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Bow-shock standoff distances over sphere and spherically-blunted cone geometries were examined through

experiments in two facilities capable of high-stagnation enthalpy hypersonic flows simulating Mars planetary

entry conditions. High-speed and high-resolution schlieren images were obtained in the California Institute of

Technology T5 reflected shock tunnel and the Hypervelocity Expansion Tube to examine facility independence of

themeasurements. Accompanying reactingNavier–Stokes simulationswere carried out. A recently developedunified

model for sphere and sphere–cone behavior was first verified for high-stagnation enthalpy CO2 flows through

simulations with thermal and chemical nonequilibrium. Shock standoff distancemeasurements in both facilities were

found to be in good agreement with model predictions. The need to account for the divergence of the streamlines in

conical nozzles was highlighted and an existing model extended to account for changes in shock curvature between

parallel and conical flows. The contributions of vibrational and chemical nonequilibrium to the stagnation-line

density profile were quantified using the simulation results comparing three chemical kinetic models.

Nomenclature

Af = pre-exponential constant, cm3∕�mol ⋅ s� or

cm6∕�mol2 ⋅s�
Aτν = Landau–Teller constant

a = sound speed, m/s
Cp = specific heat at constant pressure, MJ∕�kg ⋅ K�
D = base diameter, m
Ea = activation energy, K
e = specific internal energy, MJ/kg
h = specific enthalpy, MJ/kg
h0 = stagnation enthalpy, MJ/kg
kb = backward rate constant, cm3∕�mol⋅s� or cm6∕

�mol2 ⋅s�
kf = forward rate constant, cm3∕�mol⋅s� or cm6∕�mol2 ⋅s�
L = empirical parameter
L0 = distance from virtual origin to the shock, m
Ma = Mach number
n = number of species
P = pressure, kPa or MPa
q = general nonequilibrium variable
R = body radius, m
R = specific gas constant, J∕�kg ⋅ K�
Rs = shock radius of curvature, m
rn = nose radius, m
rs = sphere–cone shoulder radius, m
T = translational–rotational temperature, K
Ta = geometrically averaged effective temperature, K
TV = vibrational–electronic temperature, K
u = velocity, m/s
x = distance along stagnation streamline from the

shock, m
Y = mass fraction

Δ = shock standoff distance, mm or m
δ = boundary layer thickness, m
ϵ = inverse density ratio across a normal shock
η = cone angle parameter
ηf = temperature exponential constant

θ = cone half-angle, deg
θd = shock detachment angle, deg
ρ = density, kg∕m3

�ρ = average density, kg∕m3

�ρbl = average density change due to boundary layer,

kg∕m3

�ρd�eV−e�V � = average density change due to vibrational nonequi-
librium, kg∕m3

�ρdu = average density change due to convection, kg∕m3

�ρdYi
= average density change due to chemical nonequili-

brium, kg∕m3

�ρerror = average density change due to numerical error,

kg∕m3

ρδ = density at boundary layer edge, g∕m3 or kg∕m3

ρ∞ = freestream density, kg∕m3

σ = streamline divergence angle, deg
ϕ = shock angle, deg

Subscripts

c = conical flow
i = species index
p = parallel flow
s = vibrationally frozen post-shock condition
V = vibrational–electronic

Superscript

� = thermal equilibrium

I. Introduction

D URING planetary entry, strong shock compression and high
post-shock temperatures lead to significant chemical dissocia-

tion and vibrational excitation in the shock layer in front of a sphere–
cone capsule, particularly near the stagnation region. For Mars
missions, accurate thermochemical modeling of carbon dioxide, a
principal component of the atmosphere with complex vibrational
energy exchange, is particularly important. For spheres and cylinders
in hypersonic flow in the limits of perfect gas or equilibrium post-
shock conditions, the shock standoff distanceΔ can be shown to be a
function of the normal shock inverse density ratio ϵ
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Δ
Rs

� Lϵ (1)

where ϵ � ρ∞∕ρs, Rs is the shock radius, and L is a constant of
proportionality [1–4]. For nonequilibrium flows, where density
increases due to dissociation behind the shock, a correlation for
bow-shock shape and standoff distance with the integrated density
along the stagnation streamline was proposed by Stulov on the basis
of extensive numerical simulations for various body shapes [5].
Independently, Wen and Hornung applied the conservation of mass
to a control volume around the stagnation streamline and found
that the aforementioned expression is valid for nonequilibrium shock
layers if the post-shock density is replaced by a representation of the
changing density profile, such as the average density �ρ, while the
radial velocity is assumed to be constant [6]. Stulov’s and Wen
and Hornung’s results indicate that for spheres, the body radius R
can be used as the length scale and the correlation of Eq. (1) can
be applied to nonequilibrium flows using the average streamline
density and a value of L � 0.82 [6] to 0.83 [5] (interpolated from
Stulov’s Fig. 2).
The shock standoff distance is thus a flow length scale that is

sensitive to changes in the stagnation streamline density profile due to
thermal and chemical nonequilibrium processes. Experimental mea-
surements of shock standoff distance are useful for thermochemical
model validation, although discrimination between models can be
limited by the range and resolution of the experimental measure-
ments in ballistic ranges and by uncertainty in freestream conditions
in impulse facilities.
Spherically-blunted entry vehicle geometries exhibit a rapid tran-

sition from sphere behavior to cone behavior, corresponding to a
jump in the sonic-line location and increase in the standoff distance,
with increasing inverse density ratio across the shock. The sudden
movement in sonic-line location was predicted and observed to lead
to a pitch instability in theMars Pathfindermission [7,8]. Recently, an
analysis of shock shape and drag coefficient for sphere–cone geom-
etries that unifies the two limits of sphere and sharp cone behavior
was developed by Hornung et al. [9]. In this work, analytical forms
for shock standoff distance as a function of only two independent
variables, density ratio ϵ and a cone angle parameter η, were con-
firmed through Euler simulations. Although the analysis assumes a
perfect gas, the authors note that the resultsmay be applied to reacting
flows by using the average density along the stagnation streamline, as
was previously done for spheres [6]. One goal of the present work
was to examine this unified model for high-enthalpy CO2 flows
through experiments and simulations.
For Mars missions, high-stagnation enthalpy ground test cam-

