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Direct Simulation Monte Carlo Calculation of a
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This study deals with the development of a methodology for numerically simulating the interaction of a reaction
control system (RCS) jet with a low-density external flow. A European Space Agency experiment was chosen as a
test case, since it provided experimental data that could validate some of the numerical results. The initial approach
was to focus on several subpreblems having direct relevance to the full interaction problem. This enabled different
numerical methods to be investigated separately and validated for each part of the interaction problem. In this
manner, the best methodology for solving the full interaction problem was developed. The subproblems considered
in this study included typical RCS nozzle and plume flows, a flat plate at zero incidence, and the flow past the
experimental test model without the control jet firing. Once these calculations were completed, a simulation was
performed of the test model with the control jet operating at the experimental density. The results from this final
simulation were compared with experimental measurements.

Nomenclature

dret = reference diameter, m
Kngoa = Knudsen number at nozzle throat
Knyp = Knudsen number at nozzle lip
M = Mach number
n = number density, molecules/m’
Moo = freestream number density, molecules/m3
P = pressure, Pa
Re = Reynolds number
Tret = reference temperature, K
Twan = temperature of nozzle wall

%0 = freestream temperature, K
X,Y,Z = Cartesian body coordinates

0. = density, kg/m’
Poo = freestream density, kg/m’

Introduction

OST space vehicles are controlled with reaction thrusters dur-

ing atmospheric entry. These reaction control system (RCS)
jets are used independently or in conjunction with movable aero-
dynamic surfaces, depending on the specific vehicle configuration
and flight conditions. The exhaust plumes of these control jets act
as barriers to the external flow, creating an effect that can change
the pressure distribution along the vehicle surface containing the
jet, as well as on surfaces surrounding the exhaust plume.! These
surface pressure perturbations lead to interaction forces which must
be accurately predicted in order to obtain the desired vehicle per-
formance. The use of RCS jets becomes vital at higher altitudes
where the density is low enough to render the control surfaces inef-
fective. As the altitude increases and the freestream flow becomes
more rarefied, the level of interaction between the control jet and
the freestream diminishes and is practically nonexistent when the
freestream mean free path is very large.? Therefore it is crucial to
accurately model RCS firings at intermediate altitudes where reac-
tion controls are needed and significant control-jet interactions are
expected.
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It is usually not possible to match the similarity parameters nec-
essary to realistically model an RCS plume interaction in a wind
tunnel, because of the complex vehicle geometry and varying flight
conditions along the trajectory.® Indeed, flight-test results from the
first Shuttle flights showed ‘that the control-jet interaction effect
could not be adequately predicted from wind-tunnel tests alone.!
Furthermore, the flight conditions encountered during early entry
were much more rarefied than the conditions that were used in wind-
tunnel simulations. Consequently, an empirical approach was taken
in the Shuttle program through a series of studies conducted during
later flights. Correlation parameters extracted from flight data and
previous wind-tunnel tests proved adequate to account for plume
interaction effects throughout the orbiter’s trajectory. Twelve years
after the first Shuttle flight, the interaction effects are well known
but little understood. It is still not possible to accurately predict the
RCS plume freestream interaction for a general body shape from
orbit to landing. Clearly, a necessary step in the design process
of a future vehicle will include a realistic assessment of the RCS
plume interaction with the freestream flow throughout the entire
re-entry trajectory.

In an effort to gain further insight into the control-jet interaction
problem, an experimental study was conducted by the European
Space Agency (ESA) atthe SR3 low-density wind tunnel in Meudon,
France. The test model shown in Fig. 1 was composed of two per-
pendicular flat plates with sharp leading edges aligned parallel to a
Mach-20 nitrogen flow. This simple comer geometry was used to
isolate critical jet interaction areas on complex bodies. A nitrogen
control jet was fired from the horizontal plate at several different
momentum flux values. Wall pressures were measured with exter-
nal pressure transducers at various stations on both plates. Although
the model was tested at several different freestream flow conditions,
only the most rarefied case is studied in this paper. The external flow
conditions are shown in Table 1.

