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Abstract. Experiments have been carried out in a
vacuum chamber to study twin-plumes and a single
plume interacting with satellite walls. Twin-plumes
were issued from two parallel conical nozzles that
simulated satellite control thrusters and were operated
simultaneously. Experimental investigations concerned
flowfield density determination by means of electron
beam surveys and wall pressure measurements. In
paralel, preliminary calculations demonstrated the
feasibility of numerica treatment of these
configurations based on so-called quasigasdynamic
equations. Both experiment and calculation indicate the
absence of arecirculation zone between the nozzles.

CONTEXT OF THE STUDY

Scientific and technological space missions using
micro or mini-satellites are generating growing levels of
interest. Such missions complement large-scae
programs and can respond more quickly to special
science needs or new technologies.

CNES has been devel oping new platforms for micro-
satellites (satellites whose total launch mass is about
120 kg) and for mini-satellites (satellites whose total
launch mass is about 500 kg). The platform for mini-
satellites is called PROTEUS ("Re-configurable
Platform for Observation, TElecommunications and
Scientific Uses").

These platforms are designed to lower costs, so that
it is possible to carry out a greater number of
experiments. They will be valuable tools for space
experimentation and for rapid demonstrations of the
feasibility of new concepts. Their in-orbit lifetime will
be about three years.

Micro-satellite platform

The micro-satellite product line project started
owing to a strong demand from the French science
community. The platform is being designed for the
broadest possible spectrum of applications, built
whenever possible around standard subsystems to
minimize development costs.

There will be two missions per year starting in 2002.
The first selected missions are DEMETER ("Detection
of Electro-Magnetic Emissions Transmitted from
Earthquake Regions') in 2002 and PICARD (without
hydrazine propulsi on in 2003.

FIGURE 1. DEMETER

Mini-satellite platform

The PROTEUS platform has been developed to meet
the need for a greater flexibility and lower costs. It can
easily be adapted from one mission to the following
one, and can be offered to the international market as a
competitive product.

The first satellite, which will use this platform, is
called JASON. It has been developed in co-operation
between CNES and NASA, in order to replace TOPEX-
POSEIDON (ocean topography). It will be launched in
February 2001. PICASSO-CENA (climate study) and
COROT (stellar observatory) will be launched in 2003.



FIGURE 2. JASON

Plume effects

The propulsion subsystems of the micro-satellite
platform (whenever propulsion is required) and of the
mini-satellite platform are hydrazine propulsion
subsystems. In particular, they are made of four
thrusters (whose thrust is one Newton at the beginning
of the mission). The thrusters are all located on the same
side of the satellite. As the satellites are small (side of
about 1mx1m for a mini-satellite, side of about
0.6mx0.6m for a micro-satellite), the thrusters are very
close to one another, which is unusual. During the
satellite maneuvers, they are always activated at the
sametime.

hrusters

nozzles
FIGURE 3. Micro-satellite hydrazine thrusters

As far as plume effects are concerned, there is not
any surface in front of the thrusters plumes. But a
question has been raised: is there any risk, caused by the
interactions of the thrusters plumes, for the surface on
which they are located? Indeed, sensitive equipment
may be laid on this surface. That is why a study has
been necessary. It started as an experimental work
carried out in the SR3 low-density facility of the
Laboratoire d’'Aérothermique du CNRS on reduced-
scale models that simulate real satellite configurations.
It continues as a theoretical and numerical work to
improve the prediction tools capable of treating the
plume impingement problem.

EXPERIMENTAL SETUP AND
CONDITIONS

Two nozzle configurations were used. The first one
featured a single nozzle, and the second one consisted of
twin nozzles whose axes were parallel and 50 mm apart
from one another. Their main characteristics and
operating parameters are given in Table 1.

