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An experiment, Astra-2, was performed at the space station Mir in 1995-1996 to study its ambient atmosphere
parameters. For far-field plume research, the equipment of Astra-2 included a small cold gas thruster using a
marked gas, argon. The results of this research offer a good basis for validation of various numerical approaches
for plume flows, from simple engineering models to exact numerical approaches using a Navier-Stokes solver in
the continuum regime and a direct simulation Monte-Carlo code in the near-continuum, transitional, and free-
molecular regimes. A comparison of experimental and numerical results shows the necessity of accounting for
argon condensation processes in the nozzle and in the vicinity near the nozzle.
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Subscripts

nozzle exit condition

= limiting value

nozzle wall

coordinate axis

stagnation chamber condition
sonic condition
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Introduction

NE of the specific features of spacecraft functioning at low

Earth orbit is the creation of its own ambient atmosphere
(OAA) that envelopes the spacecraft. This OAA differs from the
surrounding space vacuumby possessinga larger pressure and den-
sity, by a variety of chemical compositions of gaseous components,
and by the presence of liquid and solid particles. In some cases, the
OAA can exert a significant, often adverse, effect on the operation
of service systems, onboard scientific equipment, and the interpreta-
tion of results of onboardscientific research. One of the main sources
for creating a spacecraft OAA is the reaction control system (RCS)
that uses a series of thrusters. Under the conditions of high vacuum,
the products of fuel combustion in these thrusters can turn up to
180 deg and involve a background pressure increase of several or-
ders of magnitude. The ground-based research of the processes at
the periphery of thruster plumes is rather complicated because it is
difficult to ensure high vacuum and simultaneously to reproduce the
full-scale parameters—namely, the nozzle pressure ratio, the Mach
and Reynolds numbers at the thruster exit, etc. These parameters
determine the thruster plume effect on the spacecraft OAA, as well
as their force, thermal, and contaminating loads on spacecraft ele-
ments. The problem of OAA parameters of orbital spacecraft was
of great interest more than two decades ago, almost simultaneously
in Russia and the United States. It is significant that scientists of
both countries dealing with this problem came to the same conclu-
sion in the mid-1970s: successful investigation of the OAA cannot
be performed without proper full-scale research of the orbital flight
of a spacecraft. A step forward in OAA research was the exper-
iment called Astra-2, which was performed in 1995-1996 on the
space station Mir. Among many other instruments, the equipment
of Astra-2 included a small cold gas thruster using a marked gas, ar-
gon. The measurements were performed in the far field of the plume
and particularly in its peripheral region.

The numerical study of the rapidly expanding plume exhaust flow
requires a special approach to be used to obtain physically reliable
solutions. This is mainly because the entire range of flow regimes
is observed, from the continuum flow within the nozzle and near
vicinity through the transitional to free-molecular flow at large dis-
tances from the nozzle. The simulations must be performed for very
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Table1 Experimental conditions

Case Date Time po x 1073 To 0

1 1-30-96  18.53.01 10.22 298 From +135 deg to +35 deg and back to +135 deg
2 6-2-96  20.31.13 10.44 299.4  305.8 From —6 deg to +122 deg

3 6-2-96  21.56.53 10.56 2857 2945 From —4.5 deg to +123 deg

large spatial scales (hundreds or thousands of nozzle diameters) to
examine, in detail, the flow within the nozzle as well as the far-field
regions.

A special combined multizone approach' is used in the present
paper to accurately predict these flows. In fact, the plume flow is
divided into three zones according to the rarefaction degree, and
the solution is obtained using different numerical approaches in
different zones.

In the first zone, the Navier-Stokes equations are solved; then,
when the rarefaction becomes significant and the Navier-Stokes
equations are no longer valid, the direct simulation Monte Carlo
(DSMC) method is applied. Finally, in the third zone, where the
free-molecular flow occurs, the test particle Monte Carlo (TPMC)
method® can be used. The DSMC method requires the heaviestcom-
putational effort and is the kernel connecting the continuum and
free-molecularregions.

