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A scale-resolving solver is augmented to incorporate adaptive mesh refinement to reduce

the computational expense of application flowfields by over an order of magnitude. This new

capability, after a validation effort, was successfully deployed on supersonic retropropulsion

(SRP) test cases to provide a large, complete dataset of quantities of interest for the EDL and

computational fluid dynamics communities.

Augmentations to the in-house CRoCCo codebase are made to enable high-fidelity si-

mulations of complex applications such as SRP. Adaptive mesh refinement is implemented on

generalized curvilinear coordinates to enable wall-resolved simulations with careful considerations

to preserve the bandwidth-resolving efficiencies of the underlying numerical methods. The newly

developed CRoCCo-AMR codebase is validated through direct numerical simulation (DNS)

and wall-resolved large eddy simulation (WRLES) of shock wave and turbulent boundary layer

interactions (STBLI) at supersonic conditions. This validation exercise demonstrates a 40% for



DNS and 27% for WRLES reduction in grid points. AMR validation shows strong agreement

for the mean flow variables, turbulent intensities, and spectral quantities of existing datasets.

This dissertation provides in-depth discussion and defense of decisions, implementation, and

validation of scale-resolving simulation capabilities in the pursuit of deploying such methods on

SRP flowfields to improve the state-of-the-art simulation capabilities for human-class exploration

of Mars.

High-fidelity simulations of nozzle flows relevant to supersonic retropropulsion environments

are conducted using CRoCCo-AMR. The computational approach is discussed in detail. Initial

results are presented for a single-nozzle condition with comparison to available experimental

data. Two additional single-nozzle retropropulsion configurations are simulated with reductions

in grid size of an order of magnitude. Strong agreement is demonstrated in key regions of

the flowfield. Mean and statistical analyses are performed to characterize unsteady, turbulence

quantities present in the canonical retropropulsion environment. This study provides new and

important insight into the behavior of the vortex shedding present within the SRP flowfields.

A detailed accounting of unsteadiness and frequency content is provided in a novel analysis

coupling the effects of off-body wake flow to fluctuations in wall quantities.
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Chapter 1: Introduction

1.1 Motivation

Since the end of the Apollo era in the 1970s, the United States space program has looked

towards Mars as the next step in human exploration. NASA has determined that the challenges

of sending humans to Mars are to be solved within the next two decades [1]. Currently, the

Moon-to-Mars program [2] explores the technological road-map that must be followed to enable

human-scale missions to the red planet. Two of the key elements listed are the maturation of high-

mass entry systems for Mars and precision landing, both of which fall under the development of

advanced entry, descent, and landing (EDL) capabilities.

To-date, the largest of the nine robotic missions successfully landed on Mars was the

Mars 2020 (M2020) Perseverance rover. It had an entry mass of over 3600 kg or 3.6 mT.

Already, M2020 mission pushed the limits of the Viking-era heritage con-ops of conducting

hypersonic entry using a 70-degree sphere-cone, deploying a supersonic disk-gap-band (DGB)

parachute, and then using subsonic thrusters on a sky-crane to slowly lower the rover down onto

the surface of the planet [3, 4]. Several studies have deemed it unfeasible to extend the DGB

parachute systems to perform at higher supersonic Mach numbers and at human scale [5–7].

Various system-level studies have shown that human-scale missions to the surface of Mars will

require landing payloads an order of magnitude larger, 10's of metric tons [8–10]. A side-by-side
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comparison of the relative size of the robotic Mars mission to-date and a projected human-scale

entry system are shown in Figure 1.1.

Figure 1.1: Relative size comparisons of previous robotic exploration missions to the surface of
Mars (left) compared to a projected human-scale Mars lander (right).

The 4.5 m nominal diameter entry vehicle used for both Mars Science Laboratory (MSL)

and Mars 2020 required the largest planetary parachutes ever developed, with a nominal diameter

of 21.5 m. Numerous human-scale survey studies conducted in the past two decades [11–14]

point towards implementing a more scalable EDL capability to achieve the goals of the space

program. NASA has renewed investigations into using supersonic retropropulsion (SRP) as an

enabling technology for delivering high-mass payloads to the surface of Mars. SRP replaces the

need for parachutes during the supersonic phase of EDL and instead utilizes propulsive jets �red

against the opposing freestream to decelerate the vehicle.

