
Characterization of nonequilibrium shock
interaction in CO2-N2 flows over double-wedges
with respect to Mach number and geometry

Cite as: Phys. Fluids 35, 066120 (2023); doi: 10.1063/5.0148436
Submitted: 1 March 2023 . Accepted: 18 May 2023 .
Published Online: 12 June 2023

C. Garbacz, F. Morgado,a) and M. Fossati

AFFILIATIONS

Aerospace Centre, Department of Mechanical and Aerospace Engineering, University of Strathclyde, 75 Montrose Street,
Glasgow G1 1XJ, United Kingdom

Note: This paper is part of the special topic, Shock Waves.
a)Author to whom correspondence should be addressed: ana.gomes@strath.ac.uk

ABSTRACT

The characterization of the shock interaction mechanism originating from the high-Mach nonequilibrium flow over double-wedge geometries is
key to the design of hypersonic vehicles. The impact of changes in the freestream Mach number and double-wedge geometry on the patterns of
shock interaction is investigated by means of numerical simulation in the case of CO2-N2 flows. The extended laminar Navier–Stokes equations
with a two-temperature model to account for translational-to-vibrational internal energy transfer are considered the physical model of this type
of flow. Simulations show that reducing the freestream Mach number leads to an increase in the separation region, both in the compression cor-
ner and in the locations of shock impingement. The impact of the size of the separation region on the patterns of interaction is such that it causes
variations in the type of shock interaction. From the point of view of the flow physics near the wedges, decreasing the freestream Mach number
has an equivalent effect to increasing the angle of the second wedge and an opposite effect to increasing the freestream temperature on the pattern
of interaction. Results show that decreasing the freestream Mach number leads to an overall reduction in pressure and heating loads along the
surface of the wedges and smaller regions of thermal equilibrium behind the bow shock.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0148436

I. INTRODUCTION

Shock interaction is a fundamental mechanism of compressible
fluid mechanics characterizing many supersonic and hypersonic flows.
When such an interaction takes place in the proximity of a wall, shock
boundary layer interaction, and consequent flow separation, recircula-
tion and reattachment generate a complex pattern of mechanical and
heating loads with high and localized peaks of pressure and heat fluxes.
A highly cost-effective and accessible approach to characterizing the
interaction mechanisms and predicting the flow physics is computa-
tional fluid dynamics, equipped with advanced physical and numerical
models to account for the nonequilibrium physical processes taking
place in such high-Mach high-enthalpy flows. When a high-enthalpy
flow is rapidly decelerated through a shock wave, vibrational and elec-
tronic modes of molecules are excited and chemical reactions take
place. At high freestream velocities, the relaxation times of these finite-
rate processes are comparable to the fluid residence time and a ther-
mochemical nonequilibrium state is established. The nonequilibrium

state, also referred to as high-temperature effects, influences the struc-
ture of the shock wave system, their interaction, and, in turn, the sur-
face thermo-mechanical loads.1–3

The study of the shock interaction mechanism occurring in the
proximity of relevant simplified geometries such as double-wedges has
been proven instrumental in discovering new physics and better
understanding the role of nonequilibrium processes in determining
the type of interaction.4 Additionally, it represents conceptually the
deflection of control surfaces or two-dimensional hypersonic intakes.
The interaction between a shock formed by the fuselage and the shock
generated at the wing of a vehicle can also be modeled as a double-
wedge. The type of interaction that occurs depends on specific non-
dimensional parameters, which for inviscid flow and calorically perfect
gas are the freestream Mach number M, the ratio of specific heats c,
the ratio of the first wedge face length to the second wedge face length
L2=L1, and the two wedge angles h1 and h2.

4 In the case of viscous
flow, the Reynolds number Re will also influence the pattern of
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interaction. When high-temperature effects, such as finite-rate chemis-
try and thermal nonequilibrium, are present, the freestream tempera-
ture is an additional critical parameter, since it has a significant impact
on nonequilibrium processes.

Numerous studies on the influence of the geometry on shock
interactions have been conducted.4–8 It has been found that the area of
separation created by the compression corner increases and the sepa-
ration point moves toward the front edge with a larger aft angle.8 A
bigger aft angle led to a greater standoff distance for the bow shock, a
greater chance of shock impingement on the wall, and an overall more
complicated mechanism of interaction, possibly including instabilities
in the shear layers or other unsteady dynamics.5,8

Research has been carried out to understand the effect of the gas
composition and/or specific heat ratio on the physics of shock interac-
tions.5,8 Tumuklu et al. conducted a comparison of the flow over a
30�–55� double-wedge with three different gas mixtures: air, nitrogen,
and argon.9 It was discovered that the size of the separated region, the
upstream movement of the triple-point, and the time to reach a steady
state were much smaller for air than for nitrogen. Argon had the
quickest movement of the triple-point compared to the other two mix-
tures. In Ref. 10, it was concluded that the relative magnitude of the
specific heat ratio has a significant impact on the SWBLI (Shock
Wave/Boundary Layer Interaction). Specifically, the flow of argon
resulted in a separation bubble with 1.8 times the size of the one for
nitrogen and, due to the endothermic effects of finite-rate chemistry,
the size of this region was 1.5 times smaller for air than for nitrogen.

In hypersonic nonequilibrium shock interactions, the freestream
temperature has been shown to have a significant impact on the flow
patterns.6,11 Results of previous numerical studies simulating the flow
over a double-wedge, for different gas mixtures and freestream tem-
peratures, T1 ¼ 300 and T1 ¼ 1000 K, show changes in the shock
wave pattern for the case of an air mixture.11 For the CO2–N2 case,
weaker shocks leading to a flow pattern that is more attached to the
wall were obtained for the larger freestream temperature. However,
the change in interaction pattern did not occur. The smaller impact of
the freestream temperature on the CO2-dominated flow was attributed
to the much faster vibrational relaxation of CO2 molecules, as the
flows with a CO2–N2 mixture revealed overall much smaller discrep-
ancies between translational and vibrational temperature. Similar con-
clusions concerning the flow of air were drawn in Ref. 6.

The influence of the freestream Mach number has been assessed
in Refs. 6 and 12. A computational analysis of an air flow over a
double-wedge, with M1 ¼ 7.14 and M1 ¼ 7.3, revealed that increas-
ing the freestream Mach number results in later flow separation and
larger values of the heat flux peaks at reattachment and impinging
shock regions, despite presenting the same qualitative distribution of
the surface quantities.12 In Ref. 6, the freestream Mach number was
increased from 2.8 to 9. The resulting flow field was significantly
affected, with the larger value of Mach number leading to reduced
shock angles, increased real gas effects that further contribute to
smaller bow shock standoff distances and a significant rise in pressure.

Continued research effort on achieving better insight into shock
interference focuses mostly on flows of air or nitrogen.1,3–5,7,13–15 This
work draws specific attention to CO2-dominated mixtures, which have
become relevant in the aerospace scientific community due to recent
Mars exploration programs. The internal structure of the CO2 three-
atomic molecule influences the process of energy redistribution among

the different internal modes and, in turn, the macroscopic properties
of the flow. Previous work16 compared inviscid flow over a double-
wedge geometry for mixtures of air and CO2, using the two-
temperature model by Park.17 Results have confirmed that different
molecular structures and behavior of nonequilibrium finite-rate pro-
cesses have a significant impact on the obtained shock interaction pat-
terns and associated surface loads. To better understand
nonequilibrium shock interaction physics in CO2-dominated flows,
the authors recently investigated the impact of increasing the aft wedge
angle as well as the impact of using different thermo-physical models
for the mixture, comparing the flow patterns obtained with Park’s
two-temperature model to those obtained with thermally perfect and
perfect ideal gas models. Increasing the aft angle significantly enlarged
the separated region in the compression corner, which lead to the gen-
eration of a larger number of shock waves and shear layers. Except for
the case of the maximum angle, where the strongest peaks were owing
to shock impingement, heat flux, and pressure peaks with increasing
intensity occurred along the surface due to boundary layer reattach-
ment downstream of the compression corner. The size of the recircula-
tion bubble at the compression corner, the shock interaction
mechanism, and the surface loads were all shown to be heavily influ-
enced by the different assumptions on vibrational mode excitation.
When the model assumed a larger portion of the internal energy being
absorbed by the vibrational mode (the respective order being perfect
ideal gas ! two-temperature gas ! thermally perfect gas), lower
post-shock temperatures were obtained, which increased post-shock
density, resulting in weaker shock interactions characterized by
delayed onsets of separation, reduced separation regions, and smaller
bow shock standoff distance.