The gas used for these experiments is pure nitrogen.
Bird’s freezing parameter characterizes the degree of
non-equilibrium (or rarefaction) on the axis of a nozzle,
at a given distance from the exit plane. The nozzles are
made of bronze beryllium and bound up with a
mechanical setup, made of stainless steel elements. This
setup is mounted at the exit section of a graphite heater
installed on the test chamber to heat the pressurized
nitrogen flow. The heater was designed for use with
only one nozzle. For the present experiments, a Y-
shaped adapter allowed the simultaneous supply of two
nozzles. The nozzle axis is oriented in the x-direction
(Fig. 4). The origin of the x-coordinate is the nozzle(s)
exit plane. The z-axis passes through the centers of the
exit sections, with an origin at the center of the upper
nozzle for the twin-nozzles configuration and at the
nozzle center for the single nozzle configuration. The y-
axis is perpendicular to both the x- and zaxes. A
chromel-alumel thermocouple is mounted ahead of the
convergent section of each nozzle and is connected to a
digital display.

TABLE 1. Nozzle dimensionsand operating

parameters.

Single Twin

nozzle nozzles
Throat radiusr, (mm) 0.2 0.2
Exit radius re (mm) 17 1.6
Half-angle of divergence 7° 15°
Stagnation temperature
To (K) 1100+ 12 900 + 15
Stagnation pressure
po (bar) 16+0.04 12+ 0.03
Molecular density
no (molecules.m™) 1.054x10*°  9.657x10%
Mass-flow (g.s%) 0.200 2x0.12
Exit Mach number 581 5.78
Bird's parameter 0.085 0.111

(at x=100 mm)

Electron beam measurements

Electron-beam diagnostics [1] have been used to
determine the density field for several plume
configurations. An electron beam passing through the
gas excites by collisions the radiation in different
spectral ranges from the X-ray region to the visible one.
The intensity of this radiation is a function of the local
gas density. Local measurements of radiation by the
electron beam fluorescence technique (EBFT) [2] and
by the X-ray e-beam method were carried out and
resulted in 2-D plots of the density distribution in the
jets [3]. Photographs have also been taken, by sweeping
the electron beam through a given plane of the flow and
collecting the resulting fluorescence. Operating
conditions of the electron beam are an energy of 25
keV, a current of about 0.12 mA and a mean beam
diameter of 1 mm. This diameter increases with the
distance from the electron gun, as electrons collide with
the molecules. The electron gun and the radiation



collecting systems are fixed on a solid 3-D controlled
table. Table 2 summarizes the experimental
configurations and the diagnostics used.

Fluorescence 4
collecting zone

200 mm

FIGURE 4. Twin nozzles and axes arrangement.

TABLE 2. Experimental work.

Experimental M easurements Diagnostics
setup
Single nozzle density in (x, 2) EBFT, X-ray
plane that
contains jet axis
Single nozzle idem EBFT, X-ray
+parallel wall wall quantities «  Pressure
(z=-17 mm) (not presented -+ Heat
here) transfer rate
Twin nozzles density in (%, 2) EBFT, X-ray
plane that
contains jet axes
visualizationsin Photographs
planes
(.2, (x, 2
wall quantities «  Pressure
+  Heat
transfer rate

The EBFT isa precise and sensitive technique at low
density but a quenching effect occurs for densities
higher than approximately 10 molecules/m®, resulting
in a loss of sendtivity at relatively high density.
Inversely, X-ray radiation is not affected by quenching,
but lacks sensitivity at low density. Photographs give
essentially qualitative indications on the structure of the
flow [4], especially about the thickening along the x-
axis of the interaction zone between the jets and about
the effect of background pressure. Wall pressure and
heat flux measurements give a direct indication of the
flow influence on the wall.

Electron Beam Fluorescence Technique (EBFT)
Fluorescence results from the formation of N,
excited ions by the electron beam. This non-stable state
spontaneously de-excites to the fundamental state N,
with the emission of a photon. The intensity of

fluorescence is related to the molecular concentration in
the gas. Direct excitations by primary electrons of the
beam are considered. The gas is cold (T < 1000K) and
molecules are initially in the same vibrational state v =
0. The spontaneous de-excitations are those which
contribute to fluorescence. In the high-density regions
(close to the nozzle(s)) de-excitations occur also by
collision of the excited ions with N, molecules. The
relation between fluorescence intensity and local
molecular density n involves a quenching constant ng :

| On/{L+n/n,) @

This constant n, appears in the balance of the N,
species. It depends on the collision cross-sections
between N, and N,". According to different estimates
[3], nq (moleculesm®) isin the range:

