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Modeling of the Interaction of a Side Jet
with a Rare� ed Atmosphere
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The interaction of a jet from a 3000-N-class thruster positioned on the side of a small rocket, with the rare� ed
atmosphere at 100 and 80 km, is studied numerically. The direct simulation Monte Carlo method was applied
to model the three-dimensional jet-atmosphere interaction. Chemical reactions between freestream and plume
species were included in the simulations. A two-stage numerical strategy was used, with sequential computations
of an axisymmetric plume core � ow and three-dimensional plume-freestream interaction. The impact of altitude,
angle of attack, rocket velocity, and thrust on � ow� elds and surface mass � uxes is examined.

Introduction

S PACE vehiclesoftenuse divertand attitudereactioncontrolsys-
tems (RCS) to perform maneuvers during � ight. The forward

and aft RCS engines provide the thrust for attitude (rotational) ma-
neuvers (pitch, yaw, and roll) and for small velocity changes along
the vehicle trajectory (translation maneuvers). The application of
RCS is particularly important at high altitudes where the ef� ciency
of the control surfaces decreases signi� cantly as a result of the low
density of the freestream. It is therefore needed to predict the ef-
fects of the interaction of RCS jets with the rare� ed atmosphere
accurately. The experimental study of jet-atmosphere interaction is
hardly able to match similarity parameters of such an interaction,1

making a detailednumerical simulation indispensable.The descrip-
tion of the interaction of RCS jets with the rare� ed atmosphere is
con� guration speci� c.2 That means that the available experimental
data for the Space Shuttle Orbiter3 and the sharp leading-edge jet-
interactionmeasurements4 are not applicable to other vehicle types.

Computations of RCS jet interactions in rare� ed atmospheres
were undertaken by various authors.5¡8 The modeling efforts
were concentrated on different aerodynamic aspects of the RCS:
freestream interaction and different vehicle types in a perfect gas
environment. The direct simulation Monte Carlo (DSMC) method
was used1 to compute the three-dimensional jet interaction for a
corner � ow con� guration; the results were compared with experi-
mental data of surface-pressuredistributions.A sharp leading-edge
con� guration2;7 was also used where both the kinetic (DSMC) and
continuum approaches were utilized to model in detail the inter-
action between a continuum jet and the rare� ed atmosphere. The
� ow separation effects were studied6 for a biconic atmospheric in-
terceptor geometry and near-continuum atmosphere conditions of
65 km. The recent work8 examines transient effects associatedwith
jet interactions at 20 and 35 km for a generic interceptor missile
con� guration.

The previous results obtained by continuum and kinetic ap-
proaches showed the importance of an accurate and detailed mod-
eling of the jet-atmosphere interaction to obtain a credible solution

Received 16 March 2001; revision received 31 August 2001; accepted
for publication 5 September 2001. Copyright c° 2001 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved. Copies
of this paper may be made for personal or internal use, on condition that the
copier pay the $10.00 per-copy fee to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923; include the code 0022-4650/02
$10.00 in correspondence with the CCC.

¤Senior Research Scientist, Department of Chemistry; gimel@gwu.edu.
†Graduate Student, Department of Aerospace Engineering; alexeenko@

psu.edu. Student Member AIAA.
‡Associate Professor, Department of Aerospace Engineering; dalevin@

psu.edu. Senior Member AIAA.

of space vehicle aerodynamics.Another important feature of the jet
interactionnot previouslystudied is the chemical reactionsbetween
the jet and atmospheric species that would affect the operation of
onboard sensors. It is known9 that for a range of rocket speeds and
altitudes there exists the potential for the exhaust thruster species
to radiate and interfere with optical sensors.The accurate modeling
and simulationof the jet-atmosphereinteractionis a prerequisitefor
computing the spatial mapping of the contaminant radiation. This
endeavor is complicatedby many considerations:1) the � ow geom-
etry is three dimensional,2) the density in the � ow and species con-
centrationscan vary by many orders of magnitude, and 3) chemical
reactions occur between the thruster plume gases and the ambient
atmosphere.

The main goal of this work is the multiparametric study of the
three-dimensional interaction between the forward RCS jet of a
small rocket and an ambient rare� ed atmosphere at 80 and 100 km,
with special attention paid to the examination of possible contami-
nation of the onboard radiance sensor locatedon the cylindricalpart
half a meter downstream from the nozzle. An important issue of
this work is the numerical accuracy of the modeling of � ow� elds,
surfacemass � ux, and chemical reactionsbetween the plume and at-
mospheric species.The impact of rocket velocity, thrust level, angle
of attack, and � ight altitude on the distributed mass � ux is studied.
The DSMC method is used in this work as the main predictive tool.
This work represents a new application of the DSMC method to
the study of the jet-atmosphere interactionwith a chemical reaction
model. The solution of Navier–Stokes equations for the jet in the
vicinity of the nozzle exit is also presented for the comparison with
the DSMC results.

