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ABSTRACT kg Boltzmann's constant (J/K)
m" mass of an argon atom (kg)

Swirl has long been thought to be necessary no number density of atoms
to sustain arcs in high-speed flows. In this (particle / m3 )
paper, we explore the effect of injected swirl en number density of electrons
on both the cold flow (i.e. non-ionized and (particle / m3)
non-reacting) and the plasma flow in arcjet p pressure (N/m 2)
thrusters. The fully implicit Linearized Block r radial coordinate (m)
Implicit (LBI) scheme of Briley & McDonald[l] t time (s)
is used to develop highly accurate solutions to T temperature (K)
internal, viscous, supersonic flows of the type u radial velocity (m/s)
encountered in arcjet thrusters. In the case of v swirl velocity (m/s)
cold flow, it is found that the injected swirl per- w axial velocity (m/s)
sists downstream for low mass flow rates (on z axial coordinate (m)
the order of mg/s) and is actually enhanced at e ionization potential (J)
the constrictor entrance, near the cathode tip. u coefficient of viscosity (Ns/m 2)
However, for higher mass flow rates (on the or- permeability of free space (Tm/A)
der of g/s), the injected swirl is overcome by p mass density (kg/m 3)
the torque due to viscous forces (both in the V magnetic stream function (Tm)
flow as well as at the walls) and fails to persist a electrical conductivity (mho/m)
far enough downstream. Consequently, swirl
stabilization of the flow in arcjets can only suc-
ceed under certain operating conditions. The
actual plasma flow is also investigated in the 1 Introduction
presence of swirl, but our present simulations
show continuous decay of injected swirl. As Despite the near flight-readiness of arcjet
we show in this paper, this is an artefact and ste the lasa flow in ese devices

. thrusters, the plasma flow in these deviceslimitation of our present simulation. Real ar- is only begining to be understood. Un-
cjet flows should experience the effects we ob- ke its distant cousin, the Magnetoplasma-
serve in our cold flow simulations. This effect dynamic (MPD) thruster, the arjet is basi-
has important ramifications for the design and cally an electrothermal device. The propel-
locations of the swirl injectors and overall ar- lant (either monatomic or molecular) stream
cjet performance. On-going improvements to l a n t ( e it h er m o n a tomic or molecular) streamcjet performance. On-going improvements to is heated by an electric arc and expanded
our simulation to rectify this problem are dis- s h e a t e  b y a n e l e c t r c a r  a n d e x p d e d

cussedi though a converging-diverging nozzle to super-
sonic speeds. Although the device is simple in

Nomenclature structure, the phenomena that govern flow in
the device are quite complicated and are yet

Be magnetic induction (T) to deciphered. Among these is the question of
e internal energy per unit volume (J/m 3) whether or not injected swirl is necessary for ef-
jr- radial component of current fective operation, and whether this swirl plays

density (A/m 2) any role in arcjet fluid dynamics in the first
jz axial component of current place. Swirl in the flow-field forms the central

density (A/m 2) focus of this paper.
k thermal conductivity (W/m 2 K) The compressible Navier-Stokes equations
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govern the physics of flow fields in arcjets. addition, no existing work has systematically
These flows are often times further compli- examined the effects of injected swirl on the
cated by the effects of departure from ther- flow-field or conductivity distribution in arc-
modynamic equilibrium of the internal modes jets.
of molecular motion. This disequilibrium be- In this paper, we systematically examine the
tween internal modes (vibration, rotation and effects of injected swirl using an axi-symmetric
electronic excitation) and external modes i.e. 2-D model of a nominal 30 KW arcjet. Both
translational molecular motions gives rise to cold-flow and flow including the arc are exam-
complicated chemistry. Many numerical meth- ined. We find that the key to obtaining so-
ods have been devised to solve the compress- lutions to these flows is the proper modelling
ible, Navier-Stokes equations, the most popular of the boundary conditions and specification of
of these being the MacCormack scheme [2], the the proper initial conditions so that the flow
Beam-Warming scheme [3] and the Linearized can accelerate smoothly from subsonic to su-
Block Implicit (LBI) scheme of Briley & Mc- personic speeds.
Donald [1]. Our ultimate aim is to study arcjet This paper is organized as follows. The
flows including the effects of finite-rate chem- governing equations and boundary conditions
istry and internal mode disequilibrium. We are presented first, followed by the numeri-
have chosen the LBI method for this purpose. cal method. As brief illustration of code ver-
This method has the advantages of being able ification, sample solutions comparing against
to handle large numbers of species as well as experiments solutions are presented for a
being extendable from quasi-1D through 2-D, converging-diverging nozzle similar but not
to fully 3-D with relative ease. identical to the nominal 30 KW arcjet geom-