The ultimate objective of this research is to provide a methodology
for numerically simulating control jet interactions with low-density
flows. The initial approach is to focus on several subproblems, each
of which has direct relevance to solving a full RCS interaction prob-
lem (Fig. 2). The purpose of this approach is to separately investigate
and validate the numerical methods required for the subproblems in
order to develop the best methodology for solving the full interaction
problem. In these initial studies, both continuum and noncontinuum
techniques are used. The continuum method is the viscous noz-
zle analysis program (VNAP2) of Cline,* which numerically solves
the Navier-Stokes equations for two-dimensional or axisymmetric
flows. The noncontinuum method is the direct simulation Monte
Carlo (DSMC) method of Bird,” which is well suited for simulating
rarefied flows.
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Table 1 Experimental flow conditions

Stagnation temperature, Tp 1110K
Stagnation pressure, Pp 3.5 bars
Freestream density, poo 1.7 x 1073 kg/m3
Freestream velocity, Ux 1502 m/s
Freestream, temperature, Too 133K
Freestream Mach number, M 20.2
Freestream Reynolds number, Rex 285 cm™!
Static pressure, Ps 0.067 Pa
Dynamic pressure, g 19.2 Pa
Knudsen number, Kn 0.017

~Usz

Transverse jet

Induced interaction

Fig. 1 Test model for ESA corner-flow-jet interaction.
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Fig. 2 Outline of numerical solution procedure followed in this paper.

The rest of this paper is divided into six sections. The next section
contains a brief description of the three numerical codes used in this
study. Then a methodology is presented for solving internal nozzle
and external plume flows of typical RCS thrusters, and results are
presented for two nozzle geometries, including the one from the
control-jet interaction experiment. The next section presents two-
dimensional and three-dimensional DSMC simulations of the flow
over a flat plate with the same leading-edge geometry and freestream
conditions as the ESA experiment. The section after that contains
results of three-dimensional DSMC simulations of the full ESA test
model without the control jet; these undisturbed corner flow results
are compared with wind-tunnel measurements. Finally, results are
presented from a three-dimensional DSMC simulation of the ESA
test model with the control jet turned on. The last section summarizes
the results.

Computational Tools

Due to the expanding nature of RCS plumes, a wide range of
Knudsen numbers is encountered in this study. These large ex-
pansions, combined with the three-dimensional complexities of the
ESA experiment, require the use of a series of CFD simulation

codes. First, continuum flows are simulated with the VNAP2 code.
This code is a time-dependent, finite-difference, full-Navier-Stokes-
equation solver for two-dimensional planar and axisymmetric ge-
ometries. VNAP2 uses the explicit two-step MacCormack method
and is capable of calculating laminar and turbulent viscous flows.

In addition, the DSMC method is used to compute flowfields
in the transitional flow regime. Both two-dimensional and three-
dimensional DSMC codes are used in various parts of the study.
In both DSMC codes, molecular collisions are modeled using the
variable hard sphere (VHS) molecular model,® and the energy ex-
change between the kinetic and internal modes is handled with the
Larsen-Borgnakke statistical model.” The freestream viscosity and
mean free path are computed using the VHS collision model for
nitrogen with Trer = 300 K, dyer = 4.07 x 1071° m, and a temper-
ature exponent of the viscosity coefficient of 0.75. The gas-surface
interactions are assumed to be fully diffuse with full momentum and
energy accommodation.

The generalized two-dimensional axisymmetric DSMC code was

_ developed by Bird and is known as the G2 code.? This code is used

in the nozzle-plume and flat-plate simulations. The DSMC simula-
tions of the corner flow and the control-jet interaction are done with
a three-dimensional DSMC code that was devised by Bird® and
further developed by Rault.!® The main difference between the two-
dimensional and three-dimensional DSMC codes is the construction
of computational grids. The three-dimensional code utilizes an un-
structured Cartesian grid, whereas the G2 code uses a body-fitted
block-structured grid.

RCS Nozzle and Plume Simulations

A realistic simulation of a control-jet interaction requires an ac-
curate description of the RCS jet. Therefore, the initial task is the
development and testing of a methodology for solving internal noz-
zle and external plume flows of typical RCS thrusters. Two nozzles
are selected for this study. The first one, referred to as the Lewis
nozzle, is chosen because it has been tested both experimentally
and computationally. Internal nozzle calculations are performed us-
ing both Navier-Stokes and DSMC techniques, and the results are
compared with previously published data. A similar numerical ap-
proach is applied to simulate the flowfield within the second nozzle,
namely the ESA nozzle.

