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For a plasma, flowing through a cascaded arc channel with a varying cross-section, and flowing
from a subsonic to a supersonic state, the sonic condition moves downstream and the plasma Mach
number at the smallest cross section is less than one, although in case of a transonic isentropic gas
flow the sonic condition is found at the smallest cross section. This shift in sonic condition is due

to the lack of isentropic behavior of the plasma flow. Sources causing the anisentropy are viscosity,
heat and ionization, of which ionization is vital for a plasma. It is found that the plasma Mach
number is always lower than the corresponding gas Mach number. A quasi one-dimensional analysis
and simulations with a two-dimensional plasma model, which support the analysis, are presented.
© 1999 American Institute of Physid$$1070-664X99)01906-0

I. INTRODUCTION channel, ionization, viscosity, and heating shift the sonic
condition from the throat towards the arc outlet. Plasma

, The study of the casp_aded arc p'Iasma saufcis of Mach numbers are shown to be lower than gas Mach num-
interest for remote depositidrand etching. Cascaded arcs bers.

are used as particle sources in such plasma process systems. gimulations with a two-dimensional model supporting

The arc creates wall stabilized flowing thermal plasmas.  he results of the quasi one-dimensional model will be pre-
For fast deposition a high ion flux is preferable. The jonieqd.

cascaded arc has proven to be an efficient ion sdtfce.

lonization degrees over 50% can be reached when the att THE CASCADED ARC

channel is geometrically pinchef@.e., has a convergent- The flow channel considered is a cylinder symmetric

divergent geometiy’ Besides an increase in the ionization cascaded arc configuration as shown in Fig. 1. Thé arc

efficiency, an increase in the arc exit velocity increases theonsists of three cathodes at the cathode housing and a stack

ion flux coming out of the arc. To optimize the cascaded ar®f electrically isolated copper plates, forming the arc channel

as an ion source, besides ion production efficiency, knowltogether with the anode at the arc outlet. The gas inlet flow,

edge of the flow behavidi.e., Mach numbepsand the tran-  which is injected between the three cathode tips, is con-

sonic position(i.e., where the Mach number equals paee  trolled by a mass flow controller. The plasma expands super-

therefore, of interest. In this paper we will focus on the Machsonically into a vacuum chamber located at the arc outlet

numbers inside the arc channel to describe the flow behaviofnot shown in Fig. 1

For a discussion of the arc efficiency we refer to Bugtral.” The arc depicted in Fig. 1 has a convergent-divergent
Compressible fluid flow through channels of which thechannel, but a cascaded arc with a straight plasma channel

cross section varies will be considered. It is assumed that thieas also been used. The cascaded arcs used typically have a

flow can be adequately modeled by a quasi one-dimensionghannel length of 34 mm and an outlet diameter of 4 mm.

flow mode_l. The flow is assumed to be one-dimensional at alhl' THE PLASMA MACH NUMBER

cross sections of the channel. Therefore, the rate of change in

cross-sectional area with distance along the channel may not Ve Wwill consider the influence of a changing flow cross-
be very large sectional area, the influence of shear stress at the wall, as

We will show that the effects of area changes on awell as the influence of heat exchange on the Mach number
aAin the cascaded arc channel. The Mach numidéy, is

plasma flow differ from those on an isentropic gas flow. ey , '
d°%as the ratio of the local velocityy, and the local

plasma is never isentropic due to inelastic collisions whicHi€fine
can ionize the plasma, due to viscosity and due to OhmiéP&ed of sound;

heating of the plasma. We will show that the isentropic gas

case is a special case, and that, in a convergent-divergent I @

1070-664X/99/6(6)/2628/8/$15.00 2628 © 1999 American Institute of Physics
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The speed of sound depends on the type of fluid under corize the plasma, due to viscosity, and due to Ohmic heating of
sideration, and is defined as the plasma. This nonisentropic behavior requires a more ac-
curate specification of the plasma temperature and the isen-

c2= &_p , (2)  tropic exponent.
ap/ Considering its thermodynamics, we found that due to
wherep is the pressurep the mass density, anslthe en- ionization, the isentropic exponent for a two-temperature ar-
tropy. In case of an isentropic gas gon plasma of around 1.2-1.3 eV equals 1.2 for almost the
whole ionization rang€5%—80%. An analysis of howy
B:C (24 depends on the ionization degree and temperature can be
p found in Ref. 10. It should be noted that to create a plasma,

heat is supplied to ionize. A chemical energy tefioniza-
tion) appears in the specific enthalpy and in the internal en-
p=pRT, (3a ergy expressions, which term is quite dominant in both cases.
Consequently, both heat capacitgsandc, increase such
that the ratioc,/c, becomes smaller.
c=VyRT, (43 From these results we get, in the case of a plasma,

and
which means that

where y the isentropic exponent for a specific g&s,s a
constant,T is the gas temperature, afithe mass specific —-=C, (2b)
gas constant. P