Figure 1.2 shows an example EDL con-ops of a human-scale payload to the surface of Mars.

A hypersonic in�atable aerodynamic decelerator (HIAD) in�ates prior to reaching atmospheric

interface. The large drag area and low-L=D of the large heatshield provides much of the deceleration

of the system through the hypersonic regimes of �ight. In the proposed con-ops of Figure 1.2,

SRP is engaged at supersonic speeds at an altitude of less than 10 km above the surface of
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Mars. From there the powered descent phase provides supersonic, transonic, and �nally subsonic

terminal navigation down to the surface of Mars [13].

Figure 1.2: Conceptual low-L=D vehicle for human Mars exploration [15].

The physics of a supersonic retropropulsion �ow�eld are complex, involving features from

blunt-body stagnation point dynamics as well as plume interactions. While it is generally assumed

for slender-body vehicles that only propulsive forces act on the decelerating vehicle, various

wind tunnel experiments and computational studies [16, 17] have demonstrated aerodynamic

forces can contribute an appreciable amount of unsteady loads on a vehicle during SRP. Since

the SRP environment is often highly unsteady and turbulent, it is essential to focus on developing

models that can predict the applicable �ow-physics with bounded and quanti�able uncertainties.

Moreover, supersonic wind tunnels often are limited to inert gas retropropulsion models that

cannot match the required chemistry or enthalpies associated with SRP at Mars-relevant conditions

and Earth-based �ight tests are cost prohibitive for maturing concepts. Therefore, the development

of SRP technologies will largely rely on computational simulations of the �ow physics to motivate
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design choices.

A multifaceted approach of wind tunnel testing and computational validation has been

used to study retropropulsive environments to better understand the general trends and �ow�elds

of SRP, but a key element remains missing: the availability of scale-resolved simulation data

to provide an anchoring basis to calibrate the models used in low- and mid-�delity simulation

techniques in design cycles. Data products from experiments, such as instrumentation on the

wind tunnel model or high-speed imaging do not provide quantitative, time-accurate accounting

of the �ow physics in the retropropulsive environment that are necessary to assess the validity of

modeling assumptions.

High-�delity simulation techniques, often referred to as scale-resolving or ”academic”

codes are associated with large computational expense and limited generality to handle complex

�ow�elds such as the SRP environment. As stated by Korzun et al. �rst attempting to simulate

the full-scale 16.4 m human-scale Mars lander concept, the smallest scales of the �ow�eld are

on the order of millimeters,O(mm), yet the required simulation volume is best measured in

kilometers,O(km) [18]. To date, simulating these range of length-scales using high-�delity

simulation techniques push the boundaries of exascale computing.

Computational investigations of SRP throughout the literature have discussed the shortcomings

due to inadequate modeling assumptions or lack of available scale-resolved simulation data of

SRP or SRP-relevant conditions [16, 18, 19]. The unique structures present in SRP �ow�elds

caused by complex interactions require care to ensure that the proper physics are represented

[20]. These interactions have strong implications for designing a human-scale Mars lander. At

certain �ight conditions, the forces on an SRP vehicle can simply be approximated by the thrust

of the engine. However, at most conditions, non-thrust effects, often referred to as aerodynamic
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interference (AI), are non-trivial and are, by nature, highly unsteady, aperiodic and asymmetric.

While large, single-engine systems tested in wind tunnels show that AI can make up less

than 5% of the total force on the vehicle [21], the multi-nozzle con�gurations that have been

theorized as more practical for human-scale missions to Mars [13] can have AI contributions

exceeding 50% [16]. Accurately predicting, resolving, and ultimately modeling how AI, in

the context of SRP �ow�elds, propagates unsteady dynamics on a vehicle, is an essential and

necessary capability in the development of human-scale EDL systems for Mars applications.