In practical applications that require an estimation of the plume
far-field region, various engineering models based on both the con-
tinuum and free-molecular approaches are frequently used.3—3

The main objectives of the present paper are as follows:

1) Conduct preliminary analysis of experimental data for a model
argon thruster.

2) Perform numerical simulations of the plume flow inside the
nozzle, its near vicinity, and far field up to the distance of 800
nozzle diameters.

3) Assess the applicability of various engineering plume models.

4) Provide comparisons of numerical and experimental data on
the angular distribution of relative pressure in the plume far field
(about 800 nozzle diameters).

Experimental Setup

The OAA and thruster plume have been experimentally studied
using the Astra-2 equipment. It allows for extensive measurements
of pressure, gas composition, and contamination in a considerable
volume around the spacecraft, including regions a distance of 2 m
from the spacecraft surface (as well as the near-surface zone). The
study of distant zones was possible as a result of the positioning
of the measurement system containing a pressure gauge and mass
spectrometer, mounted on a moving bar. The bar is about 2 m long
and can deflect up to 135 deg from the surface.

A model thrusteroperating with a marked gas (argon) was placed
atthe barfoot. It consistedof three main elements: 1) control system,
2) micronozzle,and 3) two tanks filled with argon and the pneumatic
hydrosystemfor supplyingthe latter to the nozzle in three flow rates:
gasdynamic (1 g/s, 0.5 g/s) and effusion (103 g/s).

The micronozzle has the following parameters: half-angle=
10 deg and nozzle exit area/throat area ratio /' = 18.8.

The measurement system, model thruster, and moving bar were
installed outside of the Spektr module of the space station Mir. A
photographof the bar with the measurement system at its maximum
deflection from the surface is presented in Fig. 1.

The pressure gauge installation and a bar position with respect
to the nozzle axis of the model thruster are shown in Fig. 2. The
accuracy of the nozzle-axis orientation toward the measurement
system center was better than 1.5 deg for a bar deflection angle of
135 deg, the angle between the scanning plane and direction toward
the gauge was 4.2 deg, the relative distance to the measurement
pointwas r/ r, = 1608.7, and the angular velocity of the bar motion
was 2.5 degs!.

The pressure was measured by an ionic pressure gauge, PMI-
45M, with a measurement range from 10~ to 1.0 Pa, calibrated
with nitrogen. The pressure-gaugesampling rate was 50 Hz, and the
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Fig. 1 Astra-2 equipment photograph taken by the crew of the Space
Shuttle during its undocking with space station Mir in STS-81. (Cour-
tesy NASA.)

module "SPEKTR"

Fig. 2 Sketch of bar attachment.

sampling rate of the bar-angle gauge was 0.77 Hz. During process-
ing, the data on the angular position of the bar were reconstructed
by linear interpolation.

In this paper, experimental and numerical data are presented for
the flow rate of 1 g/s. The conditions of measurements are listed
in Table 1. The angular pressure distribution in the far field of
the plume (r/ r, = 1608) is shown in Fig. 3 in a relative form, i.e.,
p(0)/ p(6=0). This is primarily connected with the fact that a thor-
ough analysis of rarefied flow around and inside the pressure gauge
is necessary for calculating the pressure gauge data because the
gauge axis has a direction of 4.2 deg with respect to the scanning
plane;i.e., the flow inside the gauge is essentially three dimensional.

Only preliminary comparisons of the relative pressure are cur-
rently possible. Even so, one has to assume that the influence of
the preceding effects (rarefaction, three-dimensional flow, etc.) are
independent of the angle 6.

Note that three experimental runs performed at different times
with different attitudes of the orbital station Mir are in fairly good
agreement.

Numerical Approach

The combined multizone approach implies that the flowfield is
partitioned into several zones. The flow in the first zone, within
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Fig. 3 Angular distribution of relative pressure in the plume far field
(r/r, = 1608).

the nozzle and near vicinity, was computed using a finite volume
Navier-Stokes code.