After investigating the effect of freestream temperature, geome-
try, and physical modeling on the nonequilibrium CO2 flow over the
double-wedge,11 this work aims to investigate the response of the
hypersonic shock wave system to changes in the values of Mach num-
ber in the freestream flow. Numerical simulations are performed for a
viscous flow over four different double-wedge geometries (15�–40�,
15�–45�, 15�–50�, and 15�–55�) and three different values of the free-
stream Mach number (7, 9, and 11). This article is organized as fol-
lows: Sec. II introduces the flow physics of hypersonic flow over
double-wedges and Sec. III presents the governing equations and
physical and numerical models adopted in this work. Section IV
presents the double-wedge geometry together with the computational
domain and boundary conditions. Section V presents the parametric
study of the nonequilibrium shock interaction mechanisms with
respect to the freestream Mach number over four different geometries,
and Sec. VI elaborates on the role of nonequilibrium in defining the
shock interaction mechanism. In Sec. VII, the main conclusions are
summarized.

II. SHOCK INTERACTION PATTERNS OVER
DOUBLE-WEDGES

The flow over a double-wedge geometry is mostly dictated by the
presence of two compression corners. When the supersonic freestream
encounters the first wedge’s leading edge, an oblique shock forms,
deflecting the streamlines according to the wedge’s angle. Another
oblique shock is generated at the second compression corner.
Depending on the freestream flow conditions, the lengths and angles
of the two wedges, and the characteristics of the gas, the flow patterns
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arising from the interference of these two oblique shocks will result in
different shock interaction mechanisms.

Figure 1 shows the schematic of two different inviscid shock
interactions: type VI and type V.13 In the type VI interaction, the flow
is purely supersonic and the oblique shock waves originating at the
two corners, the leading shock (LS) and the corner shock (CS), directly
intersect at point P. As a result, a contact discontinuity (CD) occurs,
which distinguishes the flow that has traveled through both shocks, LS
and CS, from the flow that has only passed through the bow shock
(BS). An expansion wave (EW) is emitted from the oblique shock
intersection and reflected on the surface of the second wedge. The type
V interaction is characterized by one triple point P, where shock LS,
shock BS, and transmitted shock (TS) intersect. The latter shock inter-
acts with the oblique shock CS generated by the corner between the
two wedges, in a shock reflection structure:19 the TS reflects as shock
RS1 and shock CS reflects as shock RS2, which in turn reflects on the
surface of the second wedge. The reflection of the two shocks from
opposite families, CS and TS, is one of the key features in the type V
interaction. Furthermore, a CD is generated at the triple point P and,
as a consequence of the reflection of shock RS1 in the contact disconti-
nuity, an EW forms and reflects on the surface of the second wedge.

When viscous effects are present, shock waves and contact dis-
continuities are no longer discontinuities but take the form of high-
gradient regions, which may have a substantial impact on how the
flow develops. The presence of a nonequilibrium thermal boundary
layer generates a gradient of temperature near the wall, resulting in
surface aerodynamic heating. The inclusion of viscous effects in the

simulation of this type of flow generates additional flow features such
as boundary layers, recirculation zones, and vortices. The interaction
between different shock waves and the flow features arising from vis-
cous effects leads to increasingly complex flow physics that may result
in localized severe peaks of pressure and heat flux along the surface.
As the boundary layer develops along the surface of the fore wedge,
the adverse pressure gradient resulting from the presence of the second
wedge interacts with the boundary layer, potentially causing flow sepa-
ration ahead of the corner (schematic at the top of Fig. 2). The flow
then reattaches at a certain location on the aft wedge surface and a
recirculation bubble is formed below the slip line. This bubble acts as a
new wedge, since the supersonic flow over the slip line is forced to
adopt the new velocity direction. Figure 2 (top) shows a conceptual
sketch of the key features expected in the proximity of the corner. In
addition to the presence of a separation/detachment shock wave, reat-
tachment of the boundary layer leads to a series of compression waves
that may coalesce and form another shock. At the reattachment point,
the boundary layer becomes very thin and the pressure is high, result-
ing in a region of very high aerodynamic heating.20 Additionally, the
shock wave interaction over the double-wedge may result in shock
impingement on the surface, as illustrated at the bottom of Fig. 2.
Given the presence of viscous effects, the impinging shock interacts
with the boundary layer (SBLI), introducing an adverse gradient of
pressure. If this interaction is strong enough, it may cause the bound-
ary layer to separate in the vicinity of the impingement point, generat-
ing additional separation and reattachment shocks.

III. PHYSICAL AND NUMERICAL MODELING
A. Governing equations

The system of equations considered for the present work is the
classical extension of the Navier–Stokes equations for a viscous

FIG. 1. Examples of shock interaction patterns. Type VI (top), type V (bottom).
Reproduced with permission from Garbacz et al., AIAA Paper No. 2022-3277
(2022). Copyright 2022 by the American Institute of Aeronautics and Astronautics.18

FIG. 2. Shock-boundary layer interaction patterns. Compression corner recircula-
tion bubble and shock wave system (top), shock wave system in the case of bound-
ary layer separation due to shock impingement on the surface (bottom).
Reproduced with permission from Garbacz et al., AIAA Paper No. 2022-3277
(2022). Copyright 2022 by the American Institute of Aeronautics and Astronautics.18
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chemically reacting flow in thermal nonequilibrium adopting one con-
servation equation per each one of the species in the mixture and a
macroscopic multi-temperature approach to account for thermal non-
equilibrium.21 The two-temperature model by Park is used to model
the finite-rate internal energy exchange. It was initially developed for
air17 but later modified for CO2 flows

22 and validated in more recent
works against experimental data and the more detailed state-to-state
approach.23,24 The model assumes that rotational relaxation is very
fast relative to the rate of fluid motion and therefore considers that the
translational and rotational modes of the gas are in equilibrium with
each other at the translational-rotational temperature Ttr. The CO2

molecule has three vibrational modes, one of which is double degener-
ate. Camac25 showed that all three modes relax at the same time, but
considerably slower than the rate of fluid motion, leading to a single
separate temperature to describe this process. Electronic modes are
assumed to be at equilibrium with vibration; therefore, it is considered
that these two modes relax at the vibrational-electronic temperature
Tve. In a compact form, the system of equations can be described as

dU
dt

þr �~FcðUÞ ¼ r �~FvðUÞ þQðUÞ; (1)

where the conservative variables, convective fluxes, viscous fluxes, and
source terms are given by

U ¼

q1

..

.

qns
q~u

qe

qeve

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;
; ~F

c ¼

q1~u

..

.

qns~u

q~u �~u þ p�I

qh~u

qeve~u

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;
;

~F
v ¼

~J1

..

.

~J ns
�s

�s �~u þ
X
s

~J shs þ~qve þ~qtr

X
s

~J sh
ve
s þ~qve

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

9>>>>>>>>>>>>>=
>>>>>>>>>>>>>;

; Q ¼

_x1

..

.

_xns

0

0
_X

8>>>>>>>>>><
>>>>>>>>>>:

9>>>>>>>>>>=
>>>>>>>>>>;

(2)

and q is the density of the mixture, qs is the partial density of species s,
~u is the flow velocity vector, _xs is the chemical source of species s, _X is
the vibrational energy source term, p is the static pressure, e and eve

are, respectively, the total energy per unit mass and the vibrational
energy per unit mass for the mixture, h is the total enthalpy per unit
mass,~J s is the species mass diffusion flux, �s is the viscous stress tensor,
~q is the conduction heat flux, index s denotes the sth chemical species
and ns is the total number of species. A mixture of 10 species is consid-
ered: CO2/N2/C/N/O/C2/O2/CN/CO/NO with the reaction mecha-
nism taken from Park et al.22

Calculating the nonequilibrium thermodynamic state and source
terms is necessary to close the system of governing equations that
describes hypersonic flows. This is achieved by means of coupling
with appropriate multi-temperature thermochemistry models. The
equations presented below describe the implementation of the two-

temperature model for a mixture composed of neutral species, pro-
vided by the Mutationþþ library.26 Each individual species s is
assumed to behave as an ideal gas. Hence, the total pressure of the
mixture p is defined by Dalton’s law as the summation of the partial
pressures associated with each species ps, determined by the ideal gas
law,

p ¼
Xns
s¼1

ps ¼
Xns
s¼1

qs
Ru

Ms
Ttr; (3)

where Ru is the universal gas constant, Ms is the molar mass of species s,
and Ttr is the translational-rotational temperature. The total specific energy
of the flow e is given as the sum of the internal and kinetic energies,

e ¼
Xns
s¼1

cses þ
1
2
~u �~u; (4)

where cs is the mass fraction of species s and es is the specific internal
energy of the species, given by the sum of the energy of formation e0s
and the contribution of each internal mode (t-translational, r-
rotational, v-vibrational, e-electronic),

es ¼ etsðTtrÞ þ ersðTtrÞ þ evs ðTveÞ þ eesðTveÞ þ e0s : (5)