1.2 Background

The study of supersonic retropropulsion �ow�elds and its applications to EDL systems has

been an ongoing topic of research since the mid-1950's when Love et al. [22–24] conducted

an experiment to understand the effects of inserting a small jet at the nose of an axisymmetric

elliptical body at supersonic conditions. Through the 1960's and early 1970's the application

of stagnation point injection was extended to blunt body geometries through small-scale wind

tunnel testing mainly conducted by Campbell [25], Jarvinen & Adams [26, 27], and Finley [28].

The results of these experiments gave the �rst indications that a retropropulsion con�guration

could be used for planetary EDL. Since the early 2000's, modern experimental campaigns both

at NASA [29, 30] and in academia [31–34] have increased in complexity to include �ight-like

geometries motivated by results of the Human Mars Entry, Descent, and Landing Architecture

Studies conducted by Cianciolo et al. [12–14]. Furthermore, advances in CFD methods have

led to computational validation exercises seeking to match small-scale experimental data [17, 21,

29, 35, 36] and unvalidated, but novel, full-scale simulations of a human-scale Mars EDL system
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with Mars chemistry and closed-loop guidance on exa-scale compute resources [19, 37, 38].

For a given blunt body in a supersonic or hypersonic freestream, the �ow�elds generated

by pure aerodynamic deceleration, a centrally located retropropulsive nozzle, or peripherally

located retropropulsive nozzles each exhibit distinct and different structures. The goal of this

literature review is to provide an updated overview of recent (post-2009) advancements in aspects

of SRP while providing relevant background on the underlying physics of blunt body supersonic

retropropulsion. For a complete and thorough survey of pre-2009 SRP literature, the reader is

encouraged to read the survey of Korzun et al. [39].

1.2.1 Blunt Bodies at Supersonic Conditions

A blunt body is utilized in planetary EDL as a method to maximize the drag acting on

the vehicle to slow it down. This is the opposite effect of using slim-body geometries for

projectile where the goal is to reduce drag (i.e. go faster and further). Figure 1.3 shows a

simpli�ed schematic of a blunt body in the presence of a supersonic freestream [40]. A strong,

detached shock, referred to as a bowshock, rapidly decelerates the freestream �ow in exchange

for increased pressure behind the shock. At the centerline of the blunt body, the �ow stagnates

resulting in the region of highest pressure occurring on the nose of the vehicle. The shock layer,

which includes the boundary layer running radially outward along the forebody, increases in

thickness until the �ow separates near the shoulder. Note that there is a de�ned sonic line in

Figure 1.3 where the �ow behind the bowshock remains supersonic.

6



Figure 1.3: Canonical schematic of blunt bodies in the presence of supersonic �ow, adapted from
[40].

The �ow separation is induced by the adverse pressure gradient (APG), which causes

regions of reversed �ow along the forebody as shown in Figure 1.4. The separated �ow recirculates

behind the shoulder often recombining behind the vehicle as a low-pressure, turbulent wake�ow.

This in turn creates a large pressure differential between the post-shock, stagnated �ow along the

forebody and the low-pressure wake region of the aftbody, acting as an additional pressure-drag

force.

The point at which the �ow separates along the forebody is determined by the strength of

the APG and the Reynolds number of the boundary layer edge. The Reynolds number,ReD , is

introduced in Equation 1.1 and is the non-dimensional ratio of inertial forces to viscous forces.

ReD =
�UD

�
(1.1)
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Figure 1.4: Schematic of a boundary layer separating due to a curvature-induced adverse pressure
gradient.

1.2.2 Separation and Mixing Layers in Turbulent Flows

At suf�ciently large adverse pressure gradients, �ow separation occurs and wall-bounded

shear layers present within a turbulent boundary layer transition to mixing layers. The past three

decades of research by Mart�́n et al. from the CRoCCo Lab [41] has shed light on the physical

mechanisms driving these structures through scale-resolved simulation techniques.

The body of work by Priebe et al. [42–45] uses scale-resolved direct numerical simulation

(DNS) methods to analyze the turbulent structures within the experiments of Bookey et al. [46].