A high-resolution essentially non-oscillatory (ENO) scheme of
third order was used for the spatial approximation of inviscid terms
of the Navier-Stokes equations, whereas viscous terms were cal-
culated with second-order central differencing. The time advance-
ment was completed with the fractional step method using splitting
on physical processes. During the first fractional step, the solution
was governed by the inviscid equations and all viscous terms were
put to zero. The obtained solution for density was ultimate, but all
other gasdynamic quantities changed in the second fractional step
when only viscous terms of the system were taken into account.
This fractional step was performed with a backward Euler implicit
scheme to increase the available time increment and to accelerate
convergence to a steady solution. The diagonal approximation of
the viscous Jacobian was used when evaluating the implicit terms
of the equations.

Results of the Navier-Stokes computations were used as incom-
ing flow conditions for the second zone, which was computed with
a DSMC code. The location of the boundary between the Navier—
Stokes and DSMC regions is based on the condition that the break-
down parameter B* not be greater than 0.05. The DSMC region
propagates the flow domain until the flow becomes free molecular.
The DSMC method applied was an axisymmetric formulation. This
is the principalmethod used to describe flows where both rarefaction
and viscous effects are significant. The majorant frequency scheme
of the DSMC method with coupling free-cell and cell algorithms
was used.® A variable hard sphere model’ with an exponentof 0.81
for viscosity-temperatue dependence was chosen as a potential for
intermolecularcollision. The particlereflection on the body surface
was modeled according to the diffuse law with complete accommo-
dation of energy.

The second zone (DSMC region) is divided into a set of subdo-
mains, where the local Knudsen number varies by no more than one
order of magnitude along the plume axis. The specific time step and
molecular weight (ratio of the number of real molecules to the num-
ber of model molecules) are employed in each subdomain. These
subdomains are computed sequentially, and the parameters on the
downstream boundary of a subdomain are used as the input data at
the upstreamboundary of the next subdomain. An important feature
of the approach is the use of an ellipsoidal distribution function:

(G )

n
f= eXP[
JT.T,T.2nR)? 2RT,

G (G —u)
2RT, 2RT,

y

This allows one to take into account the flow nonuniformity and to
maintain nonequilibrium when simulating the injected molecules.

The ellipsoidal distribution function reduces to Maxwellian in the
case of Navier-Stokes/DSMC coupling.

The following engineering models for the plume are used:

1) RSC “Energia” model’:

poA(y — 1)
)= =—~
p0) [(r1r2Fe2]

angular dependence

p(0) = p(0) exp[—0.5(6/ 6,)*]

where r is the radius of the point of interest, and 6, is the charac-
teristic angle:

0, =arctg/ (1 — 1)/ 1,

1 5 -05
I=1+ 1+
( VMez)[ (r = 1)M3}

2) Model*:

A= 870'5[2/()/ + 1)](7+ D/[2(y — D]

p(0) = p,A(r,/ r)* f(6)
where f(60) = cos(6)¥ 7~V

vy
[ f(0)sin(6) do

6 is the limiting turning angle of the gas at the nozzle exit, U, is the
limiting velocity of the gas U; = +/[(y + 1)/(y — D]U.,.
3) Symmetrical free-molecular source model®:

0) = (ﬂ
P B 2n mr?

where S’ = Ssin 0, § = S cos 6.
4) Asymmetrical free-molecular source model’:

)eXp(—S’z)[eXp(—Sz) +VES(1 + erfS)]

p(0) = (BN cos @/An'rz)exp(—S’z) [exp(—gz)

+VaS(1 +erf S)]

where S’ = Ssin 0, § = S cos 0, © is the angle between the point of
interest and the normal to a surface element

A = exp[—(Scosa)’]+ /7S cos a[l + erf(S cos a)]

o is the angle between the flow velocity and the normal to a surface
element.

Results
Nozzle Flow

The flow within the nozzle contains sub-, trans-, and supersonic
parts, and was predicted by a Navier-Stokes solver. The Reynolds
number based on the sonic parameters and throat radius is 4 x 10*.
Nevertheless, velocity slip and temperature jump conditions’ with
accommodation coefficients equal to unity were used on the noz-
zle wall, because the proper boundary conditions can considerably
affect the expansion flow near the nozzle lip.