paigns for blunt-body geometries in CO2 have been conducted in
reflected shock tunnel facilities, such as the Large Energy National
Shock Tunnel (LENS) I at CUBRC [10], T3 at the Australian
National University [11], and T5 at the California Institute of Tech-
nology [12], as well as in expansion tube/tunnel facilities, such as
LENS X at CUBRC [13], the Hypervelocity Expansion Tube at
Caltech [14], and LENS XX at CUBRC [15]. The secondary accel-
eration of the test gas differs between the two types of facilities. In a
reflected shock tunnel, the test gas is stagnated behind the reflected
shock in the reservoir at high temperature and pressure leading to
dissociation. When the gas is then rapidly accelerated through a
large-area ratio nozzle, thermal and chemical freezing commonly
occur just downstream of the throat, resulting in potential uncertainty
in the freestream gas temperatures and composition at the nozzle exit.
In an expansion tube, the secondary acceleration of the test gas after
the primary shock occurs via an unsteady expansion wave. Expan-
sion tube operation avoids gas stagnation and possible subsequent
freezing of the thermochemical processes in a nozzle, although non-
equilibrium through the unsteady expansion may need to be consid-
ered for conditions with very rapid expansion after strong shock
compression.
A series of interferometric images of the shock layer inCO2 flows at

a stagnation enthalpy of 9 MJ∕kg over circular and elliptical cylinders
were obtained in the T3 free-piston shock tunnel [11]. Additionally,
interferometric images over spheres at stagnation enthalpies of

4–12 MJ/kg in carbon dioxide flows and 10–22 MJ/kg in air and
nitrogen flows were obtained in T5 [6,12]. Comparisons from T3
showed good agreement with computations using the 1991 Park et al.
chemical kinetic rates with the Landau–Teller harmonic oscillator
vibrational model [16].
More recently, a significant discrepancy (a factor of 2.25) between

the experimentally and numerically measured shock standoff dis-
tances was observed for a Mars Science Laboratory (MSL) heat-
shield scaled model (70 deg sphere–cone) at an enthalpy of
5.6 MJ∕kg in the LENS I reflected shock tunnel facility (Run 8)
and the corresponding DPLR simulation [10]. The authors’ analysis
found that approximately 42% of the total enthalpy would need to be
frozen in vibrational energy modes to match the predicted shock
shape. They postulated that previous experiments in T5 did not show
obvious evidence of thermal nonequilibrium due to a lower free-
stream Mach number (4.2 vs 5.7) of flow that is less expanded in the
nozzle [10]. The sphere–cone tests previously carried out in the T5
facility [12] used a nozzle with a geometric area ratio of 100∶1,
whereas the LENS I D-nozzle had a geometric nozzle area of nearly
1000∶1 [10]. This discrepancy motivated the use of different nozzle
area ratios in the T5 facility in the present study.
Doraiswamy et al. looked to address the issue of increased shock

standoff distance observed in the LENS I facility by using a state-
specific vibrational model for the first few vibrational states for the
species considered in their nozzle simulation and comparing to the
Park two-temperature (2-T) model [17] with the Landau–Teller
model for vibrational relaxation [18]. The shock standoff distance
discrepancy could not be explained. Furthermore, all of the models
investigated predicted that the flow is close to thermal equilibrium in
the test section. The shock standoff distance was reduced as
the freestream composition was predicted to be closer to chemical
equilibrium.
Comparisons of shock shape measurements over sphere–cone and

sphere geometries in the HET with US3D simulations carried out
previously resulted in sphere standoff distances agreeing to within
7% [14]. Perfect gas predictions of the HET freestream were used,
although the equilibrium and perfect gas freestream predictions for
the RC5 test condition used in that study do not differ significantly.
The RC5, h0 � 5.6 MJ∕kg, test condition was chosen to achieve a
first-order matching in velocity, but not Mach number, with the
expansion tube experiments of CUBRC LENS X [13]. Comparisons
of shock shape at an angle of attack from schlieren images obtained in
experiments in the two expansion facilities also yielded very good
agreement.
A compilation of shock standoff ground test data for geometries in

different facilities at zero angle of attack was made by Hollis and
Prabhu [19]. Comparisons with LAURA simulations with a five-
reaction chemistry model and the Park 2-T model [17] for CO2, CO,
O2, O, and C showed both over- and under-prediction of the exper-
imental values obtained in four different impulse facilities, including
the two used in the current study. No systematic source of this
discrepancy was identified across data from all facilities. A sub-
sequent comparison of LAURA simulations, using the Johnston
and Brandis kinetic mechanism [20], with data from the LENS XX
expansion tube facility found good agreement at an angle of attack
[21]. In the present work, new experiments are carried out in both the
T5 reflected shock tunnel and the HET. The two facilities use differ-
ent gas acceleration methods to achieve a range of complementary
conditions such that the facility independence of the results can be
examined. Seven test conditions are chosen to span the binary-scaling
and freestream conditions of the anomalous LENS I Run 8 test in
addition to using conical and contour nozzles with different area
ratios. The range of stagnation enthalpies and binary-scaling param-
eters considered are shown in Fig. 1. For comparison to flight mis-
sions, parameters for the ballistic entry 2019 ExoMars mission and
lifting entry 2012 MSL mission are also included [22,23].
High-enthalpy experiments and simulations are first compared

to the well-established scaling for spheres. The recent perfect
gas analytical expressions from Hornung et al. [9] for spherically-
blunted cone flows are tested against reacting CO2 flow simulations
using the LAURA code from NASA Langley Research Center [24].
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Independently, experimental data for high-enthalpyCO2 flows are also

compared to these analytical expressions. Numerically calculated
density profiles along the stagnation streamline are interpreted using
a 1-D analysis to evaluate the contributions to the density profile (and
the standoff distance) due to thermal and chemical nonequilibrium,
velocity changes, and the presence of the boundary layer. Three differ-
ent thermochemical models are examined: the Johnston and Brandis
mechanism implemented in LAURA in 2014 [20], Cruden et al.
recommended in 2018 for freestream velocities below 6.6 km∕s
[25], and the Fridman 2008mechanism that was derived in the context
of a 2-T model for CO2 decomposition in plasma [26].

