromghsonic transition: Mach reflection. Under specific condi-
the torch nozzle into a low pressure steel vessel. The VaCuliyps, j.e., large Mach number and high level of rarefaction,
chamber is 4.3 m long and has a diameter of 1.1 m. Thgne Mach disk vanishes and the flow experiences a
pumping system is made of three large Roots blower pumps,personic-to-supersonic transition with a slight decrease in
evacuated by a set of roughing pump. The capacity of théne Mach number magnitude: Regular reflection. The latter
pump stack is 26 000 #ih™, which ensures a residual pres- process can occur several times over appreciable distances
sure down fo 1 Pa during operation. Standard operating Coflaading to the appearance of several stationary expansion

ditions for this experiment are summarized in Table |. Thecg|is. The transition between regular and Mach reflexion of
cathode to anode gap is 1 mm. The efficiency is around 65%ock waves in steady gas flow has been extensively

and the specific enthalpy is 10.5 k}'gThe two quantities  gy,died!®'” Beyond the overall shock region, the plasma

are estimated from the consumed electrical power, the lattgf,\ys subsonically at constant static pressure. Deviation from
the classical free jet flow picture may appear in the case of
transient species like radicals and charged partfcté&d®

TABLE |. Standard operating conditions. The value of some flow parameters under standard oper-
ating conditions are given in Table Il at the torch nozzle

Parameter Value exhaust® As can be seen, the ionization degreds very

| 100 A low (@< 107%) and the flow is in a transition regime. The low

U 45 v ionization degree is due to the addition of a small amount of

far 0.26 g st molecular nitroger(see .Sec. Y. The specific enthalpy cgl- '

iy, 0.04 gst culated from the qbtamed velocity and tempe_rature is in

Brorch 76 kPa close agreement with the measured one, showing that mea-

P 25 Pa ;urements warrant energy conservation in the course of the

OW.
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FIG. 2. Top: Calculated development of the Ar atom flow veloitiangle) lll. OPTICAL DIAGNOSTIC TOOLS

and translational temperatugercle) along the symmetry axis. Bottom: Cal-
culated axial Ar atom density profile. The positiarn0 corresponds to the

