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described earlier. The interactionwith the supersonic jet reveals even
greater flow details of the shock dispersion into compression waves
that are quite visible. Gradually increasing the flow rate resulted in an
attendant increase in the length of the LPM jet, with the compression
waves pushed further upstream, becoming so long that part of the
waves were truncated from view. Similarly, above the critical value
of the flow rate, the compression waves suddenly coalesced to form
the SPM jet, with the reestablishment of the bow shock with longer
standoff distance.

The high-speed camera schlieren data reveal details of the
dynamics of the bow shock dispersion that gave better insight into the
flow physics of the freestream and counterflowing jet interaction.
Below the critical flow rate, the dispersion of the shock wave into
compression waves suggests three physical processes at play. The
first is that the absence of a distinct bow shock nullifies the Rankine–
Hugoniot jump conditions, resulting in a recovery in total pressure
and compression waves that propagate at speeds higher than the
speed of sound. This total pressure recovery promotes or induces the
second process, which is a very high rate of mixing of the two
opposing streams, with an attendant increase in entropy (mixing, as
well as temperature and pressure differences) and becoming a large
domain of highly turbulent shear layer. In the third process, as the
flow rate was increased above the critical value, the compression
waves, with speeds higher than the velocities near the interface,
instantaneously coalesced into a new (spherical) bow shock with a
standoff distance greater than that of the baseline, which increased
with increasing flow rate.

The shock dispersion or diffusion process and sudden transition
from LPM to SPM interactions seem to repeat in the opposite sense
(that is, from SPM to LPM), reproducing the same flow structure.
As noted earlier, the sudden transition from LPM to SPM was
readily observable in the schlieren videos, suggesting that the flow

phenomena can be controlled to have the desired effects in terms of
active flow control for thermal management and better aerodynamic
performance. This possibility has two immediate implications as a
potential technology. At supersonic speeds, the shock could be so
diffused that the formation of an “N” wave could be mitigated to
weaken sonic booms, as long as the jet flow rate is not increased to
reestablish strong shocks (Figs. 6, 8, and 9). For hypersonic blunt
body flows, such as the Apollo capsule or the new crew exploration
vehicle (CEV or Orion), the entropy layer would be dissipated in the
absence of the strong bow shock, with significant aerothermody-
namic implications.

In this paper, shock dispersion or diffusion is used to mean the
spreading of the (bow) shock, as seen in the low-speed camera
schlieren images (Fig. 6) at the jet flow rates ( _mj ! 0:05 and
0:1 lbm=s) and revealed in greater detail in the high-speed camera
(Figs. 8 and 9). It is not used to mean shock attenuation which
involves the time decay of shock strength or intensity through shock
reflection and/or transmission by other means [57,58].

C. Effects of Angle of Attack

Effects of angle of attack on the flowfield for the interaction
between the Mach 4.0 freestream and the Mach 2.94 counterflowing
jet ( _mj ! 0:10, 0.25, 0.35, and 0:50 lbm=s) are shown in Fig. 10.
These images were taken with the low-speed camera (standard
NTSC) schlieren system. Even at !!"9 deg, the flow structure of
the LPM jet ( _mj ! 0:10 lbm=s) is very much sustained in terms of jet
penetration and shock dispersion, although a strong flow asymmetry
was introduced, as would be expected. This asymmetry persisted and
apparently became stronger with increasing flow rate. However,
effects of the angle of attack did not seem to severely diminish the
capacity of the counterflowing jets for active flow control, at least at
small angles. In the !! 0 deg cases, the supersonic jet stream
emanating from the interaction of the jet barrel and terminal shocks
no longer impinged upon the model [7], as seen in Figs. 10e–10h.

The normalized heat transfer data on the face or heat shield of the
model for the interaction of theMach 3.48 andMach 4.0 freestreams
and the 0.5-in.-diam nozzles with designMach numbers of 1.0, 2.44,
and 2.94 are plotted in Figs. 11 and 12, respectively, and compared
with the data for the baseline ( _mj ! 0:0 lbm=s) for !! 0 deg. The
data are given for each circle or row of heat flux/temperature gauges
(Fig. 1c), and each data point on the plot represents the data from each
gauge in the row, normalized by the baseline (no jet) value of that
gauge. Even at !! 0 deg, the data on a given row are not the same
and therefore not coincident, which suggests some asymmetry in the
flowfield due to unsteadiness, even in the case of the SPM jets. The

Fig. 8 Dispersion of bow shock by counterflowing sonic LPM jet and
transition to the SPM jet.

Fig. 9 Dispersion of bow shock by counterflowing Mach 2.94 LPM jet
and transition to the SPM jet.

Fig. 7 Characteristic features of the interacting flow structure.
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Abstract: A description of a model and boundary condition implementation required for simulating the influence of Hypersonic or Supersonic Retro Propulsion (SRP) jets and Reaction Control 
Systems (RCS) of planetary entry vehicles using Laura 5 is provided. A subsonic reacting boundary condition is required to accurately simulate the jet effects with the surrounding vehicle envi-
ronment. The paper presents the mathematical implementation of the model and discusses results for test cases with RCS and SRP jets to show the code capabilities.