Lewis Nozzle

Axisymmetric simulations are performed for a nozzle tested at the
NASA Lewis Research Center. Extensive computational and exper-
imental results have been published for this nozzle by Boyd, Penko,
and various co-authors.''~** Results presented here are from nozzle
simulations of conditions given in Table 2. The VNAP2 simulations
are started upstream of the nozzle throat, using the given stagnation
conditions, and extended to the exit plane. Laminar flow is assumed,
and the viscosity is computed to give the same viscosity-temperature
relationship as that used in the DSMC simulations. A computational
grid divided into 41 radial and 81 axial grid lines is used. The exit-
plane boundary condition is extrapolated from interior points of the
nozzle. A no-slip boundary condition is enforced at the wall, which
is modeled as isothermal with a temperature of 545 K.

The DSMC simulations are started at the nozzle throat using
velocity, density, and temperature profiles from the VNAP2 solution.
The simulation is extended into the near-field portion of the plume,
and a vacuum boundary condition is imposed on the outer plume
boundaries. The computational domain consists of 26,000 numerical

Table 2 RCS nozzle geometry and flow conditions

Lewis nozzle ESA nozzle
Throat and exit diameters, mm 3.18,31.8 0.213, 1.53
Divergent half angle, deg 20 9
Gas Ny N;
Stagnation pressure, Pa 6.4 x 103 4.0 x 107
Stagnation temperature, K 699 300
Reinroat 850 3200
K niproat 0.001 4.7 x 1073
Knip 0.100 32%1073
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Fig. 3 Comparison of computed DSMC and VNAP2 Mach-number
contours within the Lewis nozzle.
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Fig. 4 Comparison of computed DSMC and VNAP2 exit velocity pro-
files for the Lewis nozzle.

cells. Some of the cells in the core of the nozzle near the throat
exceed one mean free path in length. These cells are small, however,
compared with local density-gradient scales.

A comparison of the two numerical solutions is presented in
Fig. 3, where the upper half of the nozzle shows Mach-number
contours generated with DSMC and the bottom half shows contours
computed with VNAP2. Both solutions indicated that the boundary
layer along the nozzle wall is thick, which is expected in a viscous,
low-Reynolds-number flow. Also, both codes give nearly the same
solution in the low-Knudsen-number region of the nozzle near the
throat. Here the gas behaves as a continuous fluid and is in ther-
mal equilibrium. The two solutions begin to disagree in the rarefied
regions near the exit, especially in the areas surrounding the noz-
zle lip. There are two primary reasons for these differences in the
computed results. First, the no-slip boundary condition imposed by
VNAP?2 is unrealistic for the transitional flow found in the vicinity
of the nozzle exit. Second, the extrapolated exit boundary condi-
tion imposed on the VNAP2 solution makes it impossible for the
subsonic flow in the boundary layer to sense the low back pressure.
Consequently, the boundary-layer flow does not accelerate and the
Mach contours remain parallel to the wall. These imprecise bound-
ary conditions have a relatively small effect except in the vicinity of
the lip. Furthermore, these effects are negligible near the throat of
the nozzle, which validates the use of the VNAP2 throat profile as a
start line for the DSMC calculation. Finally, the DSMC results pre-
sented here provide a better match to the VNAP2 results along the
nozzle centerline than the computational results shown in Ref. 11.