In the following section the statement of the problemis presented
alongwith thede� nitionof geometricsetupand � ow conditions.The
numerical approach used in the computations is discussed, and the
main computational steps are given for the full three-dimensional
modeling of a rocket side jet interactingwith the atmosphereat high
� ight altitudes. Comparison of plume modeling results obtained
using kinetic and continuum techniques is shown. Finally, results
related to the impact of different jet and freestream parameters are
also presented.

Flow Conditions
A schematic of the � ow geometry utilizedto study the interaction

of atmosphere and the RCS jet is given in Fig. 1. A small rocket is
modeled as a blunted cone cylinder, and the thruster is positioned
on the cylinder, right after the cone-cylinderjunction. An important
issue of this work is the examination of possible contamination of
the onboard radiance sensor located on the cylindrical part half a
meterdownstreamfrom thenozzle.The angleof attack is zeroon the
schematic,but othervaluesof theangleof attackare alsoconsidered.
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Table 1 Freestream parameters

Parameter Case 1 Case 2

Altitude, km 80 100
Temperature, K 181 186
Number density, molecules/m3 4:18 £ 1020 1:26 £ 1019

O2 composition, % 21 15.9
N2 composition, % 79 79.4
O composition, % 0 4.7

Table 2 Nozzle-exit conditions

Condition Value

Concentration
H2O 25%
CO2 5%
CO 23%
HCl 14%
N2 14%
H2 19%

Velocity 2540 m/s
Temperature 650 K
Number density 7:29 £ 1023 molecule/m3

Nozzle-exit area 176.7 cm2

Wall temperature 300 K

Table 3 Freestream-plume species reactions

Reagent Product A, m3s B Er , J

N2 C H2O N2 C OH C H 5:8 £ 1015 0.0 7:3 £ 1019

O2 C H2O O2 C OH C H 1:13 £ 107 ¡1.31 8:1 £ 1019

O C H2O 2OH 3:8 £ 1021 1.3 1:2 £ 1019

N2 C OH OH(A) C N2 9:4 £ 1017 ¡0.37 6:4 £ 1019

O2 C OH OH(A) C O2 9:4 £ 1017 ¡0.37 6:4 £ 1019

O C HCl OH C Cl 5:6 £ 1027 2.87 0:2 £ 1019

OH C Cl O C HCl 3:1 £ 1027 2.91 0:7 £ 1020

Fig. 1 Schematic of the � ow.

The � ow at two � ight altitudesis modeled:80 and 100 km. Table 1
gives the freestream parameters used for these altitudes. Three dif-
ferent values of the free stream velocityU1 were assumed:U1 D 2,
3, and 4 km/s.

The plume nozzle-exit conditions corresponding to a thrust of
F D 3250 N the number density of 7:29 £ 1023 molecule/m3) are
given in Table 2. The thrust values of F D 6500 N were also used
in several calculations, implying a number density of 1:458 £ 1024

molecule/m3, and all other parameters remain the same. A constant
distributionover the nozzle exit for the thruster exhaust species was
assumed.

The gas composition at the nozzle exit was assumed to be typical
for small divert thrusters9 with a solid nonaluminumpropellant,and
only the major species were used in the approximation. Chemical
reactions were included both between the freestream species and
the freestream-plumespecies.The freestreamchemical reaction set
consists of 15 dissociation and 4 exchange reactions between the
air species. The reaction data used for these reactions can be found
elsewhere.10 It will be shown that the freestream reactions impact
the � ow only for those cases with the higher freestream velocity.
The reduced set of chemical reactions used to model the interac-
tion between the plume and atmosphericspecies and corresponding
Arrheniusreactionrateconstantskr D AT B exp.¡Er =kT / are listed
in Table 3.

There are three types of reactions included in the table. The
� rst three reactions represent the dissociation of water by impact
with ambient species to form OH and H. The fourth and � fth re-
actions represent the collisional excitation of ground state OH to
form OH(A). Finally, the last two reactions represent mechanisms
for the formation of free chlorine radicals, an important precursor
in atmospheric models of ozone depletion.

Computational Technique
The numerical challenge of the problem under consideration is

associated with the � ow three-dimensionalityand a large variation
in number density. The � ow regime changes from continuumat the
nozzle throat (number density on the order of 1024 and the nozzle
diameter-basedKnudsennumberon theorderof 10¡5) to transitional
in the freestream (number density of 1019 at 100 km). Thus, the
continuum approaches cannot be applied to simulate most of the
� ow, anda kineticapproachhas to beused.The mostwidelyusedand
powerful kinetic technique is the DSMC method,11 a method that
has been shown to be ef� cient for various gas dynamic problems in
the free-molecular, transitional, and near-continuum� ow regimes.
A multitask DSMC-based computational tool, SMILE,12 is used in
this work.