2107%% <ng <7.107%2 2

To estimate the local molecular density n, a value of
Ny has to be chosen and a reference point is needed
where the intensity and the molecular density are known
(subscript ). Then:
I _n 1+ nref/nq 3)
ref nref 1+ n/ nq

Thelocal molecular density can thus be obtained as:

n _ (ng/me J1/1er)
Ne 1+ (nq/nref )_(I/I ref)

To obtain the values of density and intensity at a
reference point, a Pitot probe was moved aong the
nozzle axis (y = 0, z= 0). The local Mach number and
density were obtained, based on the Rankine-Hugoniot
relationships and assuming isentropic expansion from
stagnation conditions to the shock wave ahead of the
Pitot tube. In fact, the measured Pitot pressure is
potentially affected by a lack of spatial resolution (close
to the nozzle) and by an orifice effect (far from the
nozzle). Therefore, two Pitot tubes with different
diameters were used. The reference point was taken in a
range of abscissas where both measured pressures
coincide, being free of both potential errors, i.e. 40 mm
< X < 60 mm. The fluorescence intensity was recorded
at the same locations and a value of ng was chosen. The
density profile along the nozzle axis was plotted for
different choices of the reference point (from X = 5
mm to X = 210 mm) and different values of the
quenching constant (7.10% and 2.10% m™). When taking
n=2.10% m’®, the profiles depend strongly on the value
of X« , which was considered as unredistic.
Furthermore, some values of | / I, were found larger
than the maximum value (ng + ) / N given by Eq.3.
In contragt, taking ng = 7.10% m™® resulted in the same
density profile for any choice of X, larger than 20 mm.
Therefore, the reference point was chosen at x = 60 mm
and nq was taken equal to 7.10%m>,

The exploration technique consists in displacing the
whole electron gun/diagnostic apparatus aong a

(4)



predefined grid. Investigating over a given plane can
extend over more than one day and the electron gun has
to be switched on/off, altering probably the electron
beam properties. Also, a weak drift of the beam
properties can occur when the electron gun runs for
hours. To account for this problem, a calibration line is
first recorded along the (y = cste, z = cste) line giving a
S(X) signal. Then, the exploration of the (x, 2) plane is
made along z-lines, at several x; positions. The recorded
signal is denoted S(2). The displacement step is locally
adapted to the expected density gradient in the x and z
directions. The dark intensity Sy, is subtracted to each
intensity measurement to obtain a value which is
proportional to the fluorescence intensity. Then all z
lines are adjusted to the calibration line, according to

their common point:
SH(X) = Supso

1(%.2)=S(D-Susi |7 ®)
( ° )S|(ZO)_Sobsi
Finally, the density field is obtained by applying Eq. (4).
The experimental setup for EBFT includes severa
lenses and a dlit that collects the fluorescence emanating
from a small beam element (1 mm aong the beam, 3
mm across it, i.e. more than the beam diameter). Next,
an interferential filter selects the fluorescence
wavelength corresponding to the considered N," de-
excitation. It is located just ahead of a photomultiplier
connected to an electrometer. The measurement consists
in recording a mean value of the electrometer signal
during 4 seconds at each point of the exploration grid.

X-ray technique

The X-ray emission measured in the present work
consists in Bremsstrahlung: a collison between an
electron and a gas atom induces an X-ray photon, whose
energy corresponds to the loss in energy of the electron.
The process is free of quenching effects. Due to its low
sengitivity, this technique was used close to the nozzle
exit, where density is relatively high and quenching
effect would be important in EBFT. A particular
attention is necessary when measuring the signal very
close to the nozzle(s): X-ray radiation coming from a
solid is much larger than coming from a gas. So, if a
few electrons happen to bump onto the nozzle wall, the
induced radiation drowns the radiation coming from the
gas. Asfor EBFT, the calibration of the X-ray technique
was made using reference density measurements by
Pitot probes. In order to obtain density values, the
cosmic radiation must be accounted for:

) Sp(X) - Seosmo
"8 (2) -8,

Finally, density is obtained without quenching
correction, using a reference point:

n(x,2) _1(x,2)
n I

1(x.2=(S(2-5. ®)

osmi

()

ref ref

The X-ray radiation detection system is essentially
made of a collimator (it replaces the dit in the EBFT
setup), a scintillation detector, a pre-amplifier and a
recording device. The measurement technique consists
in photon counting, repeated 3 or 4 times to obtain a
mean value at each location. Only those photons whose
energy is above a given threshold are retained.