nozzle exit plane. The complete Fabry—PérgFP) interferometry bench
has been extensively described in a previous pHp€he
light emanating from the plasma is collected with a lens and
transported toward the optical bench by means of a multi-
Calculations have been carried out to determine the flownode optical fiber. A similar fiber is also used to carry part of
properties inside the nozzle as well as in the first centimeterthe light emitted by a low pressure argon lamp, which is used
of the jet with a method based on continuum fluid mechanicas a reference for null velocity. The two optical fibers are
developed by Broet al. described in Ref. 21. Calculations then combined into one. Subsequently, the light leaving the
start at the nozzle throat. Conditions upstream of the throdiber coupler is collected with a lens in such a way that a
are determined from the measured enthalpy and mass floeollimated beam of light is created. The parallel beam passes
rate: One findsT=17 600 K andp=3.1x 10* Pa. In the di- a plane Fabry—Pérot cavity. Behind the cavity, the transmit-
vergent part of the nozzle, the flow is treated as an axisymted light is focused onto a pinhole in order to solely select
metric viscous expansion using parabolized Navier—Stokethe central interference ring. A monochromator acts as a
equations. The code accounts for velocity slip and temperaough wavelength selector to separate the line to be studied
ture jump at the wall. Downstream of the nozzle exhausfrom the remainder of the spectrum. A photomultiplier tube
viscous effects are neglected, besides, the background prg&MT) is used as a light detector. The free spectral range of
sure is set to zero, which prevents from predicting the forthe cavity is equal to 9.924 GHz. In the wavelength region of
mation of shock waves beyond the nozzle. In the model, wénterest, the FP setup allows to achieve a spectral resolution
assume that the gas is solely composed of argon atoms, i.@f 0.15 GHz.
the presence of ions and electrons is neglected. For the trans- Two configurations of the photon collection branch are
port coefficients, however, we take into account the effect ohvailable: The line of sight is oriented either at 90° or at 60°
ionization?? Such an assumption, which has already beemwith respect to the jet symmetry axis. With the first configu-
applied in the case of an argon plasma jet, is valid, since itation, one can measure the perpendicular temperdture
was revealed that the dynamic properties of a weakly ionizedssociated with the velocity distribution perpendicular to a
plasma expansion are governed by the heavy parﬁéfes. stream line. Using the second configuration, one obtains the
The calculated on-axis velocity and temperature profilesaxial velocity component, after correction with the cosine of
are shown in Fig. 2. The flow accelerates and cools dowrnhe angle, as well as the parallel temperatlireNote that
abruptly behind the nozzle throat. Inside the diverging porsuch a configuration allows to probe the plasma flow inside
tion the velocity does not vary much whereas it slightly in-the nozzle. The long field depth of the observation branch,
creases behind the exhaust. Accordingly, the temperatur@round 25 cm in our case, forbids to achieve a good spatial
continually decreases, first in a fast manner over a short digesolution. Thus, the obtained line profile corresponds to the
tance and then slowly. The calculated Ar atom density profileone averaged along the line of sight, which prevents from
along the axis is displayed in Fig. 2. The density drops bemeasuring the radial velocity componéft.
hind the throat is due to flux conservation. The stationary = Two Ar line profiles are analyzed with the Fabry—Pérot
density plateau inside the nozzle is a direct consequence sktup. The Ar | line at 763.51 nm and the Ar | line at 738.40
the abrupt angle change between the throat and the divergemin. These two Ar lines offer several advantages: They are
section. Note the corresponding anomaly in both the velocityvell isolated, they both correspond to a relatively strong
and temperature profiles 3 cm ahead of the exit plane. Theansition, and the PMT quantum efficiency is relatively high
macroscopic flow parameters at the nozzle exit age below 800 nm. The temperature is deduced from the Doppler
=4690 m §', T=1650 K, andn=2.1X10"* m™3. The rel- broadening of the line taking into account the apparatus
evant rarefaction parameter in a supersonic flow is the sowidth. The Doppler shift of the observed line allows to de-
called Bird’'s parameteP defined as termine the mean velocity in the direction of observation.

A. Fabry—Pérot interferometry
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A schematic of the laser induced fluorescefic) op- r.esol_utlon..The magmﬁgatpn is equal to 4, hence_ t_he resolu-
tion in horizontal direction is 4 mm. Phase-sensitive detec-

tical bench is depicted in Fig. 3. A single mode tunable ex-

ternal cavity diode las&SACHER TEC 500 in Littman con- tion is used to discriminate the fluorescence light from the
figuration delivers 3 mW of horizontally polarized near- intrinsic plasma emission which is about 1000 times greater.