Much of the work focuses on Mach 2.9 turbulent �ow around a 24-degree compression ramp, with

some comparison to the same initial �ow�eld across a re�ected shock instead of compression

ramp [42]. These simulations of experiment �nd that shock-induced separation bubbles move

by a large-scale, low-frequency pulsation coupled with a higher-frequency oscillation of the

bounding shear layer. This motion was postulated to be forced by a global instability mechanism

caused by the non-equilibrium downstream boundary layer aft of the adverse pressure gradient
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and �ow reattachment point [43]. Additional work using dynamic modal decomposition (DMD)

on DNS data of Mach 2.9 turbulent �ow around a 24-degree compression ramp reproduce the

pulsating motion of the separated region as an ensemble of dominant DMD modes. The decomposition

of the �ow�eld shed light on streamwise-elongated regions of structure in the separated region

that had signatures of low- and high-momentum �uctuations [44]. Based on the geometric

properties of these structures, the authors conclude that they are analogous to Görtler vorticies,

consistent with observations previously made in low-speed turbulent �ows [47].

A continuation of the work at higher Mach numbers shows that the Görtler-like vorticies

persist even as the separated region is condensed due to strengthening compression corner shocks.

Helm & Mart́�n [48] show the presence of these structures through Wall-Resolved Large Eddy

Simulation (WRLES) of a wide-span, Mach 7 compression ramp. The authors use �ow�eld

�ltering to isolate the low-frequency dynamics and further demonstrate that the curvature of

streamlines across the seperated region, an inviscid mechanism, drives the formation of the

Görtler-like vorticies.

The works of Bhagwandin et al. [49–51] show that the separation dynamics shown for the

Mach 2.9 and Mach 7 compression corners are also present for Mach 10 turbulent compression

corner cases, both for the ramp case and hollow-cylinder-�are (HCF) case. The proposed inviscid

instability that drives the formation of G̈ortler-like vorticies is further investigated using topological

and eigenvalue-based vortex ID methods [51]. The authors show that the curvature of the streamline

induces a centrifugal instability that drives the formation of these vorticies by showing strong

correlation between propagation properties of the present vorticies and low-frequency motion of

the separated �ow.

While the physical mechanisms for adverse pressure gradient, shock-inducted separation
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dynamics do not directly address the ”blunt-body-paradox” [52] commonly associated with transition

and separation dynamics on entry vehicles due to the convex geometry of these systems, analysis

conducted by Helm et al. [53] focus on the universality of supersonic and hypersonic shear

and mixing layers in separated, turbulent �ows. The authors study mixing layers originating

from Mach[2:9; 7:2; 9:1] turbulent boundary layers over compression corners that generate free-

shear mixing layers of convective Mach numbers,M c = [1:0; 1:9; 2:0]. A mixing layer-aligned

coordinate system is introduced to investigate self-similar scaling trends within the mixing layers.

It was found that the peak turbulence stresses and spreading rates were consistent with canonical

mixing layer data and mixing layer theory, but featured stronger turbulent kinetic energy production,

perhaps due to the additional centrifugal instabilities reported previously in the literature [48, 51].

Some work, such as the the studies conducted by Duan & Mart�́n [54–58] investigate the

effects of �nite-rate chemistry on turbulent boundary layers and separated mixing layers. While

most of the literature focuses on chemistry effects in the context of propulsion devices, which

are dominated by combustion effects, the driving exothermicity of the system for hypersonic,

wall-bounded external �ows is dissociation and recombination chemistry of nitrogen and oxygen

for Earth or carbon dioxide for Mars. Unlike non-premixed combustion, where the mixture rate

is driven by a relatively temperature insensitive reaction rate, the chemical mechanisms governing

hypersonic �ight have strong temperature dependence [54]. Understanding the turbulence-chemistry

interaction for non-equilibrium, wall-bounded �ows, in the presence of steep temperature gradients

and the implications for mixing layers and separated �ows remains an active �eld of research.
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1.2.3 Canonical SRP

The �ow�eld formed by supersonic retropropulsion can be characterized as an ensemble

of elements from jet �ow into a quiescent medium as well as supersonic �ow around a blunt

body. The key features of the SRP �ow�eld are highlighted in Figure 1.5. In general, the plume

structure of the jet �ow remains identi�able and can be categorized as over-expanded or under-

expanded based on jet exit and post-shock conditions.