The effect of flow rarefaction is evident in Fig. 4, which shows
the axial velocity profile in the exit plane. The radial distance is
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nondimensionalized by the exit diameter. The DSMC solution pre-
dicts a significant velocity slip at the nozzle lip, whereas the VNAP?2
results show the imposed no-slip behavior. Also, the DSMC re-
sults from the present simulations match the VNAP2 results in
the core of the nozzle better than the DSMC results shown in
Ref. 14. There are differences in the temperature exit profiles
(see Fig. 5) calculated by the two codes. Translational and rota-
tional temperatures are computed with the DSMC code, since a
diatomic test gas is used. The VNAP2 calculation, however, as-
sumed thermal equilibrium; thus only one thermodynamic temper-
ature is shown. The DSMC results indicate that the flow is in thermal
nonequilibrium at the exit, since the two temperatures differ slightly
throughout the exit plane. Furthermore, there is a significant jump
between the temperature of the wall and the flow immediately ad-
Jacent to the wall. The VNAP2 results exhibit the imposed isother-
mal boundary condition. Although the temperature jump predicted
here is similar to that predicted by the DSMC results in Ref. 14,
there are differences between the two DSMC solutions in the de-
gree of thermal nonequilibrium near the nozzle wall in the exit
plane.

As a check of the numerical simulations, a comparison is made
between computed and measured pitot pressures. The computed
pressures are converted to the pressure behind a normal shock us-
ing the Rayleigh pitot-tube equation to account for the total pres-
sure loss through the shock in front of the experimental pitot probe. !>
Figure 6 shows the measured pitot pressure in the exit plane along
with the pitot pressures calculated using both numerical codes.
Clearly the DSMC results provide a more realistic physical descrip-
tion of the flow.
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Fig. 5 Comparison of computed DSMC and VNAP2 exit temperature
profiles for the Lewis nozzle.
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Fig. 6 Measured and computed pitot pressures in the exit plane of the
Lewis nozzle.
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ESA Nozzle

The initial validation provided by the Lewis nozzle simulations
demonstrates that VNAP2 provides an accurate description of a
low-density nozzle flowfield, especially in the regions of the flow
that are in thermal equilibrium. Therefore, since the ESA nozzle
operated at a higher Reynolds number than the Lewis nozzle and
the stagnation pressure was 4 orders of magnitude higher (Table 2),
VNAP2 is used to compute the internal nozzle flow. Subsequently,
the exit plane from the VNAP2 solution is used as an inflow bound-
ary condition for a DSMC simulation of the external plume flow.
This approach was taken in order to avoid the high computational
cost associated with a DSMC simulation of the internal flow. The
throat and exit Knudsen numbers (Table 2) indicate that the internal
flow was almost entirely in the continuum regime, with the flow at
the exit just approaching transitional conditions. Therefore, the de-
gree of thermal nonequilibrium will be minimal, thus validating the
use of the VNAP2 exit plane as a startline for the DSMC simulation.
Figure 7 shows Mach-number contours of the internal flow obtained
from the VNAP2 simulation. The boundary layer is thinner than in
the Lewis nozzle because of the higher Reynolds number.

The plume flow is characterized by extreme variations in density
due to the rapid expansion of the internal flow into a near-vacuum.
Because of the requirement that the simulation scale factors for
molecular flux must remain the same in all parts of the computational
domain, a satisfactory time increment in the core region of the plume
provided a restrictively small increment for larger cells in the plume
farfield. In order to avoid a large convergence time brought about
by a significant time-step disparity, the DSMC plume simulation
is split into two parts. First, the plume core, which is essentially
continuum flow, is defined as the region where the Bird breakdown
parameter'® is less than 0.04. This part of the solution was obtained
with a DSMC simulation of a region large enough to contain this
breakdown contour. Since the flow within this region is in thermal
equilibrium, it is appropriate to extract flow properties along the
0.04 breakdown contour of the DSMC solution and use them as
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Fig. 7 Computed VNAP2 Mach-number contours in the ESA nozzle.
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Fig. 8 Computed DSMC velocity steamlines and the 0.04 breakdown
parameter contour in the plume of the ESA nozzle.

inflow to a separate DSMC simulation of an outer region describing
the plume farfield.

Results from the DSMC plume simulations are shown in Fig. 8.
A solid wall perpendicular to the exit plane is included to approxi-
mate the ESA experiment; however, no external freestream flow is
imposed. The wall temperature is assumed to be 300 K. The solid
line is the 0.04 Bird breakdown contour, and the lines with arrows
are streamlines, In this computational domain, which is only about
10 by 10 exit diameters in size, the density varies by 5 orders of
magnitude. The rapid expansion is also demonstrated by the large
turning of the flow at the nozzle lip as shown by the streamlines.