The continuummethod is also applied in this work for the plume
near � eld to validate the DSMC solution in the high density region.
The solution of the Navier–Stokes equations with a � nite volume
spatial discretizationon a structured grid is obtained with the Gen-
eral Aerodynamic Simulation Program (GASP).13 The six-species
gas mixture is computed with the Sutherland model used to ap-
proximate the temperaturedependenceof the gas viscosity.Viscous
derivative terms in the momentum and energy conservation equa-
tions are computed with second-order accuracy on the interior and
gas-solid interface cells. The third-order upwind-biased scheme is
applied for spatial reconstruction of volume properties on the cell
boundaries. To obtain a steady-state solution, two-factor approxi-
mate factorization is used for time stepping.

Numerical Strategy
The DSMC method becomes prohibitively expensive when it is

applied to modeling three-dimensional � ows at very low Knudsen
numbers. Because the gas density for the � ow of interest is very
high at the thruster exit, a full three-dimensional modeling of the
jet-atmosphere interaction problem would require a large number
of simulated molecules to be used. To obtain an accurate � ow so-
lution requires a large number of particles to reduce the statistical
dependence between simulated particles.14

The numerical strategy implies a splitting of the � ow into two
regions: the plume near � eld where the � ow is essentially axisym-
metric and the region of the three-dimensional freestream plume.
In the modeling of the plume near � eld, computational require-
ments can become prohibitive and therefore reduce the � delity
and accuracy of the solution. Thus two different approaches, ki-
netic and continuum, were used to obtained a credible solution
for the plume near � eld. The plume is modeled as a six-species
(see preceding section) nonreacting gas mixture expanded into a
vacuum.

For the continuum approach, the solution of the Navier–Stokes
equations for the plume near � eld was obtained using GASP.13 The
� ow was modeled with different axisymmetric grids to obtain a
grid-independentresult. The continuum approach is certainly valid
for this regime, except for the relatively low-density regions of side
� ow and plume far � eld.

Because the � nal goal is to simulate the jet-atmosphere interac-
tion, an accurate prediction of side portion of the plume � ow is
important. The axisymmetric capability of SMILE was therefore
used to calculate plume near � eld concurrentlywith the continuum
approach. Calculations were performed with various cell sizes and
numbers of simulated molecules in order to obtain a solution inde-
pendent of these numerical parameters.

The main step of the calculation is the modeling of the jet-
atmosphere interaction. The three-dimensionalSMILE tool is used
to compute the interactionof the freestreamand plume species.The
gas is considered a 13-species reacting mixture. A starting surface
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obtained with the axisymmetric DSMC code is used to simulate the
plume in� ow.

Plume Near-Field Simulation
The continuum and kinetic approaches were used to model the

plume near � eld at F D 3250 N, and the most important parameters
of the approaches were varied to obtain a reliable solution. Three
differentgridswereused to model the plumeusingGASP: 100 £ 50,
300 £ 150, and 600 £ 200 cells (The � rst dimension is along the
plume axis direction.). Figure 2 shows a comparison of the plume
number density along the plume axis for all three grids. It can be
seen that the second and third grids provide the same distribution.
The third grid therefore represents a grid-independentresult.

The DSMC calculation of the plume near � eld was performed
for three different sets of numerical parameters. For each set the
following values were used for the total number of molecules and
cells, respectively: 1) 30,000 and 7000; 2) 600,000 and 300,000;
3) 1,100,000 and 500,000. Figure 3 shows the calculated number
densitiesfor the three differentparameter sets. The sensitivityof the
solution to the number of simulated molecules and cell size is not
as signi� cant as was observed for the continuum calculation grid
comparison. The third DSMC parameter set is assumed to provide
a result that is independent of both the grid size and the number of
particles.

Comparison of the continuum and DSMC plume near-� eld so-
lutions showed that the general features of the plume—pressure
contours and density (e.g., Figs. 2 and 3) and temperature distri-

Fig. 2 Continuum number density distribution along the plume axes
for different grids.

Fig. 3 DSMC number density distribution along the plume axis for
the three parameter sets.

Fig. 4 Comparison of the angular dependence of the number density
at 0.75 m for DSMC and NS methods.

Fig. 5 Starting surface shown along with the axisymmetric plume
number density contours (molecule/m3 ).

butions along the plume axis—were in good agreement. However,
comparisonof the properties in the plume side � ow (large angles off
the plume axis) shows potentiallyserious disagreementbetween the
Navier–Stokes and DSMC solutions. Figure 4 shows a comparison
of the angular dependence of the number density for a distance of
0.75 m from the nozzle exit center for the two numerical methods.
It can be seen that in the side portion of the plume, which is more
rare� ed than its core, there is a signi� cant disagreementbetween the
two approaches. It is likely that the GASP Navier–Stokes solution
fails to predict accurately the regions of high � ow rarefaction.

The preceding results are for a 3250-N thruster, which was the
main case under consideration. For computations performed for a
6500-N thruster,about threemillionmoleculesand two million cells
were used in the DSMC simulations of the axisymmetric plume.
Simple thrust scaling (two times larger thrust and four times larger
number of molecules) shows that these numerical parameters will
provide credible numerical solutions.