Photographs

A series of photographs, corresponding to several (y,
2) planes have been taken for twin-plumes, by sweeping
the electron beam at constant speed and collecting the
total radiation on a camera, the shutter staying opened.
Two mirrors have been used to deflect the light and
visualize planes perpendicular to the nozzle axis. The
first mirror is located just under and facing the flow
with an angle of 5° with respect to the vertical position.
The second one just above the camerais positioned with
an angle of 36° with respect to the vertical position. The
focusing of the optical system was made using a target
with a grid positioned successively in the visualized
planes. From several grid photographs, the
horizontal/vertical distortion was less than 5%.

Pressure and heat flux measurements

The aim of these measurements was to show the
influence of the plume interaction on the wall between
the nozzles (Fig. 5), due to a possible recirculating flow.
In a first study, experiments consisted in heat flux
measurements [4] between the two nozzles along the z-
axis (x=0, y=0). The thin-wall technique was used. The
main results will be briefly reminded. Then pressure
was measured along the wall equipped with a pressure
gauge. Two locations of the wall have been considered:
10 mm backward from the nozzle exit plane (position
A) and flush mounted (position B). Different levels of
the background pressure have been considered, most
experiments being carried out for p,, = 1 or 2 Pa.

Nozzles

@‘F o b

Thermocouples
T Pos.B

T Pressure gauge
\l/ Pos. A

50 mm
FIGURE 5. Twin-nozzle arrangement.



EXPERIMENTAL RESULTS

Electron beam measurements

The normalized density field obtained for the single
nozzle is plotted in Fig.6. The range of density is very
large (more than a factor of 100). In that case, it would
have been very difficult to use the background gas as a
reference for the EBFT measurements. Its density is
low, and the intensity measurement would be strongly
affected by the dark current of the photomultiplier.
However, with the present calibration technique, the
expected value of n,, / ngy is consistent with the measured
one (2.3x10°). The barrel shock due to the non-zero
background pressure is clearly seen at the edge of the
flow, far from the nozzle. For this nozzle configuration,
300 measurement points were necessary. The smallest z-
step, close to the nozzle, was 1 mm.
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FIGURE 6. Normalized density field for the single
nozzle (p., =1 Pa).
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FIGURE 7. Normalized density field for the single
nozzle with a parallel plate at z=-17 mm
(P = 1 Pa). z-scale is larger than x-scale.

The density field for the single jet with a flat plate
paralel to the nozzle axis, located at z = -17 mm is

plotted in Fig.7. The oblique shock induced by the plate
is clearly seen. Close to the nozzle exit, the density field
is not modified by the wall. Close to the plate, the x-
derivative of density changes sign at x = 40 mm.
Because the wall temperature is constant, the pressure
gradient also changes sign and a flow in the negative x-
direction is expected aong the wall for x <40 mm.

X-ray radiation
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FIGURE 8. Normalized EBFT and X-ray density

profiles for twin nozzles (p.. = 1 Pa).

Several profiles from both EBFT and X-ray
diagnostics are plotted together in Fig.8, for twin
nozzles. The good agreement between the two methods
confirms that they complement each other and confirms
the reproducibility of the experimental results. This
good agreement makes us confident in the choice of the
guenching constant.

Photographs

A series of photographs is presented in Fig. 9,
corresponding to a background pressure p., = 1 Pa. The
photographs have required image processing in order to
make the plume interaction more visible and to locate
more precisely the externa limits of the flow. The
length scale of these photographs is well known, since
the length of the region swept by the electron beam is
200 mm and is visible on al photographs. In contrast
with photomultiplier measurements, light is not filtered.
Therefore the fluorescence intensity recorded in the
photograph is not related quantitatively to density, but it
gives a good indication of the structure of the flow. The
interaction zone enlarges when x increases. The
thickness of the interaction zone is identical when
estimated from the thickness of the luminous zone on a
photograph or from the distance between the density
peaks on a z-profile at the same x location. When the
background pressure exceeds 3-4 Pa, there is no more
interaction between the plumes [3]. The configuration
evolves towards that of two independent plumes. Thisis
clearly visible on visualizations in the (x, 2 plane
containing the jets axis. The nozzles and the interaction
between the jets are clearly seen. In Fig. 10, the



background pressure was 1 Pa. This figure can be
compared with the normalized density field obtained
with EBFT for the twin nozzles (Fig. 11) for the same
background pressure of 1 Pa. From approximately x =
80 mm, the density in the interaction zone is higher than
on the nozzles axis.