No appropriate experimental data are available for compari-
son with these solutions. However, the results provide an ini-
tial assessment of the extent of the plume core and the range
of density variations that can be expected in a three-dimensional
DSMC simulation of the full ESA experiment. From this solu-
tion, the best way to model the jet in the full simulation can be
determined. ‘

Flat-Plate Simulations

As a first step to computing the full geometry associated with the
ESA experiment, a calculation is carried out on a beveled horizontal
plate at the freestream conditions given in Table 1. The plate is 120
mm long and 6 mm thick with a20-deg bevel, essentially the same as
the horizontal plate containing the jet in the experimental test model.
This case presents an opportunity to compare the three-dimensional
and two-dimensional DSMC algorithms. In addition, this flat-plate
simulation serves as a baseline to assess the effect of the vertical
plate on the undisturbed corner flow.

In order to make a valid comparison between the two-dimensional
and three-dimensional DSMC codes, the computational domain
used in the three-dimensional simulation is modified so that end
effects do not change the two-dimensional nature of the flow. This
was done by imposing specular boundary conditions on end planes
perpendicular to the plate and parallel to the external flow. It is diffi-
cult to compare the size of the grids directly, since one has an added
dimension; however, the grids gave approximately equal resolution
in the streamwise and vertical directions.

Figures 9 and 10 show the density and temperature profiles, re-
spectively, in planes perpendicular to the plate at locations of 40,
60, 80, and 100 mm from the leading edge. The density and tem-
perature are nondimensionalized with the corresponding freestream
values. Figure 9 indicates reasonably good agreement between the
density profiles predicted by the two solutions. Both codes pre-
dict a thick and diffuse shock layer, the peak densities computed
by G2 being about 10% higher than those predicted by the three-
dimensional code. The difference was most likely due to grid differ-
ences between the three-dimensional code (unstructured grid) and
the G2 code (block-structured grid). This same level of agreement
is shown in Fig. 10 for the translational temperature. Both solutions
show that the temperature of the flow adjacent to the wall decreases
along the length of the plate with considerable temperature jump
(Twan/ Too = 22.6). The results in Fig. 10 show that the gas temper-
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Fig. 9 Comparison of density profiles from the the 2-D and 3-D DSMC
flat-plate simulations.
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Fig. 10 Comparison of temperature profiles from the 2-D and 3-D
DSMC flat-plate simulations.

Fig. 11 Overall dimensions and pressure-orifice locations for the ESA
experimental test model.

ature near the plate exceeded the wall temperature by 200 to 400 K.
In addition, both solutions show a velocity slip of 1100 m/s near the
leading edge of the plate (not shown in the figures).

Simulations of Undisturbed Corner Flow

A three-dimensional simulation of the full test model without the
jet is carried out at the freestream conditions listed in Table 1. The
solution is compared with published wind-tunnel data from the ESA
experiment.!” Additionally, comparisons are made with the flat-plate
simulations to determine the effect of the vertical wall on the flow
structure. The dimensions of the test model are shown in Fig. 11,
with the horizontal plate identical to the flat plate used in the previous
section. The dashed lines on the model indicate nine sections along
which surface pressures were measured in the experiment.

The general features of the flowfield are shown in Fig. 12 by
density profiles in four planes normal to the X-axis at distances of
20, 50, 80, and 100 mm from the leading edge. The flow is char-
acterized by a high-density region that begins in the corner at the
leading edge of the model and extends outward equidistant from the
two plates. This large density buildup is due to the intersection of
the oblique shocks emanating from the leading edge of each plate.
Further insight is gained by examining the development of the flow-
field in the spanwise direction, that is, in a direction perpendicular
to the vertical wall. Figure 13 shows the density profiles 80 mm
from the leading edge at distances 3, 15, 25, and 35 mm from the
vertical wall. Also, adensity profile from the two-dimensional calcu-
lation at the same axial location is included for comparison. Clearly,
the addition of the vertical plate significantly changes the flowfield
due to the shock-shock intersection, which effectively compresses
the freestream flow near the wall. Each spanwise profile indicates