Recently, several groups have begun numeri- etry. Cold-flow and 2-D axisymmetric arcjet
cal simulations of arcjet flows[4, 5, 6, 7, 8, 9, 10]. solutions with and without swirl are discussed
Perhaps the earliest of these simulations were next, followed by a summary and conclusions
those of Keefer et. al.[4] and Butler et. al.[6, 7]. of this work.
Both groups have identified a, the electri-
cal conductivity, as the single most important
property that governs arcjet flow. This is be- 2 Formulation
cause a varies by orders of magnitude between
regions in the arc and regions near the colder The equations that govern the cold (i.e. non-
electrode boundaries, a determines the current reacting) viscous, supersonic flow are the com-
distribution in the gas, and hence the ohmic pressible Navier-Stokes equations. For the arc-
heating. The Ohmic heating in turn determines jet, these equations become considerably more
temperatures and ionization fraction. The lat- complicated by the presence of a body force,
ter has a profound influence on other proper- heat generation, species diffusion, chemical re-
ties, most notably the viscosity[l1] so that the action, ionization and recombination, and vari-
device performance is inevitably altered. Fur- able properties. However in this paper, we con-
thermore, the distribution of a profoundly af- cern ourselves only with a monatomic propel-
fects the heat addition not only in the subsonic lant (Argon) and defer consideration of molec-
portion of the flow but also in the supersonic ular propellants in a companion paper[12].
portion. Although the latter is unavoidable. We further neglect species diffusion terms, as-
it is important to minimize heating the super- sume quasi-neutrality, and take the electron
sonic flow as specific impulse will suffer. In and heavy-particle temperatures to be equal.
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While significant departures from the latter are u 2 + v 2 + w 2]
known to occur in the colder regions of the + z + + 2
flow[ll], we are mainly interested here in the
flow away from the electrode-adjacent regions. =1 (k + k T
The governing equations in cylindrical polar co- r r \ O r j T z \ z J
ordinates form are: j 2 + j2

+ Vp4 + + j,wBe - jzuBo, (5)
Op 1 (rpu) O(pw) a

t r 0r 0, (1) where, 4 is the dissipation function given by,

(+ o 2  f+w z
O(pu) 1 O(rpu2 ) (puw) pv 2  = 2 [(ar) +  + ~

[+ ,U) + U2 +V )2ar r az
Ot r Or Oz r

r rr +  rv\ 2 r/z 2  O w\ 2

O oL ou 2w (Ov v 2 2(O 2 w

Op _ V) _ (a+ +u- + a+ ( V  4u) + 2 r -r -3 - r r z
3 r ar 3r 3r 3zOz'

S[Ou Ow and e is the internal energy per unit volume

+ z z +  r -J jzBe, (2) given by:

O(pv) 1 (rpuv) O(pvw) puv 3Pvt (rpv) ( e = 3(2ne + n.)kBT + neci , (6)9t r Or Oz r
S2v 1 av 2v v and the p is the pressure given by:

= + += r* [ r r + Oz2 ~7 rp = (2n, + n.)kBT (7)or [V v Op Ov
Or [r rj z z' () In the above equations,