Starting Surface for Three-Dimensional Simulations
The computational requirements for treating the entire three-

dimensional problem with the DSMC method for the conditions
considered here are considerable.Therefore to facilitate the calcu-
lation, the plume solution is assumed to be axisymmetric for some
region close to the nozzle exit. Clearly as the plume gas moves away
from the thruster and interacts with the freestream, this assumption
is no longer valid. Hence there has to be a hand-over from the ax-
isymmetric plume solution to the full three-dimensional one. The
hand-over occurs in the region where the plume density is too high
for the plume to be affected by the freestream, thus providing a
starting surface for full three-dimensionalsimulations.The density
isolines of »7 £ 1021 and »1:3 £ 1022 molecule/m3 were taken for
the startingsurfacesof the 3250-and 6500-N thrusters,respectively.
The parameters at the surface, such as � ow direction, velocity, and
temperature,were taken from the axisymmetricDSMC simulations.
The difference between the translational temperatures in X and Y
directionswas found to be insigni� cant at the starting surface, and a
Maxwellian distribution function was therefore used for molecules
entering the domain from the starting surface. Note that the Bird’s
breakdown parameter15 for a 3250-N thruster changes from 0.04
at the nozzle throat to 0.002 farther downstream, which also sub-
stantiates the use of the Maxwellian distribution function. Figure 5
shows the number density contours for the plume near � elds for a
3250-N thruster [set (3) of the DSMC numerical parameters] and
the starting surface used in this case.
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Fig. 6 Schematic of the three-dimensional computationaldomain and
axis notations.

DSMC Models and Three-Dimensional Numerical Parameters
The models and numerical parameters utilized in the three-

dimensionalDSMC computationsare as follows. The variable hard
sphere model16 was used for intermolecularcollisions.The Larsen–

Borgnakke model17 with temperature-dependent rotational and vi-
brational relaxation numbers was assumed for the energy transfer
between the translational and internal molecular modes. The total
collision energy16 model was applied to model gas-phase chemi-
cal reactions. A weighting scheme18 applicable for chemical reac-
tionswas used to enhancethe statisticalrepresentationof freestream
species.The diffusemodel with total energyand momentum accom-
modation was taken for the gas-surface interaction with the rocket
wall temperature of 300 K.

A schematic of the computational domain is shown in Fig. 6,
where the direction of the axes, the plume, and the freestream is
also shown. The beginningof the coordinate system is placed at the
nose tip. The total number of cells is about 3 million (from 2.5 to
3.6 milliondependingon the freestreamand plume parameters), and
the number of simulatedmolecules was in the range of 4–6 million.
These numerical parameters were chosen to eliminate the grid de-
pendence of the results, reduce the in� uence of statistical depen-
dence between the simulated particles, and provide an adequate
spatial resolution of the boundary layer along the rocket. One cal-
culation for a 3250-N thruster was performed with 5.2 million cells
and about 15 million particles, and the results were found to be the
same as for the baseline case of 2.5 million cells and 4.5 million
molecules.A typical three-dimensionalcomputationtook about two
days on 24 processors of an IBM SP/RS6000 POWER3 computer.

Results and Discussion
Plume Structure with No Freestream

Each of the three-dimensionalcalculations starts with modeling
the rocket thruster plume exhaust into a vacuum. The goal of these
� rst calculations is twofold. First, the comparison of two- (as de-
scribed in the precedingsections) and three-dimensionalresultsper-
mits the veri� cation of the choice of numerical parameters for the
three-dimensional modeling. Second, the three-dimensional com-
putations of � ow into a vacuum enable one to compare the mass
� ux from a single jet to the rocket surface with no impact of the
freestream to that of the atmosphere-jet interaction case. The nu-
merical parameters veri� cation is discussed in this section, and the
comparison of distributed surface mass � uxes is presented in the
following sections.

A comparison of the pressure contours obtained using the two-
and three-dimensional codes is presented in Fig. 7 for the 3250-
N-thruster case. The three-dimensionalresults are shown in the YZ
plane. Only a portion of the computational domain is shown for
the three-dimensionalcase for the sake of clarity. Here and in other
� gures the gray area shows the portion of the domain bounded by
the starting surface. The � gure illustrates an excellent agreement

Fig. 7 Comparison of two-dimensional (top) and three-dimensional
(bottom) pressure � elds (Pa). The area shown is 4 £ £ 1.5 m for two-
dimensional and 3.5 £ £ 1.5 m for three-dimensional � elds.

Fig. 8 Normalized number density contours about a small rocket at
100km (top half)and80km(bottomhalf). Thearea shownis 4.7 £ £ 1.5 m
for each altitude.

between the two- and three-dimensional pressure contour results,
both in the outer edges of the plume and downstream along the
plume axis. Similar agreement is observed for other macroparam-
eters. The agreement between the results shows that the numerical
parameters chosen allow one to accurately capture the plume struc-
ture, which is the portion of the � ow that has the most challenging
computationalrequirements.Good agreementbetween the two- and
three-dimensionalplume structurewas also obtainedfor the 6500-N
thruster.