Fig. 12 Density contours around the undisturbed test model (no jet
firing).
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Fig. 13 Comparison of density profiles for the undisturbed corner flow
and the flat plate at a location 80 mm from the leading edge.

a higher density adjacent to the horizontal plate than in the two-
dimensional flat-plate case. Also, the shock-layer thickness on the
test model is substantially different from the flat-plate results. In ad-
dition, the intersection of the two shocks increases the peak density
values at this axial location by 1.5 times over the two-dimensional
flat-plate solution. Note that this peak density occurs 25 mm from the
horizontal plate and 25 mm from the vertical plate. Finally, the den-
sity profile in the plane 35 mm from the vertical wall shows that the
three-dimensional effects are beginning to diminish, since the shape
of the density profile is-approaching that of the two-dimensional
profile.

The surface pressure distribution on the test model is shown
in Fig. 14. The highest surface pressures are in the corner,
where the density is higher. For comparison with experiment, sur-
face pressures are extracted along the various sections of the test
model indicated in Fig. 11. The test model had orifices connected to
external pressure transducers placed along each of the sections. A
comparison of the measured wall pressures along section A and the
computed pressures is shown in Fig. 15. The pressure fluctuations
in the computational profiles are due to the relatively large cells near
the body and the way in which the profiles are extracted from the
unstructured grid. For section A, the computed values exceed the
measurements by up to 40%. The published experimental pressures
were not corrected for orifice effects, which may be significant in
transitional flows.'® Therefore, an orifice correction factor is applied
to the measurements, and the resulting corrected pressures are also
plotted in this figure to give an estimate of the potential magnitude of
the corrections. To perform the orifice corrections, an energy accom-
modation coefficient of 1.0 and an orifice temperature of 300 K are
assumed. Further discussion of the sensitivity of these corrections
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Fig. 14 Surface pressure distribution on the undisturbed test model
(no jet firing).
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Fig. 15 Comparison of computed surface pressures with corrected and
uncorrected measured wall pressures along section A.
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Fig. 16 Effect of the vertical plate on the computed surface pressure
distribution along the undistributed test model (no jet firing).

to such assumptions is given in Ref. 18. Clearly the corrected ex-
perimental data provide a better match to the calculated results.
Figure 16 compares the pressures predicted along section A for the
undisturbed corner flow with the pressures predicted for the flat plate
from the previous section. The pressure is higher for the corner flow
because of the increase in density of the flow adjacent to the plate.

Figure 17 shows computed and measured surface pressure distri-
butions on the horizontal plate along sections B,C,D, and E. Once
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Fig. 17 Comparison of computed surface pressures with corrected and
uncorrected measured wall pressures along the horizontal plate (sec-
tions B-E).

— 3-DDSMC
O Experimental
O Corrected experiment

Section F

Section G

Section H Section |

i 1] L 1 H J L L 1 1 L !
0 01 .02 .03 .04 .05 .06 .01 .02 .03 .04 .05 .06
Y.m Y, m

Fig. 18 Comparison of computed surface pressures with corrected and
uncorrected measured wall pressures along the vertical tail (sections

F-D.

again the corrected experimental pressures are plotted for compar-
ison. The figure shows that there is reasonable agreement between
the experimental and computed pressure values. As expected, the
surface pressure on the horizontal plate decreases with increasing
distance from the vertical wall. Likewise, the wall pressure decreases
with increasing distance from the leading edge as the shock-shock
intersections moves farther away from both plates. Similar trends
are seen in Fig. 18, which show wall pressure distributions on the
vertical plate along sections F, G, H, and I. Once again the cor-
rected pressures are plotted. There is good agreement between the
measured pressures and the simulation results.

Simulation of the Control Jet-Interaction

The final calculation discussed in this paper is a simulation of a
control-jet interaction as performed in the ESA wind-tunnel experi-
ment. For this simulation, the exit plane of the jet coincided with the
horizontal plate of the test model, and it was located 60 mm from
the leading edge and 15 mm from the vertical wall (see Fig. 11).
The jet itself was modeled as a drifting Maxwellian stream with
a radially varying streaming velocity. The density of the incoming
stream was constant across the exit plane of the nozzle; however,
the total mass flux was equal to the mass flux predicted by VNAP2
(3.025 x 1073 kg/s). In addition, the variable axial velocity and
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Fig. 20 Density of the freestream gas species in the plane of the jet.

temperature profiles computed with VNAP2 were preserved, since
each incoming molecule was emitted with a velocity and tempera-
ture that was a function of the radius of the nozzle exit plane. It was
assumed that the molecules entered with a velocity that was normal
to the exit plane.