infrared radiation(800 to 830 nm with a bandwidth of 1  The Signal delivered by the PMT is analyzed with a lock-in
MHz. A Faraday isolator prevents any reflected beam of ligh@MPlifier which is synchronized to the chopper frequency.
to enter back into the laser cavity. A small fraction of the The current integration time of the lock-in amplifier is 300
beam is passed through a low-pressure argon lamp. The aBtS: All signals are rep_orded S|multanepusly with a 16 bits
sorption spectrum measured in that way is used to define thé33 kHz analog-to-digital converteiNational Instruments
unshifted frequency position. A second beam splitter direct§’Cl-60528. The scanning of the laser frequency is con-
a small part of the laser into a 3.3 GHz Fabry—Pérot etalon t&olled by supplying a low voltage to the piezoelectric block
monitor mode structure and to ensure that no mode hop o&onnected to the end mirror of the laser diode cavity. Typical
curs during operation. The mode-hop free tuning range of th&can times are several minutes. Complementary information
laser is typically 30 GHz with voltage-current coupling. The @bout determination of atom velocity by means of
recorded transmission of the Fabry—Pérot etalon is also usé@ntinuous-wave LIF spectroscopy can be found in
to linearize the frequency axis. The laser beam is couplefeferences:
into a single mode optical fiber with a &m core diameter All LIF measurements presented in this contribution cor-
using a 4 mmfocal distance lens. Such a device allows us toréspond to excitation of the pts,] resonant level. The laser
obtain a 30% coupling efficiency without shaping the beamfrequency is scanned over the,+> 2p; transition at 810.37
Two excitation configurations are possible. In one configuranhm. Four fluorescence waveforms obtained with the LIF di-
tion using a plane gold mirror located inside the vacuumagnostic tool after axial excitation are shown in Fig. 4. Also
chamber, the laser beam propagates opposite to the plasrd@own in this figure is the absorption spectrum in a low
flow direction at a 30° angle with respect to the jet axis. Inpressure Ar lamp, which is used as a reference for determin-
another configuration the beam is directed perpendicular t&g the zero Doppler shift. Note that the laser power varies
the flow direction. In both casea 4 mnfocal distance lensis during a scan over the Ar transition, therefore LIF profiles
used to focus the beam leaving the optical fiber onto the axignust be corrected in order to obtain the proper baseline.
The beam diameter is estimated to be around 2 mm in the The bandwidth of the laser is in the order of 10 MHz,
probed zone. much narrower than the width of the measured Ar profiles.
The laser light is chopped at a frequency of about 75(oth Stark broadening and pressure broadening can be ne-
Hz and the laser induced fluorescence signal is detected ongdected in view of, respectively, the low electron density and
horizontal axis normal to both excitation directions. The sig-the low gas pressuﬁ?.Furthermore, the saturation parameter
nal is collected with two lensed;=100 cm andf,=20 cm)  Sis found to be 0.03 for the concerned transitférsince S
and imaged onto the entrance sideadl mmcore diameter is much less than unity, the transition is not saturated mean-
multimode optical fiber. The fiber is connected to a 20 cming that the deposited laser power has no influence upon the
focal distance monochromator centered at 810 nm with &r line shape. Hence, a recorded spectral profile is a direct
bandwidth of about 0.5 A in order to filter out extraneousmeasurement of the local Ar atom velocity distribution func-
plasma light. The 1 mm aperture of the fiber positioned at theion, or in other words, of the local Ar atom energy distribu-
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FIG_. 4: Axial velocity profiles obtained w@th the I__IF diagnostic tqol after FIG. 5. On-axis profile of the perpendicular temperatiire(open square
exmtatl(_)n of the A[ls4_] state for several axial Iocatlon_tsAIso shownisthe  and the parallel temperatuf® (full squarg. Two compression stages are
absorption spectrum in a low pressure Ar lamp, which serves as a Dopplashserved az~20 cm(strong and atz=45 cm(weak), respectively.

shift reference.

tion function. Th Ar at locity is deduced f of a local electric field generated from gradients in charge
lon Tunction. The mean Ar atom velocily IS deduced irom density. However, the resulting acceleration of Ar ions can be

position of the fluorescence peak relative to the line meaheglected in view of the electron density profile which war-

SL.jred in the argon lamp an(_j the temperature is_rela_ted to tr}%mts a very low electric field magnitu&éA last effect is
width of the measured profll_e. A.S can pe seen in Fig. 4, th%Iso of importance, especially in the case of LIF measure-
shape of the Ar atoms velocity d|str|bgt|on function does nOtments. Under our experimental conditions, due to the VUV
change in the course_of the expansion, however, the MeaA diation trapping, both resonant and ground states of the
velocity and the vqucny spregd, i.e., the thermal speed, de:;irgon atom are efficiently coupled and can therefore be con-
pend upon the location in the jet. sidered as being fully mixe?j.Combining all these effects,

one establishes that the velocity distribution of resonant
IV. INTERPRETATION OF MEASURED SPECTRA Ar[1s,] atoms and ground-state Ar atoms are identical.