In the two-temperature model, the energy transfer mechanisms
that determine the change in vibrational energy of the mixture, are
accounted for in the source term vector. The source term _X is defined
as the sum of the translational-to-vibrational energy transfer and
energy exchanges due to chemical activity,

_X ¼
Xns
s¼1

_X
tr:ve
s þ _X

c:v
s þ _X

c:e
s : (6)

The term _X
tr:ve

concerns the rate of energy exchange between the
translational and vibrational energy modes, following the Landau–
Teller model:27

_X
tr:ve
s ¼ qs

evs ðTÞ � evs ðTvÞ
sV�T
s

: (7)

The vibrational relaxation time of each species, sV�T
s , is given by the

Millikan andWhite empirical formula28 and the Park correction.29

The change in vibrational-electronic energy of the mixture due to
the production/destruction of species is accounted for in the terms
_X
c:v
s and _X

c:e
s , given by Scoggins,30

_X
c:v
s ¼ c1 _xse

v
s ;

_X
c:e
s ¼ _xse

e
s : (8)

A non-preferential dissociation model is considered to account for the
coupling between vibrational energy modes and finite-rate chemistry.
The model assumes that molecules are destroyed or created at the
average vibrational energy of the cell, c1 ¼ 1.

Finite-rate chemistry is accounted for by considering a mass con-
servation equation for each species in the gas, incorporating a produc-
tion/destruction term that results from chemical activity. The chemical
source term _xs is given by

_xs ¼ Ms

Xnr
r¼1

ð�00s;r � �0s;rÞ kf ;r
Yns
j¼1

q̂
�0j;r
j � kb;r

Yns
j¼1

q̂
�00j;r
j

" #
; (9)
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where nr and ns are, respectively, the number of reactions and the
number of species, �0s is the forward reaction stoichiometry coefficient,
�00s is the backward reaction stoichiometry coefficient, q̂j is the molar
density, kf ;r is the forward reaction rate, and kb;r is the backward reac-
tion rate. The forward reaction rate for each reaction r is defined
according to the modified Arrhenius equation.31

With regard to dissipative fluxes, the mass diffusion flux of each
species~J s is described by Fick’s Law of diffusion,

~J s ¼ qs~Vs ; (10)

where ~Vs is the element diffusion velocity, obtained by solving the
Stefan–Maxwell equations under the Ramshaw approximation. The
viscous stress tensor is written in vector notation as

�s ¼ l r~u þr~uT � 2
3
�Iðr �~uÞÞ;

�
(11)

where l is the mixture viscosity coefficient. The conduction heat flux
for each thermal energy mode ~qk is assumed to be given by Fourier’s
Law of heat conduction,

~qk ¼ kk ~rðTkÞ; (12)

where Tk is the temperature and kk is the thermal conductivity coeffi-
cient of the kth energy mode. Viscosity l and mode thermal conduc-
tivity kk are computed using Wilke’s mixing rule.32 The species
thermal conductivity is calculated using Eucken’s formula33 that takes
into account both translational and vibrational temperatures.

B. Numerical framework

The multi-species and multi-temperature Navier–Stokes equa-
tions are solved numerically with the open-source CFD code SU2-
NEMO34 (NonEquilibriumMOdels). SU2-NEMO has been developed
for the purpose of simulating chemically reactive and nonequilibrium
flows and has been extensively validated.35 The external library
Mutationþþ (Refs. 26 and 36) (Multicomponent And Thermodynamic
Transport properties for IONized gases in Cþþ) provides efficient algo-
rithms for the computation of thermodynamic, transport (viscosity, ther-
mal conductivity, and diffusion) and chemical kinetic gas properties for a
given state of the mixture. The library has been designed for robustness
over a wide range of temperatures and is accurate in dealing with multi-
temperature models. SU2-NEMO implements a finite-volume edge-
based formulation and for this work, the AUSM scheme37 (Advection
Upstream Splitting Method) together with MUSCL (Monotonic
Upstream-centered Scheme for Conservation Laws) and the
Venkatakrishnan-Wang limiter have been used to achieve a second order
in space discretization of the convective fluxes, while the diffusive fluxes
are discretized by means of a standard second-order accurate central
scheme. The CFL number was tailored to each test-case to allow for solu-
tion convergence, varying in a range 0.1–0.75. A dual time-stepping
approach with a second-order backward-difference discretization is used
for unsteady flows.

C. Code validation

Despite the large number of experimental studies carried out to
validate the numerical modeling of hypersonic flows with mixtures of
air and nitrogen, little work has focused on the specific mixture of

CO2 studied in this work. To the best of the authors’ knowledge, there
are no experiments at all on carbon-dioxide shock interactions. In this
section, three cases are presented as means to validate the framework
introduced in Secs. IIIA and III B. The first case aims at validating the
capability of the employed models to reproduce the physics of shock
interactions, and a mixture of air is considered. The simulation of a
viscous hypersonic flow over a proximal-sphere configuration is con-
sidered.38 The shock interaction originates from the impingement of
the bow shock generated by the leading sphere on the bow shock in
front of the secondary sphere. The freestream flow conditions, wall
temperature, and species mass fractions for the simulation are written
in Table I.

A comparison between the numerical Schlieren and experimental
Schlieren obtained from experiments is shown in Fig. 3. By overlaying
the Schlieren images at the region of the shock-shock interaction, it
can be visualized the clear superposition of the experimental and
numerical shock waves, supporting the validity of SU2-NEMO to per-
form shock interaction simulations.

The following validation case refers to the two-dimensional
wedge placed symmetrically in a uniform hypersonic flow of reacting
carbon dioxide. The hypersonic flow over this simple geometry leads
to the appearance of a shock wave that is detached for large enough
half-wedge angles. The validation case is taken from the work of

TABLE I. Freestream and wall values for the two-sphere case.

T1 (K) 55.56
Tw (K) 293.15
P1 (Pa) 125.61
V1 (m/s) 1048
Y [N]1 0
Y[O]1 0
Y[NO]1 0
Y[N2�1 0.77
Y[O2�1 0.23

FIG. 3. Experimental and numerical Schlieren in green at the shock–shock interac-
tion region.39
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Hornung and Smith,40 who have performed experiments using a sym-
metric finite-length wedge model of varying half-angle. Numerical ref-
erence data are also available from two-dimensional simulations
performed by Candler.41 The freestream conditions used in the study
are shown in Table II.

Figure 4 shows a comparison of bow shock standoff distance data
for different half-wedge angles. Numerical results obtained with SU2-
NEMO are validated against experimental data40 and verified against
simulations performed by Candler.41 The shock standoff distance is
measured in the stagnation line, where nonequilibrium effects are
expected to be more pronounced. Results obtained with SU2-NEMO
are found to be in satisfactory agreement with the other two sets of
data, with the case of the stronger bow shock (for a half-wedge angle
of 65�) showing the largest discrepancy against both numerical and
experimental reference values. The differences seen between experi-
mental and SU2-NEMO data can be explained in part due to the effect
of the finite transverse length of the 3Dmodel used in the experiments.
The mechanism of reaction used in SU2-NEMO, as seen in Table II,
allows for reactions involving nitrogen, which could lead to production
of chemical species that are not found in the experiment. The discrep-
ancies between data obtained with SU2-NEMO and numerical data
provided by Candler41 can also be attributed to the different me

mechanism of reaction considered, as well as other code-to-code dif-
ferences in terms of physical and numerical modeling.

The last validation case investigates the carbon-dioxide high-
speed flow over the 25�–55� double-cone, taken from Ref. 42. The
flow over a double-cone configuration typically results in a complex
shock-shock and shock-boundary-layer interaction which is known to
be sensitive to thermal and chemical nonequilibrium. The freestream
conditions are indicated in Table III. Numerical results obtained with
SU2-NEMO for an axisymmetric simulation are compared with avail-
able data for surface heat flux measurements of the laminar boundary
layer and with numerical predictions obtained with the DPLR code.43

Contours of Mach number obtained with SU2-NEMO are shown
in Fig. 5. In agreement with the experimental results of Knisely, the
CO2 flow over the double-cone results in a type V shock interaction
pattern. The surface heat flux profile characterizing this type of inter-
action can be broken down into four general sections: the laminar
boundary layer, separated flow region, reattachment-impingement
region, and post-reattachment region. Given the transitional nature of
the flow reported in the experimental investigation, for the purpose of
this verification/validation exercise, the comparison of surface heat
flux profiles is performed for the laminar portion of the boundary
layer. In Fig. 6, data obtained with SU2-NEMO are compared against
experimental measurements and numerical results obtained with the
DPLR code. For the latter, the axisymmetric simulation was performed
for a single cone geometry (equivalent to simulating the laminar flow
region in the double-cone case). Very good agreement is found

TABLE II. Freestream conditions for the wedge simulation.

