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With sample-return and manned missions on the horizon for Mars exploration, the abil-
ity to decelerate high-mass systems to the planet’s surface has become a research priority.
This paper explores the use of supersonic retropropulsion, the application of jets facing into
the freestream, as a means of achieving drag augmentation. Numerical studies of retro-
propulsion flows were conducted using a Cartesian Euler solver with adjoint-driven mesh
refinement. After first validating this simulation tool with existing experimental data, a
series of three broad parametric studies comprising 181 total runs was conducted using
tri- and quad-nozzle capsule configurations. These studies chronicle the effects of nozzle
location, orientation, and jet strength over Mach numbers from 2 to 8 and angles of attack
ranging from —5° to 10°. Although many simulations in these studies actually produced
negative drag augmentation, some simulations displayed local overpressures 60% higher
than that possible behind a normal shock and produced drag augmentation on the order
of 20%. Examination of these cases leads to the development of an aerodynamic model for
drag augmentation in which the retrojets are viewed as oblique shock generators. Flow
approaching the capsule face is decelerated and compressed by multiple oblique shocks.
By avoiding the massive stagnation pressure losses associated with the bow shock in typi-
cal entry systems, this approach achieves significant overpressure on the capsule face and
strong drag amplification. With a fundamental physical mechanism for drag augmentation
identified, follow-on studies are planned to exploit this feature and to understand its impact
on potential entry trajectories and delivered mass limits for future Mars missions.

Nomenclature
A : area SUPERSCRIPTS
Ca : coefficient of axial force * : nozzle throat
C 4 geroshell © Ca on the aeroshell (not incl. engine thrust) ' : non-dimensional
Ca,forebody : Ca on the capsule face
CA total : coeflicient of total axial force, Eqn. (8) SUBSCRIPTS
Ch : coefficient of drag b : capsule base
Cr, : coefficient of lift e : nozzle exit
Cp : coefficient of pressure o : stagnation
CpoNs : stagnation C'p behind normal shock at M, 0 : freestream
Cr : thrust coefficient, Eqn. (9)
D : drag force GREEK SYMBOLS
d : diameter Q@ : angle of attack
Daug : drag augmentation, Eqn. (10) I3 : ballistic coefficient, Eqn. (1)
Dy : baseline (reference) drag value v : ratio of specific heats
F : force 0 : angular coordinate, Fig. 11
J : exact functional value p : density
M : Mach number 10) : nozzle tilt angle, Fig. 13
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P : parametric space ABBREVIATIONS

P : pressure AFL : Astrobiology Field Laboratory
P, : stagnation pressure in front of shock CFD  : computational fluid dynamics
P,o : stagnation pressure behind shock DGB  : disk-gap-band (parachute)
P,ps : stagnation pressure behind bow shock EDL : entry, descent, and landing
P,nys  : stagnation pressure behind normal shock JI : jet interaction

P,os : stagnation pressure behind oblique shock MSL  : Mars Science Laboratory

q : dynamic pressure MSR  : Mars Science Return

r : radius SRP : supersonic retropropulsion
Tne : nozzle circle radius, Fig. 13

T : thrust in axial direction

u,v,w : velocity components

I. Introduction

ARS entry poses a challenge due to the planet’s thin atmosphere. With only about 1% of Earth’s
Matmospheric density (Figure 1), Mars entry vehicles decelerate at much lower altitudes and have trouble
attaining sufficiently low terminal descent velocities without the aid of entry, descent, and landing (EDL)
systems such as supersonically-deploying parachutes.! To date, the United States has successfully landed
six systems on the surface of Mars, starting with the Viking I and II missions which landed in 1976. The
EDL system developed for these missions was based on a 70-degree sphere cone aeroshell and a supersonic
disk-gap-band (DGB) parachute. Amazingly, all subsequent missions including NASA’s 2011 Mars mission,
the Mars Science Laboratory (MSL), have used only slight variants of this original EDL system.?

As mission requirements advance, target mass payload demands are increasing and are challenging the
limits of current EDL technology. Each of the six previous Mars missions landed at 0.6t or less, and the
upcoming MSL mission has reached the landed payload mass capability (approximately 1t) of this Viking-
based EDL system.? Figure 2 shows the limits of the current DGB parachute deployment region and the
effect of increasing (3, the ballistic coefficient. This value, characterizing the response of an entry vehicle to
atmospheric braking, scales directly with mass and is given by

m
R (1)

where m is the system’s mass, Cp is the hypersonic drag coefficient, and A is the reference area. As seen
in Figure 2, with increasing payload mass (and thus ), the max-Mach deployment limit of 2.1 for the DGB
system is reached at increasingly lower altitudes. For reference, only Mars entry systems with § less than
approximately 50kg/m? are able to reach the subsonic propulsion region without supersonic deceleration
methods, and all previous missions have ranged from 3 = 62 — 90kg/m?2.1

Proposed future missions such as the robotic Mars Sample Return (MSR) and the Astrobiology Field
Laboratory (AFL) would result in even higher touchdown masses, and the requirements of human missions to
Mars could demand 40-100t payloads, a 2-order of magnitude increase over previous landed mass capability.?
With these increasingly aggressive payload demands on the
horizon, it is evident that the approximate ballistic coefficient
limit of the heritage DGB parachute technology, 150kg/m?,
will be quickly exceeded. The challenges imposed by the large
mass requirements of future Mars exploration necessitate the
development of additional EDL technologies. Proposed solu-
tions for adequate deceleration include a) a reduction of the
ballistic coefficient through an increase in reference area, b)
the development of supersonic parachutes capable of deploy-
ing at higher Mach number, c) an increase in vertical lift, or ¥ NA——
d) the development of a new decelerator such as supersonic 005 01 015 02 025 08 035 04 045 05

. 1 density (kg/m”)

retropropulsion.

This paper examines the development of supersonic retro-  pijgure 1. Atmospheric density comparison
propulsion (SRP) as a means of deceleration. Historically, for Earth and Mars.

altitude (km)
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Figure 2. EDL method deployment regions, showing 3 [kg/m?] limits. Adapted from Ref. 1.

retropropulsion has involved the use of thrusters directed into a subsonic freestream flow, the aim of which
is to produce a thrust force to supplement the aerodynamic drag, thus providing increased deceleration
by increasing the total force on the body. Given the increasing velocities of Mars entry, extension of this
deceleration technique to supersonic freestream has been proposed. Thus far, preliminary SRP development
has focused on increasing engine thrust while attempting to maintain the bow shock about the entry body
for supplemental drag.® The deceleration provided using this strategy is highly dependent on the mass of
fuel transported solely for atmospheric entry. In this study, we consider an alternative role, where super-
sonic retropropulsion is used as a mechanism to increase aerodynamic drag by achieving significant surface
overpressures rather than merely rely on fuel transport for terminal thrust augmentation.