In view of the low electron temperature behind the The addition of a small fraction of molecular nitrogen
nozzle exit, which is in the order of the heavy particle Simply permits to limit both the emission and the reabsorp-
temperaturé, light emitted by the plasma jet mostly origi- tion of infrared light. It has no influence upon the overall
nates in the radiative deexcitation of Ar atom excited stateplasma flow characteristics. The efficient charge exchange
formed in a three particle recombination process involvingreaction between Ar atoms and, ons

Arions Ar*+ N, — Ar+ N3, 3)

+ *
Artere—Art +e. (2) leads to the disappearance of a large number 6f idns,

Therefore, the flow properties of the probed excited Ar* at-which are at the origin of the existence of Ar* atoms as
oms image in first instance the behavior of*Aons. Note  aforementioned. According to refererf@ethe addition of
that it is well known that all Ar* atoms produced in this way 10% of N, to an argon plasma leads to a drop of the electron
cascade down to thes4multiplet.9 However, it has been density of more than one order of magnitude, that explains
shown that in case of an argon plasma expansion, the behathe low measured ionization degree under our conditions
ior of Ar* ions is linked to the behavior of Ar atonisin (see Table Ii. Reaction(3) is followed by the fast dissocia-
other words, monitoring the Ar* atoms properties is an indi-tive recombination of the formed Nmolecular ior?®

rect way of determining the properties of Ar atoms, i.e., an

indirect way of obtaining the plasma flow properties sincev. STANDING SHOCK WAVES

ground-state Ar atoms are the major species in the jet.
detailed explanation of the AvAr coupling in a low-
pressure plasma jet can be found in Ref. 9. Here we briefly The development along the jet centerline of the perpen-
summarize the main ideas. Behind the nozzle exit, frictiondicular temperatur@ |, associated with the distribution func-
between Af ions and Ar atoms is large enough to insure ation of the Ar atom radial velocity component—with respect
fully mixed flow via transfer of momentum. Indeed, calcula-to the jet axis—is shown in Fig. 5. Note that0 corre-
tions reveal that the ArAr collision length\ 5+, iS @around  sponds to the nozzle exit. The temperature first decreases due
0.1 mm and\a,.4, is equal to 8 mnf! The two mean free to the supersonic expansion of the plasma jet. The observed
paths are very small in comparison with the density gradienabrupt rise ofT, indicates the presence of a diffuse station-
scale length(¢=61.8 mm and with the nozzle exhaust di- ary shock wave that stretches fraza 15 cm toz=25 cm,
ameter(d=48 mm). One should also consider the existencethrough which kinetic energy is converted into thermal en-

AA. Evidence of the compression effect

Downloaded 08 Mar 2005 to 194.167.30.129. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



012323-6 Mazouffre et al. Phys. Plasmas 12, 012323 (2005)

ergy. Behind the shock front, the temperature decreases due 5000 T y T T T
to the formation of a steady expansion cell. A secondary 4500_{" .
compression zone is located arourrl45 cm, as confirmed 4000 ::“‘a..x

by velocity measurements. Far downstream, where the flow &
gets subsonic, the temperature decreases slowly due to en 3500 s s 1

ergy exchange with the residual ambient gas and heat trans-2 3000 ] “ 4
fer to walls. g ‘A::‘

The axial profile of the parallel temperatufg associ- ‘g' 2300+ 24, ]
ated with the distribution function of the Ar atom axial ve- g 20001 “AﬁAu: ]
locity component, is also shown in Fig. 5. The shape of the > 15004 3 o % R ]

o, %9 A A

T, profile resemble the one df, and they are both directly 1000
connected to the jet shock wave structure. Across the shock ] 5
front, the parallel temperature rises up to 5000 K. Behind the 500 r——— r r r T
domain of high shock strength, the two temperatures are in 10 20 ) 30 . a4 50 60
equilibrium with of a value around 3000 K. As can be seen in Axial position (cm)