M1 6
P1 (Pa) 2441.5
T1 (K) 1960
Y[C]1 0
Y[N]1 0
Y[O]1 0.07
Y[C2�1 0.0
Y[N2�1 0.0
Y[O2�1 0.176
Y[CN]1 0
Y[CO]1 0.428
Y[NO]1 0.0
Y[CO2�1 0.326

FIG. 4. Comparison of normalized shock standoff distance between numerical and
experimental data.

TABLE III. Double-cone freestream conditions.

M1 4.41
P1 (Pa) 12 300
T1 (K) 1530
Y[O2�1 0.1152
Y[O]1 0.0038
Y[CO2�1 0.6726
Y[CO]1 0.2084
Y[C]1 0.0
Y[C2�1 0.0

FIG. 5. Contours of Mach number for the CO2 flow over the double-cone.
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between all three sets of data, demonstrating the accuracy of SU2-
NEMO and its coupling with the Mutationþþ library in predicting
hypersonic flow physics using CO2-based mixtures.

D. Grid independence

The supersonic flow over a double-wedges generates a complex
environment that includes shock waves, boundary and shear layers,
etc. These features are very localized, highly directional and character-
ized by sharp gradients. Anisotropic mesh adaptation is considered to
ensure the flow physics revealed by the study is not affected by poor
choices of grid resolution. This type of grid adaptation is carried out
via node clustering and element edge alignment with flow features
rather than by simply adding more nodes. For the structured near-
wall region, adaptation is done by means of tangential and normal
clustering/increasing of nodes. The Mach number is chosen as the
flow variable driving the adaptation process. Grid convergence is
assessed qualitatively, on the basis of the observation of well-defined
types of shock interaction following the classification paradigm origi-
nally introduced by Edney.13 A quantitative assessment performed by
comparing the temperature profile normal to the wall in the main
region of shock interaction (this location is indicated in Fig. 7 with a
red line), normalized wall surface pressure and wall surface heat flux.
A grid convergence study was performed for all test-cases, but only the
case of the flow over a 15�–55� double-wedge with M1 ¼ 11 is
reported here to illustrate the approach adopted. The original isotropic
hybrid mesh and the final adapted anisotropic hybrid mesh are shown
in Fig. 7. Quantitative comparisons for the different iterations of adap-
tation are shown in Fig. 8. Results obtained for meshes 2 and 3 are

essentially superimposed for all quantities. Table IV provides the num-
ber of nodes of the final grids used for each test-case.

IV. PROBLEM SETUP AND TEST MATRIX

The double-wedge geometry considered in this study is illustrated
in Fig. 9. Four different configurations are considered with a fixed fore
angle of h1¼ 15� and aft angles h2 of 40�, 45�, 50�, and 55�. Previous
work18 published by the authors of this paper refers to the cases 45�

and 55� and serves as the basis for the current parametric study. For
all cases, L1 ¼ L2 ¼ 0:2 m. The two wedge surfaces and the expansion
surface downstream of the expansion corner are assumed to be iso-
thermal walls. For the leftmost horizontal segment, a symmetry
boundary condition is applied. An outlet boundary condition is cho-
sen for the exit, and farfield is considered for the remaining bound-
aries. Numerical simulations are performed for a flow of CO2:97%,
N2:3% referring to the atmosphere of Mars. Simulation parameters,

FIG. 6. Comparison of surface laminar heat flux predictions with experimental data.

FIG. 7. Original and final adapted meshes for the case of the 15�–55� double-
wedge with M1 ¼ 11.

FIG. 8. Grid convergence study for the case of the 15�–55� double-wedge with
M1 ¼ 11. Normalized surface pressure (top), heat flux (middle), and temperature
normal to the wall (bottom). Reproduced with permission from Garbacz et al., AIAA
Paper No. 2022-3277 (2022). Copyright 2022 by the American Institute of
Aeronautics and Astronautics.18
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presented in Table V, are chosen so that the freestream conditions are
in the laminar continuum regime and values of pressure and tempera-
ture that can be found in the Martian atmosphere. The freestream
flow is assumed to be in thermal equilibrium.

V. PATTERN IDENTIFICATION FOR VARYING
FREESTREAM MACH
A. 15�–40� double-wedge

Figure 10 shows contours of the Mach number and difference
between translational and vibrational temperatures (which measures
thermal nonequilibrium) for the flow over the 15�–40� double-wedge
for decreasing freestream Mach number: 11, 9, 7. The white line in the
top row refers to the sonic line. All three cases display a type VI inter-
action, characterized by the direct interaction of two oblique shocks
that results in a combined shock BS, an EW and a CD or slip layer
when viscous effects are present (inviscid schematic provided at the
top of Fig. 1).

It is well known from inviscid gas dynamics that, in a flow over a
wedge, increasing the freestream Mach number causes the oblique
attached shock wave, or the detached bow shock, to move closer to the
body. For the case of an attached shock, a shock that is closer to the
body is associated with a lower shock angle. In Fig. 11(a) (top), Mach
contour lines for the three cases are plotted. It is clearly seen that for
shock LS, which occurs only due to the presence of the first wedge, the
shock angle continuously increases with decreasing Mach number, fol-
lowing the expected trend. The boundary layer along the surface of the
first wedge is increasingly thicker for lower freestream Mach, as a
result of the lower post-leading-shock flow velocity in this region.

As the freestream Mach number is decreased from 11 to 7, shock
CS has a larger shock angle, which in turn gives rise to a larger pres-
sure gradient interacting with the boundary layer. Looking at Fig. 10,

TABLE IV. Number of grid nodes of used in the final mesh of each test-case.

M1 ¼ 11 M1 ¼ 9 M1 ¼ 7

15�–40� 526 679 475 209 378 256
15�–45� 374 324 530 124 478 233
15�–50� 498 411 422 547 489 396
15�–55� 651 005 458 391 1 090 778

FIG. 9. Double-wedge geometry, computational domain, and boundary conditions.
Reproduced with permission from Garbacz et al., AIAA Paper No. 2022-3277
(2022). Copyright 2022 by the American Institute of Aeronautics and Astronautics.18

TABLE V. Simulation parameters.

M1 p1 (Pa) T1 (K) Twall (K) Mole fractions

7, 9, 11 10 160 300 CO2: 0.97, N2: 0.03

FIG. 10. Contours of Mach number (top) and difference between translational and vibrational temperatures (bottom) for a CO2–N2 flow over the 15�–40� double-wedge with
M1 ¼ 11; M1 ¼ 9, and M1 ¼ 7.
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the main difference in the flow occurs in the compression corner, in
the region of boundary layer detachment. The larger adverse pressure
gradient traveling upstream through the thicker boundary layer causes
the detachment point to occur further upstream for decreasing values
of freestream Mach. Larger separation, as well as subsonic regions
(indicated by the white line in the top row of Fig. 10), result from the
lower freestream Mach. For all three cases, the size of the separated
flow region is small enough that no reattachment shock occurs.
Instead, the gradual reattachment of the boundary layer results in a
series of compression waves that coalesce into the detachment shock,
which can be visualized clearly at the bottom side of Fig. 11(a), show-
ing pressure contours for a zoomed view of the compression corner
for the case of M1 ¼ 7. The detachment shock interacts directly with
shock LS at the triple-point P, generating features BS, EW and a vis-
cous slip layer. The contour lines displayed at the left side of Fig. 11(a)
for all three cases show that the triple-point P tends to travel down-
stream and further away from the wall as the Mach number decreases.
Following the trend observed for the leading shock, the bow shock
standoff distance also increases with lower freestreamMach number.

