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1 Introduction

Active control for vehicles traversing the transitional ow regime of an atmo-
sphere is achieved by a reaction control system (RCS), consisting of thrusters
strategically placed about the vehicle. When jet plumes from the RCS inter-
act with a local rare�ed or transitional ow �eld, unanticipated aerodynamic
forces may result. For example, during the initial bank maneuvers of the
�rst shuttle Orbiter ight, the rolling moment that occurred when the yaw
thrusters were �red was less than expected, resulting in greater RCS fuel
usage than anticipated. The cause of this discrepancy was attributed to
improper scaling of wind tunnel derived RCS interaction correlations to the
ight condition [1].

Recently, direct simulation Monte Carlo (DSMC) studies have been per-
formed for the Mars Global Surveyor (MGS) [2] that show the attitude
control system (ACS) jets interact with the free stream and cause thrust
reversal during the aerobraking maneuver in the transitional regime. That
is, a net torque is produced in the direction opposite from that induced by
the ACS thruster; the ACS jet plume shadows a downstream portion of the
spacecraft from the free stream ow, which causes lower local surface pres-
sure than without the shadowing. Therefore, it is important to understand
the interaction of an ACS or RCS jet plume with the surrounding rare�ed
ow �eld and surface to accurately incorporate the e�ects of the interaction
in the vehicle design and aerodynamic control laws during a mission.

2 Problem Description

The purpose of this paper is to report results of a numerical study of a
continuum jet interaction with a rare�ed ow. The free stream number
density (n

1
) of a baseline case is varied to produce changes in the inter-

action strength and provide insight into the underlying uid mechanics of
these interactions. A recently reported numerical technique [3] is used in
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Case 1 (baseline) 2 3 4 5
n
1
=n
1;baseline 100 10�1 10�1:5 10�1:75 10�2

� = (�V 2)jet=(�V
2)
1

38.23 382.3 1209 2150 3823

Table 1: Variation of free stream number density and ratio of jet to free
stream momentum ux for the cases studied.

this study. The technique uncouples computational uid dynamics (CFD)
applied to the jet ow �eld and DSMC solutions for the interacting and
rare�ed ow �eld at an appropriate breakdown surface [4] to produce a ow
solution for the entire ow �eld from the two di�erent numerical methods.

The baseline case modeled by the present numerical study corresponds to
a jet interaction experiment performed by Keith Warburton at the De-
fence Evaluation and Research Agency (DERA) low density wind tunnel.
A schematic diagram of the experimental at plate model is shown in Fig. 1.
Free stream nitrogen ow about the sharp leading edged at plate had a
nominal Mach number of 9.84, static temperature of 65K, and static pres-
sure of 5.4 Pa, resulting in a Reynolds number based on the plate length
of 0.15 m, ReL, equal to 15,900. For the present study, the jet gas was
argon and the nozzle plenum conditions were T = 300K and p = 34.5 kPa,
addressing one of cases examined by Warburton.

It was shown in Ref. [3] that this test condition provides a rare�ed at plate
ow for the baseline 3-D jet interaction numerical study. In addition to the
baseline case (case 1), four other 3-D jet interaction cases were examined
in the present study (See Table 1.) to establish parametric variation. The
baseline free stream density is lowered by 1, 1-1/2, 1-3/4, and 2 orders of
magnitude, which are cases 2, 3, 4, and 5, respectively, while holding all
other free stream conditions constant. By varying the free stream density,
the e�ect of the jet interaction on the ow �eld and on the at plate surface
is systematically examined.

3 Numerical Technique

Details of producing an uncoupled CFD-DSMC solution are given in Ref.
[3], and a general overview of the procedure is given below. For the present
study, CFD solutions were obtained using the General Aerodynamic Simu-
lation Program (GASP) [5], a commercially available �nite volume Navier-
Stokes ow solver from AeroSoft, Inc. DSMC solutions were obtained by
the DSMC analysis code (DAC) of LeBeau at NASA JSC. (For example,
see Refs. [3], [6], and [7].) The uncoupled solution methodology requires a
boundary between the undisturbed continuum jet ow and the interacting
portions of the free stream and jet ow be de�ned. This is accomplished
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using a value of the Bird breakdown parameter [4], P, which assures that
the CFD portion of the ow solution is not inuenced by the jet interaction
region, that is, it remains symmetric as is discussed and shown below.