Flow About a Small Rocket at Different Altitudes Without the Side Jet
To better understand the impact of the side jet on the mass � ux

to the surface and � ow parameters, the � ow� eld was calculated at
different altitudes with and without the jet. The � ow� elds without
the jet are presented in this section. The freestream gas is air, the
angle of attack is 0 deg, and the freestream velocity is 2 km/s.
Although air chemical reactions were included in the simulations,
their impact is negligibly small at this velocity. This is because the
shock wave is weak and the translational temperature in the shock
front does not exceed 1000 K.

Totalnumberdensitycontoursnormalizedby the freestreamvalue
are shown in Fig. 8 (upperhalf) for an altitudeof 100km. The density
in the shock layer reaches only 1.25 of its freestream value and
decreases to 0.5 closer to the body. The impact of the bow shock on
the jet is expected therefore to be small. Generally, the shock wave
is wide and merges with the boundary layer at these highly rare� ed
conditions. (The Knudsen number based on the cylinder diameter
is 0.25.) The shock wave is predictablymore pronouncedat a lower
altitude. An illustration of the � ow structure at 80 km is shown in
the bottom half of Fig. 8. The number density reaches its maximum
of about 1.5 and drops in the boundary layer to about 0.3 of its
freestream value.

The distributedtotal mass � ux along the body for the two altitudes
is presented in Fig. 9. Hereafter, the X axis is the distance in meters
from the nose tip to the rear part in XY plane (Z D 0). There is a
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Fig. 9 Total mass � ux (kg/m2s) along a small rocket at 80 and 100 km.

Fig. 10 Plume H2O number density (kg/m3 ). XY plane (Z = 0). The
area shown is 4.7 £ £ 4.2 m.

visible increase in the mass � ux in the vicinityof the nose for 80 km.
The increase is caused by the gas mean free path comparable to the
nose radius in this case, which causes the formation of the detached
shock wave with a signi� cantly higher density in the vicinity of
the nose. A decrease of approximately 50% in the mass � ux is
observed on the cylinder junction as compared to the cone portion
of the rocketforbothaltitudes.The differencebetweenthemass-� ux
values on the cylindricalpart for the two altitudes is proportionalto
the difference in the freestream number densities.

Modeling of the Freestream-Plume Interaction
Considernow the modelingof the jet-atmosphereinteraction.The

results for a 3250-N thrusterand a freestreamvelocityof 2 km/s with
zero angle of attack at 100 km are presented in this section.

The number density contours of the main plume species, H2O,
are presented in Fig. 10. The portion of the � ow in the XY plane
that is formed by the rocket symmetry axis and the plume axis is
shown.Here and in the followingthe spatialscalecorrespondsto that
shown in Fig. 6. Again, the black line aroundthe gray area shows the
starting surface taken from the axisymmetric DSMC computations.
The principal conclusionhere is that the in� uence of the freestream
on the plume is small for these freestream conditions.There is only
a small difference between the left portion of the plume, which is
affectedby theplume,and the right, lee side, portion.This difference
is onlyobservedfor the regionswhere the plume densityis smalleror
slightlylarger than thatof the freestream.Also, there is nonoticeable
effect of the rocket bow shock on the H2O number density � eld.

The number density of the main freestreamspecies,N2 , is shown
in Fig. 11. There is a signi� cant nitrogen number density in the
plume, but the number density of those molecules is not shown
in this � gure. The freestream and plume nitrogen molecules were
treated as two differentspecies.Figure 11 clearlyshows that a shock
wave is formed in front of the plume as a result of the atmosphere-jet
interaction. The density in the shock increases to about 4.5 times

Fig. 11 Freestream N2 number density (kg/m3). XY plane (Z = 0). The
area shown is 4.7 £ £ 4.2 m.

Fig. 12 Total number density normalized by the freestream value. XZ
plane (Y = 0). The area shown is 4.7 £ £ 1.5 m.

compared to the freestreamvalue becauseof the impact of the inter-
nal degrees-of-freedomexcitation. (The maximum increase is four
times for a monoatomic gas.) The maximum freestream N2 number
density appears in the vicinity of the wall as a result of the bow
shock–rocket body–plume interaction. Although there is no pene-
tration of the freestream molecules in the plume core � ow, there
is some amount of the freestream nitrogen above the cylinder right
behind the plume (point A with the number density of 2: £ 1017

molecule/m3). This amount is expected to be a signi� cant contrib-
utor to the surface mass � ux in the area where a radiance sensor
might be located.