O(pw) 1 (rpuw) O(pw 2) V.= - (rAr) + e^
+ + r Or Ozat r ar 0z

and
Op 0 2w 1w 02w]
= 9P + [ + += r + -2 +  r F V + 

a20

+ (V i (Ou w OTr2 7r + z2 '
+ (" - ) + -Oz30z Or \Ozr I

9 29 rw where, A = Are, + Aoe^e + Aze^ is any vector
- 2- u 2 ++iBo, (4) and 0 is a scalar.
Oz 3 r 3 r 3 zj

In addition, we have the following species
S+ u2 + v2 + w21 rate and magnetic diffusion equations:

S+ (ne) + (n,w),
1 9 U2 + v2+ 2 Ot r ar OZ

+-- e + p + p93,
r r 2 j= kfnena - krne (8)
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Prescribing boundary conditions at the in-

Va let and exit planes of the nozzle depends on
V x (V x /r) - x (V x k/r) whether the flow is subsonic or supersonic. All

the solutions presented here consider subsonic

- o (V x (l x f/r)) = 0. (9) inlets. Hence, following Briley & McDonald

e t l c, c t of v- [1], the stagnation temperature and stagnation
The thermal conductivity, coefficient of vis-

Spressure at the inlet are specified. In addition,
cosity, and electrical conductivity are corn- .

at the inlet, the radial component of velocity is
puted from mean free path theory and are given t t e the l component of velocity

SH , a set to zero and the swirl component of velocity
by[13]. Here kl and k, are the forward and re-y[13]. He r the fo d and r- is either zero or set to some prescribed distri-
verse rates [11] of the reaction

bution corresponding to injection. It is impor-

SAr+ + - + e tant to note here that the axial component of
A velocity which determines the mass flow rate

The mass density p in the above equations is through the nozzle, is not specified at the inlet

related to the number densities as follows : but is determined from an implicit extrapola-
tion of the interior values, as is n e . In addition,

p = ma(ne + na) (10) the mass density at inlet is determined by using
the isentropic relation between the stagnation

where m, is the mass of a neutral atom.
and static pressures and temperatures there.

Along the exit plane, the flow is subsonic-
2.1 Boundary Conditions .Ssupersonic. All the variables (including ne) ex-
Boundary conditions for the eight dependent cept mass density on the exit plane are evalu-
variables (p, u, v, w, p, 0, ne, T) need to be spec- ated by implicit extrapolation from the interior
ified along the inlet and exit boundaries, on the [1]. If the local Mach number Mdefined as w/a,
wall, and along the centerline of the nozzle ge- where a 2 = 5(1 + )kaT/ma is the frozen

ometry. speed of sound is greater than one at a point
No-slip conditions are imposed on all solid on the exit plane, then the mass density is also

boundaries. In the case of the ionizing arcjet evaluated by extrapolation. If, on the other
flows, the temperature at the anode is held con- hand, M < 1 at some point on the exit plane,
stant at 1500 K, while the cathode temperature then the exit static pressure is specified and the
is held at 1000 K along its straight portion and mass density is evaluated from the equation of
ramped linearly to 2000 K along its sloping face state. The correct value of the exit static pres-
up to the tip. The mass density at the walls sure would usually not be known, unless the
is obtained by applying the radial component plume is modelled as well. Care must be ex-
of the momentum equation on the wall. The ercised in choosing a value for the exit static
choice of the radial component instead of the pressure, for, if it is too high, the boundary
normal component is dictated by the need for layer on the wall in the diverging section of the
simplicity. The electron number density on the nozzle can separate. This is an important detail
wall is obtained by setting its radial derivative that often escapes mention in the literature.
to zero there. The boundary conditions on 4 could use im-