Fig. 5, the gap betweeii; and T, is about 2500 K at the _ _ _ _

nozzle exit. A departure from thermal equilibrium, which is a FIG. 6. Evolution of the profile of the axial velocity componétriangle)

. fth facti ff ' d along the jet centerline. The open triangle symbols correspond to experi-
d_lrECt Consequ_ence of the rarefaction effect, Was_ expegt_e Wental values ob, obtained with a fresh cathode. The star symbols corre-
view of the Bird’s parameter value. At a certain position spond to measurements performed with a 0.065'y.smass flow rate. Also
inside the divergent section of the nozzle the number of colshown is the thermal speed calculated from the measured parallel tempera-
lisions becomes too low to maintain equilibrium between thdure (circle). The supersonic to subsonic transition occurg=a60 cm.
two temperatures that quickly diverge from each other as the
expansion process proceeds with <T; as explained by
Miller and Andres™® At the outlet, the equilibrium tempera- the remainder of the paper, the molecular speed ratio
ture Tgq obtained fronil', andT, is higher than the calculated v
temperaturd : T,,=2440 K andT=1650 K. The discrepancy s=—%, (5)
may originate from the arc voltage fast oscillatidAs:luc- Uth
tuations of the voltage lead to fluctuations of the atom drifthas been used rather than the Mach number.

velocity via changes in enthalpy. As soon as the measure- The on-axis velocity profile displayed in Fig. 6 reveals
ment time scale is much longer than any characteristic oscikhe existence of several stationary shock waves that find their
lation time, velocity fluctuations are then responsible for anorigin in the regular reflexion phenomenon: No Mach disk is
artificial broadening of the distribution function. As an ex- formed and the flow undergoes a supersonic to supersonic
ample, fluctuations of 5% in voltage under our conditionstransition across the shock wave with a speed ratio
lead to a fluctuation of 3% in velocity, that means a temperareduction*>*’ Two of such standing shock waves are visible
ture overestimate of a few percents. As can be observed i Fig. 6 atz=15 cm andz~40 cm, respectively. Through-
Fig. 5, the temperature gradients along the jet centerlingut a standing shock wave the flow experiences a decelera-
markedly differ depending on the temperature of interesttion through a positive pressure gradient that originates in a
Furthermore, and surprisingly, the magnitude of gradients igompression effect. Across the first shock front, the speed
contrary to expectations. The theory predicts thaf;,  ratio drops from 4.7 to 1.8. Across the second shock front,
< VT, in axial direction in agreement with previously re- the speed ratio decreases from 1.8 to 1.5. In both cases, the
ported experimental outcomes obtained with a supersonic nftow stays supersonic behind the shock wave, which is the
trogen plasma jet This observed phenomenon is not yet signature for regular reflexion. The zone between two con-

Qo Q
°
0% 07000 8o ©° o .

understood. secutive shock waves, through which the temperature de-
creases, are referred to as expansion cell. As can be seen in
B. Shock wave regular reflexion Fig. 6, the plasma flow becomes subsonic arozm@0 cm.