To determine the boundary between the CFD and DSMC ow domains,
CFD solutions of the entire interacting ow �eld, from the jet plenum to
the free stream, were obtained and analyzed. These solutions contain the
continuum portion of the jet ow as it expanded from the nozzle exit, which
allows an analysis by the breakdown parameter. Twelve jet interaction
cases were computed with the CFD: �xed nitrogen free stream properties
with jet gases of helium, nitrogen, argon, and carbon dioxide at plenum
pressures of 17.4, 34.5, and 51.7 kPa. A typical centerline number density
contour from a CFD solution is shown in Fig. 2, which is an interacting
argon jet at a plenum pressure of 34.5 kPa modeled in the present study
as the baseline case. Note that number density contours are normalized by
Loschmidt's number, no, the standard number density of air at T = 273K
and p = 101.325 kPa [4].

An analysis of the CFD solutions was performed using the Bird breakdown
parameter to determine an appropriate breakdown surface of the jet plume
where no interaction e�ects were present at the breakdown surface. A sam-
ple of these results is shown in Fig. 3. Note that the breakdown surface
for P = 0:01 on the left side of Fig. 3 shows a smooth, regular surface of a
volume of revolution; however, the breakdown surface on the right side of
the �gure (P = 0:02) has an irregular diagonal cut on the upper windward
portion. The irregular cut on the breakdown surface occurs at the location
of the compression region between the jet and the free stream. Based on
this analysis, a breakdown surface inuenced by the free stream to jet inter-
action will exhibit the irregular surface feature. Therefore, a boundary can
be established where the interaction does not inuence the ow at or inside
the surface. Results of analyzing the twelve CFD solutions to determine
the largest value of breakdown parameter where the breakdown surface is
smooth and not a�ected by the interaction are shown in Fig. 4. The break-
down parameter values shown in Fig. 4 are correlated with a nondimensional
parameter Gjet=G1, with G de�ned by Eq. 1 as:

G =
nV

�=(�d)
(1)

which is the ratio of the number density ux, nV , and the molecular collision
probability ux, �=(�d).

Given the curve �t relationship shown in Fig. 4, the two di�erent solution
domains (CFD and DSMC) can be uncoupled, which has been performed for
the �ve cases presented in the following section. The jet nozzle and plume
are calculated using CFD. Typical grid and ow �eld results of the CFD
calculations are shown in Fig. 5. An appropriate breakdown parameter
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value is obtained from the curve in Fig. 4, which de�nes the jet inow
location for the DSMC. A breakdown parameter value of P = 0:01 was
chosen for the baseline (case 1), and P = 0:02 was chosen for the other
cases. P = 0:02 represents the upper limit of the continuum regime for
an expanding ow [4]. Next, the free stream and interacting regions of the
ow, excluding the continuum noninteracting portion of the jet plume, are
predicted using DAC. The DAC requires the surface, which the ow is being
modeled about, be triangulated. A triangulated representation of the at
plate model for the present study is shown in Fig. 6. Note the close view of
the jet breakdown surface shown on the upper right side of the �gure.

4 Results and Discussion

Number density contours and ow streamlines at the plane of symmetry for
the �ve cases described above are presented in Figs. 7 to 11. A comparison
of these �gures shows that as the free stream number density decreases, the
extent of the jet interaction bow shock increases. Also, comparing Figs. 7
and 8, the forward separation vortices become larger for decreasing free
stream number density, and as shown in Fig. 11, when the free stream
number density is decreased by two orders of magnitude below the baseline
case, the forward separation vortices are not present. This is signi�cant
because the forward separation vortices allow the at plate shock layer ow
and jet plume ow to stagnate along a reattachment line. Without the
separation region present, the jet gas is directed outward away from the
nozzle with no surface stagnation. The boundary where the free stream
number density just supports the formation of the forward separation region
is between cases 3 and 4, that is, when the value of jet to free stream
momentum ux, � >

�

2000. (See Table 1.)

The normalized surface pressure along the model centerline is presented next
in Fig. 12. Note that pressure is normalized by the free stream momentum
ux for each case. The �gure shows that as the free stream number density
decreases, the forward extent of the jet interaction inuence increases and
broadens over the at plate surface. For case 5, which has the lowest free
stream number density, the jet interaction inuence has moved upstream

and is felt at the at plate leading edge. (See Figs. 11 and 12.)