In case of a plasma, the isentropic exponent in Expresand
sion (2a) and the temperature in Expressi8®) are differ-
ent. The isentropic exponent, which equals the ratio of the P=pR(ThtaTe) (3b)
heat capacities at constant pressag, and at constant vol-  \yhich means that
ume,c,, is lower in a plasma than in a g&8A plasma is
never isentropic, which is due to inelastic collisions thation-  c¢= Vy,R(Ty+ aT,), (4b)
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in which v, is the isentropic exponent for a plasn@, is a 2pwr

constant, and the plasma temperature is defined as the Re= ) (10
o

weighted sum of the heavy particlee., atoms and ions

temperatureT,,, and the electron temperatui®&,, in which ~ wherep is the dynamic viscosity. For laminar gas floe.,

the ionization degree is defined as Re<2300 the dimensionless Fanning friction factor is equal
2,11-14
n i to
=i (5) 25, 16 w
) . . : pw? Re’
wheren; is the ion humber density ang, is the atom num-
ber density. and is valid for any wall roughness, as the heat loss in lami-
The isentropic exponent is lower and the temperature iar flow is independent of wall roughne'Ss.

defined differently(i.e., more generallyfor a plasma than According to Expression&l0) and(11) the geometry of

for a gas, which leads to a change of the definition of thehe arc channel, density gradients, and temperature gradients
velocity of sound. Again, this important difference between a(hecauseu is a function of the temperaturénfluence the

plasma and a gas is due to ionization. friction factor. The quasi one-dimensional model assumption

The local plasma Mach number, Expressit), be-  that the flow is one-dimensional at all cross sections of the

comes channel, however, denies the fact that radial gradients may
influence the friction factor. We will discuss radial profiles in

¢ M 6) Sec.VB.
PA\/ YpR(Th+ aTe) " pA Note further that, in case of a plasma, the Fanning fric-

making use of the inlet mass flow, equal topr with A tion factor,f, is also partly determined by the ions inside the

the cross-sectional arear2. According to Expressiorig), ~ Plasma. _ _

the plasma Mach number in a subsonic plasma flow can be ~Conservation of energy yields

increasedceteris paribusl) by increasing the inlet flow,)2 c,dT+wdw=dQ, (12)
by decreasing the plasma temperatuneby decreasing the

ionization degreeg, 4) by decreasing the isentropic expo- WheredQ is the rate of heating, and the (gas mixture or
nent, y, 5) by decreasing the arc channel cross-sectign, Plasma temperature. Heatingcooling can occur by, e.g.,

and 6 by increasing mastia R). Ohmic heating, from heatingcooling the flow channels,
and by chemical reactions in the plasma. All three types of
. . —A6-9
IV. RESULTS FROM THE QUASI ONE-DIMENSIONAL heating occur in the cascaded arc plasma solifte?
MODEL Equations(7), (9), and (12) are “global” equations in

the sense that they do not consider the particle types in the
Let us next consider the flow behavior of a fluid flowing fluid individually. The expressions take the total fluigix-
through the cascaded arc while taking into account that theyre) into account integrated over the cross section, and no
Mach number is fluid dependent. The flow behavior can beadial dependencies are assumed.

found by solving the equations for conservation of mass,  Using Mach’s numbenM, together with the equation of

momentum, and energy. _ _ state in derivative form, and using the isentropic temperature
Mass conservation in differential form gives expression, we derived from the expressions of mass, mo-
dw dp dA mentum, and energy conservation, that
—+ —+—=0. (7)
w  p A , dM -1, 2f dA
) i (1-M4) —=| 1+ ——M*|| yM*—dz— —
Since the wall shear stress force is equal to the shear stress, M 2 A

Tw, times the surface areacosd, whereSis the wall sur-

2

face andd the wall inclination angle, the momentum balance ﬂ)ﬂ (13

for a small control volume reads 2 CpT

pA+(p+dp/2)dA— 7,Scos & This equation shows the flow behavior of the considered

fluid. At the sonic point, i.e., at the position where the Mach

=(p+dp)(A+dA)+pwAdw, (8 number equals one, Equati¢h3) reads

since the average pressure on the curved wall surface, which 4 A f dQ

has a projected area df, is (p+dp/2). The termApwdw N deer T (14

is deduced from the increase in velocity over the control p

volume pwA[ (w+dw)—w]. This yields in first order Hence, the cross-sectional area must increase as long as the