Figure 12 shows the distribution of surface quantities, normalized
pressure, and Stanton number. As expected, lower values of freestream
Mach number result in lower distributions of pressure and Stanton
number along the whole surface of the geometry. From the surface
pressure distribution, the single stage of flow compression at the wall
seen forM1 ¼ 9 and M1 ¼ 11 is an indication of the coalescence of
the boundary layer detachment and reattachment into one single

shock. For the case of M1 ¼ 7, two stages of compression, resulting
from detachment and subsequent reattachment of the boundary layer,
can been seen. The two stages of gradual compression somewhat
merge into each other and still result in a single shock. The increasing
size of the separated flow region with decreasing Mach number is
shown by two elements for the case of M1 ¼ 7: (1) the first increase
in pressure resulting from flow separation occurs earlier and (2) the
maximum value of pressure, corresponding to the point of reattach-
ment, occurs further downstream, compared to the other two cases.

The increasing size of the separated flow region with decreasing
Mach number is more evident in the wall Stanton number distribu-
tion, shown by the sudden drop of this coefficient after the initial grad-
ual decrease along the surface of the first wedge. For the case of
M1 ¼ 11, the size of the separated region is extremely small and the
sudden Stanton number drop is shown by an inverted spike at
x¼ 0.1932 m. Whereas the cases for M1 ¼ 9 and M1 ¼ 7 exhibit a
qualitatively similar distribution that reflects the flow separation in the
compression corner followed by gradual flow reattachment and subse-
quent expansion, the case for M1 ¼ 11 is slightly more complex.
There is a first spike occurring at the point of boundary layer separa-
tion. Even though the separated boundary layer is usually associated
with decreasing heat flux, by visualizing contours of translational tem-
perature and the sonic line with a close-up near the compression cor-
ner, at the left side of Fig. 13, it can be seen that the detachment shock
first compresses the flow against the wall just upstream the compres-
sion corner at the point of separation, x¼ 0.1927 m—which causes the

FIG. 11. Comparison of Mach number contour lines for different values of freestream Mach (7, 9, 11) for the 15�–40� geometry (top). Contours of pressure for a CO2-N2 flow
over the 15�–40� double-wedge with M1 ¼ 7 (bottom).

FIG. 12. Comparison of surface quantities distribution for different freestream Mach numbers for the 15�–40� geometry: Normalized pressure (left), Stanton number (right).
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wall Stanton number to spike up at this location. Immediately down-
stream, where the boundary layer is already detached from the wall,
the Stanton number decreases suddenly due to presence of the com-
pression corner, leading to the subsequent inverted spike seen at
x¼ 0.1932 m. The Stanton number then starts gradually increasing
until reaching the wide peak of approximately 2.5 at x¼ 0.212 m,
resulting from the gradual reattachment of the boundary layer (indi-
cated by the sonic line that gradually gets closer to the wall, at the left
of Fig. 13).

From the contours of Mach number, the Stanton number would
be expected to gradually decrease up to the expansion corner, due the
expansion wave. However, the maximum peak of Stanton number of
around 3 is actually seen for x¼ 0.2375 m. To determine the cause of
this maximum value in surface heating, Fig. 14 shows the distribution
along the wall of the second wedge of each one of the contributions to
the total heat flux, vibrational and translational, at the left. A peak of
heat flux is seen for both contributions at x¼ 0.2375 m. To better
understand what gives rise to these peaks, profiles of both tempera-
tures have been extracted parallel to the surface of the second wedge,
at different normal distances from the wall 0.001, 0.0005, 0.000 25, and
0.0001m. The temperature profiles are plotted at the right of Fig. 14.
For h¼ 0.001 m, a single peak of translational temperature is seen at
x¼ 0.2 m, corresponding to the temperature rise occurring in the reat-
tachment region due to flow compression in the vicinity of the com-
pression corner. After the rise in temperature due to the corner shock,
a vibrational-to-translaional energy exchange process initiates and the
translational temperature gradually decreases, while the vibrational
temperature increases, reaching a peak at x¼ 0.234 m. At this location,
the translational temperature starts decreasing more drastically, due to

the presence of the expansion wave. As the normal distance to the wall
decreases, both temperatures tend to approach 300K, given the iso-
thermal boundary condition enforcing thermal equilibrium at the
wall, with Ttr ¼ Tve ¼ 300 K. In the direction normal to the surface of
the second wedge, toward the wall, for the same x location, internal
energy exchange between the translational and vibrational mode
occurs to satisfy the condition of thermal equilibrium at the wall. The
more detailed analysis leads to the conclusion that the peak of heat
flux seen at x¼ 0.2375 m is a combined effect of the expansion wave
resulting from the shock interaction and the process of vibrational
relaxation.

B. 15�–45� double-wedge

Figure 15 shows contours of Mach number and difference
between translational and vibrational temperatures for the flow over
the 15�–45� double-wedge for decreasing freestream Mach number:
11, 9, 7. All three cases show the type VI pattern of interaction (top of
Fig. 1). Whereas the Mach 11 flow results in the same mechanism of
shock interaction as for the case of the 40� aft wedge angle (a single
type VI interaction), the Mach 9 and 7 flows exhibit two instances of a
type VI interaction. The more complex pattern of interaction for the
two latter cases is due to the boundary layer separation occurring fur-
ther upstream along the surface of the first wedge for lower Mach
numbers. As per the discussion for the 15�–40� Case, lower freestream
Mach number results in a thicker boundary layer along the surface of
the first wedge, which leads to earlier flow separation. The separation
bubble is larger and so is the angle of the detachment shock, as well as
the distance between the points of flow detachment and reattachment.
As the detachment shock interacts with the leading shock, the first
type VI pattern of interaction is formed. Further downstream, the
combined shock resultant from the latter interaction, in turn, interacts
with the shock generated at the flow reattachment point on the surface
of the second wedge, leading to another type VI mechanism of
interaction.

In Fig. 16, Mach contour lines for the three cases are plotted.
Similarly to the 15�–40� geometry, it is seen that, for shock LS, the
shock angle continuously increases with decreasing Mach number, fol-
lowing the expected trend. Due to the different patterns of interaction
resulting from different values of freestream Mach, for shock BS, this
trend is only verified further downstream, where there is less influence
of the mechanism of shock interaction. As for the 15�–40� double-
wedge, the triple-point P travels downstream and further away from
the wall as Mach number decreases. The sonic line in Fig. 15 indicates

FIG. 13. Compression corner detailed view of the 15�–40� double-wegde with
M1 ¼ 11: translational temperature with sonic line.

FIG. 14. Detailed analysis of translational and vibrational heat flux contributions (left) and temperatures (right) along the surface of the second wedge, for the 15�–40� double-
wedge with M1 ¼ 11.
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that, besides the boundary layer, subsonic flow regions are found
behind the bow shock for M1 ¼ 11 andM1 ¼ 7. A type VI interac-
tion that results in subsonic pockets behind the bow shock has been
named as supercritical type VI by Olejniczak et al.4 A very small sub-
sonic pocket is seen just downstream the triple-point P for M1 ¼ 11,
whereas no subsonic flow exists behind the BS for M1 ¼ 9. Even
though it is expected that a lower freestream Mach number M1 ¼ 9
would lead to lower post-shock velocities, and eventually a larger sub-
sonic region than for M1 ¼ 11, this is not the case. As mentioned
before, the very small region of flow separation in the case of M1
¼ 11 generates one single shock resulting from detachment and subse-
quent reattachment of the boundary layer. Because these two stages of
flow compression are combined into one shock, the associated shock
strength and angle are larger than for the detachment shock in the

case of M1 ¼ 9, that is generated only due to boundary layer detach-
ment. As a consequence, there is a larger curvature of BS near the
triple-point P for M1 ¼ 11, leading to the lower and subsonic veloci-
ties. From M1 ¼ 9 to M1 ¼ 7, which result in the same interaction
pattern, the expected trend of lower post-shock velocities obtained for
lower freestream Mach number is obtained, with a subsonic pocket
being generated for the lower freestreamMachM1 ¼ 7.

Figure 17 shows the distribution of surface quantities, normalized
pressure and Stanton number. For the case of M1 ¼ 11, both distri-
butions qualitatively follow what was obtained for the 15�–40� geome-
try and same value of freestream Mach. The cases of M1 ¼ 9 and
M1 ¼ 7 present a different qualitative distribution from the previous
geometry, but identical between each other for the 15�–45� geometry,
confirming that both cases result in a type VI interaction. An initial
increase/decrease in pressure/Stanton number is seen at approximately
x¼ 0.09 and x¼ 0.135 m, forM1 ¼ 9 andM1 ¼ 7, respectively, cor-
responding to the point of boundary layer separation. Further down-
stream, the peaks of pressure and Stanton number seen at x¼ 0.23
and x¼ 0.255 m, respectively, are associated with the reattachment of
the boundary layer. The parametric study shows that, for lower free-
stream Mach numbers, the larger separated regions reattach more
gradually, which is indicated by the significantly wider peaks of pres-
sure and Stanton number.