FIGURE 9. (y,2) Planesfor p, =1 Paat x=120 mm
(upper left), 180 mm (upper right), 210 mm
(lower left), 240 mm (lower right).
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FIGURE 10. (x, 2) plansfor the twin nozzles
configuration

Pressure and heat flux measurements
The heating rate distributions in configurations A
and B are plotted in Fig.12. For a given value of p.,
they are nearly uniform on the whole surface of the
wall. Heating rates increase when pressure increases.
In a low-density gas, conduction depends on
pressure, being proportional to pressure in the free

molecular limit. In the present conditions, the results
suggest that the main contribution to wall heating is due
to heat conduction through the gas, from the hot nozzle
walls and from the hot plume interaction region. The
contributions of radiation (independent of p,,) and direct
impingement of backflow (expected to increase when
decreasing p.. ) seem to be negligible.
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FIGURE 11. Normalized density field for the twin
nozzles (p.. = 1 Pa).
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FIGURE 12. Heating ratesin configurations A (top)
and B (bottom) between twin-nozzles.

Wall pressure p,, was measured for two values of
background pressure, 1 Pa and 2 Pa. The results
obtained in the center of the wall for configurations A
and B aregivenin Table 3.

For both positions A and B, the wall pressure is
significantly lower than the background pressure, p,, <
P.. Moreover, for a same vaue of p., py iS even lower
when the wall is located closer to the interaction zone



between plumes. These results attest that the wall is not
submitted to a backflow effect in the conditions under
investigation. Inversely, plume action induces a
lowering of pressure wal with respect to the
background pressure.

TABLE 3. Pressure measurementsat the
center of the simulated satellite wall.
Position A Position B
P-. (Pa) 1 2 1 2
pw (Pa) 0.42 1.09 0.32 0.77
Pu/ Peo 0.42 0.54 0.32 0.38

NUMERICAL WORK

Theoretical approach

The present work is an application of the so-called
guasigasdynamic eguations (QGD) which for stationary
flows differ from the Navier Stokes (NS) equations by
diffusive terms of order O(Kn?), where Kn is the local
Knudsen number. Thus they reduce to NS equations
when Kn - 0. Evidence of this was given in [5] for the
flow along aflat plate. Although the Direct Simulation
Monte Carlo (DSMC) method is adequate to simulate
non-equilibrium expansions, a continuum approach,
such as solving QGD equations is of interest to compute
the initial expansion close to the nozzle and provide
boundary conditions to a DSMC calculation farther
downstream. Also, a continuum approach is of interest
to interpret experimental results obtained in ground-
based facilities, where the rarefaction level is less than
in rea-flight conditions. In this paper, preliminary
results are presented, illustrating the feasibility of QGD
calculations for the problem of plume impingement.

A number of 2D and 3D problems were treated. The
present paper includes only results relative to the single
plume (axisymmetric) and to the twin-plume (3D)
configurations, as defined above. The background
pressure was taken equal to 1 Pa. The Knudsen number
based on nozzle diameter and mean free path at nozzle
exit is approximately equal to 4.1 x 102 for both
problems.

Boundary and initial conditions
Snglejet
The computational domain was a rectangle limited
by the nozzle axis, the nozzle exit plane (x = 0), an
upper limit (r = cst) and a downstream limit (x = cst).

The boundary x = 0 consisted of two regions:

« In the nozzle exit, boundary layer profiles of
velocity and temperature were prescribed, whereas
pressure was uniform. Provision was made for the
divergence of the flow.

« The rest of the plane x = 0 was treated as an
adiabatic wall.