2 w2 2 Mach number has to stay constant and equal to one.

pwdw+dp=— erdz - —f dz 9 Equation(13) shows two sources, viscosity and heat ex-

change, which shift the sonic position downstream from the
wherez is the symmetry axis, anflthe dimensionless Fan- minimum of the cross-sectional aré¢iee., atdA=0) for a
ning friction factor>!1-4The Fanning friction factor is a transonic flow in a convergent-divergent nozzle. If the flow
function of the Reynolds number, Re is not transonic, the flow remains subsonic or supersonic,
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and, according to Eq13), the optimum in the Mach number fects is called a Fanno flow:*2 Note that in compressible
will notbe at the minimum of the cross-sectional area due tdluids friction changes all of the flow variables, because
the already mentioned friction and heating. changes in pressure causes changes in density which leads to
A third source that shifts the sonic position are thechanges in velocity. Combining the conservation equations
plasma temperatur€ and the thermodynamic properties of of mass, momentum and energy with the equation of state as
the fluid, expressed by the isentropic expongnand the in Sec. IV, while settingdA=0 anddQ=0, yields
specific heat, in Egs.(13) and (14). Remember that ion- dM 1
N . . . Y
ization (essentially important for plasmasnfluences the (1-M?) —=yM? 1+ ——M?
plasma temperature and the thermodynamic propectjes M 2
cp andy, and therefore, shifts the sonic position indirectly. Note that from Eq.(16) it follows that the sign ofdM is
prescribed by the sign of (tM?), because, sincg>1, the
right hand side is always positive. This equation shows that
In an isentropic gas there is no heat addition and thgor subsonic flow W <1), wall shear stress causes the Mach
influence of viscosity is neglectéd****'"In the Eqs.(9)  number to rise, and for supersonic floM & 1) wall friction
and (12), f and dQ equal zero. The equation for the flow causes the Mach number to fall. Therefore, viscosity causes
behavior(13) becomes the Mach number to tend towards one.
dA M2-1 dm Once the Mach number of one is attained in case of
A= m o (15  transonic flows, ups_tream conditions cannot be affected by
downstream conditions any longer. Therefore, so-called
From this equation it follows that when the isentropic gaschoking can occur as a result of wall shear stress. The mass
flow is subsonic 1<1) dM is positive(since y>1) in the  flow rate is now limited due to wall friction. The Mach num-
convergent part of the channel, i.e.,d& is negative. When ber of one is attained at the channel éxitt+16-18
the flow is supersonicNl >1) dM is negative in the conver- In a similar way as in Eq(16) the next equations show
gent part of the channel. At the minimum cross-sectionhow viscosity influences the other flow variables.
(dA=0), the sonic conditionN1=1), or an optimum in the dp M1+ (y—1)M?] 7, 2

2
" Zdz (16

A. Special cases: The isentropic gas case

Mach number §M=0) will be found. 5 — “dz, (17)
These results show the well-known behavior that if a P 1-M pwe T