C. 15�–50� double-wedge

Figure 18 shows contours of Mach number (top row), difference
between translational and vibrational temperatures (middle row) and
pressure in a zoomed view on the region of interaction (bottom row)
for the flow over the 15�–50� double-wedge for decreasing freestream
Mach number: 11, 9, and 7. As the aft wedge angle increases from 45�

to 50�, for each value of freestream Mach number, the separated flow
region in the compression corner continuously thickens, resulting a
reattachment shock characterized by a larger shock angle. The bow

FIG. 15. Contours of Mach number (top) and difference between translational and vibrational temperatures (bottom) for a CO2-N2 flow over the 15�–45� double-wedge with
M1 ¼ 11; M1 ¼ 9, and M1 ¼ 7. White regions in the bottom row represent thermal equilibrium. Reproduced with permission from Garbacz et al., AIAA Paper No. 2022-
3277 (2022). Copyright 2022 by the American Institute of Aeronautics and Astronautics.18

FIG. 16. Comparison of Mach number contour lines for different values of free-
stream Mach (7, 9, 11) for the 15�–45� geometry. Reproduced with permission
from Garbacz et al., AIAA Paper No. 2022-3277 (2022). Copyright 2022 by the
American Institute of Aeronautics and Astronautics.18
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shock becomes stronger and has a wider standoff distance. From the
previous geometry, the way the shock interaction mechanism develops
reflects the latter changes, leading to a transition between type VI and
type V for the cases ofM1 ¼ 11 andM1 ¼ 9 and to a fully established
type V (bottom of Fig. 1) forM1 ¼ 7.

Compared to M1 ¼ 9, the pattern of interaction obtained for
M1 ¼ 11 is closer to the supercritical type VI. Looking at the pressure
contours in Fig. 18, the case ofM1 ¼ 11 appears to generate a pattern
of interaction corresponding to the system of two shock waves

interacting, leading to a combined shock BS, an EW and a slip layer—
which would correspond to the type VI interaction. However, the
accentuated curvature of the bow shock near the triple-point and the
subsonic pocket behind it (white line in the Mach contours) suggests a
transition to the type V pattern.44 For M1 ¼ 9, the mechanism of
interaction displays additional flow features and shocks that are diffi-
cult to visualize in the Mach contours but become evident in the
zoomed view of the pressure contours. Specifically, the reattachment
shock is reflected as shock RS2 (with pressure contours changing from

FIG. 17. Comparison of surface quantities distribution for different freestream Mach numbers for the 15�–45� geometry. Normalized pressure (left), Stanton number (right).
Reproduced with permission from Garbacz et al., AIAA Paper No. 2022-3277 (2022). Copyright 2022 by the American Institute of Aeronautics and Astronautics.18

FIG. 18. Contours of Mach number (top), difference between translational and vibrational temperatures (bottom) and pressure (bottom) for a CO2-N2 flow over the 15�–50�

double-wedge with M1 ¼ 11; M1 ¼ 9, and M1 ¼ 7. White regions in the bottom row represent thermal equilibrium.
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orange to dark red), which, in turn, impinges on the surface of the sec-
ond wedge.

When the freestream Mach number is further decreased to 7, a
more complex interaction system is obtained due to the larger number
of shock waves. From Fig. 19 (left), it is seen that the significantly larger
separated flow region, as well as significantly larger angle of the detach-
ment shock, cause the triple-point to travel further downstream. The
stronger shocks in the main region of interaction, characterized by larger
shock angles, push the triple-point further away from the wall. From the
triple-point, a transmitted shock is generated and reflected on the reat-
tachment shock, in a regular reflection shock system corresponding to
the type V interaction (pressure contours). Another key feature of this
pattern of interaction is the impingement of shock RS2 on the surface of
the aft wedge (check schematic at the bottom of Fig. 2). This flow feature
results in a SWBLI that is strong enough to cause boundary layer sepa-
ration (indicated by the sonic line in the Mach contours) and, therefore,
generate additional separation and detachment shocks. The detachment
shock is seen in the pressure contours in the transition from sage green
to dark green, and the reattachment shock is indicated by the transition
from dark green to lime green—both near the surface of the aft wedge,
in the region of shock impingement.

Figure 20 shows a comparison of surface properties for all
15�–50� cases: Mach 11, 9, and 7. For M1 ¼ 11, up until the pressure
peak, the surface pressure distribution follows what is expected from a
standard type VI interaction: the first increase in pressure correspond-
ing to the separation of the boundary layer and the peak reflecting the

subsequent reattachment. Before the flow fully expands along the sur-
face of the aft wedge, another very small local pressure peak is seen at
x¼ 0.248 m. This is an indicator that the flow pattern is not a standard
type VI, but instead is transiting to a type V. This small pressure peak
is indicative of the flow compression associated with a very weak shock
impinging on the surface—weak enough that cannot be visualized in
the flow contours, but still affects the surface distributions. When it
comes to surface heating, the initial drop of Stanton number at
x¼ 0.11 m reflects the point of boundary layer separation. Further
downstream, the Stanton number distribution exhibits a few fluctua-
tions, reflecting the recirculating flow inside the separation region. The
reattachment of the boundary layer then causes the Stanton number
to spike up to approximately 4 at x¼ 0.223 27 m. At this location, a
maximum of translational temperature is also visualized in the con-
tours shown at the middle image of Fig. 19. The contours of pressure
shown at the left of the same figure confirm that this the region of
compressing flow due to reattachment of the boundary layer. The
Stanton number stays approximately constant up to x¼ 0.23 m, and
then starts decreasing due flow expansion downstream the point of
reattachment (pressure contours from red to orange along the wall).
Another spike is seen further downstream at x¼ 0.249 m, this latter
spike being due to the weak shock impinging on the surface of the aft
wedge. The Stanton number then gradually decreases along the wall
up to the expansion corner.

The surface distribution for the case of M1 ¼ 9 is quite similar
to the one for M1 ¼ 11, confirming that both cases result in a similar

FIG. 19. Comparison of Mach number contour lines for different values of freestream Mach (7, 9, 11) for the 15�–50� geometry (left). Detailed view of the shock interaction
region for the 15�–50� double-wegde with M1 ¼ 11 (middle—translational temperature, right—pressure).

FIG. 20. Comparison of surface quantities distribution for different freestream Mach numbers for the 15�–50� geometry. Normalized pressure (left), Stanton number (right).
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mechanism of shock interaction. The fact that M1 ¼ 9 results in a
transition type VI–type V that is closer to the fully established type V
interaction is shown by the second spike of pressure. Whereas for
M1 ¼ 11, the weak impinging shock leads to a surface pressure spike
that is 0.7 times smaller than reattachment peak, for M1 ¼ 9, the
compression associated with the impinging shock is comparable to the
one caused by boundary layer reattachment. The Stanton number dis-
tribution for the M1 ¼ 9 case reflects the aforementioned behavior,
where instead this quantity drops in the region of flow separation.

For M1 ¼ 7, the significantly longer separated flow region and
gradual reattachment is evident in both surface pressure and Stanton
number distributions. Compared to the two previous cases, M1 ¼ 7
results in qualitatively different distributions that reflects, instead, the
fully established type V interaction pattern. Specifically, after the
boundary layer reattachment downstream of the compression corner
(that occurs approximately between x¼ 0.21 and x¼ 0.26 m), the sur-
face pressure distributions shows two stages of compression, that
would correspond to the detachment and reattachment shocks caused
by the SWBLI on the aft wedge’s surface (the reattachment shock cor-
responding to the peak of pressure distribution). The two stages of
compression are not easily distinguished in the pressure distribution.
However, they become evident in the Stanton number plot, where the
separation is shown by the sudden drop at x¼ 0.279 m and the follow-
ing spike at x¼ 0.283 m reflects flow reattachment downstream of the
shock impingement and its interaction with the boundary layer.

D. 15�–55� double-wedge

For the 15�–55� double-wedge, all three values of freestream
Mach number result in a type V interaction pattern (bottom of Fig. 1).
The M1 ¼ 7 did not reach a steady state, therefore the solution
obtained with the steady state solver was provided as a first guess to
resolve the unsteady shock interaction process with time-accurate sim-
ulations. Figure 21 shows contours of Mach number and difference
between translational and vibrational temperatures for the flow over
the 15�–55� double-wedge for freestream Mach numbers 11 and 9.
Figure 22 shows the Mach number contours for the M1 ¼ 7 case. In
this figure, contours are shown for four different instants of time,
where the first and fourth instant of time depict essentially the same
shock interaction pattern, showing that the flow is periodic in time.