The bow shock, considered a key decelerative physical mechanism due to the post-shock pressure increase,
also drastically reduces the post-shock stagnation pressure on the body. This means that the maximum
recoverable pressure on the capsule face is severely reduced. For example, at M, = 6, the stagnation
pressure behind a normal shock has decreased to less than 3% of its initial value (P,ns/Pp1 = 0.02965),
meaning that the maximum pressure one can recover behind such a shock has dropped by 97%. Recognizing
this, the current study seeks to exploit the available reservoir of potential drag by altering the flow physics
of the system through the use of retropropulsive jets.

Very little data has been collected on retropropulsive jets in a supersonic freestream.? The majority of
research in this area of “counterflowing”, “opposing”, and “forward-facing” jets took place as experimental
studies in the 1960’s and concentrated on a central single-nozzle configuration.*® The aim of these studies
was to analyze the effectiveness of a retrojet as a means of reducing drag and surface heating. With the
same emphasis on drag reduction, numerous numerical studies on central nozzle configurations have been
performed as well.” 13 These studies show that a single opposing central jet acts as an aerospike, significantly
reducing the aerodynamic drag which is the opposite effect of that required by SRP for deceleration.

In contrast to these studies on drag-reducing central single-nozzle configurations, there is a lack of research
on alternate configurations that might prove useful to the SRP community. The most prominent in the
literature are experimental multiple-nozzle configuration observations made by Jarvinen and Adams,®: 16
Keyes and Hefner,'” and Peterson and McKenzie,'® which suggest that certain multiple-nozzle configurations
maintain the drag resulting from the bow shock in addition to providing deceleration from retrothrust, thus
giving some additional retroforce. These studies, although increasing the entire axial force with supplemental
thrust, show no increase in aerodynamic drag when compared to the baseline (no SRP) case, leading to a
total reliance on the mass of fuel transported for this purpose.

This paper provides a series of broad numerical parametric studies to build a preliminary understanding of
the physical mechanisms involved in multi-nozzle (peripheral) SRP flows. Section IT describes the flow solver
and grid refinement approach used in this study. Section III offers a brief comparison with experimental
data and provides an analysis of the tri- and quad-nozzle parametric studies, leading to the development of
a flow model for SRP drag augmentation.
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II. Computational Approach

This study was accomplished using the steady-state simulations and adaptive mesh refinement of the
Cart3D simulation package. This section briefly describes the Cartesian-based Euler solver and provides
an overview of the adjoint-based mesh refinement module. Finally, applicability of the steady-simulation
approach to SRP flows is examined through a comparison with a relevant high-resolution, time-accurate
simulation.

A. Numerical Method

Simulations for this investigation are performed using the Cart3D package. This method uses a parallel,
multi-level Euler solver on automatically-generated Cartesian meshes with embedded, cut-cell boundaries.
Cart3D, developed by Aftosmis and Berger in References 19 and 20, has recently been extended to include
an adjoint-based mesh adaptation method to guide cell refinement and control discretization errors present
within complex flow fields.2!"23

Following the creation of a coarse starting mesh upon which the initial flow solve is computed, a cell-
wise error-estimate is calculated using the method of adjoint-weighted residuals.?!>2* The mesh is refined
according to a “worst things first” strategy, and the process repeats until a minimum error or maximum cell
count (user-defined) is reached.

The spatial discretization of the Euler equations uses a cell-centered, second-order accurate, upwind
finite-volume method with a weak imposition of solid-wall boundary conditions. Steady-state flow solutions
are obtained using a five-stage Runge-Kutta scheme with local time stepping, using the flux-vector splitting
approach of van Leer and multigrid convergence acceleration.'®20:25-27  The solution algorithm for the
adjoint equations utilizes the same parallel, multi-level framework as the base Euler solver.2!:22

Widely used for producing aerodynamic databases in support of engineering analysis and design due to its
robustness and speed, this inviscid simulation package suits the parametric nature of this study.?® 3% More-
over, this work focuses on simulations with strong and unfamiliar off-body flow features, making it difficult
to manually create appropriate meshes a priori. The adjoint-based mesh adaptive approach described here
allows automation of the meshing process, and includes information on mesh convergence and discretization
error with each simulation.

B. Adjoint-based Mesh Refinement

As simulation geometries and flows become more complex, the ability to create a suitable mesh a priori
presents an increasing challenge. Parametric and optimization studies amplify this problem by requiring
hundreds of potentially unique meshes. We address this need through use of an output-based mesh adaptation
method. The following discussion outlines the key steps of this method. Further details are provided in
References 21-23.
Here, the end goal of the simulation is to provide a reliable ap-

proximation of a functional J(Q), such as lift or drag, that is itself Exact Solution -7
a function of a flow solution Q = [p, pu, pv, pw, pE]T satisfying the L
steady-state, three-dimensional, discretized Euler equations of a per-
fect gas,

)

R(Qp) =0 (2)

Using J() to represent the discrete operator used to evaluate the
functional, J(Qpg) now denotes the approximation of the functional
computed on an affordable (coarse) Cartesian mesh with characteris-
tic cell size H, where Q = [Q1, Q2,- -, Qn]7 is the discrete solution
vector of the cell-averaged values for all N cells of the mesh.
Figure 3 shows convergence of a model aerodynamic functional bl
with mesh refinement, where F is the total error in this output due 10° 10" 10" 10 10" 10
to discretization error in the numerical solution. This error is defined Number of Cells
as the difference between the exact functional value and the value
obtained when evaluating this functional using the discrete solution Fi8ure 3. Convergence of functional
J with mesh refinement, showing the
on the current meSh7 E= |j(Q) - J(QH)l Rather than attempt t0  gefinition of total error, E/, and relative
compute E directly, we use the approach of Venditti and Darmofal error, e.