subsonic isentropic flow is to be accelerated to a supersonic Y(y—1)M* 1, 2

flow we may use a convergent-divergent nozzle. The conver- —=—--———>—-—5—dz, (18

gent part accelerates the flow up to a Mach number equal to T 1 pwoT

one, and the divergent part then accelerates the flow to su- Tw

personic speed. At the throadA=0) the Mach number d5=(7—1)M2W Tdz, (19
must be equal to one. P
In such a nozzle the pressure will fall continuously. If wheredsis the enthalpy change. Note thig>0 sincey>1,
the pressure at the end is not low enough, the flow willand thatdp and dT are negative for subsonic flowsvi(
remain subsonic throughout. In this latter situation, the Mach<1) and positive for supersonic flows/(>1).
number and the velocity reach their maximum at the throat.
Similarly, two possibilities exist for a supersonic isentro- . ) . . . .
pic flow. Either the Mach number will decreaseNb=1 at g(.)osliﬂgmal cases: Balancing viscosity effects with
the throat and then continue to decrease to subsonic velocity
in the divergent part of the nozzle, or the flow remains su- In a plasma flowing through the cascaded arc, Ohmic
personic throughout the nozzle. In this latter case, the Macheating heats the plasma mainly near the arc inlet. This heat
number and the velocity reach their minimum at the throatjs transported by the plasma and lost by cooling at the wall
although these values are still supersonic. and at the arc channel outfet*"*°Cooling at the walls can
be influenced by changing the wall temperature, which in
_ _ fact changes the temperature gradient near the wall and,
B. Special cases: The static Fanno flow therefore, changes the heat conduction towards the wall.
In the discussion of an isentropic gas flow through aNote that by choosing the cooling at the wait Q) equal
convergent-divergent nozzle, given in Sec. IV A, the effectto
of viscosity, heating, and ionization have been neglected. £
This is often an adequate assumption for gas flows through —dQ=1vy-c,Tdz (20
straight nozzles, although for small and long nozzles the ef- r
fects of viscosity, i.e., the effects of fluid friction at the walls, the sonic position is again located at the minimum of the
can be important. cross-sectional area of the convergent-divergent ndzee
We will discuss here the influence of friction on the at dA=0). We find that the sonic condition occurs at the
Mach number in a straight nozzle. A straight channel reducethroat of the arc channel as in the case of the transonic isen-
complexity and draws our attention to how viscosity influ- tropic gas flow.
ences the Mach number. A compressible adiabatic flow in a Note that if the flow is not transonic the optimum in
constant cross-sectional area channel including frictional efthe Mach number is shifted back upstream towards the
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Influence of viscosity (Argon case) Influence of viscosity (Hydrogen case)

~@—visc 1e-5
——visc 2.5e-4 (Moutlet =0.9)
1.4 1 | —¢—visc 2.5e-4 (Moutlet =0.2)
-4 Visc 5e-4

18 1.6
16 |
141

12 +
1.0 1
M 08 1 —&—ViSC 1e-4
0.6+ —=—visc 2.5e-4 . - ;
4 | —¥—visc 5e-4 dr
0.4 & J 21 bk 4
—%—visc 1e-3 | Z Es B ES )
0.2 l*!—‘ 0.0 t t t t + +
0.0 ; . ) 0.000 0.005 0.010 0.015 0.020 0.025 0.030
0.000 0.010 0.020 0.030 Z-axis [m]

Z-axis [m]
FIG. 3. An increase in viscosify. (m%s) increaseklowers the Mach num-

FIG. 2. An increase in viscosifi (m?'s) increaseblowers the Mach num-  Per inside the hydrogen gas nozzle.

ber inside the argon gas nozzle.

expands into a “low pressure vessel” where a shock occurs

minimum of the cross-sectional area of the convergent{Packground pressureS0 Pa. Our case is that of an under

. 1 . .
divergent nozzle according to an expression similar to Ex&xpanded ﬂg'd- The Mach numbers in the pre-expansion
pression(20). (the expansion before the shoakust be larger than one.

Therefore, the fluid must pass the sonic condition. As shown

before, isentropic gas theory pinpoints the location at which
V. SIMULATIONS USING THE PLASMA SIMULATION the sonic condition occurs at the smallest cross sectien
MODEL PLASIMO the channel outlet in case of straight chanheis discussed,

From the previous discussion it can be concluded thaPlasmas never fulfil the isentropic condition.
Mach numbers in a convergent-divergent plasma differ from  We will show that the sonic condition will move down-
Mach numbers in a perfect isentropic gas due to the noniserfiream in the two-dimensional flow case conform the quasi
tropic effects, i.e., viscosity and heat sources, and due to th@ne-dimensional model results, when viscosity and heating
occurrence of ionization. To verify this statement, we will (i-€., anisentropy and more specific ionization and the cre-
model gases and plasmas flowing through a convergenfition of a plasma, are introduced. In the next figures, ob-
divergent cascaded arc plasma source with a twotained withpPLASIMO, we will show the decrease of the Mach
dimensional model callegLAsIMO.® The PLASIMO simula-  Number along the symmetry axis axis) due to an increase
tion model uses the control volume concept within the dynamic viscosity coefficienj, and due to an in-
conservation of fluxes to make the transport equations discrease in heat addition by increasing the wall temperature,
crete. In the quasi one-dimensional model, as used in previtwai. for the cases of an argon gas and a hydrogen gas,
ous sections, the volumes cover the whole cross section. W&spectively. We will find differences in flow behavior when
will compare the quasi one-dimensional plasma flow modefomparing the Ar gas case with the Has case. Afterwards,
with the results of the two-dimension®LasiMo model. the influence of ionization will be discussed for straight arc
PLASIMO can indicate how well the quasi one-dimensionalflows when we compare Mach number values in an argon
assumption is, a subject which we will discuss in Sec. V B.Plasma with an argon gas. For an argon plasma we will show