The Mach number contoursinside the nozzle are shown in Fig. 4.
The formation of an expansionfan in the beginning of the supersonic
conical part of the nozzle can be distinguished. Being reflected on
the nozzle axis and its wall, this fan leads to nonuniform flow in
the nozzle exit plane. This nozzle forms a hypersonic flow, whose
velocity is smaller by only 5% than the thermodynamic limit.
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Fig. 4 Mach number contours inside the nozzle.
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Fig. 5 Breakdown parameter contoursin the plume near field (shaded
area is a portion of the nozzle wall).

Flow in the Near Vicinity of Nozzle Exit

The flow near the nozzle lip is known to be characterized by
a fast radial expansion of the flow, which rapidly becomes rather
rarefied, and the Navier-Stokes equations are no longer applicable.
A continuum description of the flow, however, can be used at large
distances along the axis.

In the presentexperiment, the flow calculationin the near vicinity
is complicated by the fact that the nozzleis locatedinside a cylinder,
whose external wall radius is about 57,. The flow interaction with
the cylinder wall affects the back and side regions of plume flows.

The DSMC zone in the present work, therefore, starts imme-
diately from the nozzle exit. The conical surface formed by the
dashedlinerotation (Fig. 5) was used as a starting surface for DSMC
code. The flow propertiesalong this surface are determined from the
Navier-Stokes computation and used to characterize the molecules
injected into the DSMC zone.

Figure 5 shows the breakdown parameter contours calculated by
the DSMC code. In the streamwise direction, the breakdowncontour
(B =0.05) extends rather far downstream. In the crossflow direc-
tion, however, the parameter B increases to 0.05 near the nozzle lip
because of rapid expansion.

To analyze the accuracy of conjunction between the Navier—
Stokes and DSMC approaches, the computation in the near vicin-
ity of the nozzle exit was performed for overlapped computational
Navier-Stokes and DSMC domains. Excellentagreementof density
isolines is observed for both numerical methods (Fig. 6), except for
the vicinity of the external nozzle wall.

The influence of this wall is even more substantial for the Mach
number contours (Fig. 7). It is important to take this into account
because this flow region is responsible for a formation of the plume
far field at large values of 6.

The good agreement of core-flow parameters obtained by both
approaches shows that it is not necessary to choose a breakdown
parameter isosurface equal, for example, to 0.05 (see Ref. 10) to
start the DSMC calculation. Such a surface often has a fairly com-
plicated shape and, as a consequence, would require a complicated
bridging of different computational grids. Meanwhile, the use of a
simple-shaped starting surface with a variable breakdown parame-
ter that does not exceeds 0.05 allows considerable simplification of
the bridging of different grids. In this case, the modeling of near-
continuum flows in a small vicinity of the starting surface does not
cause any noticeable difficulty.
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Fig. 6 Density contours: , Navier-Stokes solver; ----, DSMC
code; shaded area is a portion of the nozzle wall; and rectangles are
boundaries of Navier-Stokes and DSMC domains. Labels in unit of
1073 kg/m™ 3.
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Fig. 7 Mach number contours: ——, Navier-Stokes solver; ----,

DSMC code; shaded area is a portion of the nozzle wall; and rectangles
are boundaries of Navier-Stokes and DSMC domains.

Y, m
2_
1
p*lo'6
2 1 0.001
2 0.002
3 —1 3 0.005
4 001
4 5 005
Ir 6 01
5 705
8 1.0
6 9 20
] 1050
. 1100
/—\ 12 200
ﬁ 13 50.0
ol 10 9
L L I
0 1 2 X.m

Fig. 8 Density isolines in the entire domain (rectangles are boundaries
of DSMC subdomains).

Plume Far Field

The DSMC computational domain (zone) consisted of seven
nested subdomains. The three largest subdomains are presented in
Fig. 8 along with the density flowfield. The first four subdomains
are not visible in the full-scale picture. About 10® model particles
and 3 x 10°-4 x 10° collisional cells were used in each subdomain,
and the Knudsen number varied by less than a factor of 10 within
each subdomain.