Symmetry conditions are imposed along the provement. In this work, we prescribe and hold
centerline for all the variables except the swirl V, fixed at a certain value based on the total cur-
and radial components of velocity v and u, rent [4] on the anode wall from the inlet until
which are set equal to zero, identically. the exit to the constrictor. Beyond this point,
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b is varied linearly along the anode wall to zero must adjust themselves in order to accommo-
at the exit. i is taken to be identically zero at date the presence of the arc downstream. In
the exit plane and at the centerline (i.e. r=0). other words, some level of ionization (and tem-
Along the inlet plane, 0 is varied linearly from perature comensurate with this initial value of
its value on the anode wall to 0.99 times that ionization) must be prescribed to start the cal-
values, and maintained at that value along the culation. Obviously, the final converged steady
straight portion of the cathode as well as on the state solutions must be independent of the ini-
sloping face of the cathode until 5 grid points tial value chosen for ne. In this work, we use a
from the tip. For these 5 grid points near the simple way to calculate the static temeprature
cathode tip, i is decreased linearly from 0.99 at the inlet from the stagnation temperature.
times the maximum value to zero in order to As a result of this simplicity, our inlet tem-
force most of the current contours to approach peratures must be necessarily high in order to
the cathode axially. conserve overall energy in the converged state.

Physically, this alludes to the fact that some

2.2 Initial Conditions concentrated region of Ohmic heating must ex-
ist upstream of the constrictor that pre-ionizes

Due to the wave nature of the governing equa- the gas before it enters the main arc region.
tions, initial conditions must be prescribed
with care. In general, arbitrary initial values
for the dependent variables will not yield sta- 3 Numerical Method
ble solutions for any numerical method. Fur-
thermore, since it is impossible to simulate the Equations (1)-(5),(8) are solved a non-
breakdown process that initiates the discharge staggered non-uniform grid. This grid in the
n, cannot be expected to start from 0 (i.e. com- physical domain is transformed into a uniform
pletely non-ionized state). In this work, we grid in a computational domain using an ana-
prescribe an upstream stagnation temperature lytical coordinate transformation. The trans-
(also equal to the reference temperature used formation is such that the nozzle contour is
for non-dimensionalization) of 10,000 K, an up- transformed into a rectangle in the computa-
stream stagnation pressure (which depends on tional domain [14, section 5-6.1]. The govern-
the desired mass flow rate), u = 0, v = 0 (ex- ing equations together with boundary condi-
cept at the inlet, if swirl is injected), w = O.la, tions are transformed to the computational do-
where ao is the frozen speed of sound evalu- main and solved there.
ated at the inlet tagnation temperature, and The transformed forms of the governing
ne = O.lnre where nef is computed from the equations (except for the magnetic diffusion
stagnation pressure and stagnation tempera- equation) are solved using the LBI scheme of
ture. Briley & McDonald [1]. Since all the details

It is evident at the outset that an unre- of the scheme have already been reported else-
alistically high value must be prescribed for where [1], they willl not be given here. At each
the initial stagnation temperature and elec- time step in the time-marching sequence, the
tron number density. This is a drawback of magnetic diffusion equation is solved using odd-
the present formulation. It suffices to state even point SOR with the relaxation factor w
at this time that for supersonic flows of the set to 1.0. Thus, the V field is solved for in-
type encountered in arcjets, the upstream in- dependently at each time step. The other cou-
let static pressure, temperature, and densities pled, linear algebraic equations resulting from
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the other governing equations are then solved than the value of about 5.0 for the frictionless,
by using the Douglas-Gunn ADI method. The quasi 1-D case. The profile along the centerline
ADI method itself involves the solution of block shows a sharp drop in the Mach number near
tridiagonal systems in each coordinate direc- a dimensionless axial coordinate of 8. One can
tion, with block size equal to the number of see from the Mach number contours in Fig. 3, a
dependent variables, which, in our case is eight, change in the shapes of these contours near the
These systems can be solved using existing effi- same axial location (z = 8). In this figure, the
cient LU decomposition methods [15]. Follow- sonic line (M=l) is shown as the thick line. The
ing Briley & McDonald [1], we add dissipation radial Mach number profiles have their maxima
in the form a second derivative in the axial co- located on the centerline up until z = 8 and
ordinate to the unsteady governing equations, these maxima move to a location near the cen-

ter of the channel once we cross this particular
axial location. These contours look very similar