The simulation prograrrLAsIMO is a hydrodynamic nu- the influence on the Mach number of a decrease in the small-
merical model with which bulk flow variables, such as ve- €St Cross sectior.
locity, pressure, densities, and temperatures, can be calcu- N Figs. 2 and 3 the influence of viscosity on the Mach
lated.PLASIMO is used to study stationary cylinder symmetric "umber inside the channel is shown for argon and hydrogen
plasmas. For a full discussion of tleAsSIMO model see

Jansseret al® o
Sonic position as function of viscosity

A. PLASIMO simulation results

0.026
To study the values of the Mach number inside the cas-_, 0.024 1
caded arc channel three different fluids were considered: AE 0022 1

mono-atomic gagargon, a molecular gaghydrogen, and a £ 0‘;:’2 1
mono-atomic plasméargon. & 0016 |

A gas flow is prescribed at the arc inlet. The imposed g14 4
fluxes are varied but inflow occurs always at low velocities. = o.012 {
The gas inlet flow is subsonic. A plasma can be createc o.01 : : = =
inside the arc channel via ionization by Ohmic heating. To ~ 000E+00  2.00E-04  400E-04 ~ 6.00E-04  8.00E-04  1.00E-03
simulate the gas flows through the arc, the Ohmic energy viscosity [Pas)
input is set equal to zero. At the arc outlet the gas or plasma FIG. 4. The influence of viscosity on the sonic position.
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Influence of the wall temperature (Argon case) Sonic position as a function of the wall temperature
0.015
1.8 0.0148 1
16} 0.0146 +
— 0.0144
141 E
c 00142 +
2
121 ‘§ 0.014 |
——Twall=1 o
M 1.0 wall=1500 o 00138
—¥*— Twall=2500 = 00136 ¥
081 —%— Twall=3500 0.0134 +
0.6 “* —o— Twall=4500 0.0132 1
0.013

1500 2000 2500 3000 3500 4000 4500
wall temperature Twall [K]

0.2 + t + + t + t
0.000  0.005 0.010 0.015 0.020 0.025 0.030
Z-axis [m) FIG. 7. The influence of the wall temperatufg,, on the sonic position.

FIG. 5. An increase in the wall temperatyi®,,; (K) increaseklowers the
Mach number inside the argon gas nozzle. number equal to 0.2 in Fig. 3. Note that the optimum in the
Mach number is slightly influenced by the chosen outlet
. . - Mach number.

gases. To get these resglts, the viscosity coefficientias Figure 4 shows that the sonic position depends almost
been changed to a certain value inside#hesimMo program . . . oy : .

. . : linearly on the viscosity coefficient and is gas dependeiat
(flow 100 scc/s, no currentAs is shown in both figures, an . ; : . .
. . ; . . its mass, the isentropic coefficieptand the friction factof),
increase in the viscositycoefficien)y decreases the Mach as reflected by Expressiofs0), (11), and(14)
number at every position inside the arc. Therefore, the posi- y =Xp ' ' '

. In Figs. 5 and 6 we show the influence of the wall tem-
tr:ﬁr;]\t/)vgre:gat?ﬁegizhn:‘:)?rgﬁ;negquoa\‘/lzsogg\’lv?]rs\t/\rlgaerr: the MaCBerature on the Mach number inside the cascadedflang

100 scc/s, no currentThe chosen wall temperatures are an

The transonic flows in Figs. 2 and 3 are a result of themput of thepLAsIMO program. Both figures show a decrease

low background pressure in the vacuum vessel in which the oo
g P 19 : . In the Mach number at every position inside the arc as func-
flow expands. However, becauseasiMO™ requires a speci-

tion of the wall temperature. Therefore, the transonic posi-

fication of the outflow Mach number, we modeled transonic,.
tion must move downstream.

flows by use of the condition that the Mach number is larger In case of hvdrogen. the flows we simulate remain sub-
than one at the outlet. The precise outlet Mach number de- yarogen,

. ! . sonic. For the subsonic flows we find a maximum Mach
pends on the arc configuration and ranges fildrs 1 until . . - . .