A symmetry plane condition was imposed on the
nozzle axis and so-called "soft conditions’ were

imposed aong the upstream and downstream
boundaries (x-derivative of velocity vector, pressure and
temperature set equal to 0).

For 3D calculations (twin-plumes),

Similar boundary conditions were applied, except
that the flow in the nozzle exit section was assumed
paralel and uniform. Also symmetry conditions were
imposed on the plane z = -25 mm, halfway between the
nozzles, rather than on the nozzle axis.

For both problems, the solution was obtained by a
time-convergence process, starting from a prescribed
initial state.

Computational grid

Snglejet

The computational domain was covered by a
rectangular grid with non-uniform space steps (h") along
the r- direction and uniform space steps (h?) in the z-
direction. In the nozzle exit section h' is uniform and
equal to 0.1r.. Outside the nozzle, it increases by a
congtant factor between adjacent cells, starting from
0.1re.
For 3D calculations (twin-plumes),
The grid is rectangular with uniform space steps:
h, = 1.6mm, h, = 0.8 mm, h, = 0.8mm.

Gas modé

The calculations were carried out for Nitrogen. In
QGD equations, the viscosity i appears through a local
characteristic time 71 that is proportional to the mean
time between collisions, and thus proportional to the
local value of 1/ p. In the present calculations, T was
taken constant fitted to the actual value of x4/ p in the
nozzle exit section.

Results

Because of the preliminary nature of the
caculations, only quditative agreement with
experimental resultsis expected. Quantitative agreement
would require more effort on grid, boundary conditions,
domain size and gas modeling.

However, it can be seen in Fig.13 that the
calculation reproduces the main features of the flowfield
density distribution. Its upper and lower parts compare
well with Figs. 11 and 6, respectively. For the twin-
plume configuration, the velocity field (not plotted here)
does not indicate any recirculation flow induced by the
interaction region.

Wall heat transfer was not examined because the
wall was supposed to be adiabatic.

The pressure distribution in the plane x = 0 is plotted
in Fig.14 for both configurations.

For the single nozzle, the pressure decreases
monotonically along the wall from the nozzle exit value
to the background value.

For the twin nozzles, a low-pressure region is
observed between the nozzles: wall pressure reaches
values as low as p./10. However, on the symmetry axis
(z = -25 mm), the pressure is close to the background



pressure p., . Experimentally the pressure was measured
only on the axis of symmetry and was found somewhat
less than p... The comparison between experimental and
calculated pressures should be repeated based on the
definitive calculations.
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FIGURE 13. Calculated density flowfield for the twin-
plumes (upper part) and single plume
(lower part) at p,=1Pa
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FIGURE 14. Pressure distribution in the nozzle exit
planefor p.=1Pa

CONCLUSION

The plumes exhausting from a thruster nozzle or
from two parale thruster nozzles have been
investigated.

The distribution of density in plumes has been
determined. The Electron Beam Fluorescence
Technique (EBFT) has been used as the basic diagnostic
technique. In the highest density regions, a quenching
effect had to be taken into account to interpret the
measured values of fluorescence intensity. Additional
density measurements have been carried out based on
X-ray emission induced by the electron beam. The
measurements are free from quenching, but they are
currently limited to high-density regions not too close to
the nozzle. Results obtained by EBFT and X-ray
technique were found consistent with one another.

Photographs have been taken in several planes
perpendicular to the axis of the nozzles or containing
the nozzle axes. They give rapidly a precise idea of the
structure of the flow.

Pressure and heat flux measurements on the wall
between twin nozzles suggest that a pumping effect
generated by jets takes place instead of the expected
recirculating flow with a stagnation point on the
symmetry axis. Wall pressure fals below the
background pressure and the heat transfer rate is
constant.

Further improvement of the experiment would be a
precise monitoring of the electron beam properties. In
addition, replacing the classical camera by a CCD
camera would make it possible to determine the density
distribution in a plane by a single sweeping of the
electron beam.

Preliminary  numerical work based on
quasigasdynamic equations has been carried out. The
main features of the density flowfield have been
reproduced. The calculation confirms the absence of
recirculation between the twin nozzles and the presence
of a low-pressure region on the wall between the
nozzles.
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