Figure 1.5: Canonical schematic of SRP �ow�eld, adapted from [39, 59]

The detached bowshock generated by supersonic �ow around the blunt body is further

displaced due to the presence of the jet plume. Between the jet termination structure, shown as
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the Mach disk in Figure 1.5, and the bowshock, there is a region of opposing subsonic �ows that

meet as a contact surface. At the centerline, an off-body stagnation point forms and the dotted line

representing the conjoining of opposing streamlines in Figure 1.5 is approximately the effective

body for determining aerodynamic forces.

The abrupt changes in �ow properties and steep gradients behind the shock form a thick

barrel shock around the plume which produces vorticity and the turbulent mixing layer that

recirculates around the forebody and shoulder of the blunt body. On Mars, the plumes will

consist of non-equilibrium combustion bi-products while the freestream will be thin, cold carbon

dioxide. The enthalpies associated with Mars SRP are expected to induce additional turbulent,

non-equilibrium �ow in the recirculation portion of the �eld.

The most common similarity parameter for characterizing SRP �ow�elds is the thrust

coef�cient, CT . As de�ned in Equation 1.2, the thrust coef�cient is a force coef�cient proportional

to the thrust of the jet,� , normalized by the freestream dynamic pressure,q1 and the characteristic

area, often the projected area of the forebody,Ab. Using isentropic �ow relations and the equation

for thrust, the thrust coef�cient can be de�ned as a function of jet exit conditions denoted by the

subscript ”e” and freestream properties, denoted by the subscript ”1 ”.

CT =
�

q1 Ab
=

2(� eU2
e Ae + Aepe)

� 1 U2
1 Ab

=
2peAe(1 + 
 eM 2

e )
� 1 U2

1 Ab
(1.2)

These jet exit Mach number can be predicted for a given nozzle geometry using the isentropic

area-mach relationship, whereAe is the jet exit area,A � is the throat area of the jet nozzle,M e is

desired exit Mach number and
 is the speci�c heat ratio of the �uid.
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The remaining quantity of interest needed to estimate the thrust coef�cient is the jet exit

pressure,pe. The isentropic �ow relations relate the total pressure, also referred to as resivoir or

plenum pressure, of the nozzle to the jet exit pressure using the geometrically-dependent jet exit

Mach number,M e, as shown in Equation 1.4.

P0;J

Pe
=

�
1 +


 � 1
2

M 2
e

� 


 � 1

(1.4)

There are three main categories of plume structures used to characterize �ows exiting out

of expansion nozzles: over-expanded, under-expanded, and highly under-expanded. In general,

these characterizations are used for jets venting into quiescent �ow, but can be extended to

describe plume structures in SRP �ow�elds. Figure 1.6, reproduced from the 1954 textbook

authored by Pai [60], shows the conceptual shock structures of supersonic over-expanded and

under-expanded nozzle �ows into a quiescent medium. In the over-expanded case, the jet exit

pressure, denoted asp1 is less than the ambient pressure,p2. In order to equilibrate, the internal

plume structure develops a set of oblique shocks that continuously re�ect off of the jet �uid

boundary, alternating from expansion fans, to oblique shocks. In the case of an under-expanded

jet, the exit pressure,p1, is higher than the ambient pressure,p2. A series of expansion fans

form at the nozzle exit to equilibrate the �ow. The subsequent shock re�ections again alternate

between oblique shocks and expansion fans until the mixing along the jet boundary dissipates the

jet structure.

In the limit of highly under-expanded jet �ows, as depicted in Figure 1.7, borrowed from
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Figure 1.6: Supersonic over-expanded (left) and under-expanded (right) jet �ows into a quiescent
medium. Adapted from [60]

Figure 1.7: Highly under-expanded jet �ow structure. Adapted from [61]

Pindzola [61], the jet �ow undergoes Prandtl-Meyer expansion to equilibrate to the ambient

conditions. A barrel shock forms within the jet boundary and terminates at a normal Mach disk.