II. Experimental and Numerical Setups

A. Hypervelocity Facilities

1. T5 Reflected Shock Tunnel

The T5 reflected shock tunnel uses a free piston to compress
adiabatically a mixture of monatomic driver gases to high pressure
(up to 120 MPa) and temperature (up to 4000 K). The rupture of a
steel diaphragm creates a primary shock wave that propagates
through a 90-mm-diam shock tube containing the test gas [27]. The
shock then reflects at the endwall of the reservoir where the test gas is

stagnated before being accelerated through a converging–diverging
nozzle. Test times are typically 1–2 ms, terminated by driver gas
contamination. Two nozzles, a contoured and a conical nozzle each
with an exit diameter of 300 mm, are used in the present study. The
contoured nozzle area ratio is100∶1, and the conical nozzle has throat
inserts with area ratios of 100∶1 and 900∶1.
The stagnation reservoir conditions are calculated assuming

thermal and chemical equilibrium behind the primary and reflected
shocks using the thermodynamic routines in the Shock and Deto-
nation Toolbox [28,29]. The calculated reservoir conditions for the
900:1 expansion closely match the LENS I Run 8 condition
(Table 1).
The T5 nozzle flow was simulated using an axisymmetric Navier–

Stokes solver developedbyProf.GrahamCandler at theUniversity of
Minnesota to obtain the freestream conditions [30]. The vibrational
energy relaxation model of Camac [31] and a five-species, six-
reaction chemical mechanism is implemented [32]. A simulation
was performed for each test using the experimentally measured
reservoir pressure and shock velocity. A more detailed description
of the method used to obtain the freestream conditions in T5 can be

found in Leibowitz and Austin [33] and Leibowitz [34]. Experiments
were conducted with a contoured nozzle that produces nominally
uniform flow at the exit plane aswell as a conical nozzle that produces
diverging flow at the exit plane.

2. Conical Nozzle Correction

Flow divergence created by a conical nozzle geometry can result in
observable differences in the flow over a model when compared to
parallel flow. Recently, Hornung applied conservation of mass to
diverging hypervelocity blunt-body flow over a blunt body [35]. The
same analysis was applied to parallel flow except the outward radial
velocity through the control volume is at the angle cos(ϕ − σ) instead
of cos(ϕ), where ϕ is the shock angle and σ is the angle of streamline
divergence, as shown in Fig. 2. Hornung derived that the standoff
distance in conical flow Δc is given by

Δc

Rs

� 1

2

ρ∞
�ρ

1

1� �Rs∕L0�
(2)

where L0 is the distance from virtual flow origin to the shock, andRs

is the radius of curvature of the shock. The divergence of the conical
incoming flow reduces the shock standoff distance by a factor that
approaches unity as L0 approaches infinity. Rs is found by fitting a
circle to the experimental or numerical shock shape, as suggested in
Ref. [35]. Hornung verified this correction factor using a series of
Euler simulations [36] for flow over a sphere, where the radii of
curvature of the shock in parallel and conical flows are approximately
the same, Rs;p ≈ Rs;c � Rs.

However, this approximation does not generally hold for geom-
etries such as sphere–cones, where the shock curvature difference
between parallel and conical flows is discernible, as shown in Fig. 3a.
We denote the shock radius in Eq. (3) as Rs;c for conical flow and in
Eq. (1) as Rs;p, and with L � 1∕2 for consistency, such that the

standoff distance correction factor from conical to parallel flow for
sphere–cone shocks can be expressed as

Δp

Δc

� Rs;p

Rs;c

�
1� Rs;c

L0

�
(3)

Using a series of Euler simulations completed using AMRITA
[36], this model is validated for sphere–cones using perfect gas flows
of nondimensional diameters 10, 15, and 20 with a 15 deg half-angle
conical nozzle, L0 � 1.3 m, γ � 1.4, and freestream Mach number
of M∞ � 8.9.‡ The results of the Euler simulations are shown

Table 1 Reservoir conditions for T52892
and CUBRC LENS I Run 8 [10]

Facilities

T5 LENS I

Shot no. 2892 Run 8

ρ, kg∕m3 42.7 38.3

T, K 3623 3499

P, MPa 33.3 29.5

h0, MJ/kg 6.05 5.63

YCO2
0.736 0.780

YCO 0.168 0.146

YO2
0.091 0.080

YO 0.005 0.037

Fig. 1 Binary-scaling parameter ρ∞D and stagnation enthalpy h0 for
test conditions analyzed in the present study together with values for
portions of the ExoMars and MSL trajectories.

Fig. 2 Control volume analysis of conical hypervelocity flow over a
blunt body. (Adapted from Hornung [35].)
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in red circles and compared to the theoretical prediction of
Eq. (3) (Fig. 3b).
The T5 conical nozzle has a 7 deg half-angle and throat inserts of

various lengths to adjust the area ratio. The resulting 900:1 and 100:1
area nozzle have virtual distances to the throat of L0 � 1.3 m and

L0 � 1.2 m, respectively. In experiments discussed in Sec. III.B, the
radius of curvaturewasmeasured from the schlieren images asRs;c �
17.5� 1.0 mm for the 1-in.-diam spheremodel for both T52886 and

T52889 resulting in a conical standoff distance correction factors of
1.013 and 1.015 for sphere experiments when comparedwith parallel
flow simulations. For the 7 in. MSL model experiment, T52892,
where the radius of curvature of the shock between parallel and

conical flows changes, Rs;c � 110� 5.0 mm, measured from the

schlieren image and Rs;p � 130� 5.0 mm, measured from the cor-

responding parallel flow simulation results in a conical standoff
distance correction factor of 1.282. These correction factors have

been applied to the experimental data for conical nozzle experiments
(T52886, T52889, and T52892) to compare to simulations assuming
a uniform freestream. The uncertainty in shock curvature measure-
ments was accounted for in the overall experimental uncertainty

using the propagation of error formula. This correction factor was
used because a numerical capability to simulate diverging flow from
the nozzle over the test article was not readily available, as was also
the case for previous test campaigns in T5 [12,19,37].