The type V interaction pattern is characterized by the reflection
of two shocks from opposite families. For the solutions presented in
this section, this reflection occurs between the reattachment shock and
the transmitted shock generated at the triple-point. This reflection can
be a regular reflection RR or a Mach reflection MR, where an addi-
tional normal shock connects the points of reflection. For M1 ¼ 11
andM1 ¼ 9, a type V interaction with RR reflection is obtained. The
pattern of interaction, including the flow features resulting from the
presence of viscous effects, is similar. The differences between M1
¼ 11 andM1 ¼ 9 follow the trends observed for the previous geome-
tries. A larger recirculation bubble in the compression corner is
obtained for the lower Mach number, which in turn results in a lead-
ing shock and detachment shock characterized by larger angles—see
Fig. 23. A larger subsonic region is seen behind the bow shock (see Fig.
24), that is also characterized by a larger standoff distance for the lower
Mach number. The most significant differences in the mechanism of
interaction are in the main region of shock interference, that is
zoomed in in Fig. 24. In this region, for both cases there is shock

impingement (explained at the bottom of Fig. 2) on the wall of the aft
wedge. For the M1 ¼ 9 case, the impinging shock is stronger and
characterized by a larger shock angle, which results in a stronger SBLI.
For the M1 ¼ 11 case, the shock induced boundary layer separation
is quite small and does not generate any additional shocks. For
M1 ¼ 9, the separation resulting from shock impingement is larger
enough to generate additional detachment and reattachment shocks
occurring upstream and downstream of the separation point, respec-
tively. The two shocks can be clearly visualized in the pressure

FIG. 21. Contours of Mach number (top) and difference between translational and
vibrational temperatures (bottom) for a CO2-N2 flow over the 15�–55� double-
wedge with M1 ¼ 11 and M1 ¼ 9. White regions in the bottom row represent
thermal equilibrium. Reproduced with permission from Garbacz et al., AIAA Paper
No. 2022-3277 (2022). Copyright 2022 by the American Institute of Aeronautics
and Astronautics.18

FIG. 22. Contours of Mach number for a CO2-N2 with M1 ¼ 7 flow over the
15�–55� double-wedge. Reproduced with permission from Garbacz et al., AIAA
Paper No. 2022-3277 (2022). Copyright 2022 by the American Institute of
Aeronautics and Astronautics.18
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contours of the bottom row in Fig. 24, from the transition of light blue
to green contours (detachment shock) and green to yellow contours
(reattachment shock). It is concluded that a more complex shock
interaction pattern, with a larger number of interacting shock waves, is
obtained for the M1 ¼ 9 case. By looking at Fig. 23, from the loca-
tions of both triple-points, it can be extrapolated that when separation
from shock impingement occurs, the main region of interaction is
pushed upstream. Since a larger separation due to shock impingement
is obtained for M1 ¼ 9, the triple-point is therefore located more
upstream than for M1 ¼ 11. It is relevant to notice that this trend is
opposite of what was seen for the previous geometries.

The M1 ¼ 7 case results in a periodic mechanism of shock
interaction. The periodicity of the flow can be seen in the matching
patterns of interaction between the first and fourth instant of time in
Fig. 22. Comparing to the larger values of freestream Mach number,

M1 ¼ 11 and M1 ¼ 9, the separation bubble increases significantly.
The shock angles are also much larger and the location of the triple-
point is substantially further downstream, toward the expansion cor-
ner. Instead of the steady type V regular reflection pattern obtained for
M1 ¼ 11 andM1 ¼ 9, the stronger shocks lead to an oscillating type
V pattern that continuously changes between a Mach reflection and a
regular reflection of the reattachment and transmitted shocks. It is rel-
evant to notice that, for this case, very large regions of the domain
result in subsonic flow. Similarly to the previous cases, subsonic veloci-
ties are found in the separated boundary layer, near the compression
corner as well as location of shock impingement, and behind the bow
shock. For M1 ¼ 7, an additional subsonic pocket is seen behind the
Mach stem, for the first, second and fourth instants of time.

Periodic mechanisms of shock interaction have been analyzed
before in various works.5,7,8,45 Unsteadiness in the viscous type V
interaction has been explained by the strong coupling between the
recirculation bubble, the impinging shock and the bow shock. As the
reflected shock impinges on the surface of the aft wedge and separates
the boundary layer, the resulting adverse pressure gradient travels
upstream through the subsonic portion of the boundary layer, and
feeds the vortex dynamics inside the recirculation bubble. As the main
region of interaction travels downstream, the impinging shock
becomes weaker, the vortex energy inside the separation bubble decays
and the motion of the whole shock system changes direction.

Figure 25 shows the instantaneous distribution of surface quanti-
ties for the 15�–55� double-wedge with M1 ¼ 7 case. The periodicity
of the flow pattern is here confirmed by the matching distributions of
normalized pressure and Stanton number for the instants of time t0
and t0 þ 0:03 s. In the normalized surface pressure plot, it can be seen
that, between t0 and t0 þ 0:01 s, the point of impingement travels
downstream and the pressure peak intensity decreases. At t0 þ 0:02 s,
this effect is further emphasized, and the reattachment shock already
travels slightly upstream, which would correspond to the stage of
decaying vortex energy (the reattachment shock is indicated by the

FIG. 23. Comparison of Mach number contour lines for different values of free-
stream Mach (9, 11) for the 15�–45� geometry. Reproduced with permission from
Garbacz et al., AIAA Paper No. 2022-3277 (2022). Copyright 2022 by the American
Institute of Aeronautics and Astronautics.18

FIG. 24. Close-up in the region of main interaction: M1 ¼ 11 (top) and M1 ¼ 9 (bottom) for a CO2-N2 flow over the 15�–55� double-wedge. Reproduced with permission
from Garbacz et al., AIAA Paper No. 2022-3277 (2022). Copyright 2022 by the American Institute of Aeronautics and Astronautics.18
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pressure increase in the region 0.235–0.270m). The Stanton number
distribution is slightly more difficult to analyze in the main region of
interaction due to the numerous local minima and maxima associated
with reattachment and separation regions. However, the fluctuations
in the vicinity of the compression corner are a strong indicator of the
unsteady vortex dynamics inside the recirculation bubble.

A comparison of surface properties for all 15�–55� Cases, Mach
11, 9, and 7 is shown in Fig. 26. For the unsteady case, a time average
is plotted. The differences in the pattern of interaction between
M1 ¼ 11 and M1 ¼ 9 are reflected on the distribution of surface
quantities. Up until the compression corner at x¼ 0.193 m, the plots
are qualitatively identical. For M1 ¼ 11, downstream of the corner,
the normalized surface pressure exhibits two peaks, associated with
boundary layer reattachment and shock impingement. The Stanton
number distribution follows the same behavior, with a significant
decay between the two peaks, corresponding to boundary layer reat-
tachment in the compression corner and shock induced boundary
layer separation, respectively. The surface pressure of the M1 ¼ 9
cases continuously increases from the first separation point at
x¼ 0.085 m, as a result of the successive shocks: compression corner
separation and detachment shocks, as well as separation and detach-
ment shocks due to impingement. The Stanton number distribution
for the case M1 ¼ 9, at the bottom of Fig. 26, is also indicative of
these four shocks: (1) flow separation due to the compression corner
shown by the small peak and followed by decreasing Stanton num-
ber at x¼ 0.088 m, (2) subsequent reattachment peak at x¼ 0.233
m, (3) flow separation due to shock impingement indicated by the

very narrow peak and subsequent decrease at x¼ 0.238 m, and (4)
reattachment downstream of the region of shock impingement at
x¼ 0.243 m.

Similarly to the previous geometries, decreasing freestream Mach
number leads to overall lower distributions of surface normalized pres-
sure and Stanton number. Even though the red line corresponds to a
time-averaged solution, by looking at Fig. 25, we conclude that this is
also the case for the instantaneous distributions. The maximum
instantaneous normalized pressure is approximately 188 for t0 þ 0:03
s, which is 1.9 and 2.2 smaller than the largest peaks obtained for,
respectively, M1 ¼ 9 and M1 ¼ 11. For the Stanton number, the
maximum instantaneous value is 5 for t0 þ 0:03 s, which is 1.1 and 2
larger than maximum Stanton number values obtained, respectively,
forM1 ¼ 9 andM1 ¼ 11.