Normalized shear stress, �x=(�V
2), along the at plate centerline is pre-

sented in Fig. 13 for all �ve cases. The sign of the shear stress indicates
the local ow direction just above the at plate surface; that is, a positive
value indicates the free stream ow direction, and a negative value indicates
reversed ow, opposite the free stream direction. Immediately upstream of
the jet nozzle exit (x = 0.125 m), ow just above the plate surface is in
the reverse direction as indicated by the negative shear stress. Further up-
stream, the local shear stress becomes positive for all cases. For cases 1, 2,
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and 3, local shear stress changes sign again, indicating a separated, reversed
ow region; the separation region just upstream of the nozzle exit is also
shown by streamlines in Figs. 7, 8, and 9, respectively. However, unlike
cases 1, 2, and 3, the surface shear stress is everywhere positive forward
of the initial reversed ow region for cases 4 and 5, as shown in Fig. 13,
indicating no separated ow near the surface. Also, the ow streamlines for
case 4 (See Fig. 10.) do show a vortical structure above the plate surface
forward of the nozzle exit, but not near the surface. For the lowest free
stream density condition (case 5 shown in Fig. 11), no vortical structure is
evident, probably because the free stream ow is not sheared by the jet ow
su�ciently to cause a vortex.

To assess the integrated e�ect of the jet interaction on the upper surface
of the at plate, the moment coe�cient, Cm;y = 2My=(�V

2AL), which is
about the y-axis at the center pivot of the upper plate surface (x = 0.075 m),
as a function of jet to free stream momentum ux ratio, �, is presented as
Fig. 14. Note that moment contributions on plate surfaces other than the
upper surface are neglected to isolate jet interaction e�ects on the upper
surface only. At higher momentum ux ratio (cases 1, 2, and 3), the moment
coe�cient is positive and increases with decreasing momentum ux ratio
because the magnitude and extent of normalized surface pressure increases
over the aft portion of the plate surface as shown in Fig. 12. However,
between cases 3 and 4, there is a downward turn of the moment coe�cient
curve, and at the momentum ux ratio of case 5, the moment coe�cient is
negative. The jet interaction e�ect has fed forward and causes a nose down
or negative pitch for case 5. High pressure on the forward portion of the
plate is also shown in Fig. 12 for case 5. In addition, the number density
contours in Fig. 11 show that the jet interaction inuences the ow �eld to
the leading edge of the at plate.

5 Concluding Remarks

Three-dimensional computational techniques, in particular the uncoupled
CFD-DSMC of the present study, are available to be applied to problems
such as jet interactions with variable density regions ranging from a contin-
uum jet to a rare�ed free stream. When the value of the jet to free stream
momentum ux ratio, � >

�

2000 for a sharp leading edge at plate, no for-
ward separation vortices induced by the jet interaction are present near the
surface. Also, as the free stream number density, n

1
, decreases, the extent

and magnitude of normalized pressure increases and moves upstream of the
nozzle exit. Thus, for the at plate model, the e�ect of decreasing n

1
is

to change the sign of the moment caused by the jet interaction on the at
plate surface.
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Figure 1: Flat plate model.
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Figure 2: Number density contours
from CFD solution of baseline case.
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from CFD solution.

10-5 10-4 10-3 10-2

Gjet/G∞

0

0.01

0.02

0.03

0.04

0.05

P

helium
nitrogen
argon
carbon dioxide

Continuum

Rarefied

Undisturbed
Jet

Jet
Interaction

Jet Gas

Jet
Interaction
Interface

Figure 4: Correlation of break-
down parameter with jet interaction
strength.
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Figure 5: CFD grid and number
density contours of axi-symmetric
free expanding jet.
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Figure 6: Triangulated at plate and
jet breakdown surface.
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Figure 7: Number density contours
and streamlines for case 1 (baseline,
� = 38.23).
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Figure 8: Number density con-
tours and streamlines for case 2
(� = 382.3).
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Figure 9: Number density con-
tours and streamlines for case 3
(� = 1209).
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Figure 10: Number density con-
tours and streamlines for case 4
(� = 2150).
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Figure 11: Number density con-
tours and streamlines for case 5
(� = 3823).
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Figure 12: Normalized pressure on
at plate centerline.
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Figure 13: Normalized shear stress
on at plate centerline.
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Figure 14: Moment coe�cient as a
function of the jet to free stream mo-
mentum ux ratio.
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