The three-dimensional computation used 900,000 particles and
required 80 h on a Sun SPARCstation 10. The long computation
time associated with this simulation was due to the high-density
conditions in the core of the jet. It was possible for some cells in the
core region of the jet to have molecules that collided thousands of
times per time step. The effect of a single particle undergoing such a
large number of collisions is to orient its thermal velocity vector in a
random direction, thus placing the molecule in equilibrium with the
rest of the molecules in the cell. Therefore, by limiting the number
of collisions that can take place in a cell per time step to some
multiple of the number of molecules in that cell, the computation
time can be reduced significantly without a loss of accuracy. In
this simulation, it was necessary to limit the number of possible
collisions in the core of the jet to 100 times the number of molecules
in each cell. This amounted to limiting collisions in 0.5% of cells
in the entire computational domain. These cells were located in the
jet core and were much larger than a mean free path. However, they
were small compared with local density-gradient scales.

In this simulation the jet and freestream gases were both nitrogen,
but for the purpose of analysis each gas was treated as a separate
species with identical properties. This enabled the jet and freestream
molecules to be tracked separately and their effect on the full flow-
field to be determined. Figure 19 shows the density of the jet species.
It can be observed that the external flow had little effect on the jet
core, but it did significantly bend the outer part of the plume. The
effect of the jet on the freestream flow is seen in Fig. 20, where the
density of the freestream gas is shown. The jet appears to act as a
barrier to the external flow, pushing the flow away and causing the
freestream density to increase in front of the jet. Consequently, a
low-density region is created immediately behind the jet, since the
freestream molecules are effectively prevented from reaching that
part of the flowfield. The overall flowfield can be seen in Fig. 21,
which shows the combined density of the jet and external flow at
several axial locations along the test model. The plane containing
the jet shows the extent of the plume flowfield in the spanwise di-
rection. An increase in density is evident between the jet and the

Fig. 21 Combined jet and freestream density contours at four axial
locations.

Fig. 22 Effect of the control-jet interaction on the computed surface
pressure distribution along the test model.

vertical wall. It is apparent that there was little or no direct impinge-
ment of the jet on any of the surrounding surfaces. Therefore, any
difference in the flowfield or surface properties from the undisturbed
case was mainly due to the interaction of the jet with the external
flow. The surface pressure distribution on both plates is shown in
Fig. 22. The highest pressures occurred on the vertical wall. Lower
pressures were recorded on the horizontal wall, the highest pressures
there occurring just ahead of the jet. The surface pressure decreased
behind the jet, since the external flow was practically blocked from

reaching that part of the plate.

For the case of full jet interaction, experimental pressure mea-
surements were taken along the sections of the test model shown in
Fig. 11, using the same measurement technique that was used for the
undisturbed corner flow. Likewise, the pressure measurements were
corrected for orifice effects in the same way as the previous corner-
flow calculation. These corrections were made assuming full energy
accommodation and an orifice temperature of 300 K. Figure 23 com-
pares the computed surface pressures with the corrected experimen-
tal values along section A. The jet was located on this section 60 mm
from the leading edge. The computed and corrected experimental
surface pressures from the undisturbed corner flow are also shown
along section A to demonstrate the effect of the jet on the surface
pressure. Both the computed and experimental results indicate that
the jet increased the pressure ahead of it and caused the pressure
to drop behind it. This is consistent with Fig. 20, which shows the
freestream flow building up in front of the jet and being prevented
from reaching the area behind the jet. The computed results agree
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Fig. 23 Summary of the computed and corrected measured pressures
along section A for the jet-on and jet-off cases.
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Fig. 24 Summary of the computed and corrected measured pressures
along the horizontal plate for the jet-on and jet-off cases (sections B-E).

reasonably well with the experimental measurements except at the
peak surface pressure. Also, the computed solution matches the
trends seen in the experimental data.