Functional (C;, Cp, ..
: ; :

Approximate
Functional
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(Ref. 24) and consider the simpler problem of estimating how the discrete functional evaluation J(Qg) would
change if solved on a finer mesh, h. The relative error, sketched in Figure 3, is defined as the difference
between the functional evaluations on the current mesh H and the finer, embedded mesh h,

e=1J(Qn) — J(Qmn)| (3)

For a second-order method on a sufficiently smooth solution in the asymptotic range, knowing the relative

error gives total error in the output as
1 1 4

EF=e+-e+—5et+---=ce 4

+ 1 + e + 3 (4)

Knowledge of the relative error e, however, hinges on the ability to evaluate the functional using the fine

mesh solution, J(Qp). Without solving on this finer mesh, an estimate of the functional on the embedded

mesh can be found using Taylor series expansions of the functional and residual equations about the coarse

mesh solution, given by

J(Qn) = J(QF) - () R(QF) — (v — v R(Q]) (5)

AdjointCorrection RemainingError

where R() is the spatial operator of the Euler solver, ¢ is the discrete adjoint soution, and the notation
() indicates prolongation from the coarse to fine mesh.?* The adjoint variables satisfy the following linear
system of equations:

Qs | " 9Qu ©
Details on the adjoint solver can be found in Ref. 22, and Refs. 21 and 31 contain verification and validation
studies on this error-estimation method.

In Equation (5), the adjoint variables provide two correction terms, one which improves the accuracy
of the functional on the coarse mesh, and one serving as a remaining error term which is used to form an
estimate of each cell’s contribution to the error in the objective function. Convergence of the calculated
functional towards its true value occurs as this remaining error term decreases, making the cell-wise error-
estimate the focus of the adaptation strategy. This term depends on the solution of the adjoint equation
on the embedded mesh, vy, but this can be approximated with an interpolated adjoint solution from the
coarse mesh.?? Note that the remaining error is formed through an inner product involving both the flow
residual of the prolonged discrete solution (essentially an estimate of local truncation error) and the adjoint
interpolation errors (serving as a weighting term). Both of these terms need to be large for cell refinement
to improve the functional output, J(Q).

[6R<QH>] T{/} 0.(Qu)"

T
HH

T

Figure 4. A pitch-plane central cut showing mesh refinement resulting from the automatic adjoint-based
method. The initial mesh (left) contains 23,000 cells, and the mesh after five adapt cycles (right) contains
763,000 cells.
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Figure 5. Convergence of the functional and error-estimate.

In a typical case using adjoint-based mesh refinement, the corrected functional will lead the computed
functional J(Qp) towards the true functional value J(Q) as the number of cells increases. Each of these
cycles should see the remaining error value drop as the mesh is refined and J(Qpg) converges. Figure 4 shows
a generic initial mesh (23,000 cells) and an automatically-adapted final mesh (763,000 cells) for one of the
cases® in the parametric study of Section IIIC. The functional appears to be approaching an asymptotic value
by the fifth adaptation cycle despite the complex flow features, as seen in Figure 5. This is corroborated
by the drop in the functional’s error-estimate (the cell-wise error summed over all cells), seen in the same
figure.

As discussed in Refs. 32 and 31, the error-estimate also reveals the refinement level at which this steady
modeling approach begins to break down. An increase in the error-estimate in the final adaptation cycle
indicates “unsteadiness,” or noise due to incomplete flow convergence. The next section compares results
obtained with the described steady method to those from a time-accurate simulation of relevant SRP physics,
supporting the use of steady simulations in this preliminary study.

C. Comparison with Time-Accurate Simulations

Before proceeding with extensive parametric studies, it is prudent to examine the utility of the described
steady and inviscid model when applied to flow physics represented in SRP cases. Examples of comparisons
between steady Cart3D simulations and bluff-body time-accurate simulations are given in Reference 32. We
also give a brief comparison with SRP time-accurate simulations here, and provide a comparison against
relevant experimental data in Section IITA.

Full unsteady simulations were run using a time-accurate version of the Cartesian Euler solver,
developed in Ref. 33. This solver uses the same multi-level, —
parallel framework with time accuracy achieved through a dual- : H
time formulation in which multigrid is used to converge inner
pseudo-time iterations. Figure 6 contains the 4.5 million cell
mesh used for both steady and time-accurate simulations. This it
mesh was generated by further adaptation of the mesh shown i i
in the previous section. '

Figure 7 gives a quantitative comparison between the two
simulations by showing the convergence histories of forces on
the capsule for the steady simulation as a function of multigrid
cycles in the frame on the left and for the unsteady simulation
on the right. The averaged drag coefficient values for the steady
and time-accurate cases are 1.520 and 1.530, respectively. The
unsteady simulation required a non-dimensional timestep of
0.006°, and was initialized with 200 cycles of multigrid relax-
ation to produce the ti.me—accurate results .in Figure 7. This is Figure 6. A pitch-plane central cut through
roughly a factor of 50 times more computational effort than the ¢he mesh (4.5 million cells) used for time-
steady results shown adjacent. Given both the close agreement accurate simulation comparisons.

o

2Case: quad-nozzle, M = 6, @ = 0°, rp. = 0.85, ¢ = 0°, C7 = 0.5
bThe non-dimensional time is based on the freestream speed of sound and the capsule diameter.
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Figure 7. Comparison of force coefficients using steady-state and time-dependent approaches. Computed
averages and averaging windows are shown with dotted lines, and force scales are identical in both frames to
facilitate comparison.

between the time-averaged coefficients and the steady-state results and this wide disparity in computational
cost, we used adaptively-refined steady-state modeling for the simulations in the parametric studies con-
ducted in the present work.

III. Numerical Simulations and Discussion

The presentation of numerical simulation results opens with a validation study supporting use of the
steady, inviscid method described in Section II to study problems involving counterflowing jets in a supersonic
freestream. A series of parametric studies then highlights the effects of retrojet nozzle placement and jet
strength on drag coefficient. These studies increasingly focus on examples which exhibit a substantial capsule
face overpressure and establish trends valuable for future design studies. Finally, we introduce a SRP flow
model describing a physical mechanism leading to significant drag augmentation, supported by data from
the parametric studies.

A. Comparison with Experimental Data

This section examines the use of the described numerical method for approximating the complexities of SRP
flow through a comparison with experimental SRP data containing the relevant physics. An experimental
dataset given in a study by Jarvinen and Adams (Ref. 15), representing one of the few published surveys on
peripheral SRP configurations, is used here to compare force and pressure data.