3. Hypervelocity Expansion Tube

The HET is an expansion tube facility that is capable of stagnation
enthalpies between 2 and 8 MJ∕kg and Mach numbers between 3.5

and 7.1 [38]. The facility consists of three sections: a driver, a driven,
and an accelerator tube, all with 150 mm inner diameter. The driver
section is typically filled with helium up to 4 MPa to burst an
aluminum diaphragm, propagating an initial shock wave through

the test gas in the driven section. The incident shock ruptures a
second (0.0005 in. Mylar) diaphragm at the driven/accelerator gas
interface. An unsteady expansion fan is generated and provides the
secondary acceleration of the test gas to the freestream condition. Test

times are on the order of 100 to 500 μs. The HET freestream is
predicted from 1-D gas dynamic calculations assuming equilibrium
thermochemistry (Table 5). The assumption of equilibrium thermo-
chemistry in the test gas was checked by calculations using an in-

house expansion fan solver with two vibrational models of CO2:
1) the Camac model [31], which assumes all modes of CO2 relax at
the same rate, and 2) the Doraiswamy et al. model [18], which
assumes the symmetric modes are in equilibrium with the transrota-

tional temperature and the antisymmetric mode relaxes separately
[18]. For bothmodels, the vibrational temperature differed by at most
18 K from the translational temperature through the unsteady expan-
sion fan [34], justifying the assumption of thermal equilibrium in the

test gas. The relaxation profile in the post-shock air accelerator gas for

the MSL1 condition was calculated using a state-to-state model for

air [39]. The simulation showed that the accelerator gas, while not
fully in equilibrium, is much closer to equilibrium than to frozen

conditions during the duration of accelerator gas propagation through
the test section, experimentallymeasured by a pitot probe to be 70 μs.

B. Numerical Simulations

The flowfields around sphere and sphere–cone geometries are
simulated using the LAURA code from NASA Langley Research

Center. LAURA is a structured,multiblock computational aerothermo-
dynamic simulation with a Navier–Stokes solver [24,40]. The wall

boundary condition is specified as a fully-catalytic, isothermal cold
wall at 300K. Simulationswith supercatalyticmodels were carried out

to confirm sphere standoff distance is insensitive to the choice of

catalysis model at the experimental conditions in this work.
The three different CO2 chemical kinetic mechanisms used in this

study will be referred to as the “Johnston” (Johnston and Brandis
[20]), “Cruden” (Cruden et al. [25]), and “Fridman” [26]models. The

Johnston and Cruden models includes five species (CO2, CO,O2, O,
and C) and five reactions [20,21,25]. In the Johnstonmodel, the three

dissociation reactions are functions of the geometric average temper-

ature
����������
TTV

p
[17]. The exchange reactions are functions of the trans-

lational temperature. The Cruden model rates are a function of a

single temperature. The Fridman mechanism was derived for CO2

decomposition in plasma and uses four species (CO2, CO,O2, andO)

and 16 reactions [26]. The forward dissociation reactions are depen-
dent on TV , whereas the backward dissociation reactions are depen-

dent on T. Only the CO2 � O → CO� O2 exchange reaction is a

function of
����������
TTV

p
. The reaction rate coefficients for the threemodels

are shown in the Appendix. Cruden compared these three models to
the CO2 Electric Arc Shock Tube radiation measurements, noting a

difference in the time to reach equilibrium, with Fridman being the

fastest and Cruden the slowest [41]. The energy exchange between
the translational–rotational and vibrational–electronicmodes ismod-

eled using a Landau–Teller formulation [40] with Landau–Teller
constants [24] specified forO2:Aτν � 129 [42], CO:Aτν � 194 [43],

andCO2:Aτν � 270.4 [31]. The CamacCO2 model [31] assumes the

four vibrational modes relax at the same rate.
Axisymmetric grids were generated for sphere and sphere–cone

geometries. An example grid is shown in Fig. 4a. The final numbers
of grid cells used in the wall normal and symmetry plane are chosen

based on the results of a grid sensitivity study (Table 2). Grid
clustering is performed using a grid stretching function described

in the LAURA user’s manual using the maximum recommended
constant in the grid stretching function of 4.25 [24]. The extracted

standoff distance for all cases agrees to within the uncertainty of the

numerical shock thickness. The variation in the calculated average
density is �ρ∕ρ∞ � 11.27� 0.07 or 0.6%. The sphere grids selected

for this study had 64 cells in the symmetry plane and 256 cells in
the wall-normal direction. The sphere–cone grids had 32 cells in

the symmetry plane and 197 cells in the wall-normal direction. The

b)a)

Fig. 3 Simulation results of conical vs parallel freestream flow on the shock layer over sphere–cone geometries: a) an overlay of parallel and conical flow
shock shape and b) comparison of model correction for shock standoff distance with selected Euler simulations.

‡Personal communication with H. G. Hornung, 2019.
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197 wall-normal cells doubled (from 97 cells) the number of
cells from a grid provided by the NASA Langley Research Center
Aerothermodynamics group.§ For comparisons to theoretical predic-
tion curves, the simulation grids did not have shock clustering. For
comparisons to experiments, the grids used shock clustering, which
reduced the numerical shock region thickness to 2.6% of the total
standoff distance (Case 3).
A comparison of the LAURA prediction with a simulation com-

pleted by Dr. Dinesh Prabhu using the NASA Ames Research Center
DPLR codewas made for shot T52892. The standoff distance differed
by 3% (LAURA: 6.3 mm vs DPLR: 6.1 mm). An additional DPLR
simulation which incorporated a diverging freestream was carried out
to test the conical nozzle correction factor over a sphere–conemodel in
reacting flow. The numerically predicted standoff distance was
4.5 mm, corresponding to a correction factor of 1.355. This agrees
with the predicted correction factor of 1.282� 0.073 to within exper-
imental uncertainty in the curvature measurement.
The theoretical predictions for shock standoff distance assume a

constant radial velocity through the boundary of the control volume,
which is reasonable for an inviscid shock layer. In viscous flow, there
are large gradients near the wall which can be accommodated by
consideration of the displacement thickness. At the Reynolds numbers
of the conditions in this study, however, the displacement thickness is
calculated to be an order of magnitude less than the numerical reso-
lution. Viscous and inviscid simulations are carried out to confirm that
the standoff distance is the same to within the numerical accuracy.
For comparisons with theoretical predictions, the average density

along the stagnation streamline �ρ, normalized by the freestream
density ρ∞, is calculated by integrating the density from the end of

the numerical shock region x � xs∕2 to the edge of the thermal

boundary layer, and assuming an inviscid density profile ρ � ρδ near
thewall (Fig. 4b). The assumption of constant densitywill result in an

underprediction of the boundary layer contribution to the average

density. However, as discussed previously, the boundary layer con-

tribution is small for the conditions considered in this work.