Figure 24 shows the computed and corrected experimental surface
pressure distributions on the horizontal plate along sections B, C,
D, and E. Note that the jet is located on section C, 0.015 m from
the wall. The computational results indicate the same trends seen
in the experimental data. The computed pressures are in somewhat
poor agreement with the experimental values, but the agreement
is improved with the orifice corrections. The results show that the
jet raises the pressure in section B ahead of the jet and section
C on both sides of the jet. This is due to the barrier effect of the
jet, which produces a buildup of the freestream flow in front of
and on the sides of the jet. Similarly, sections D and E indicate
lower pressures behind the jet, which result because most of the
freestream flow is prevented from reaching those areas. The surface
pressure distributions for the vertical plate are shown in Fig. 25 along
sections F, G, H, and I. There is reasonable agreement between the
computed and corrected experimental surface pressures, although
there are large differences in section G, where the highest surface
pressures occur. Also, the pressure peaks seem to differ in sections
H and I. The jet-wall interaction effect is qualitatively correct,
however, and the computed results show the same overall trends
seen in the experimental data. The domain of influence of the jet
can be seen by comparing the computed surface pressures with those
of the undisturbed corner flow. The locations of the pressure peaks
in sections G, H, and I correspond to the bending of the jet shown
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Fig. 25 Summary of the computed and corrected measured pressures
along the vertical plate for the jet-on and jet-off cases (sections F-I).

in Fig. 19. Also, in Fig. 25 it is apparent that for the lower portions of
the vertical wall the jet increases the surface pressure in the sections
near the leading edge and lowers the pressure in the sections closer
to the trailing edge. Once again, this is due to the displacement of
the external flow ahead of the jet and the blockage of the freestream
behind it.

Conclusions

In this study, a systematic approach has been developed for the
numerical simulation of an ESA experiment involving a control-jet
interaction with a Jow-density flow. Calculations were performed on
several relevant subproblems in order to develop the best method-
ology for solving the full interaction problem. First, continuum
(VNAP2) and noncontinuum (DSMC) methods were used in RCS
nozzle and plume flow simulations, and the results from each method
were compared with appropriate experimental data. The continuum
and DSMC results matched well in the continuum portions of the
nozzle flowfield. In addition, the DSMC results provided a good
match to the experimentally measured pitot pressures in the nozzle
exit plane and plume. These results were used as a guide to simu-
late the nozzle and plume flow of the jet from the ESA experiment.
Next, the results from a three-dimensional DSMC code were com-
pared with those generated with a well-established two-dimensional
DSMC code for the case of a zero-incidence flat plate at the exper-
imental flow conditions. Flowfield results generated with the two
codes matched reasonably well except for the peak densities, which
differed by 10%. Additionally, a three-dimensional DSMC simula-
tion was performed on the undisturbed experimental test model, that
is, without the jet firing. The results from this calculation compared
well with experimental pressure measurements, especially when an
orifice correction factor was applied to the experimental data. Fi-
nally, a simulation of the full ESA experiment with the jet turned
on was performed with a three-dimensional DSMC code. In this
simulation the jet was modeled as a uniform drifting Maxwellian
stream with a variable velocity profile obtained from the previous
continuum solution of the ESA nozzle. The number of collisions
in the cells of the jet core region (0.5% of cells in the computa-
tional domain) were limited so that a solution could be obtained
in a reasonable amount of time. The results indicated that the jet
was significantly affected by the external flow, and this produced
substantial changes in the surface pressure distribution across the
entire test model. Reasonable agreement is seen between the pre-
dicted surface pressures and the experimentally measured results
in most areas of the test model. However, there were significant
differences between the computed and experimental results in the
regions with the largest surface pressure changes. Although there
were discrepancies in the specific surface pressure values, the com-
puted pressures did exhibit similar trends to those indicated by the
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experimental measurements. The discrepancies between the exper-
imental and DSMC results may be diminished with improvements
in the modeling of the jet inflow boundary condition. This may in-
clude coupling a DSMC simulation with a continuum solution of
the high-density portion of the interaction region.
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