Introduction: Controlled entry or reentry into planetary atmospheres is one of the space exploration challenges that needs to be mastered for space missions with higher 
mass payloads. Guided lifting entry can be achieved with the use of Reaction Control Systems (RCS) such as those designed for Mars Science Laboratory (MSL) and Orion 
Crew Exploration Vehicle (CEV). RCS jets will be used for vehicle guidance maneuvers and attitude corrections. Heat load management is also a major task in a design of en-
try and reentry vehicles, more specifically for human missions. The heat load is the result of the dissipation of hypersonic or supersonic kinetic energy during the decelera-
tion. The vehicle performance improves by reducing the vehicle drag and the aerothermal loads by the means of active flow control such as Hypersonic or Supersonic Retro 
Propulsion (SRP) mechanism. SRP changes the external flowfields of entry vehicles for spacecraft deceleration by weakening shock system with opposing jets.

The jet effects on the vehicle environment depends on nozzle throat and exit conditions. Throat condition must be accurately obtained for both RCS and SRP systems to 
correctly predict jet exit condition. Therefore, one must be able to simulate the entire nozzle system from its chamber, which normally is subsonic. This is a favorable ap-
proach compare to separately obtaining the internal nozzle solution and superimposing a somewhat averaged throat condition in a hypersonic flow solver, which was used 
primarily for MSL calculations (Ref.1). The subsonic chamber condition, which is often consists of multi-species gas mixture, requires some special mathematical and nu-
merical treatments. This paper presents details of these treatments and discusses the boundary condition implementation in the Laura 5 code (Ref. 2).

Figure 1. Schematic of subsonic inflow boundary condition.

a2 = ρs

ρ
γ s + β(H − v⊥

2 )
s=1

ns

∑

β =
∂P
∂ρE

=
ρiRii=1

ns∑
ρCv

pressure jacobian, ∂P
∂ρs

Frozen speed of soundRiemann characteristic with negative slope

Total normal velocity on the inlet face

(1+ 4
β

)a2 + 4C−a + β(C−  2 − H ) − ρs

ρ
γ s

s=1

ns

∑ = 0

Mathematical Formulation: Consider a subsonic boundary condition and the Riemann characteristics at point P 
shown schematically in Figure 1. Due to the negative slope of C-minus characteristic, one of the flowfield vari-
ables must be imposed numerically at point P to correctly prescribe the subsonic inflow condition at the bound-
ary. For multi-species gas mixture, the C-minus characteristic line is defined as:

For thermal equilibrium condition, which is assumed at the nozzle chamber, the frozen speed of sound, a, is given 
as

The species s pressure jacobian term in Equation 2, is derived for thermal equilibrium condition by following a 
more general derivation approach presented in Ref. 3:

γ s = RsTs + β u
2 + v2 + w2

2
− βes

where the energy per unit mass of species s is expressed as

es = hs − RsTs
By eliminating normal velocity from Equations 1 and 2, one can form a quadratic equation in terms of speed of 
sound, a:

Ultimately, the subsonic root of the quadratic equation defines the boundary face velocity:

C− = v⊥ − 2a / β

v⊥ = C− + 2a* / β
Solution Procedure: Calculation starts by imposing the total pressure and temperature at the nozzle plenum or 
chamber. The rest of the thermodynamic data is calculated from the imposed boundary condition and the gas 
mixture compositions. For multi-species jets, specific heat, enthalpy, and entropy, are calculated from their curve 
fit data. Similarly, the transport properties are obtained form their collision integrals.

An isentropic expansion is assumed at the nozzle chamber or the plenum and the temperature on pseudo cells 
are obtained using a simple Newton iteration algorithm. The other transport and thermodynamic properties are 
then corrected using this new static temperature. Finally, the face velocity corresponding to these thermody-
namic conditions is computed using the last equation. A flowchart of this procedure is illustrated in Figure 2.

Figure 2. Solution procedure flowchart.
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Figure 3. Adapted grid for the SRP case study (every third point is shown for 
clarity). The geometry is a 2.6% Apollo capsule with 0.5” sonic nozzle.

Figure 4. Computed temperature contour..

Figure 5. Computed Mach contour with streamlines. Figure 6. Experimental Schlieren image for the SRP case study (taken from Ref. 8)

Figure 8. Computer temperature contour on a 5% CEV model with RCS pitch up 
jet on.

Figure 7. Computed Mach contour on a 5% CEV model with RCS roll jets on.

Case Studies: Test cases for SRP and RCS applications are presented here to demonstrate that the multi-
species reacting characteristic boundary condition works and produces reliable result. All cases are presented 
here are assumed to be in laminar condition. In should be noted here that although very good agreement with 
experimental data is achieved, the actial flow might be turbulent and unsteady, and  an accurate turbulence 
model is needed for a more quantitative comparison  with wind tunnel and flight data,

LAURA 5 Experiment (Ref. 8) Diff., %

0.555 0.54 2.8

Table 3. Computed and measured shock stand off distances for the SRP test case.

Mach

3.48 97.35 0.15

Diameter, D, inch

0.5 719.124 266.11 0.2268

P0 ,  Kpa

Table 1. Freestream condition used in the 
SRP test case.

(1)

(2)

(3)

(4)

(5)

(6)

T0 ,  K  m,  kg / secT∞ ,  K ρ∞ ,  kg / m3

Δ / D

Table 2. Chamber condition used in the SRP test case.
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