Because the main interest of this work is focused on computing
the angular distribution of parameters in the far field, the behavior
of streamlines is important for understanding the flow structure.
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Fig. 9 Selected streamlines in the plume far field (DSMC code).
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Fig. 10 Selected streamlines in the vicinity of the nozzle exit plane
(Navier-Stokes solver, shaded area is a portion of the nozzle wall).

Figure 9 shows the streamline pattern, and Fig. 10 illustrates their
behaviorin the near vicinity of the nozzle exit. It is clearly seen that
the streamlines are almost straight in the plume far field. Hence, a
radial flow is observed in this region, and the flow center is in the
nozzle exit plane. The flow structure rearrangement, from conical
inside the nozzle to radial in the plume far field, occurs in the region
extended a distance of about 10 nozzle diameters downstream of
the nozzle exit plane. Note that the streamlines with angles larger
than 30 deg originate at the boundary layer of the nozzle. Thus, the
peripheral part of the plume flowfield is completely determined by
parameters inside the nozzle boundary layer.

Itis well known that the use of engineering models 1 and 2 based
on the continuumapproachdoes not allow one to predictdirectly the
peripheral part of the plume without additional assumptions on the
boundary-layerparameters. Therefore, in this paper, the distributed
point-source models with variable governing parameters have been
used along a certain line, where these parameters are known either
from the numerical solution of Navier-Stokes equations or DSMC
simulation. Thus, the final results calculated with these models are a
superposition of contributions from many sources along the model
starting line.

The angular distribution of density at the radius r/ r, = 1608 is
presented in Fig. 11, which shows the DSMC computation results
and the data obtained using continuum models 1 and 2. The model
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Fig. 11 Angular distribution of density in the plume far field (model
starting line goes along the nozzle exit radius).
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Fig. 12 Angular distribution of density in the plume far field (model
starting line is the boundary of the first DSMC subdomain).

starting line was chosen along the nozzle exit radius, and the gov-
erning parameters for these models were obtained from the solution
of Navier-Stokes equations. It is seen that these two models are in
agreement, but overpredict the DSMC density value at the plume
axis (20%) and underpredictit at the plume periphery (up to one or-
der). The use of the model starting line along the outer boundary of
the first subdomain of the second (DSMC) zone yields an excellent
agreement between these models and DSMC results (Fig. 12). In
addition, Fig. 12 also shows the data obtained using free-molecular
models 3 and 4 that also predict successfully the angular density
distribution in the far field of the plume.

A good agreement between the continuum models (1, 2), free-
molecular models (3, 4), and DSMC results can be explained as
follows. The bulk velocity at the boundary of the first subdomain
of the second zone is already close to its thermodynamic limit.
The density change s, therefore, determinedin accordance with the
continuity equation and the expansion geometry, and is practically
independent of the local collisional frequency.

Intermolecularcollisions within the plume have, however, a visi-
ble effecton the temperaturebehavior. Figure 13 shows the variation
of the total (T'), parallel (7), and perpendicular (7, ) temperatures
along the plume axis. The temperature T, , which characterizes the
scatter of molecular velocities in the direction perpendicularto the
bulk gas motion, decreases faster than the total temperature. The
temperature 7}, that characterizesthe scatter of molecular velocities
inthe gas flow direction,decreasesconsiderablyslower than the total
temperature. This behavior of the total, parallel, and perpendicular
temperaturesis typical of the transitional flow regime, and the tem-
perature splitting indicates the applicability limit of the continuum
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Fig. 13 Parameters along the plume axis.
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Fig. 14 Comparison of numerical and experimental angular distribu-
tions of relative pressure in the plume far field (r/r, = 1608).

approach. Another criterion determining the applicability limit of
the continuum approach is the magnitude of the breakdown param-
eter B~ 0.05. The breakdown parameter variation along the plume
axis is presented in Fig. 13. For r/r, =90 its value is B =0.02,
which is in agreement with the beginning of temperature splitting;
i.e., this splitting starts somewhat earlier than when the parameter
B acquires the value of 0.05.