A re�ected oblique shock forms where the Mach disk and barrel shock intersect. This region is

referred to as the triple point.

In the context of SRP, the apriori prediction of the local ambient pressure near the jet exit is

often ambiguous, making the de�nition of under- or over-expanded �ow more challenging than

jet �ows into quiescent mediums. In general, the post-shock stagnation pressure,P0;2 is taken

as the local ”ambient” pressure near the jet exit and is calculated by subjecting the freestream

conditions to the normal-shock relations and determining the ensuing post-shock stagnation

pressure as shown in Equation 1.5.
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�
(
 + 1) M 2

1

(
 � 1)M 2
1 + 2

� 


 � 1

(1.5)

where isentropic relations are used with the freestream conditions to calculate the freestream total

pressure using Equation 1.6.

P0;1

P1
=

�
1 +


 � 1
2

M 2
1

� 


 � 1

(1.6)

The forcing on an SRP vehicle is a combination of thrust and drag effects. For example,

the total axial force coef�cient,CA;total is de�ned in Equation 1.7 as the summation of thrust

and drag. As described in Section 1.1, the drag effects on the vehicle is often referred to as

aerodynamic interference (AI).

CA;total = CT + CD = CT + AI (1.7)

The partitioning ofCA;total is strongly dependent on the con�guration of the vehicle and the

thrust coef�cient [26, 28, 29, 32, 62–67]. A complete treatment of the scaling trends investigated

throughout the literature is provided in Section 1.2.6. In general, for highly under-expanded jet

�ows, the plume structure is large enough to prevent recirculating �ow impingement against the

forebody of an SRP vehicle.

In the case of multiple nozzles, plume-to-plume interactions must also be considered in

describing an SRP system. The de�nition of thrust coef�cient is slightly modi�ed from Equation

1.2 to Equation 1.8 such that it represents the ratio of the total force ofN -nozzles to freestream

conditions.
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The �ow�eld of a peripheral-nozzle SRP system is shown in Figure 1.8. For a given

thrust coef�cient, each nozzle's jet exit pressures are reduced compared to the single-nozzle case.

Therefore, in general, the plume structures of multi-nozzle con�gurations are less disruptive to

the bowshock and displace it less than a single-nozzle con�guration. Additionally, at low thrust

levels and at suf�ciently radially outboard mounted peripheral nozzles, the center of the forebody

can experience minimal blockage from the plumes, reclaiming the drag effects associated with

blunt-body reentry.

Figure 1.8: Canonical schematic of a peripheral-nozzle SRP �ow�eld, adapted from [39].

Peterson in 1962 [62] showed that at suf�ciently high thrust coef�cients, such that all

nozzles in the multi-nozzle system are highly under-expanded, the plumes can coalesce to form a
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single coherent structure that provides suf�cient blockage of the center of the forebody resulting

in �ow structures more similar to the single-nozzle system as shown in Figure 1.9. The �rst

graphic shows under-expanded plumes with no blockage of the center of the forebody. As the

thrust of each nozzle is increased, the plume structures exhibit jet termination structures akin

to normal shocks, indicative of highly under-expanded jet �ows. The amount of high-pressure,

post-shock �ow that is able to impinge on the forebody diminishes with further increase in thrust

until full jet interference is reached and the plumes coalesce into a single structure.

Figure 1.9: Peripheral-nozzle SRP �ow�elds increasing in jet exit pressure from left to right.
Modi�ed from [62].

Experiments have shown that at high thrust coef�cients for both single-nozzle and four-

nozzle systems, the AI contributions, de�ned asCA;aero in Figure 1.10 can be less than 5% [21].
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Figure 1.10: Contributions of thrust,CT , and aerodynamic interference,CA;aero on single- and
multi-nozzle SRP vehicles at thrust coef�cients above unity from the 2010 NASA UPWT Wind
Tunnel experiment and CFD validation efforts [21].