The � ow� eld results show that the jet � ow in� uences not only the
� ow on the side of the rocket where it is directedbut also the � ow in
the entire area of the rocket. An example is given in Fig. 12, where
the gas total number density normalized by the freestream value
is shown in the XZ plane. The XZ plane is the plane that passes
through the rocket axis and is perpendicularto the plume direction.
Only half of the computationaldomain is shown because the � ow is
symmetric with respect to the plume axis in the XY plane. The result
is signi� cantly different from what was obtained with no plume
(compare Figs. 8 and 12).

The total mass � ux along the rocket surface in the XY plane (as in
Figs. 10 and 11) is shown in Fig. 13. Here and in the following the
mass � ux is calculatedon the upper side of the body (positiveY val-
ues; Fig. 6). The mass � ux has a maximum on the conical part of the
rocket, correspondingto the maximum in the freestreamgas number
density in this region. Then it decreases two orders of magnitude
along the cylindricalpart. The mass � ux for two species, freestream
N2 and plume H2, is also shown in this � gure. Nitrogen is presented
as the main freestream species, with the freestream oxygen show-
ing the same trend with the difference in magnitude proportional to
the difference in the freestream concentrations.Hydrogen is shown
here because it is the lightest species of the plume most affected
by the freestreammolecules and has therefore the biggest contribu-
tion to surface mass � ux among all plume species. The mass � ux
from other plume species is several orders of magnitude less than
that from hydrogen. The impact of the plume species on the mass
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Fig. 13 Total and different species mass � ux (kg/m2s) along a rocket.

Fig. 14 Comparison of the total mass � ux (kg/m2s) with and without
the freestream and plume.

� ux on the surface is negligible for the conical portion of the body
but signi� cantly increases on the cylindrical part. The contribution
of plume hydrogen at 0.5 m downstream from the nozzle, where a
sensor might be located, is almost 100%. Farther downstream, the
mass � uxes of plume H2 and freestream N2 are comparable.

Figure14givesmoredetailson the in� uenceof the jet-atmosphere
interaction on the mass � ux. Three different cases are presented:
1) the jet only with no freestream, 2) the freestream without the jet,
and 3) the full jet-freestreamcase.The mass � ux for 2) is larger than
1) along the surface, except for a small area close to the thruster.On
the conical part of the body, the mass � ux is obviously largest for
3). It becomes smaller than 2) downstreamfrom the nozzle because
of the shadowing effect of the plume.

Impact of the Freestream Velocity on the Flow Structure
Three differentvalues of the freestreamvelocity were used in the

computations, 2, 3, and 4 km/s, enabling one to analyze the effect
of rocket velocity on the jet-atmosphere interaction. The results
presented in this section were obtained for a 3250-N-thruster � ring
at an altitude of 100 km with zero angle of attack. Generally, the
effectof the jet is expectedto be largerat highervelocitiesbecauseof
a stronger shock wave produced by the jet interaction.Quantitative
effects are evaluated next.

ComparisonofFigs. 10 and 15 andFig. 16 shows the impactof the
freestreamvelocityon the plume structure.The H2O numberdensity
contours are given in these � gures, showing a visible difference
between wind and lee sides of the plume for 4 km/s. The freestream
gas pushes the plume molecules closer to the jet axis, and there

Fig. 15 Plume H2O number density (kg/m3) in XY plane (Z = 0) for
U 1 = 4 km/s. The area shown is 4.7 £ £ 4.2 m.

Fig. 16 PlumeH2O numberdensity (kg/m3 ) in XZ plane(Y = 5.7 m)for
U 1 = 2 km/s (top) and 4 km/s (bottom). The area shown is 4.7 £ £ 1.5 m.

Fig. 17 Cl number density (kg/m3) formed as a result of chemical re-
actions in XY plane (Z = 0) for U 1 = 4 (left) and 3 km/s (right). The area
shown is 4.7 £ £ 4.2 m.

is a small local maximum of the H2O number density seen in the
windward portion of the plume.

Let us consider now the in� uence of the freestream velocity
on chemical reactions between the freestream and plume species.
The atomic chlorine number density � elds are presented in Fig. 17
for 3 and 4 km/s. Atomic chlorine is produced by the reaction O C
HCl ! OH C Cl, where O and HCl are freestream and plume
species, respectively. Reactions between the plume and the free-
stream are rare event, and although the weighting scheme used re-
duces statistical scatter18 the reaction product � ow� elds are still not
as smooth as would be observedfor a major species.However, it can
be seen that atomic chlorine is produced in the the narrow region,
where the freestreaminteractswith theplumeandslightlypenetrates
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Fig. 18 Total mass � ux (kg/m2s)alongarocket for different freestream
velocities.

upstream as a result of the low collision frequency at 100 km. Pre-
dictably, its concentration is visibly higher for a 4-km/s � ow.

The quantitative comparison of the distribution of the total mass
� ux along the rocketbody for differentfreestreamvelocitiesis given
in Fig. 18. The maximum mass � ux observed on the conical part of
the body increases about three times for a change in velocity from
2 to 3 km/s. As the velocity is increased to 4 km/s, the maximum
mass � ux increases an additional 50%.