] ] . The regular reflexion phenomenon is favored under our

The evolution of the axial velocity componenf along  gyperimental conditions according to numerical calculations
the jet centerline is shown in Fig. 6. Also shown in this figure carried out by Graur to investigate transition conditions be-
is the local thermal velocity calculated from the parallel tem-yyveen Mach and regular reflexion of shock wave in under-

peratureT,. The most probable thermal speed reads expanded jets in terms of speed rati@r Mach numberand
kT, Bird’s parameteP (or Knudsen number® By varying the
Uth = o (4)  nozzle exit conditions in terms of and P, Graur and co-

workers evidence different regimes for the structure of the
wherekg is the Boltzmann constant, amdis the mass of the shock wave that limit the first expansion cell. Note that their
species. Contrary to the speed of sound, the thermal speedlculations were based on a variant of Navier—Stokes
does not depend on the specific heat ratiovhich is always equationsl.5 The regular reflexion phenomenon occurs when,
difficult to estimate in case of a plasma generated from an the nozzle exit section, bothandP are large. Under our
mixture between an atomic gas and a molecular gas. The tweonditions, at the nozzle exit the speed ratio is rather high
approaches anyway give similar results. Note that throughowwvith a value of 3.6 and the rarefaction effect is already pro-
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nounced sincé”?=0.09. The present situation can be com- T
pared with previous experiments performed on underex- 5000+ A
panded argon plasma jet at the University of Eindhoven by a
Engelnet al? In the latter situation, a straight nozzle was 4000 -
employed and the flow parameters at the exhaust were theg

following: s=1 (sonic orifice and P~1073 A Mach disk E 3000 ‘ .
was found to be created through which the plasma flow did 2

undergo a supersonic to subsonic transition, as predicted by% 20004

» bn
» oo
- ...-- -
»*
LIt
ui 2 3
[ 3
[as 9

o

Grauret al*®

As can be seen in Fig. 6, the on-axis Ar atom velooity 10004 i
decreases from 4.7 km*sdown to 3.9 km st in the first ten nozzle exit
centimeters of the free expansion domain. In the meantime, 0 ¢ plane
the thermal speed drops from 1.3 km down to 0.9 km s%. 4 3 2 1 0 1 2 3 4 s
Consequently the speed ratio increases from 3.6 to 4.3. The Axial position (cm)

measured magnitude of the axial velocity at the nozzle exit is

in close agreement with the calculated value. However, calFIG. 7. On-axis profile of the axial velocity component measured by inter-

culation does not predict a large drop of the velocity behinderometry with the 738 nmifull triangle) and 763 nm(open trianglg Ar

the nozzle. In order to cancel out any experimental artifact, %nes. Also_ shown is the thermal speed calculated using thi measured tem-
- . - . eraturg(circle) as well as the velocity measured by L($tan. s= 3.3 at the

measurement series has been realized with a higher molecgbzzle exit.

lar nitrogen flow? 1t appeared to be necessary to check

whether the decrease in velocity observed at the torch outlet

was not connected to a modification of the Ar atom velocityPackground gas, is needed to be able to accurately calculate

distribution function. Indeed, reabsorbtion of fluorescencelow structures, and to confirm that the observed structure is

light by slow atoms located along the observation path and real flow characteristic.

the subsequent change in the velocity distribution may be

erroneously interpreted as a decrease in the local averaddh. PLASMA FLOW INSIDE THE NOZZLE

drift velocity. As can be seen in Fig. 6, the experiment clearly As can be seen in Fig. 7, measurements of the develop-