. number instead of a sonic transition. This maximum moves
M =2. However, we did not have to state the outlet Mach

. . ) downstream, like the sonic position in transonic flows, when
condition very accurately, since for supersonic outlet flow

the outlet Mach number does not influence the u Strea%he wall temperature increases, i.e., when less heat is trans-
flow.7:19 P ported towards the arc walsee Sec. IV E Therefore, an

For subsonic flows an outlet Mach number of 0.9 ha increase in wall temperature moves the sonic position or the

*Mach i
been used at first, as in case of straight atd$nfortunately, acAczg:gli:):r ?gt::r? urr17 dtﬁ\(/evnssgaeismbsition is a deqressive
the outlet Mach number had to be chosen more precisely for g 9. P 9

. . ncreasing function of the amount of “heatingincrease in
subsonic flows, as demonstrated by taking the outlet Macbvall temperaturk as already indicated by Expressi6i).

Influence of the wall temperature (Hydrogen case) Mach numbers in a straight arc
plasma versus gas
- Twall=4500 1.0
1.4 — ’
—+— Twall=5000 0.9
2y 0.8 1
—— Twall=6000 '
1.0t 0.7 +
0.6 1
M 08 M 0.5 3
0.6 0.4
0.4 4 0.3 4 —+—gas
0.2 { ~3~plasma
0.2 01
0.0 + t t t g t + 0.0 f f f f t t
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FIG. 6. An increase in the wall temperatyi®, ., (K) increaseklowers the FIG. 8. A comparison of plasma flow Mach numbers with gas flow Mach
Mach number inside the hydrogen gas nozzle. numbers.
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Influence of a varying cross-section and ionisation the Mach number with a two-dimensional plasma simulation
18 model named pLASIMO. The results from the two-
——ratio 0.375 dimensional plasma simulation model confirm the quasi one-
161 | ——ratic 0.5 dimensional analysis, although the two models differ theo-
—o—ratio 0.625 retically with respect to form factorgor radial profiles.
T :Z:Z 2'235 While pLASIMO allows for all type of profiles to existe.q.,
—o—ratio 1.00 concave, convex, and flathe quasi one-dimensional model
27 allows for only flat profiles.
To investigate the difference in approach, we examined
o the profiles as reported bgLasimo. We find a flat radial
M profile for the pressure, slightly convex radial profiles for the
081 velocity, the electron and heavy particles temperatures, and a
slightly concave profile for the mass density. The radial ve-
061 locity and the temperature gradients are mainly generated
near the walls. The same holds for the only concave radial
047 profile, i.e., the mass density increases severely near the
walls, but the profile is almost flat in the center of the arc
0271 g channel. FurthemLASIMO shows that the mass flypw and
oo : the dynamic pressurpw?+p are constant over the radial

axis, with only discrepancies at the walls. Therefore, flat pro-
files seem to be preferred. The no-slip conditigim
PLASIMO: The velocity at the walls is set equal to zpend
FIG. 9. Increasing the smallest cross section lowers the Mach number insidéie relatively low wall temperatures seem to prohibit flat
the arc nozzle. profiles for the velocity and for the temperatures.
This analysis of the profiles obtained withLASIMO

In Figs. 2—7 Mach numbers for gases were consideredshows that the quasi one-dimensional approach is sufficiently
Next we will discuss the Mach number fptasmaflows. For  accurate.
the creation of plasmas, ionization is essential. As noted be-
fore, ionization influences the plasma temperature and thg|. CONCLUSIONS
thermodynamic properties of the plasma. The differences in . . . .
Mach numbers between gases and plasmas are mainly due to For transonlp 'Se”tf‘?p'c.ga?es in convergent-divergent
ionization. In Fig. 8 Mach numbers for an argon plasmanozz,les thg sonic con.dmon is S|tua}ted at the smallest cross
(flow 100 sccls, current 50 )Aflowing through a straight section. Using a quasi one-dimensional mpdel, whose state-
channel are compared with Mach numbers for an argon g .ents 'about Mach pumbgrs were verlfled' by the two-
flow (flow 100 scc/s, no currentRelatively large differences imensional plasma s_|mulat|on_ moqusmo, It hg_s been
in Mach number values can be found near the arc iI,“etzshqwn_that due to anisentrogyiscosity, heat addltlon,_and
where ionization is most effective. |qq|zat|orj Mach number values Chqnge and the sonic con-

In Fig. 9 an argon plasma flogflow 100 scc/s, current dition moves downstream. Expressions have been given to

50 A) is used to show the influence of a change in croséInd at which location the Mach number equals unity.

section on the Mach number. The ratio indicates the ratio of

the smallest diameter divided by the outlet diameter. Figureb‘cK'\'OWLEDG'VIENTS
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