C. Model Geometries and Diagnostics

Spheres and scaled MSL 70 deg sphere–cone geometries were

tested in the experiments. The models were sting mounted from the
rear [34]. The flight-vehicle heat-shield base diameterwas 4.5mwith a

nose radius-to-base radius ratio of rn∕R � 0.5 and a shoulder-to-base
radius ratio of rs∕R � 0.0555 [22]. The sphere–cone had a shoulder
turning angle of 70 deg. The two sphere–cone models tested in this

study were scaled with base diameters of 2 and 7 in. Only the smaller

model could be used in the HET. The sphere model diameter was 1 in.
The bow-shock visualization and shock standoff distance measure-

ment were made using schlieren in two camera configurations: high-

speed videos were obtained to quantify the shock steadiness during the

test time and higher-resolution single images were used to measure the
shock shape, Fig. 5. The light source for theT5 experimentswas a pulsed

diode light source developed by Parziale et al. consisting of a Sony laser

diodepairedwithaPicoLASdriver emitting light at 670nm[44].Aband-
pass filter and an iris placed near the focal point of the system eliminate

most of the self-luminosity of the flow. A graded filter schlieren cutoff

was used to avoid diffraction of the laser light. For the HETexperiments,
the light source was a Xenon 437B nanopulser with a knife edge for a

cutoff.High-speedvideoswere obtained using aShimadzuHyperVision

HPV-X2 (256 frames with 10 bit depth and 400 × 250 pixel resolution)
camera at a frame rate between 25,000 and 100,000 frames per second.
High-resolution (1600 × 2400 pixels) single-shot schlieren imageswere
obtained using a pco.1600 camera exposed between 0.5 and 2 μs.
Experimental measurements of shock standoff distance at the

stagnation line were extracted from each schlieren image. The shock

location was defined by the peak intensity in the images, correspond-

ing to the maximum density gradient. The body location was defined
by themaximumgradient in intensity near the body. Thismethodwas

used to extract standoff distance from high-speed images in Leibo-

witz and Austin [33].
The uncertainty reported for measurements obtained from high-

resolution images is the propagation of error of 1 pixel uncertainty at

the body and at the shock, and when applying the conical flow

correction factor, the uncertainty in determining the shock curvature.
The resulting uncertainty is greater than the shot-to-shot variation for

two repeat experiments at the expansion tube freestream condition

and four repeats at the T52892 condition.
Standoff distance measurements were obtained for three T5

experiments as a function of test time, taken to be 0.8–1.8 ms after

primary shock arrival at the reservoir (while the reservoir pressure

Table 2 Results of number of grid cell sensitivity study

Cases

1 2 3 4 5 6

Wall-normal
cells

256 256 256 128 256 512

Symmetry
plane cells

32 64 64 128 128 128

Shock
clustering

No No Yes No No No

Standoff
distance, mm

0.933 0.932 0.929 0.937 0.927 0.918

Uncertainty,
mm

�0.022 �0.027 �0.012 �0.080 �0.041 �0.020

�ρ∕ρ∞ 11.21 11.24 11.21 11.34 11.28 11.26

The inflow is the HETMSL1 perfect gas freestream condition and the geometry used is a

1-in.-diam hemisphere.

Y X

Z

a) b)

Fig. 4 Setup for numerical simulations using LAURA. a) Axisymmetric sphere grid generated with 64 grid cells in the wall-normal direction and eight
grid cells in the symmetryplane; b) stagnation streamlinedensity ρ∕ρ∞ and total enthalpyh0 profiles for reacting, viscous, hypervelocity flowover a sphere
illustrating nomenclature described in the text.

§Personal communication with B. R. Hollis, 2014.
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exhibits a plateau). T52886 data are acquired at 100 kHz, and the
corresponding standoff distance in test time is 9.03� 0.36 pixels
(1.24� 0.05 mm). T52889 data are acquired at 25 kHz, and the
corresponding standoff distance in test time is 7.88� 0.33 pixels
(1.10� 0.05 mm). T52866 data are acquired at 25 kHz, and the
corresponding standoff distance in test time is 7.56� 0.61 pixels
(1.89� 0.15 mm). One standard deviation in the standoff distance
measured in the movies is taken to be the uncertainty in standoff
distance for these experiments. Experimental repeat measurements
were within these ranges [33].
This corresponds to standard deviations in standoff distance mea-

sured from the high-speed videos during the experimental test time of
4.0 and 4.2% for the sphere experiments, and 8% for the sphere–cone
experiment [34]. These values are in reasonable agreement with a
previous T5 study, which reported oscillations of shock standoff
distance up to 5% for airflows over a 7-in.-diam Apollo-shaped
capsule, which were attributed to pressure fluctuations measured in
the reservoir [45]. A detailed evaluation of the sensitivity of the
numerical shock standoff distance to the variations in steady nozzle
exit prediction due to uncertainty in experimental measurements of
shock speed and reservoir pressure found up to 3.8% variation in
standoff distance for the T52886, 1 in. sphere experiment [33].

III. Results

A. Sphere

As discussed in the Introduction, the shock standoff distance for
perfect gas or equilibrium flow over a sphere is well known to be
inversely proportional to the post-shock density normalized by the
freestream density. This scaling was extended to reacting flows by

replacing the post-shock density by the average density along the

stagnation streamline [6].

Numerical simulations of CO2 flows over spheres at three stagna-

tion enthalpies (h0 � 5.9, 9.0, and 13.5 MJ∕kg) and freestream

densities ranging from 7 to 100 g∕m3 conditions with thermal and

chemical nonequilibrium are carried out. The average density along

the stagnation streamline is calculated, and the shock standoff dis-

tance is compared with the theoretical scaling (Fig. 6a). Simulations

confirm the theoretical prediction for reactingCO2 flows over spheri-

cal geometries. Standoff distance is less sensitive to the binary-

scaling parameter as freestream total enthalpy increases.

Experimental measurements of shock standoff distance for flows

over the 1-in.-diam sphere from schlieren images obtained in the T5

and HET facilities are shown in Fig. 6b. Freestream conditions are

given in Table 3. No direct measurement of the shock-layer density

profile was made in these experiments, and so the data are presented

as bounded by the equilibrium and chemically frozen limits in post-

shock density ρs. The upper and lower extents of the bounding boxes
represent the uncertainty in the standoff distance measurement. The

data fromboth facilities agreewith the theoretical prediction towithin

the limits of the experimental uncertainty.