1. Geometry and Simulation Details

The current simulations use geometries taken from the experimental studies with tri-nozzle and single-
nozzle aeroshell configurations, given in Ref. 15. The experiments simulated in this study were conducted
on a 60° half angle, conical aeroshell, 101.6mm in diameter (4in). Figure 8 and Table 1 give further
geometric details of the tri- and single-nozzle configurations. The three 15°-conical, equally-spaced nozzles
of the peripheral tri-nozzle geometry (shown in Figure 8) are scarfed at 30° by the aeroshell surface. These
nozzles are placed such that the center of the throat lies at 0.80r, from the aeroshell’s line of symmetry.
The 15°-conical nozzle of the central single-nozzle geometry is placed on the aeroshell’s line of symmetry.
The final simulation geometries were discretized into 118,000 and

123,000 triangles for the single- and tri-nozzle configurations, re-  LaPle 1. Geometry specifications for the

two configurations used in the experi-

spectively. mental comparison study.
For this validation study, the baseline tri- and single-nozzle

configurations were run at M., and « conditions tested experi- tri-nozzle | single-nozzle
mentally in Ref. 15. Simulation power boundary conditions, P’, dy(mm) 101.6 101.6

/ ! / /! :
p',and u', v', and w’ were applied at each nozzle throat. We used Ay/A 192.77651 64,9588
the incremental mesh refinement method of Section IIB, target- b i - -
ing error in the functional chosen as the simple weighted sum of Ac/A 13.95 13.95
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lift and drag coefficients on both the capsule face and the engines,

j = OS(CL + CD)|engines + 02(0L + CD)|capsuleface (7)

Approximately 5 adapt cycles were used in each case, resulting in mesh sizes on the order of 400,000 cells.

2. Comparison of Force and Pressure Data

The experimental work in Reference 15 focused
on variations of the total axial force coefficient
CA total, which is a sum of the axial thrust co-
efficient and the axial surface forces acting on
the aeroshell®

fe= 0.8

rb=50.8mm

CA,total = CVT + CA,aeroshell (8)

Figure 9 shows the numerical and experimen- m=0.2r

tal variation in C4 totar and Ca, forebody With

thrust coefficient, E T
Cr=—1 (9) £
Qoo Ap P8 capsule face

for both the single-nozzle and tri-nozzle ge- d*,|,=1'9592mm ' E _ :ﬁ;ﬁge"

ometries at My, = 2 and o« = 0°. Ex- |3

perimental values were lifted from Figures 55 AL

and 56 of Reference 15. Tri-nozzle results :

are represented by triangles while circles rep- c £

resent single-nozzle data points. The black £ §

line in Figure 9a indicates the values at which § - E
«© —

Catotat = Cr, meaning that the entire axial
force on the model is due to the thrust alone
and that aerodynamic drag is negligible. Ex-
amining the single-nozzle cases in Figure 9a,
total axial force is seen to immediately drop to
the thrust level by Cr = 0.5. The tri-nozzle
cases maintain a higher total axial force at low

CT, but this too drops down, asymptoting to Figure 8. Geometri(f details of the .tri-n.ozzle and single-
. nozzle model geometries. Colored outlines illustrate the por-

the leV?IS established by the thrust by Cr =3. tions of the surface included in the “capsule face” (cyan),

Numerical data follows these trends closely. “aeroshell” (blue), and “engine” (red) force integrations.

The discrepancy in tri-nozzle data seen at
higher Cr levels is better examined in Figure 9b, which highlights the drag value itself (the force level above
the black line in Figure 9a), by plotting Ca forebody @s a function of C'r. Here, we can see that the numerical
tri-nozzle values do drop to match experimental data at Cp > 4. This lag in drag reduction with Cp is
mirrored, to a lesser extent, in the single-nozzle data as well. Numerical results at Cp = 0° are seen to agree
with experimental data to within 4%. Of note is the complete lack of aerodynamic drag on the capsule face
for the single-nozzle configuration at C'r > 1 and the tri-nozzle configuration at C'r > 3. This suggests that,
at these conditions, a single jet or set of jets (each at Cr > 1) actually acts as a drag-resistant aerospike by
preventing high pressure from developing on the capsule face.

A similar comparison was also completed both over a range of « values and for M., = 1.05 and 1.5. In
general, the same trends are seen in both numerical and experimental datasets, and numerical values give a

q*
de

“Due to experimental restrictions, accurate pressure measurements could not be taken over the entire capsule base. As a
result, the experimental C4 geroshelr Was evaluated assuming that freestream static pressure was acting over the entire model
base, giving forebody axial force coefficient, C'4, forebody- In order to compare with the experimental data, the numerical data
was post-processed with the same technique. The numerical data in Figure 9 was computed using a) C'4 totai = CA, forebody +C1
and b) CA,forebody-

dDelivered thrust coefficient is typically different than requested thrust coefficient due to nozzle scarfing and cosine losses.

¢For this study, jets-off cases were run on geometries with nozzles to be consistent with Reference 15. In contrast, the
parametric studies of Sections IIIB and IIIC utilize a clean aeroshell (no nozzles) for baseline cases.
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Figure 9. Comparison of experimental data from Ref. 15 (magenta) and numerical results (blue) for both
single- and tri-nozzle configurations at M =2 and a = 0°.

high confidence in the simulation model. The tri-nozzle case at My, = 2 and a = 0° with Cp = 1 is further
highlighted in Reference 15 because it led to one of the highest drag values in the study. Figure 10 shows
numerical surface pressure data compared with data taken from experimental pressure taps on the model
face (lifted from Figure 72 of Reference 15). Experimental pressure coefficients are given in the circles shown
at the locations of the respective pressure taps, while the numerical pressure coefficient distribution is shown
over the remainder of the capsule face. Surface pressure magnitudes show very good qualitative agreement
over the capsule face.

Figure 11 gives a more quantitative view, comparing surface pressure profiles along radial directions (from
nose to periphery) for the same case, with experimental data lifted from Figure 66 in Reference 15. The black
line along €}, = 0 represents values at which measured pressure is equal to freestream static pressure. The
data are taken along radial lines (constant 6), the positions of which are portrayed in the inset of Figure 11.
This figure shows the numerical results closely following the experimental trend along each of the radial lines.
Radial lines passing between the nozzles (f = 90° and 6 = 180°) show a maximum pressure at the center of
the capsule face with a gradual decrease in the direction of the capsule periphery. The 8 = 90° line, lying 30°
closer to a nozzle, maintains a higher pressure across more of the capsule face than the = 180° line, but
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Figure 10. Surface pressure comparison for Figure 11. Comparison of radial pressure profiles over the
the Moo = 2, a = 0°, Cp = 1 case. Exper- capsule face for the Mo, = 2, o« = 0°, Cp = 1 case. Lines for
imental Cp data (Ref. 15) is given within data extraction at 6 = {0°,90°,180°} are shown on the sketch
the circles (at the locations of the respective  of the capsule face inset above the legend.

pressure taps) and the numerical Cp distri-

bution is shown over the remainder of the

capsule face.
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Figure 12. Numerical Cp and Dgy.g data for My = 2 and a = 0°, showing tri- and single-nozzle comparison.
For reference, the dashed line indicates Dgyug = 0.

experiences lower pressures in the vicinity of the nozzle. The § = 0° line actually cuts through a nozzle, and
so hits a maximum pressure on the surface prior to the nozzle. The pressure coefficient behind the nozzle
(between the nozzle and the capsule edge) is negative, due to the wake behind the plume. Consistent with
Figure 10, numerical data follows the experimental trends closely, but experiences slightly higher pressures
along radial lines between nozzles. The similarities in both values and trends between numerical simulation
data and the experimental studies of Reference 15 strongly reinforce our confidence in the simulation ability
to capture the relevant SRP flow physics using this inviscid, steady modeling approach.