demonstrates that the observed trend is real. Notice that tr}ﬁem of the axial velocity along the jet axis have also been
added amount of Nis not large enough to lead to a global ., ieq oyt by means of Fabry—Pérot interferometry inside
decrease in t'he velocity magnitude. Similarly, thg parallely o o-71e as well as at the nozzle exhd@sthe velocity
temperature is not affected by a small change in the Nmagnitude is in relative good agreement with the one mea-
conten.tSS. o _ sured by LIF. Despite the poor spatial resolution of the
A first suggestion is that the observed decrease in VelocFabry—Pérot setup one can observe the drop in velocity be-
ity behind the nozzle exit is the consequence of either th¢ing the nozzle. A speed ratio of 3.3 is found at the nozzle
existence of a complex shock wave reflexion phenomenory, et The Ar atom flow velocity is nearly constant in the
like anstz)blique standing shock wave attached to the lip of th‘%iivergent part of the nozzle with a value of about 4.5 ki s
nozzle,” or a high plasma flow viscosity. As can be seen injy good agreement with numerical outcomes. It experimen-
Fig. 2, the fluid model shows that at the nozzle exit the axiakqjly proves that the acceleration of the plasma flows and the
velocity falls down by an amount of 50 m'swhile the  corresponding cooling occur right behind the nozzle throat.
translational temperature decreases by an amount of 200 K The radial development of the Ar atom axial velocity
due to viscosity. The measured deceleration is nevertheleggmponent has been measured inside the arcjet nozzle at
stronger since the velocity decreases by an amount af-2 cm by means of Fabry—Pérot interferometry. The corre-
500 m s* and the equilibrium temperature falls from 2240 to sponding profile is shown in Fig. 8. As expected, the velocity
1460 K fromz=0 to z=10 cm, respectively. Another idea is js maximum on axis and the profile is almost symmetric. The

that the measured drop is a consequence of a slight misxial velocity approaches the thermal speed in the vicinity of
alignement of the laser beam with respect to the jet centetthe nozzle wall.

line. Liebeskindet al. employed such an argument to explain

a decrease in velocity measured behind a nozzle in the casg| JET RADIAL STRUCTURE

of a supersonic hydrogen arc jet pluﬁ?dn our case, numer- _

ous series of measurements have been performed with diffeft: Al the nozzle exit

ent flows and different cathode states, as shown in Fig. 6, and  Both the parallel temperature and the axial velocity com-
a realignment of the laser beam and the detection branch igonent have been measured by means of LIF at the nozzle
between two series has always been done. Notwithstandingxit (z=0 cm) as a function of the radial position The
the realignement procedure, the trend has always beegbtained profiles are displayed in Fig. 9. The velocity profile
observed® The presence of an oblique shock wave is un-exhibits a bell curve shape with a maximum velocity magni-
likely at low background pressure, hence the velocity drop igude on the jet axi&® The plasma flow is supersonic in the jet
certainly driven by viscosity. However, a more elaboratedcore and it becomes sonic, i.ess1, at r=2.5cm (vy,
model, which for instance could account for the residual=650 m s* with T=1000 K), a position that corresponds to
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FIG. 8. Radial profile of the axial velocity component measured by inter-gig 10, Radial and axial Ar atom velocities combined to form a radial
ferometry with the 738 nm Ar line inside the nozale=—2 cm. As ex-  ofile of the velocity vector 10 cm from the nozzle exit plane. The jet
pected, the velocity is maximum on axis and it approaches the thermal Spe%undary which is defined as the location where0, is located ar
close to the wall of the torch nozzle. =10 cm. The corresponding expansion half-angle is 33°.

sociated velocity can be high due to gas entrainment. Never-

the nozzle surface boundary. There is no clear structure in thgig|ess, the existence of such a stable cell can hardly explain
parallel temperature profile inside the core of the jet. Thene gbserved low gas temperature.

temperature outside the jet, i.e., in front of the metal torch
housing, is around 800 and 1200 K for, respectiveky0
andr>0. An interesting feature is visible in Fig. 9 at the
radial location that corresponds to the nozzle lip and more or  The radial and axial Ar atom velocity components mea-
less to the sonic limit. The velocity is suddenly negative withsured 10 cm away from the nozzle exit plane have been
a magnitude of about 3 km’ while the temperature combined to form a radial profile of the velocity vector. The
abruptly drops to 300 K. The observed feature is certainly aesulting vector plot is shown in Fig. 10. The profile is al-
sign for the existence of a specific well-localized structuremost symmetrical with a maximum velocity on axis. The jet
such as recirculation cells surrounding the plasma jet. Théoundary, which is defined as the location whete0, is
rotation speed of a vortex can lead to the measurement of lacated at =10 cm. The corresponding expansion half-angle
negative Doppler shift. Moreover, the magnitude of the asis 33°. It is then higher than the nozzle half-angle that is
equal to 25° meaning that the jet opens behind the nozzle
exhaust. The temperature on axis is around 1700 K and the
temperature beyond the jet boundary, i.e., in the background