The experimental data and simulations with three different chem-

istry models are directly compared in Fig. 7, with the results

summarized in Table 4. The density ratio is inverted to �ρ∕ρ∞ so

that the effects of the chemistrymodels on post-shock density can be

observed more directly. Results are shown for the HET condition

(Fig. 7a), a low-pressure T5 experiment (Fig. 7c), and a high-

pressure T5 experiment (Fig. 7b). All three experiments have

comparable total enthalpies of 5.6–6.0 MJ/kg. The HET and T5

low-pressure experiments have comparable binary-scaling param-

eters ρ∞D of 0.4 and 0.3 g∕m2, respectively. The expansion tube

condition has the largest difference between chemically frozen and

equilibrium post-shock density ratio limits due to the undissociated

freestream. For the expansion tube condition, the simulation using

the Fridman reaction mechanism is the closest match to the exper-

imental standoff distance, but is above the upper bound of the

experiment by 3%. For the low-pressure T52889 condition, all three

simulations are within the measured experimental uncertainty. This

condition has a similar binary-scaling parameter as the expansion

tube condition; however, post-shock reaction rates are slower and

differences between chemical reaction models are not significant.

Simulations of the higher-pressure T5 experiment with a larger

binary-scaling parameter of 2.5 showed distinguishable differences

in numerical standoff distance with different chemical reaction

models. The numerical standoff distance using the Cruden mecha-

nism lies within the experimental uncertainty. The Johnston
Fig. 5 Sample schlieren images for flow over 1 in. sphere: a) example of
the higher-resolution schlieren and b) extracted from high-speed movie.

a) b) 

Fig. 6 Comparison of a) numerical simulations andb) experimentalmeasurements inT5 andHET facilitieswith theoretical prediction of shock standoff distance
forreactingflowovera1-in.-diamsphere,Δ∕R � 0.82ρ∞∕�ρ.Experimentalmeasurementsareboundedbytheequilibrium(left)andchemically frozen (right) limits
in post-shock density.
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numerical standoff distance is 0.7% above the upper experimental

uncertainty bound.

B. Spherically Blunted Cone

As discussed in the Introduction, flow over sphere–cone geometries

exhibits a sudden transition between “sphere” and “cone” behavior

corresponding to a jump in the location of the sonic line from near the

sphere nose to the cone shoulder with increasing inverse density ratio ε.
A unifying analytical expression for the shock standoff distance as a

function of two parameters for flow over sphere–cone geometries was

recently derived by Hornung et al. [9] in the form of

Δ
R
� g�ϵ�f�η� (4)

where R is the sphere–cone body radius, ϵ is the inverse shock density
ratio, and η is a function of the half-angle of the cone θ and the shock

detachment angle θd

θd � 2 arctan

� ���
2

ϵ

r �
−
π

2
(5)

η � θ − θd
π∕2 − θd

(6)

The respective functions g�ϵ� and f�η� are given by

g�ϵ� � ���
ϵ

p �
1� ϵ

2

�
(7)

f�η� � 1.15�η − 0.075� � 0.06�η − 0.075�2 (8)

The predictionwas validated against perfect gas Euler simulations.

The authors postulate the scaling will also apply to reacting flows if

the average density along the stagnation streamline replaces the post-

shock density, as was the case for spheres.
We perform reacting Navier–Stokes simulations under conditions

of thermal and chemical nonequilibrium using LAURA. Shock

standoff distances and average density profiles are extracted from

a) HET1455 b) T52886

c) T52889

Fig. 7 Comparison of experiment, simulations, and empirical prediction for each sphere experiment; experimental data are bounded by equilibrium
(right) and chemically frozen (left) limits in post-shock density.

Table 3 Sphere freestream conditions

Facilities

HET T5 T5

Shot no. 1455 2886 2889
D, in. 1.0 1.0 1.0

Nozzle No nozzle Conical Conical
Area ratio —— 100∶1 900∶1
ρ∞D, g∕m2 0.4 2.5 0.3

u, m/s 3080 2676 2840

T, K 1095 1417 837

TV , K 1095 1418 869

P, kPa 3.1 27.5 1.7

ρ, g∕m3 15.1 96.6 10.0

h0, MJ/kg 5.6 6.0 5.6

Ma 6.2 4.2 5.8

YCO2
1.0 0.869 0.845

YCO 0.0 0.083 0.098

YO2
0.0 0.048 0.056

YO 0.0 8.2E-5 1.1E-6

LEIBOWITZ AND AUSTIN 3323

D
ow

nl
oa

de
d 

by
 C

A
L

IF
O

R
N

IA
 I

N
ST

 O
F 

T
E

C
H

N
O

L
O

G
Y

 o
n 

A
ug

us
t 3

1,
 2

02
1 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/1

.J
06

01
62

 



the simulations and compared with the analytical expression from
Hornung et al. [9] (Fig. 8a). The curve chosen for comparison from
Hornung et al. is the result for no shoulder radius (rs∕R � 0). The
transition from sphere to cone behavior is very well captured by the
simulations, validating the use of the Hornung et al. model for
reacting CO2 flows over sphere–cones.
Experiments are performed in both the T5 and HET facilities. The

predicted freestream conditions for the five sphere–cone experiments
analyzed in this study are shown in Table 5. Example schlieren
images are presented in Fig. 9. Experimentally measured shock
standoff distances are compared with the analytical predictions of
Hornung et al. [9] in Fig. 8b. As the shock-layer density profile was
not measured independently in the experiments, the boxes again
represent limits given by the frozen (left) and equilibrium (right)
post-shock values. The upper and lower bounds represent the exper-
imental uncertainty in the standoff distance measurement. The
CUBRC LENS I Run 8 data point is also included.
As with the sphere experiments, experimental results are in good

agreement with the theoretical prediction, with the exception of the
CUBRC LENS I data point, shown in green. MacLean and Holden’s
analysis of LENS I Run 8 found that 42% of the total enthalpy of the
flowwouldneed to be frozen in their simulations tomatch themeasured
CUBRC shock shape [10]. The T5 and HET data span the binary-
scaling parameter of LENS I, with the 900∶1 nozzle experiment
(T52892; pink box) as the closest match to the experimental condition.
The sphere–cone experiments and simulations with three different

kinetic mechanisms are directly compared in Fig. 10 and Table 6. As
with the sphere comparisons, the density ratio is inverted to �ρ∕ρ∞ so
that the effects of the chemistry models on post-shock density can be
interpreted more directly. The two conditions at similar enthalpies