This analysis, revealing that the beneficial drag force on the body disappears at tri-nozzle Cr levels
greater than 3, implies that use of SRP in the manner of Ref. 15 would be severely limited as a decelerative
technique. First, any system requiring more thrust than C'r = 3 would need to rely entirely on the thrust for
deceleration, since aerodynamic drag is negligible in that range. Second, any system relying on the added
benefit of drag in addition to thrust would be limited to operating at Cr levels less than 3.

Moreover, it is clear from Figure 9b that SRP (Cr > 0) in the experimental study consistently decreases
the drag experienced by the bodyf. This can be expressed as a negative drag augmentation, with drag
augmentation due to jet interaction defined as

D — D,y

Daug = D ;
re

(10)
where the reference drag value here is the drag experienced by a capsule with no SRP (Cr = 0) at the same
M, and a. With this definition, doubling the baseline drag gives D,y = 1, maintaining the baseline drag
gives Dyyg = 0, and elimination of all drag results in Dgug = —1. We see this clearly in Figure 12, which
shows the numerical results of this study plotted as Cp and the corresponding drag augmentation, Dg,g,
with the Cr = 0 values for the tri- and single-nozzle configurations used as D,y in Eqn. (10). Again it is
noted that all of the cases based on the experimental study experienced negative drag augmentation, or a
lower drag than achieved by a capsule without SRP. While it is obvious that the deceleration still increases
with the thrusting force regardless of the lack of aerodynamic drag, it seems ironic to rely on fuel storage
and transport to solve an EDL mass problem. Rather than depend on thrust for deceleration, this study
aims to introduce a SRP mechanism by which drag itself is augmented, using a limited amount of thrust.
In the absence of further significant experimental SRP data, and to explore any possible mechanisms which
may lead to significant drag augmentation, several parametric studies were executed and are described in
the next sections, varying jet strength, placement, and orientation over a range of wind-space conditions.

B. Initial Parametric Study

With the lack of experimental and simulation data from peripheral nozzle configurations over a range of condi-
tions and geometries, a parametric study is performed here to establish a baseline understanding of the physi-
cal intricacies of supersonic retropropulsion and to determine the potential for drag augmentation. This study
uses the Jarvinen and Adams tri-nozzle geometry as a starting point. First, a baseline study is completed,

fThe references to “force amplification” in the peripheral tri-nozzle cases in Reference 15 allude to increases in total axial
force due to thrust addition.
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varying nozzle placement, orientation, and jet strength at M., = 2 and o = 0°.
An augmented study follows, extending the analysis to higher freestream Mach
numbers.

1. Geometry and Parameterization

The baseline tri-nozzle geometry used for these parametric studies is based
on the configuration used by Jarvinen and Adams (Ref. 15). The aeroshell
geometry is the same as that created for the validation study (described in
Section IITA.1). The three 15° conical nozzles, equally-spaced and scarfed by
the aeroshell surface, have an A./Ax = 4.23 with A,/A. = 200.

The parameter space includes variations in nozzle placement and orienta-
tion, jet strength, and wind-space conditions. Figure 13 shows the geometric
nozzle parameters (the nozzle circle radius, 7., and the nozzle tilt, ¢) and
Figure 14 shows each of the 12 nozzle configurations. These geometric param-
eters are varied over a range of freestream Mach numbers, capsule angles of
attack, and jet thrust coefficients (defined in Eqn. (9)). In total, we examine
a b-dimensional parametric space P = P(My, @, T'ne, @, Cr). Evaluated para-
metric values are listed in Table 2. In all, 103 simulation cases were run. The
baseline tri-nozzle study tests the jet parameters at Mo, = 2 and o = 0°. Addi-
tional wind-space conditions are then tested in the augmented tri-nozzle study
using a subset of the configurations.

Wy NN N NN

nozzle circle radius, roc

nozzle tilt angle, @

Figure 13. Variables tested
in the parametric study:
nozzle location (r,.) as a
fraction of ry, nozzle tilt (¢),
capsule angle of attack (a),
and freestream Mach num-
ber (Mx).

AT LG AN
) L N N N

Figure 14. Geometric configurations tested in the initial (tri-nozzle) parametric studies. Shown are variations
in nozzle circle radius, r,. = {0.20,0.50,0.85}, and nozzle tilt angle, ¢ = {0°,30°,45°,60°}.

2.  Baseline Tri-nozzle Study

The baseline parametric study consisted of cases varying nozzle placement,
orientation, and jet strength over the entire range given in Table 2 at
My = 2% and o = 0°. In total, 49 cases were run for this study, including
the reference jets-off case. This Cr = 0 case resulted in a drag coefficient
of 1.52 against which all of the retropropulsive cases in this section are
compared. The drag augmentation results (Eqn. (10) with the Cr = 0
case taken as the reference) are given in Figure 15. As described in Section
IITA.2, drag augmentation gives the relative change in drag as compared
to a configuration with no SRP.

Each plot in Figure 15 compares drag augmentation for capsules with
various nozzle positions (r,.) as a function of thrust coefficient, with noz-
zle tilt (@) varying between each plot. The r,. = 0.2 cases, those with
nozzles located closest to the center of the capsule, tend to fare the worst,

Table 2.
geometric, boundary con-
dition,
parametric values for the
tri-nozzle studies.

Range of tested

and wind-space

My | 2,4,6,8

a 0°, 10°

e | 0.2,0.5, 0.85

¢ 0°, 30°, 45°, 60°
Cr 10,05,1,3,6

&Chosen because the best results were achieved in the Jarvinen and Adams experimental work at this Mach number.
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Figure 15. Drag augmentation values for the baseline tri-nozzle study (M = 2,a = 0°).

with drag falling towards 0 with increasing thrust coefficient. Negative drag, or control reversal due to jet
interaction, is even experienced at ¢ = 30° and Cr = 6. In this case, the centrally-placed jets actually act as
an aerospike and reduce the drag of the baseline system. The 7, = 0.85 cases, however, with nozzles located
at the periphery of the capsule, maintain the highest drag even at the larger thrust coefficients (seemingly
independent of Cr and ¢) by holding the plume away from the capsule pressure face, especially at non-zero
tilt angles, thus allowing unhindered flow from the bow shock to affect the surface pressure.