4 Cold Flow to those obtained using the method of charac-
teristics [16] for inviscid flow in a similar ge-

ozze ometry. They also agree very well qualitatively

In this section, we present viscous 2-D axi- with the experimental results presented in [17].
symmetric solutions for flow in a C-D noz- It was first shown by Darwell & Badham [16]
zle. These are for cold-flow (i.e. non-reacting that compression waves could be generated in

and non-ionizing) of air (7 = 1.4, p = 18 x C-D nozzle geometries from the location where

10-6 Ns/m 2 , Pr = 0.701) and are presented the curved throat section meets the diverging
for the purposes of code verification. The noz- conical section, if the radius of curvature of the

zle geometry is identical to the geometry of nozzle wall profile is discontinuous at this loca-

the 30 kW Arcjet thruster (shown in Fig. 1) tion. These compression waves can coalesce at

but without the inlet plenum and the constric- the centerline at a point downstream to form

tor. The transition from the converging to the a weak oblique shock. Experiments conducted

diverging section is achieved within five grid subsequently by Back et al. [18, 19] and Cuf-
points through the use of a quadratically vary- fel et al. [17] showed this to be indeed true.
ing profile for the outer radius. The exit to The sharp drop in the Mach number along the
throat area ratio for this nozzle geometry is centerline in Fig. 2 is due the oblique shocks in-
25. Solutions presented here are obtained on tersecting the centerline and the change in the
a non-uniform grid with 256 points in the axial shapes of the Mach number contours mentioned
direction and 64 points in the radial direction. before is due to these incoming and reflected
The most interesting feature of this flow is the weak oblique shock waves. Further evidence of
presence of weak compression waves in the di- these waves can be seen in Fig. 4, where a plot
verging section. Profiles of Mach number along of the radial velocity along the grid line j = 8.
the radial grid lines j = 0 and j = 38 are shown The radial velocity is negative in the converg-
in Fig. 2 together with the Mach number pro- ing section and then it rapidly turns around
file from the corresponding frictionless, quasi at the throat becoming positive in the diverg-
1-D solution. Here, the grid line corresponding ing section. The radial velocity then decreases
to j = 0 represents the centerline. The profile- sharply in the neighbourhood of z = 8 and be-

along the j = 38 grid line is closest to the quasi comes negative as the flow traverses the inci-

1-D profile. The maximum exit Mach number dent oblique shock waves. The fluid is turned in
in the viscous case is about 4.6, which is less a clockwise direction towards the centerline by
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these waves, since they are right running. The tersecting weak oblique shocks has very impor-
radial velocity then increases just as rapidly, as tant consequences for any experimental mea-
the flow traverses the oblique shocks that are surements that are made at the exit plane.
reflected from the centerline. These turn the
fluid in an anti-clockwise direction away from
the centerline, being left running waves. The 42 30 kW Arcjet Geometry

radial velocity settles down to a constant value Cold flow calculations similar to those de-
after about z = 14. The overturning of the scribed in the previous section, have been per-
fluid as it goes through the throat is evident formed for the 30 KW arcjet geometry. No ev-
from this figure when one compares the value idence of compression waves is seen in this ge-
of the radial velocity near z t 7 with the final ometry for the case of cold flow. However, the
value for z > 14. introduction of swirl at the inlet to the thruster

The exact mechanism by which these com- leads to some interesting results. The profile of
pression waves are generated is discussed in de- the inlet swirl velocity that we use is such that
tail in [16, 19]. As the flow passes through the it is peaked very close to the anode wall, typ-
throat, the regions of the flow close to the wall ically within 5 grid points (see Fig. 5). This
are overturned so as to be parallel to the wall. type of swirl will be observed, for example, if
Consequently, when the location where the dis- the fluid were injected through ports periph-
continuous change in wall curvature occurs is eral to the anode wall. Shown in Figs. 6 and
reached, the flow must be turned back towards 7 are the contours of swirl velocities for mass
the centerline, i.e. away from the wall. This flow rates of the order of a few grams per sec
can only occur through a series of compression and a few milligrams per second respectively.
waves. It can be seen that the introduced swirl is dis-