B. In the plume

5000, gas is 500 K* The radial velocity is null on the jet centerline
2000] o R e and it reaches its maximum vali600 m s%) atr=3 cm??
\ As can be seen in Fig. 10, the radial velocity returns back to
7 zero at|r|=8 cm. It implies that fronr=8 cm tor=10 cm

the flow velocity is parallel to the jet center stream line,
which is a feature of a barrel shock wave.

Temperature (K)
g
u%/g

0004 o u/:‘g
a

TR s s 4 5 0 3 4 § 5w VI CONCLUSION

Flow properties of an underexpanding weakly ionized
argon plasma jet seeded with a small amount of nitrogen
have been investigated applying Fabry—Pérot interferometry
and laser induced fluorescence techniques on resonant Ar
atom excited states. A detailed examination of atomic colli-
sion processes and radiation transport under our plasma con-
. ditions clearly establishes that the local velocity distribution
4000 e function of Ar resonant states images the velocity distribu-
20 8 6 4 2 0 2 4 6 8 10 12 tion of ground-state argon atoms. Measurements reveal that

Radial position (cm) both the speed ratio and the rarefaction degree are high at the
FIG. 9. Radial profile of both the parallel temperatgtep) and the axial torch nozzle exit. As a consequence, the plasma deceleration

velocity componengbottom) measured at the nozzle exha(st0 cm). The ~ PrOCESS, which originqtes in the interaction .between the
solid line is drawn to guide the eye. plasma jet and the residual background gas, is found to be

Velocity (ms™)
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governed by the regular reflexion phenomenon. The'A. K. Mohamed, B. Rosier, P. Sagnier, D. Henry, Y. Louvet, and D. Bize,
supersonic-to-subsonic transition necessitates several staggerospace Sci. Technokl, 241(1998.

. . . S. Mazouffre, E. Pawelec, V. Caubet-Hilloutou, and M. Dudéioceed-
in the course of which the Ar atom flow velocity gradually ings of the 34th AIAA Plasmadynamics and Lasers Conference, Orlando

decreases. Strong departure from thermal equilibrium is ob- (AIAA, 2003), AIAA paper 03-3747. Both the Ar and J\yas flow cited in
served behind the nozzle outlet as the result of rarefaction.the AIAA paper are erroneous due to a bad calibration of the mass flow

FinaIIy experimental results point out the presence of a controllers. The correct values are the ones mentioned in the present ar-
’ ticle

stable flow structure in the vicinity of the nozzle lip. In this i R'_ Miller, in Atomic and Molecular Beam Methadadited by G. Scoles
narrow cell, of which the existence still must be confirmed, (Oxford University, New York, 1988 p. 14.

the gas is relatively cold and the flow velocity is opposite to'‘D- C. Schram, S. Mazouffre, R. Engeln, and M. C. M. van de Sanden, in
the jet velocity. Atomic and Molecular Beam®dited by R. CamparguéSpringer, New

. . . . . . York, 2002, p. 209.
An obvious continuation of works described in this con- 5. A. Graur, J. C. Lengrand, and T. G. Elizarowrpceedings of the 22nd

tribution is the investigation of a rarefied supersonic argon International Symposium on Shock Waves, Londdited by G. J. Ball, R.
plasma flow around an obstacle of various geometry and Hiller, and G. T. Robertgimperial College, London, 2000Vol. 2, p.
material. To monitor argon ions and argor.l neutrals beha\”Ofel%/lz.687.. Ivanov, G. N. Markelov, A. N. Kudryavtsev, and S. F. Gimelshein,
throughout bow shock waves as well as in boundary layers ajaa 3. 36 2079(1998.
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