Freestream-Plume Interaction at 80 km
In earlier sectionsthe jet-atmosphereinteractionswere studiedfor

an altitude of 100 km. To examine the in� uence of the altitude (i.e.,
ambientpressure)on the � ow, thecase of 80 km was alsoconsidered.
The results are presented in this section for a 3250-N thruster at
2 km/s and zero angle of attack. The plume H2O number density
contours are shown in Fig. 19 (top). The impact of the freestream
is clearly seen in this case. There is a signi� cant compression layer
producedat the windward side of the plume, with the lee side being
almost unchanged as compared to Fig. 10.

The freestream N2 number density � eld is presented in Fig. 19
(bottom). The shock front formed as a result of the freestream-
plume interaction shifts signi� cantly downstream as compared to
the higher-altitudecase (Fig. 11). The ratio of the number density to
the freestream value is larger inside the shock than that for 100 km,
which indicates a higher excitation of internal degrees of freedom.
An importantobservationfrom the study is that the numberof chem-
ical reactions between the freestream and plume species is orders
of magnitude smaller at 80 km than for 100 km. The number of
chemical reactions is larger at 100 km because these reactions are
mostly caused by the interaction of freestream particles moving at
2 km/s with plume molecules that move at about 3 km/s. At 100 km
many freestream particles penetrate through the shock and reach
the plume with no collisions, still having therefore about 2 km/s.
At 80 km the freestream gas is much denser, which therefore mini-
mizes the chancesof a collisionof plume moleculeswith high-speed
particles coming directly from the freestream.

Signi� cant changes in the � ow structure for 80 km compared to
100 km are responsible for a qualitative change in the mass � ux
to the surface for the plume and freestream species. The mass-� ux
distributionsat 80 km for the freestreamN2, plume H2 , and total are
givenin Fig. 20.The main conclusionfromthe � gures is that the total
mass � ux for this case is mostly caused by the freestreamspeciesN2

and O2. Molecular hydrogengives the biggest contributionfrom the
plume species and is approximatelyone order of magnitude smaller
than the freestreamspecies.A comparisonof the total mass � ux with
the case of no plume shows that the effect of the plume is negligible
along the � rst 1.2 m of the body. The reduction of the mass � ux on
the cylindricalportion as a result of the presenceof the plume is less
at 80 km compared to 100 km (see Fig. 14).

Fig. 19 Plume H2O (top) and freestream N2 (bottom) number density
contours at 80 km. The area shown is 4.7 £ £ 4.2 m.

Fig. 20 Total and different species mass � ux (kg/m2s) along a rocket
at 80 km.

In� uence of an Increase in Plume Thrust
Two values of plume thrust are consideredin this work, 3250 and

6500 N. The results are given here for the freestream velocity of
2 km/s and a zero angle of attack. Generally, the � ow� eld structure
for a 6500-N thruster is similar to that for the 3250-N case. The
freestreamN2 numberdensity� eld for a 6500-N thruster is shown in
Fig. 21. Comparing this result to that for a 3250-N thruster (Fig. 11),
one can see that althoughthe � ow structure is similar there are some
differences.A higher thrust causes a more pronouncedshock wave.
The freestreammoleculesare more ef� ciently moved from the body
by the denser plume, and there is a smaller impact of the freestream-
plume interaction upstream toward the rocket nose.
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Fig. 21 Freestream N2 number density contours for F = 6500 N at
100 km. The area shown is 4.7 £ £ 4.2 m.

Fig. 22 Comparison of the mass � ux (kg/m2s) for different plume
thrust values.

This is more clearly seen in the distribution of the mass � ux
along the body for two different thrust values (Fig. 22). The impact
of the plume on the mass � ux in the vicinity of the nose is smaller
for a 6500-N thruster, which explain a local maximum at the nose
tip (same as with no plume). From the nozzle exit to about 1 m
downstream, the mass � ux is larger for the lower-thrust case as a
result of a weaker shadowing effect of the jet. On the last portion of
the cylinder,the mass � ux is slightly larger for the 6500-Ncase.This
corresponds to a larger number density of the freestream species
(compare Figs. 11 and 21). There is some contribution of plume
species (mostly hydrogen, up to 20%) for the 6500-N case on the
cylindrical part, too.

In� uence of the Angle of Attack
To analyze the effect of the angle of attack on the surface mass

� ux, the computations were performed for four different cases:
a) ® D 0 deg, ¯ D 0 deg; b) ® D ¡20 deg, ¯ D 0 deg; c) ® D 20 deg,
¯ D 0 deg; and d) ® D 0 deg, ¯ D 20 deg. Here, ® is the angle be-
tween the X axis and the projection of the freestream velocity vec-
tor on the XY plane, and ¯ is the angle between the X axis and
the projection of the freestream velocity vector on the XZ plane. A
positive value of ® means that the freestream comes from below
(see Fig. 6).