The low surface pressures experienced by cases with centrally-located nozzles are the result of wake flow
or the plume flow itself. Figure 16 aids in visualizing this low-pressure effect by portraying the differences due
to plume position for a set of extreme cases, P(Muo, at, Tne, ¢, Cr) = P(2,0°,{0.20,0.50,0.85},60°,6). The
top row of images in Figure 16 show pressure coefficient on the body and Mach contours on a cutting-plane
passing through the center of the capsule and intersecting a nozzle. The color map has been chosen to aid in
flow comprehension, with white representing Mach 1 contours, blue representing subsonic regions, and yellow
to red representing supersonic areas. The lower row of images show the corresponding capsule face pressure
coefficients. Here, the color map facilitates visualization of overpressure, with white representing Cp,ns
(the stagnation pressure coefficient behind a normal shock at M,,), blue representing underpressure, and
yellow to red showing areas of overpressure. From this figure, it is clear that nozzles located at the capsule
periphery allow higher pressures over the majority of the capsule face, although no areas of overpressure on
the capsule face are evident or expected here.

The only cases in which the peripheral jets decreased the drag significantly were those performed at a
nozzle tilt of 0° and high Cr. When the heavy plume flow runs head-on into the freestream flow, a huge wake
region forms behind the plume, directly affecting the capsule face and obviating any high surface pressures.
At higher tilt angles, the capsule face no longer lays in the wake of this interaction region, allowing the
surface to maintain its post-bow shock surface pressures and thus maintain its baseline drag value.

The major observation in this study is the lack of drag augmentation in a majority of the cases. At
best, the peripheral jets manage to maintain the drag obtainable without retropropulsion (just a capsule
with bow shock), while a majority of the more centrally-located jet configurations actually resulted in a
severe decrease in drag as compared to this reference. The three cases which marginally augmented the
drag, giving maximum Dy, values of 0.030 (a 3% drag increase), did so by simply straightening the bow
shock (Figure 17) such that the freestream flow experienced a lengthened section of normal shock in front
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Figure 16. Flow images showing effect of nozzle location: P(M, @, nc, ¢, C1) = P(2,0°,{0.20,0.50,0.85},60°,6),
from left to right. Plume and shock visualization (upper frame) is shown through a pitch-plane central cut
(flow from left to right), with the Mach contour color map chosen such that the sonic line is white, supersonic
flows are yellow and red, and subsonic flows are blue. Cp is shown on the capsule. Also pictured are capsule
face Cp distributions (lower frame) with the color map chosen such that white indicates Cp,ng, yellow and
red indicate overpressure, and blue indicates underpressure.

of the capsule face, leading to slightly increased pressures on the face. With the plumes caught between the
bow shock and the body, this is the only mechanism by which the capsule face can experience an increase
in pressure (and thus drag) because the maximum surface pressure is determined by the strength of the
shock. However, the stagnation pressure loss due to the bow shock severely limits the possibility of drag
augmentation. As described in Section I, the stagnation pressure loss behind a normal shock at My, = 2 is
almost 30% and drastically increases at higher M,,. Previous studies have chosen to focus on these cases
despite this, using the engine thrust as a possible means of further deceleration. This brute force method,
however, is based on and limited by the available fuel. The remainder of this study seeks to achieve an alter-
nate means of increasing the deceleration by tapping into this stagnation pressure potential through shock
structure manipulation, thus allowing surface over-
pressures and increased drag. An augmented study
is completed next, enlarging the parameter space to
include higher Mach numbers and non-zero angles of
attack to establish the potential for significant levels
of drag augmentation.

Mach

[SIE SR ARG}

Cp

2.0
15
1.0

3. Augmented Tri-nozzle Study

To investigate trends at higher freestream Mach
numbers, the study of Section IIIB.2 is ex-
tended to include M, = 4,6,8. This study
examines cases located along the edges of the
hypercube of the parametric space given in
Table 2, P(Moo,a,Tnc,¢, CT) = P({4,6,8}, Figure 17. Visualization of the lengthening of the
{007100}7{0.2070'85}7{007600},{1,6}). In total, normal shock portion of the bow shock, causing

. . . . . minimal drag augmentation: P(Meo,a,Tne,®,Cr) =
?)4 cases were run in this study including six P(2,0°,0.85,60°,{0,1,3}). The Cp — 3 case (right) ex-
JetS'OH (CT = O) cases used for reference. perienced the highest drag augmentation values in this
Table 3 gives Cp for the six jets-off cases. study (Daug = 0.030).
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Table 3. Cr = 0 (jets-off) reference values:
Cp over a range of My and a.

Mo —=4]| Mo=6| My =8
a=0° | 1473 1.465 1.465 E“

Cp

a=10° 1.411 1.390 1.379

[SIEN AN

3.6
2.7
\ Eéﬁ
0

Drag augmentation values for each case
in the study are given in Figure 19. The
D,y used to determine Dgy, for each run
(Eqn. (10)) is given by the specific C7 = 0 Figure 18. Mach contours (left) and capsule face Cp (right)
drag value for the corresponding combination for P(Me,a;7ne, ¢, Or) = P(4,0°,0.85,0°,1).
of Mach-a. Similar to the previous study, all
central nozzle configurations (r,. = 0.20) decrease the drag by blocking the capsule face with the plumes,
even at higher nozzle tilt angles. However, in this augmented study, several of the peripheral nozzle cases
(rne = 0.85) do exhibit substantial drag augmentation (up to 0.218, a 21.8% drag increase).

Figure 18, representing P(My, @, T'ne, ¢, Cr) = P(4,0°,0.85,0°, 1) shows the areas of overpressure (yellow
and orange) achieved on the capsule face which lead to a drag increase of 10.9%. To aid in visualization
of the pertinent flow physics leading to the drag augmentation values achieved in this study, a quad-nozzle
study was completed and is described in the next section.
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Figure 19. Drag augmentation values for the augmented tri-nozzle study.
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C. Quad-nozzle Study

The previous tri-nozzle study identified several cases of significant drag augmentation. To further study the
physical mechanisms leading to overpressure and drag augmentation, a similar parametric study is completed
here using a quad-nozzle model. The additional symmetry provided by the quad-nozzle configuration aids
greatly in flowfield visualization. Examples from this study guide a discussion in Section IIID of the physical
mechanisms responsible for the drag increase.