(5.6–6.1MJ/kg) to the LENS IRun 8 condition are theHET1467 2 in.
MSL experiment (Fig. 10a) and the T52892 7 in. MSL experiment
(Fig. 10b). For the expansion tube sphere–cone experiment
HET1467, the simulation using the Fridman rates is the closest
match to the experimental standoff distance, as was the case for flow
over a sphere. The numerical standoff distance is up to 11% greater
than the upper bound of the experimental measurement. In the
T52892 experiment, the 7 in. sphere–cone experimental measure-
ment is corrected using a factor of 1.282 for conical flow. After
correction, as for sphere experiments at the similar lower-density
condition (T52889), all three simulations are within the experimen-
tal uncertainty for T52892. These results suggest that at reflected
shock tunnel conditions with a lower binary-scaling parameter

(ρ∞D � 0.3 to 1.8 g∕m2), the degree of reaction is sufficiently

low that differences between the three chemical reaction models
are not large enough to be discerned.
The higher-enthalpy (8.4–8.6 MJ/kg) high-density condition

tested with a 2 in. sphere–cone model, T52866 (Fig. 10c), and a
7 in. sphere–cone model, T52902 (Fig. 10d), showed much greater
differences between the chemical reaction models, with reasonable
agreement in numerical standoff distance using the Johnston and
Cruden rates, whereas numerical standoff distance using the Fridman
rates is outside the experimental uncertainty at both values of the
binary-scaling parameter (ρ∞D � 4.5 and 16.5 g∕m2).

Table 4 Sphere experimental and numerical standoff distances and
density ratios

Shot no.

HET1455 T52889 T52886

Δ∕R Experiment 0.064 0.087 0.098

Uncertainty �0.003 �0.007 �0.006

Cruden 0.074 0.084 0.093
Johnston 0.073 0.084 0.091
Fridman 0.069 0.082 0.085

�ρ∕ρ∞ Chemically frozen 10.4 9.5 8.2

Cruden 11.0 9.7 8.6
Johnston 11.2 9.7 9.2
Fridman 11.9 10.0 9.8
Equilibrium 14.1 11.9 9.9
Closest model(s) Fridman Johnston and Cruden All three

a) b)

Fig. 8 Comparison of sphere–cone experiments and simulations with theoretical prediction: a) reacting flow simulations with various freestream
conditions, b) Experimental data bounded by equilibrium (left) and chemically frozen (right) limits in post-shock density.

Table 5 Freestream conditions for the sphere–cone tests

Facilities

HET T5 T5 T5 LENS I

Shot no. MSL1-1467 2866 2902 2892 Run 8
MSL D, in. 2.0 2.0 7.0 7.0 12.0

Nozzle No nozzle Contour Contour Conical D-nozzle
Area ratio —— 100∶1 100∶1 900∶1 1000∶1
ρ∞D, g∕m2 0.8 4.5 16.5 1.8 2.7

u, m/s 3080 3123 3160 2937 2871

T, K 1095 1751 1793 855 892

TV , K 1095 1752 1793 887 896

P, kPa 3.1 33.3 35.9 1.5 1.6

ρ, g∕m3 15.1 88.3 92.7 8.8 9.0

h0, MJ/kg 5.6 8.4 8.6 6.1 5.6

Ma 6.2 4.3 4.3 5.9 5.7

YCO2
1.000 0.728 0.719 0.828 0.863

YCO 0.000 0.173 0.179 0.110 0.087

YO2
0.000 0.097 0.100 0.062 0.050

YO 0.000 0.002 0.002 2.0E-5 0.0E-5
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There was no evidence that vibrational freezing in the T5 nozzle
significantly affects the shock standoff distance even with the 1000:1
area ratio nozzle. A possible explanation for the standoff distance
discrepancy in LENS I Run 8 might be driver-gas contamination due
to over-tailoring [49].

IV. Stagnation Streamline Analysis

The motivation for the stagnation streamline analysis is to quantify
themagnitude of the contribution fromeach nonequilibriumprocess to

the average density, the parameter that correlates with the standoff

distance. In reacting flows at the conditions of this study, the density

behind a vibrationally frozen shock wave can change due to three

inviscid effects: chemical nonequilibrium, vibrational nonequili-

brium, and the velocity profile along the stagnation streamline.

Additionally, the density can change due to viscous effects in the

boundary layer. Between the shock and the boundary layer, the flow

is assumed to be inviscid and adiabatic. The caloric equation of state

equation can be written in the general form

h � h�P; ρ; q� (9)

where q is a general nonequilibrium variable [46]. Wen and Hor-

nung considered the case of chemical nonequilibrium behind strong

shock waves, where vibrational equilibrium is reached quickly and

the nonequilibrium effects are given by the chemical composition

change, q � Yi, the species mass fraction [6]. Houwing et al. [47]

followed this analysis for ballistic range experiments, where com-

position is frozen and vibrational nonequilibrium dominates with

q � eV , the vibrational energy. In high-enthalpy hypervelocity

experiments at relatively low densities, both chemical and vibra-

tional nonequilibrium can occur simultaneously, and the equations

of state can be written as

h�P; ρ; Yi; eV� �
Xn
i�1

Yih
�
i � �eV − e�V� (10)

where the superscript � represents thermal equilibrium.
The change in enthalpy along the stagnation streamline can be

written as

Fig. 9 Sample sphere–cone schlieren images from HET and T5.

a) HET1467 b) T52892

c) T52866 d) T52902

Fig. 10 Comparison of sphere–cone experiments, simulations with different kinetic rates, and theoretical line; experimental data are bounded by
equilibrium (right) and chemically frozen (left) limits in post-shock density.
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dh

dx
� dh�

dx
� d�ev − e�v �

dx
(11)

where h� � f�P; ρ; Yi�, and the total derivative of h� is defined as

dh�

dx
� ∂h�

∂P
dP

dx
� ∂h�

∂ρ
dρ

dx
� ∂h�

∂Yi

dYi

dx
(12)

The derivatives in Eq. (11) can be evaluated using the inviscid,

adiabatic flow conservation equations along a streamline formomen-

tum

dP

dx
� −ρu

du

dx
(13)

and energy

dh

dx
� −u

du

dx
(14)

the definition of the thermal equilibrium sound speed [46]

�a��2 � −�∂h�∕∂ρ�
�∂h�∕∂P� − 1∕ρ

(15)

and the thermodynamic equation of state

P � ρRT (16)

More details of the algebraic and substitution steps are included in

Leibowitz [34]. Solving for dρ∕dx, the density profile along the

stagnation streamline can be written in a form that identifies the

contributions due to convection, chemical nonequilibrium, and vibra-

tional nonequilibrium

dρ

dx
� ρ

��
−

u

�a��2
�
du

dx

�
� ρ

�Xn
i�1

�
−
Ri

R
� h�i

C�
pT

�
dYi

dx

�

� ρ

�
1

C�
pT

d�eV − e�V�
dx

�
(17)

The thermodynamic software Cantera and Shock and Detonation

Toolbox [28,48] are used to analyze the stagnation streamline density

profile from full-field LAURA simulations as follows. We assume a

2-T model, where one temperature T describes the distribution of

heavy-particle translational and rotational energies, and that a second

temperature TV describes the distribution of vibrational, electronic,

and electron translational energies [40]. Additionally, this model

assumes rotational modes are fully excited.