Using the parameter B also as a criterion for determining the
boundary between the transitional and free-molecular regimes, it
is obvious that its value should be larger than unity. For example,
along the plume axis at a large distance (r/ r, = 1608, see Fig. 14)
B is about 1, but a complete freezing of 7} has not occurred, which
would correspond to the free-molecular flow regime.

Comparison with Experiment

As noted earlier, only experimental data of the angular distribu-
tion of the relative pressure p(6)/ p(6=0) are currently available.
Figure 14 shows a comparison of experimental and calculated an-
gular distributions of relative pressure for r/ r, = 1608.

It is clearly seen that the core flow in the DSMC results is twice
as narrow as in the experiment (25 deg, DSMC; 50 deg, experi-
ment). Such a considerabledifferenceis apparently related to argon
condensation, both inside the nozzle and in the near vicinity. The
condensation results in a reduction of the relative plume momen-
tum caused by heat release, and yields a substantial expansion of
the plume core flow. The process of condensation has not been
considered in the present work when solving the Navier-Stokes
equations. A simple one-dimensional analysis! of the nozzle flow

Itkin, A. L., private communication.

with regard for condensation estimates the fraction of condensate
to be about 10%. The point-source model 1 allows one to take into
account condensation’ through the decrease in relative plume mo-
mentum, [. The results for this model shown in Fig. 14 manifests a
better agreement with experimental results. Obviously, the process
of gas condensationcontinues in the near-vicinity region. Thus, for
conditionsof the Astra-2 experiment, the numerical analysis should
alsoincorporatethe condensationprocessboth inside the nozzle and
in the near vicinity.

The slope of numericaland experimentaldatain the plume periph-
ery (50 < 6 <90deg) is identical. It can be explainedby the fact that
condensationis negligible in the nozzle boundary layer. For larger
angles (0> 90 deg), the significant difference in the slope of exper-
imental and numerical curves is observed. It is connected with the
following fact. As seen from Fig. 2, at angles 0 > 90 deg, the bar and
measurementsystem are located close to the Spektr module surface,
and there is possible interaction of the argon plume periphery with
the OAA, whose density is comparable with the plume density at
0>90 deg.

Thus, further processing of results of the Astra-2 experiment
should proceed in two directions. The first one is to obtain abso-
lute pressure values. This requires the analysis of three-dimensional
flow inside the pressure gauge for a wide range of rarefaction pa-
rameters. As it follows from Fig. 11, the plume density near the
gauge varies by five orders of magnitude, depending on the angle
0. The second direction is to take into account argon condensation
within the nozzle and the near vicinity (Navier-Stokes zone), for de-
termining the plume parameters near the pressure gauge. It is also
necessary to study the influence of argon molecules reflected on the
bar and elements of the measurementsystemon the plume structure.

All of these efforts are currently in progress.

Conclusions

The present paper describes an experimental setup for measure-
ments in the far field of the plume exhausted from a small argon
thruster mounted on the module Spektr of the space station Mir.
The measured angular pressure distribution in the plume far field is
presented.

The flow in the nozzle, near vicinity, and far field of the plume
was numerically studied on the basis of a multizone approach. A
Navier-Stokes solver was used for flow calculations in the nozzle
and near vicinity, and a DSMC code was used for the remaining
region.

The applicability of well-knownengineeringpoint-sourcemodels
for far-field descriptionsis analyzed. It is shown that using the dis-
tributed point-source model approach and a proper starting surface,
it is possible to achieve good agreement with DSMC results.

A comparison of numerical predictions and experimental data on
angular distribution of the relative pressure in the far field of the
plume shows that it is necessary to take into account the processes
of argon condensationboth inside the nozzle and in the near vicinity.

The present DSMC plume studyis unique becauseithasbeen per-
formed in the near continuumthroughtransitionalto free-molecular
regime, and offers a good basis for improving the physical model
of molecular collisions at very low temperatures.
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