It is likely that such compression waves are sipated in the former while it is enhanced to
generated in the constrictor region of the arc- values higher than the inlet values for the latter
jet. Depending on the physical shape of the case. We find that for the swirl to enhance in
arc, it is possible that flow turning such as the case of higher mass flow rates, the plenum
the type just discussed occur at the constrictor should be shorter.
exit. Another way this effect can happen in ar- The phenomena governing the enhancement
cjets is via actual changes in the contour of the or decay of swirl can be explained from simple
nozzle (anode) wall due to electrode erosion, considerations of conservation of angular mo-
The amount of erosion needed to trigger such mentum. Injection of swirl at the inlet repre-
compression waves is rather small. Very sub- sents an influx of angular momentum. Thus for
tie changes in the geometry can trigger these any station downstream, the efflux of angular
compression waves. When a discharge is first momentum will equal this influx minus the to-
struck, the arc attaches either inside the con- tal torque due to viscous forces. If this torque
strictor or just at the exit of the constrictor, is sufficient to overcome the influx of angular
As the supersonic flow becomes established and momentum, then the injected swirl decays in
steady state conditions are reached, the arc the upstream plenum region itself. However,
attachment on the anode shifts in the down- if this torque is smaller than the influx of an-
stream direction. This shifting of the anode gular momentum, then the swirl will decrease
arc attachment is in reality accompanied by but can persist until the beginning of the con-
erosion. Generation of such compression waves verging section. Once this converging section is
with possible coalescence downstream into in- reached, the decreasing area can if the condi-
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tions are right, lead to an increase in the swirl and the inlet stagnation pressure is 104 Pa. The
component of the velocity from overall conser- initial current distribution is as shown in Fig.
vation of angular momentum. The total torque 8. A non-dimensional time step of 10~ 3 (di-
is composed of two quantities. The first is the mensional value is 5 x 10- 9 ) is used and conver-
torque due to the wall shear stresses (at anode gence to atleast three decimal places is achieved
and cathode), and the second is the torque due after 2500 time steps. The CPU time on the
to the shear stress integrated across the flow Cray Y-MP was 10 minutes.
volume between cathode and anode. Of these, Two cases were considered, one without swirl
the torque due to the wall shear at the anode and one with the inlet swirl profile as shown
is the most important, in Fig. 5. Figs. 9 through 18, summarize

The critical parameter which determines the results obtained after convergence. It can
whether or not the swirl persists ans is ampli- be seen from Fig. 9 that the current contours
fled, is the propellant mass flow rate. At higher have shifted downstream compared to the ini-
mass flow rates (and hence higher Reynolds tially prescribed contours. This shift is caused
numbers), the boundary layers are closer to the by the varying conductivity as the supersonic
walls so that the wall shear stresses are high. flow becomes established. This reflects reality
Consequently, the torque due to viscous forces quite well as when the arc is first struck, it is
can overcome the influx of angular momentum usuallt just downstream of the constrictor exit
and the swirl will perish long before it reaches on the anode. As the steady supersonic condi-
the cathode tip. In contrast, at the lower mass tions are reached, the anode attachment moves
flow rates (or lower Reynolds numbers), the downstream. The density of current contours
boundary layers are thicker so that wall shear near r=0 suggestes that the current densities
stresses are smaller leading to reduced torque and hence ohmic heating are highest in that
due to viscous forces. Therefore, regardless of region. As expected the temperature and elec-
the magnitude of the viscosity there is some tron number density contours follow this very
limiting mass flow rate beyond which the in- well as can be seen from Figs. 11 and 12. The
jected swirl will decay. Obviously, the higher calculated temperatures upstream of the cath-
the viscosity the smaller the limiting mass flow ode tip are in our opinion unrealistically high.
rate. Thus, this mechanism for swirl enhance- This is an inevitable consequence of having to
ment can indeed be operative at higher temper- prescribe a high inlet stagnation temperature
atures. The mass flow rate and inlet plenum in order to enable the gas to ionize. This is
length are thus key design parameters. an artifact of our simulation and caused by the

non-conservative treatment of the ohmic heat-
ing term in the energy equation. We are at