Table 4. Values
1. Geometry and Parameterization of tested parametric
values for the quad-

h nozzle study.

The baseline configuration used for this study utilizes similar geometries
to those described in the tri-nozzle studies of Section IIIB. However, we

now study a configuration with 4 equally-spaced nozzles. The parametric My | 2,4,6
space studied here spans the same five dimensions as the tri-nozzle studies, o 0°, =5°
P = P(Mso,t,Tne, ¢, Cr), with tested values given in Table 4. In total, 78 Tne | 0.5, 0.85
cases were run in this study. é 0°, 30°

Cr |0,05,1,3
2. Results and Analysis

Table 5 gives C'p for the six baseline cases with no SRP which serve as reference values in the drag augmen-
tation calculations (see Equation (10)). Drag augmentation values for each case are shown in the plots of
Figure 20, ranging from -1.01 to 0.12.

The most striking observation is that none of the configurations with nozzles at r,. = 0.50 produced
a total drag augmentation. Even with the decreased jet exit pressures, the plumes in this study remain
large enough to produce extensive wakes which result in low pressure and thus low drag on the capsule
face. Although several of the r,. = 0.5 cases do exhibit areas of overpressure on the capsule face, the
extensive wake regions (similar to those in Figure 16) due to the interior positioning of the plumes counter
the overpressures and ultimately result in a decrease in the total drag of the body. Notably, certain cases
actually resulted in 100% drag loss due to plume JI, which conveys that SRP, when acting as an aerospike,
can seriously decrease the drag seen by an entering body. The remainder of the discussion will focus on the
periphery cases (r,. = 0.85).

Examining the effect of variation in Mach number shows that drag augmentation is never achieved in
the lowest Mach cases (Ms, = 2) in this study. Extensive flow visualization revealed that the plumes don’t
penetrate past the capsule bow shock until M., > 2, owing to the large shock stand-off distance at low Mach
numbers. This suggests that the penetration of the jets past the capsule bow shock may play a part in the
physics leading to surface overpressures and drag augmentation.

A detailed look at one case, P(Muo, &, Tne, ¢, C7) = P(6,0°,0.85,0°,1) exhibiting 11.3% drag augmen-
tation (with Cp = 1.63), sheds light on the physical mechanisms involved. Figure 21 shows the capsule
face overpressures, pitch-plane Mach contours, and a close-up of the flow near the nozzle. The capsule face
plot shows Cp with the color map again chosen such that white represents Cp = Cp,ns', overpressures
(Cp > Cpons) are yellow and red, and underpressures (Cp, < Cpong) are blue. Plume and shock visualiza-
tions are shown using a color map chosen as before such that the sonic line is white, supersonic flows are
yellow to red, and subsonic flows are blue.

In this figure, we see that as a jet penetrates into the freestream flow, a bow shock system forms around
the plume itself, creating a plume-shock. Flow passing through the oblique section of this plume-shock is
turned towards the capsule face and decelerated by the oblique shock with a subsequent decrease in stagnation
pressure. This P, decrease, however, is much less extreme
than the decrease experienced by flow passing through the
capsule bow shock (P,os > P,ng). In this way, flow hav-
ing passed through the oblique section of the plume-shock Myo=2| Myx=4| Myxc =6
is able to reach much higher pressures as it decelerates to- a=0° 1.523 1.473 1.465
Ward§ the capsule face, consistent with the overpressures o — _5o 1501 1.459 1.446
seen in the same figure.

Table 5. Cr = 0 (jets-off) reference values: Cp
over a range of My and a.

bIn order to ameliorate the underexpansion of the plumes seen previously in the high Cp cases, P is decreased to more
appropriate levels by further expanding the jets through an increase in A./A* to 20.4.
'CpoNs|Mep=6 ~ 1.8
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Figure 20. Drag augmentation values for the quad-nozzle study.

Figure 22 shows iso-surfaces in the shock and plumes, offering a more three-dimensional understanding
of the flow. This figure makes more apparent the oblique shock surfaces, or skirts, wrapping around each jet.
These shock skirts, oblique to the flow, allow flow deceleration and compression through oblique rather than
normal shocks. With lower shock-losses, this flow recovers higher pressure values when it ultimately impinges
upon the capsule face, yielding high-pressure areas on the surface behind each shock skirt. Predictably,
the very center of the capsule face lying behind a normal shock at M., is white. The highest values of
overpressure (Cp maz = 2.97 on the capsule face), seen as the yellow X-shaped pattern on the capsule face,
occur between adjacent oblique shock skirts, implying that oblique shock-shock interactions have a role in
the drag augmentation achieved in this case. These observations led to the development of a flow model for
drag augmentation, described in more detail in Section IIID. At 2.97, the maximum overpressures on the
capsule face are fully 60% higher than Cp,ns for this case which is only 1.82.

Figure 21. Visualization of capsule face Cp showing overpressures (Cp > Cp,ng) in yellow and red, Mach
contours (sonic line in white with M > 1 in yellow and red and M < 1 in blue), and a zoomed view showing
flow approaching the capsule: P(M, @, rne, ¢, C1) = P(6,0°,0.85,0°,1).

16 of 21

American Institute of Aeronautics and Astronautics



Pressure
40

30
20

10

0

Figure 22. Three-dimensional representation of the plume-shocks, the pressure on a diagonal cutting-plane
intersecting two adjacent nozzles, and an axial view showing the surface pressure coefficient with a “X”
overpressure pattern due to shock-shock interactions of the plume-shock skirts. Plumes and plume-shocks are
visualized using isosurfaces of stagnation temperature, Tj.

Further examination of the 11 cases experiencing drag augmentation in this study indicated three different
overpressure patterns, shown in Figure 23. As described previously in Section IIIB.2; a minimal amount
of drag augmentation (2.3% in this case) can be achieved through flattening of the bow shock across the
capsule face (Figure 23a). Figure 23b displays the same oblique shock mechanism described in detail above,
here with a drag augmentation of 4.9%. Figure 23c shows a typical case at « = —5° which achieved 8.9%

from the large overpressure occurring
around a single nozzle due to the oblique
shock skirt around the lower jet.