The impactof the angleof attackwas studiedfor a 3250-Nthruster
at an altitude of 100 km and freestreamvelocity of 2 km/s. The total
numberdensity� elds for all of thecasesarepresentedin Fig. 23.The
amount of plume molecules is negligible in the XZ plane (Y D 0),
and the � elds were therefore normalized by the freestream value.
Only half of the computational domain is shown for the three cases

Fig. 23 Normalized number density contours about a rocket for dif-
ferent angles of attack. XZ plane (Y = 0). From the top to the bottom:
a) ® = 0, ¯ = 0; b) ® = ¡ 20 deg, ¯ = 0 deg; c) ® = 20 deg, ¯ = 0 deg; and
d) ® = 0 deg, ¯ = 20 deg. The area shown is 4.7 £ £ 1.5 and 4.7 £ £ 3 m.

Fig. 24 Total mass � ux (kg/m2s) along a rocket for different angles of
attack.

because the � ow is symmetric with respect to the XY plane. Gener-
ally, the in� uence of the plume is smallest for a positive®. The � ow
comes from below in this case and therefore minimizes the impact
of the plume near the surface. For a negative ® the number density
near the cylindrical part is a minimum because this area is greatly
shadowed by the plume. A maximum number density (about two
times larger than in the freestream) is observedat the windward side
for ¯ D 20 deg. The in� uence of the plume for the lee side is also
clearly seen for this case.

The surfacedistributionsof thetotalmass � uxareshownin Fig. 24
for different angles of attack. For the highly rare� ed conditions un-
der consideration,the distributionsare mostly in� uenced by the ef-
fects of plume and body shadowing and the re� ection of freestream
molecules from the plume core � ow. On the conical portion of the
body, the mass � ux is a minimum when the freestream comes from
below (again, the mass � ux is calculated at the upper portion of the
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body) and maximum for the opposite case of ®. In the vicinity of
the nozzle exit, the mass � ux strongly decreases,weakly depending
on the angle of attack. It increases slightly towards the body end for
¯ D 0 deg. For the other three cases the mass � ux decreases gradu-
ally, being a maximum at positive ®, when the plume shadowing is
smallest. The general conclusion is that if the radiance sensor is lo-
cated within 0.5 m downstreamfrom the nozzle (X values from 2.1
to 2.6 m), the corresponding mass � ux will change within a factor
of two for small changes in the angle of attack.

Conclusions
The interactionof a continuum jet, located on the side of a small

rocket, with a rare� ed atmosphere of 80 and 100 km is studied
using the DSMC method. The goal of the modeling was to examine
the effect of possible contamination of an onboard radiance sensor
located on the cylindrical part of the rocket. The results presented
for the � ow� elds and surface mass � ux enable one to evaluate this
effect for different freestream and plume conditions.

The numerical procedure consisted of two major steps: cal-
culation of the essentially axisymmetric plume core � ow using
a two-dimensional code and a successive application of a three-
dimensional code to model the plume-freestream interaction. The
latter also included the interaction of the freestream and the rocket
body. In the � rst step a computation of the plume near � eld with
GASP solving the Navier–Stokes equations and two-dimensional
SMILE using the DSMC approach was performed. The reliable
grid- and particle-independent solution of the � rst stage was used
to generate a starting surface for the second step, which used the
three-dimensionalSMILE code.Chemical reactionsbetweenplume
and freestream species were included in this step.

The calculations were performed for different thrust values, alti-
tudes, angles of attack, and rocket velocities.The following conclu-
sions about the complex � ow structure can be drawn based on the
results of the calculations.

At 100 km the contribution of plume species to the mass � ux
on the surface is mostly caused by molecular hydrogen. This con-
tribution amounts to almost 100% at the � rst 50 cm of the body
downstream of the nozzle exit. The contribution of heavier plume
species is negligiblysmall. For the lower altitudeof 80 km, the mass
� ux is mostly determined by the freestream species N2 and O2.

The impact of the freestream on the plume core � ow is small at
100 km, but at 80 km it becomes very important. On the contrary,
the number of chemical reactionsbetween the freestreamand plume
species is much bigger at 100 km than at 80 km as a result of the
effect of a direct penetration of high-energy freestream molecules
through the shock layer to the plume.

Change in the rocket velocity from 2 to 4 km/s increases the
number of chemical reactions between the freestream and plume
species about � ve times, producing such species as Cl and OH.
Such a change also generates a three to � ve times rise in the mass
� ux on the cylinder part of the rocket.

Increase in the plume density reduces the upstream in� uence of
the plume and causes a reduction up to 10 times in the mass � ux on
the rocket surface along the � rst 0.5 m downstreamfrom the nozzle
exit. The mass � ux becomes comparable to the lower-thrust case
further downstream.

A change in the angle of attack within 20 deg in either direc-
tion does not signi� cantly impact the mass � ux on a sensor located
within 0.5 m downstreamof the nozzle exit. The angle of attack sig-
ni� cantly affects the � ow� eld farther downstream, though, as well
as on the conical part of the rocket.
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