However, as the number of nozzles present in a con�guration increases and the total thrust

coef�cient decreases below unity, the AI effects can exceed 50% of the total axial forces on

the vehicle as shown in Figure 1.11 reproduced from Shafner & Korzun [16].
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Figure 1.11: Contributions of thrust,CT , and aerodynamic interference,CA on single- and multi-
nozzle SRP vehicles at varying thrust coef�cients from the 2023 NASA UPWT Wind Tunnel
experiment and CFD validation efforts [16]

In general, the aerodynamic interference is a byproduct of plume-shock interactions that induce

large, destabilizing vorticies that decay into turbulent �ow at the wall. In the presence of large

amount of AI contribution to vehicle forces and moments, the loading environment on the vehicle

can become time-varying and non-static.

1.2.4 Modern Additions to Experimental Database

The survey of available experimental data of SRP prior to 2009 in Korzun et al. [39]

organizes the literature into relevant categories as reproduced in Table 1.1. The table lists freestream

Mach number as well as the freestream and jet working �uids to capture the breadth of available
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con�gurations. The database is further split into single, central nozzle studies and peripheral

multi-nozzle studies, since the availability of experimental data differs for each. New additions

summarized in this section are added in parenthesis.

In 2010 and 2011 NASA conducted SRP experiments at the Langley Research Center

Unitary Plan Wind Tunnel Test Section 2 and Ames Research Center 9 × 7 Foot Supersonic

Wind Tunnel [29, 64, 68, 69]. A 5-in diameter, 70-deg sphere-cone with a 10-in aftbody was

tested at freestream Mach numbersM 1 = [1:8; 2:4; 3:5; 4:6]. The model had four total nozzles

each with 4:1 exit area ratios. A single nozzle was located at the center of the forebody and

the three peripheral nozzles were spaced 120-deg apart along the half-radius of the forebody.

The combined test matrix of the two campaigns resulted in testing a baseline (zero-nozzle) blunt

body con�guration, as well as the single-nozzle, tri-nozzle and quad-nozzle SRP con�gurations

at angles of attack ranging� = [ � 8 : 20]and sideslip angles� = [0 : 12]. For the blowing

cases (single-, tri-, and quad-nozzle con�gurations), the thrust coef�cients were varied from

CT = [0 : 10]. The working �uids for both the freestream and jet were air. A series of repeat

runs were conducted to provide uncertainty estimates and investigate the origins of errors. It

was found that 70-80% of the run-to-run variance was attributed to the unsteady, non-uniform

�ow�elds [69].

Surface pressure measurements were collected using pressure taps and high-speed Kullite

sensors mounted along the forebody and aftbody. This enabled measurements of pressure distributions

along the test article both spatially and in time. High-speed Schlieren video was also recorded

for each test point enabling unsteady analysis of the geometric and stability properties of the

�ow�elds with eventual comparison to CFD simulations [21, 70].

Observation for the single-nozzle con�guration in [29] show a relatively steady �ow�eld at
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� = 0-deg with the only source of unsteadiness being the periodic motion of ring-vortex shedding

from the triple-point. As the angle of attack increases, the unsteadiness of the windward-side

triple-point begins to destabilize the bowshock.

The tri-nozzle con�gurations were found to exhibit more unsteadiness than the single-

nozzle. Plume-to-plume jet interactions were found to induce asymmetric shock motions. As

the thrust coef�cient increased fromCT = 2:0 to CT = 8:0, the �ow�eld stabilized, �rst

by way of dampening of plume-to-plume interactions, then at highest thrust, displacing the

bowshock suf�ciently far from the jet termination structure to not be affected by temporal plume

asymmetries [64]. In general, the bowshock standoff distance for a thrust coef�cient was less

than that of the single-nozzle case due to each individual nozzle producing less thrust.

Quad-nozzle test points indicated that the central nozzle helped stabilize the bowshock

compared to the tri-nozzle con�guration. While the plume-to-plume interactions were observed

to be locally unsteady, the bowshock remained intact for the zero angle of attack cases. At

higher thrust coef�cients, the bowshock was observed to become completely unstable, all but

disappearing in mean schlieren contours. A hysteresis was observed as the jet interactions

transitioned from blunt penetration mode (BPM) to long penetration mode (LPM) and visa versa.
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