Analysis of P-variable trends rein-
forces the proposed Dg,y mechanism. As
previously noted, low M, cases don’t see
penetration of the plumes past the cap-
sule bow shock, thus preventing the for-
mation of the plume-shock skirt. As ex-
pected, no drag augmentation is seen in
these cases. Similarly, nozzles at high
tilt angles (high ¢) must be coupled with
strong jets (high Cr) to allow jet pen-
etration past the capsule bow shock to
trigger the Dg,,y mechanism. In addition,
configurations with large nozzle tilt an-
gles see less Dgqyq at o = 0° because the
flow passing through the oblique shocks
is projected onto the jet itself instead of
the capsule face. However, holding the
capsule at an angle of attack is shown to
yield overpressures around a single nozzle
even at high values of ¢.

\

a) P(6,0°,0.85,30°,1)  b)P(4,0°,0.85,0°,1) o) P(6,—5°0.85,30°,3)

Figure 23. Various flows leading to drag augmentation in the quad-
nozzle study. P = P(Mo, @, Tne, ¢, Cr).
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Figure 24. Flow model for drag augmentation. a) Diagram showing plume-shocks resulting from retroplumes
(not pictured). Green area represents capsule bow shock. Black lines indicate shock-shock interactions, in-
cluding oblique interactions between adjacent plume-shock skirts. b) A two-dimensional diagram representing
a slice through adjacent plume-shock skirts showing the interaction between two plume skirt-shocks (indi-
cated by red-colored shocks in (a)). The resulting stagnation pressure P,3 is contrasted with c¢) the stagnation
pressure behind a bow shock P,pg (similar to P,ng).
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D. Flow Model for Drag Augmentation

The preliminary parameter studies described in Sections II1IB and IIIC indicate the potential for significant
drag augmentation through supersonic retropropulsion. We now examine the underlying physical mechanisms
responsible for the overpressures established on the capsule face, highlighting the capability of this approach
to produce meaningful drag augmentation in SRP systems.

Supersonic plumes behave in a manner similar to “hard” geometry. As the plume penetrates the super-
sonic freestream, a bow shock system forms, wrapping around the jet plume as seen in Figure 24a. The skirt
of this plume-shock is oblique to the oncoming flow, and freestream flow passing through the oblique section is
compressed without experiencing the massive stagnation pressure losses of a normal shock (P,0s > Ponsg).
In this way, portions of the capsule face surface can be protected from stagnation pressure losses by the
oblique shock skirts of the plume-shocks. Moreover, interaction regions between adjacent plume-shock skirts
lead to oblique shock-shock interactions (Figure 24b), further decelerating the oncoming flow and raising the
pressure incrementally through multiple oblique shock compressions.

It is also noteworthy that this curtailment of stagnation pressure losses scales favorably with M, imply-
ing that the drag benefits will increase with Mach number. Figure 25 gives P,2/P,; values for both oblique
and normal shocks as a function of M, and more ’

; ; ; ; . ; . . —100
importantly shows the increase in the ratio (oblique i : | I I | I I I ]
to normal) of post-shock stagnation pressures with o8k . ® Pons/Por N
. . - B Po0s/Po1 80
increasing Mach number. For example, at M, = 3 . [ e — Poos/Pons| ]
and v = 1.4, the stagnation pressure loss behind -8 - = 1 “
a normal shock is about 70% (P,ns/P,1 = 0.328) < oer 1% 5
while that behind a weak oblique shock with a 20° ;E I : ] %
turning angle is only 20% (P,os/P,1 = 0.796). :2 o4r . = 140 &
Therefore, at this low Mach number, flow behind an [ ]
oblique shock stagnates at a pressure 2 times greater 021 1%
than that behind a bow shock. Moreover, increas- C - )
ing Mo, to 6, at which P,ys/P, = 0.030, allows a e T e S S T

post-oblique shock stagnation pressure of almost 13 Freestream Mach Number
times greater than P,yg. At Mach 10, the ratio in- .

to 34. clearly illustrating this f ble Mach Figure 25. Stagnation pressure losses for normal
creases to 34, clearly illustrating this favorable Mach  (p'0 /b 1) and oblique shocks (Poos/Por), for v = 1.4
scaling. From a trajectory standpoint, more drag at and a weak oblique shock with a 20° turning angle.
higher Mach numbers translates into increased time FPoos/Pons also plotted as a function of Mc..
for vehicle deceleration.

IV. Conclusion

Current Mars missions are already challenging the mass limits of existing EDL technology. With heavier
payloads on the horizon, future missions must undertake the development of new deceleration systems.
This work used large-scale numerical parametric studies to examine the aerodynamic performance of a
broad spectrum of supersonic retropropulsion systems and to identify key physical mechanisms that may be
exploited for deceleration.

Three parametric studies were performed on tri- and quad-nozzle configurations, encompassing over 181
cases. These studies spanned a Mach range from 2 to 8 and considered a range of thrust coefficients with
retrojet nozzles located both near the center of the capsule face and towards the periphery at tilt angles from
0° to 60°. Drag data was presented for thrust coefficients ranging from 0 to 6. Drag augmentation values
on the order of 20% were observed, resulting from local surface pressures 60% higher than that achieved
behind a normal shock. Conversely, the results in much of the previous SRP literature were confirmed by
many of the parametric cases exhibiting a staggering decrease in drag (up to 104%), demonstrating that
when applied incorrectly, retrojets have the capacity to act as aerospikes.

This work proposed a physical model for SRP drag augmentation based on shock manipulation, in which
the retrojets serve as oblique shock generators. With the plume-shock skirts protecting the capsule from
massive normal shock stagnation pressure losses, the flow approaching the capsule face is compressed by
multiple oblique shocks, leading to significant overpressure on the capsule face.

This model of drag augmentation is fully consistent with data from the parametric studies. By increasing
the influence of the shock skirts and creating more oblique-oblique interaction events, the stagnation pressure
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losses can be kept to a minimum whilst still establishing significant overpressures on the surface. In addition,
minimizing the plume wake through control of jet size or placement allows for even greater drag values.
This approach of oblique shock over normal shock compression also offers the potential for elevated drag
augmentation with increasing Mach number, allowing earlier deceleration of the entry system. Moreover,
wielding SRP at higher altitudes would alleviate the need for stronger (more expensive) jets.

Since the proposed mechanism for improving deceleration is grounded in altering the capsule drag rather
than increasing the jet thrust, retrojet fuel mass becomes less of an issue. With a fundamental physical mech-
anism for drag augmentation identified, follow-on studies are planned to exploit this alternative approach
to SRP implementation. Future work will include an optimization study and associated entry trajectory
analysis in order to fully quantify the potential payoff in terms of delivered mass and establish the feasibility
of supersonic retropropulsion as a high-mass deceleration technique for future Mars EDL challenges.
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