5 Arcjet Flow present pursuing a conservative treatment of
th ohmic heating term which should yield much

In this section, we present results for a 30 k\V lower temperatures in the inlet plenum section.
arcjet geometry, current of 50 A. argon mass The maximum temperature is 33000 K and oc-
flow rate of 100 mg/s. We wish to illustrate curs just downstream of the cathode as can be
the solutions to the one temperature model de- seen from Fig. 11.
scribed in sections 2 and 3. We emphasize at Close examination of the Mach contours in
the outset that no "limits" or "floors" are ap- Fig. 10 and the Mach profiles in Fig. 14, re-
plied to the electrical conductivity as in [7. 6]. veal that the flow reached supersonic speeds in
The inlet stagnation temperature is 10000 K the nozzle and becomes subsonic by the, time
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the exit plane is reached. Heat addition to a temperature and ionization level would be far
supersonic flow is well known to slow it down. lower, thus decreasing the viscosity by orders
Examination of Figs. 10 and 14 shows some of magnitude below the level for this case.
similarity to the cold flow solutions obtained As far as the effects of swirl are concerned,
for the C-D nozzle (see Figs. 2 and 3). The the present cold flow results appear to simu-
successive bumps in the Mach profiles of Fig. late real arcjet flows better. Amplification of
14 suggests the generation of weak compression swirl near the cathode tip would be beneficial in
waves which coalesce at the centerline form- providing much needed cooling to confine and
ing an oblique shock. This complex series of maintain the arc spot attachment area.
oblique shocks then reflect and exit the domain
via the exit plane. The generation of such com-
pression waves is due to the fact that once su- 6 Summary & Conclusions
personic, the flow at the exit of the constrictor
and beyond is forced to turn direction due to Both cold flow and ionizing flow in an arc-
variations in ohmic heating and transport prop- jet thruster have been successfully simulated.
erties. Turning of supesonic flows as is well These simulations provide insight as to the ef-
known is always accompanied by generation of fects of boundary conditions on the results and
oblique shocks or expansion fans. serve to identify the behavior of the injected

Contours of pressure are shown in Fig. 13 swirl at the inlet. It is clear that swirl injec-
and exhibit a decrease only until approximately tion (both magnitude and location of the max-
midway in the nozzle. Although not shown imum) is intimately tied to two key design pa-
in the figure, the pressure exhibits an increase rameters: the operating mass flow rate and the
near the exit plane indicating the passage of the distance from the inlet plenum to the beginning
flow through an oblique shock. Note the differ- of the converging section.

ences in the contours due different boundary Improvements are certainly in adequately
conditions used here vs. [5]. Fig. 16 shows specifying the inlet boundary conditions, and
voltage as a function of streamwise distance, conservative treatment of the ohmic heating
The power expended in the discharge is approx- certainly would be one. A two-temperature
imately 1 kW. Fig. 17 shows contours of swirl model along the lines of Miller et al. [5] could
velocity indicating that the swirl decays and be an improvement for arcjets operating on
fails to survive for this case. The swirl is atten- monatomic propellants or hydrogen. However,
uated because the torque due to the shear stress the two-temperature treatment is suspect in
at the anode is large. This is an artifact of our the case of arcjets operating on ammonia or
abnormally high inlet values of static temper- hydrazine due to the presence of large amounts
ature (approximately 10000 K) and ionization of N2 and other diatomic species [12]. Fur-
fractions (approximately 0.01). Elimination of ther work incorporating non-Maxwellian distri-
the inlet plenum does not result in amplifica- butions of the EEDF would be essential for am-
tion of the swirl as can be seen in Fig. 18. monia and hydrazine arcjets.
Again this is due to the high temperatures and
ionization levels encountered by the flow before
the cathode tip. We must emphasize that we do ACKNOWLEDGEMENTS
not believe this to be a true representation of
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