In Fig. 26, it is also interesting to notice that the location of shock
impingement travels upstream from M1 ¼ 11 to M1 ¼ 9, and
downstream from M1 ¼ 9 to M1 ¼ 7. This is because between
Mach 11 and 9 the size of the recirculation bubble and shock interac-
tion pattern is quite similar, expect for the larger separation region in
the location of impingement forM1 ¼ 9, that pushes the triple-point
and the region of main interaction upstream. From M1 ¼ 9 to
M1 ¼ 7 the size of the recirculation bubble becomes much larger and
the main region of the interaction, including shock impingement,
occurs closer to the expansion corner. Particularly in the case of the
Stanton number distributions, vortex dynamics in the recirculation
bubble is indicated by the fluctuations of surface heating from approxi-
mately x¼ 0.088 to x¼ 0.219 m.

FIG. 25. Instantaneous surface quantities distribution for the M1 ¼ 7 flow over the 15�–55� geometry: Normalized pressure (left) and Stanton number (right). Reproduced
with permission from Garbacz et al., AIAA Paper No. 2022-3277 (2022). Copyright 2022 by the American Institute of Aeronautics and Astronautics.18

FIG. 26. Comparison of surface quantities distribution for different freestream Mach numbers for the 15�–55� geometry. For M1 ¼ 7, the time average is plotted. Normalized
pressure (left), Stanton number (right). Reproduced with permission from Garbacz et al., AIAA Paper No. 2022-3277 (2022). Copyright 2022 by the American Institute of
Aeronautics and Astronautics.18
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VI. ROLE OF NONEQUILIBRIUM PROCESSES
ON THE INTERACTION MECHANISMS

In this section, the role of nonequilibrium processes in defining
the type of interaction is detailed in relation to the case of 15�–40� and
15�–45� wedges. The nonequilibrium effects in the case of the 15�–50�

and 15�–55� Cases are conceptually equivalent to those of the 15�–45�

geometry. For all cases, a measure of thermal nonequilibrium is given
by the contours of T � Tv , with white regions indicating thermal equi-
librium where T � Tv � 0 (Figs. 10, 15, 18, and 21).

As aforementioned, from the general theory of inviscid gas
dynamics, higher Mach numbers tend to reduce the oblique shock
angle and the bow shock standoff distance. When real effects play a
significant role, this tendency is further emphasized: higher freestream
Mach numbers lead to increasing nonequilibrium effects behind the
shock, i.e., a larger amount of internal energy is transferred to the
vibrational modes and dissociation reactions are more likely to occur,
which overall contributes to increasing post-shock density and
decreasing shock angles as well as the bow shock standoff distance.8

The flow revealed to be chemically frozen for all the three different
Mach numbers since temperatures are not high enough to trigger disso-
ciation. However, as seen at the bottom row of Fig. 10, the flowfield is in
thermal nonequilibrium. The largest difference between translational
and vibrational temperatures is obtained for M1 ¼ 11, in the flow
region just behind the bow shock. It is also for the case of higher Mach
number that the difference between temperatures is the lowest further
downstream as we approach the wall (dark blue contours forM1 ¼ 11
vs cyan/blue contours for M1 ¼ 7). This is due to the higher post-
shock pressures resulting from higher freestream Mach number, that
contribute to accelerating the process of internal energy transfer between
translational and vibrational modes further downstream of the bow
shock, as a result of a larger number of molecular collisions. Just down-
stream of the detachment shock there is another region of strong ther-
mal nonequilibrium—stronger for higher freestream Mach—which,
following the same reasoning, is due to larger post-shock translational
temperatures resulting from the higher freestreamMach number. In the
compression corner, contrary to what is observed downstream of the
bow shock, the flow gets closer to a state of thermal equilibrium with
decreasing freestreamMach number. Results show that thermal equilib-
rium tends to be reached in regions of separated flow, where viscous
effects are dominant as well as the influence from the isothermal ther-
mal equilibrium wall. The flow times scales associated with low subsonic
velocities become much larger than the times associated with vibrational
relaxation. As the separated flow region enlarges with decreasing free-
stream Mach number, there is more thermal equilibrium in the com-
pression corner for lower freestreamMach.

For the 15�–45� case, most part of the flowfield is in thermal non-
equilibrium, as seen at the bottom row of Fig. 15. Contrary to the
15�–40� double-wedge, regardless the value of Mach number, the flow
displays some regions where thermal equilibrium is reached (white
regions). Thermal equilibrium is seen forM1 ¼ 9 andM1 ¼ 7 in sepa-
rated flow regions. It is also seen that larger portions of the domain are in
thermal equilibrium near the compression corner. Toward the expansion
corner, the opposite trend is observed: as Mach number increases, which
results in higher post-shock pressures, the process of internal energy
transfer between translational and vibrational modes accelerates, leading
to larger regions of thermal equilibrium downstream of the bow shock.

When it comes to the 15�–50� and 15�–55� geometries, no major
differences are seen in the parametric study regarding the behavior of
thermal nonequilibrium effects, relative to the trends seen for the
15�–40� and 15�–45� geometries. The behavior of nonequilibrium
effects in the context of viscous shock interaction patterns over
double-wedges can be summarized as follows. There are mainly two
effects playing a role in how thermal equilibrium is reached: low veloc-
ities causing flow times scale to become significantly larger than vibra-
tional relaxation time scales; high pressures leading to more molecular
collisions and therefore accelerating the process of energy exchange
between vibrational and translational modes. Results have shown that

• just behind a shock, higher freestream Mach number leads to
higher post-shock translational temperature, and therefore a
larger difference between translational and vibrational tempera-
ture, which means stronger thermal nonequilibrium;

• as the energy exchange process gradually occurs downstream of a
shock toward the wall/expansion corner, the effect of higher pres-
sure obtained for higher Mach number seems to prevail, and the
difference between temperatures (degree of thermal nonequilib-
rium) is smaller for higher freestream Mach number;

• in regions of separated flow, where viscous effects are dominant,
as well as the influence from the isothermal thermal equilibrium
wall, the effect of flow times scales becoming significantly larger
than vibrational relaxation time scales due to subsonic velocity
prevails. Because the separated flow region is larger for lower
freestream Mach number, it is concluded that, in the compres-
sion corner, larger regions of thermal equilibrium are obtained
for lower freestream Mach number.

VII. FINAL REMARKS

The theory of inviscid compressible fluid mechanics states that for
a flow over a single wedge, increasing the freestream Mach number
causes the oblique attached shock wave, or the detached bow shock, to
move closer to the body. When real gas or high-temperature effects
become relevant, this tendency is further emphasized: higher freestream
Mach numbers lead to increased nonequilibrium conditions behind the
shock, i.e., a larger amount of internal energy is transferred to the vibra-
tional modes and dissociation reactions are more likely to occur, which
overall contributes to increasing post-shock density and smaller shock
angles and bow shock standoff distance. In the case of the flow over a
double-wedge, which presents two compression corners, different shock
waves interact with each other and complex non-linear changes in the
flow are expected to take place when freestream conditions vary.

In this work, the effect of the changes in the freestream Mach
number on the shock interaction patterns over four double-wedge
geometries is investigated for carbon-dioxide flows. The parametric
study revealed that, as the Mach number decreases, the size of flow
separation regions increases. This resulted in additional detachment
and reattachment shocks that change the types of flow pattern, as a
consequence of the changes in the size of the bubble. It is concluded
that decreasing the freestream Mach number has an effect on the pat-
tern of interaction similar to the one of increasing the angle of the sec-
ond wedge,8 and contrary to the one of increasing the freestream
temperature:16 the recirculation bubble becomes larger leading to
more complex and stronger mechanisms of interaction, characterized
by larger shock angles and bow shock standoff distance. For larger aft
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angles, there seems to be a threshold of the Mach number below which
the flow becomes unsteady. Table VI summarizes the shock interac-
tion patterns obtained in the parametric study.

Changes in the aerothermal loads acting on the surface of the
wedge reflect the changes in the interaction mechanism. The trends
resulting from decreasing freestream Mach number seem to oppose to
the ones resulting from increasing the aft wedge angle and the free-
stream temperature. Decreasing the Mach number leads to overall
lower surface heating and pressure, as well as smaller regions of ther-
mal equilibrium downstream of the bow shock toward the wall and
the expansion corner. It is concluded that this is due to the higher
post-shock pressures obtained for the higher Mach number, which
accelerate the process of internal energy relaxation. To complete the
parametric study with respect to all the relevant parameters that are
expected to greatly impact shock interaction patterns, future work will
look into exploring the effects of turbulence by changing the free-
stream Reynolds number.
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