The mass weighted total vibrational–electronic energy is
defined as

eV �
Xn
i�1

YieV;i (18)

The vibrational–electronic energy is defined as

eV;i�TV� � hi�TV� − htr;i�TV� (19)

Similarly

e�V;i�T� � h�i �T� − htr;i�T� (20)

Equation (17) is valid for the adiabatic, inviscid portion of the
shock layer. The extraction of data from simulations originates at the
end of the numerical shock region xs, defined as where the total
enthalpy deviates from the freestream value of 5.6 MJ∕kg by
�0.05 MJ∕kg. The input and output to this region are listed inTable 7
for three different chemistrymodels.Here, the post-shock conditions,
denoted by subscript s, are calculated at the output location of the
numerical shock region. While significant vibrational excitation
occurs in the numerical shock region, the chemical reactions are
negligible, as evidenced by the change in mass fraction of CO2 from
1.00 to 0.98 (Cruden mechanism).
Example profiles obtained by integrating Eq. (17) for simulations

of the HET1455 1-in.-diam sphere experiment with three kinetic
models are shown in Fig. 11. The density profiles are similar in the
convection and vibration terms, but are distinguished by differences
in the chemical term.
The average density along the stagnation streamline that defines

the standoff distance in viscous reacting flows can bewritten in terms
of the individual contributions

�ρ

ρ∞
� ρs

ρ∞
� �ρd�eV−e�V �

ρ∞
� �ρdYi

ρ∞
� �ρdu

ρ∞
� �ρbl

ρ∞
(21)

After the numerical shock region, the total average density �ρ is
composed of the post-shock density ρs and the inviscid contributions
average density from convection �ρdu, average density from chemical
nonequilibrium �ρdYi

, and average density from vibrational nonequi-

librium �ρd�eV−e�V �, as well as the contribution from the viscous boun-

dary-layer region �ρbl. The three inviscid contributions �ρdu, �ρdYi
, and

�ρd�eV−e�V � are calculated by integrating the three respective terms on

the right-hand side of Eq. (17), as shown in Fig. 11, and averaging
from the end of the numerical shock region x2∕2 to the edge of the
boundary layer Δ − δ.
The results of this analysis for the MSL1 HET condition flow

over a 1 in. sphere simulation using the Fridman, Cruden, and
Johnston models, and also the Johnston model assuming one-tem-
perature (1-T) are presented in Table 8 and Fig. 12. The numerical
error �ρerror accumulated during this term-by-term integration is

Table 6 Sphere–cone experimental andnumerical standoff distances
and density ratios

Shot no.

HET1476 T52892 T52866 T52902

Δ∕R Experiment 0.042 0.068 0.074 0.085

Uncertainty �0.003 �0.004 �0.006 �0.002

Cruden 0.060 0.072 0.077 0.079
Johnston 0.059 0.071 0.077 0.077
Fridman 0.050 0.065 0.058 0.058

�ρ∕ρ∞ Chemically
frozen

10.4 9.5 8.0 7.9

Cruden 11.1 10.3 10.1 10.3
Johnston 11.4 10.6 10.3 10.6
Fridman 12.2 11.1 11.2 11.9
Equilibrium 14.0 12.1 10.3 10.4
Closest
model(s)

Fridman All
three

Johnston and
Cruden

Johnston and
Cruden

Table 7 HETMSL1 1 in. sphere simulation conditions at the exit of

the numerical shock region

Freestream
Frozen
shock Fridman Cruden Johnston

Johnston
1-T

us∕u∞ 1.00 0.19 0.16 0.15 0.15 0.10

YCO2;s
1.000 1.000 1.000 0.982 0.999 0.997

Ts 1107 7817 6825 6363 6621 4451

TV;s 1107 1107 2308 2439 2495 NA

ρs∕ρ∞ 1.0 5.2 6.3 6.7 6.5 10.4

Frozen shock assumes a vibrationally frozen shock wave. A 1-T model case is also

considered. NA � not applicable.
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found by calculating the difference between the average density in

the post-shock inviscid flow region directly extracted from the

simulation and the sum of the average individual contributions.

The numerical error �ρerror∕ρ∞ is at most 0.1, or 0.9% of the total

average density.

The numerical shock region density rise can be largely attrib-

uted to the vibrational excitation occurring, as shown in Table 7.

The combination of the numerical shock region, vibrational non-

equilibrium, and convection contributions to the total average

density is within �ρ∕ρ∞ � 0.2 for the three different chemistry

models. The largest difference in total average density contribu-

tions between the three chemistry models is observed in the

chemical nonequilibrium contribution, as shown in Fig. 13. The

simulations using the Cruden et al. [25] chemistrymodel result in a
chemical nonequilibrium contribution of �ρ∕ρ∞ � 0.2 compared to
an increase of �ρ∕ρ∞ � 1.2 from simulations using the Fridman
chemistry model. The chemical nonequilibrium contribution from
the Johnston chemistry model is closer to the contribution from the
Cruden model with an increase of �ρ∕ρ∞ � 0.6.
The contributions are consistent with the difference in standoff

distance predicted by the different chemistry models, with 0.5 and
6.4% decreases in standoff distance extracted from the simulation
using the Cruden mechanism compared to the standoff distance
extracted from the simulation using the Fridman and Johnston mech-
anisms, respectively. The average density extracted from the Johns-
ton mechanism using the 2-T model and 1-T model resulted in a
difference of �ρ∕ρ∞ � 0.1. The standoff distance from the simulation
decreases by 2.3% when the Johnston 1-T model is used instead of
the Johnston 2-T chemistry model.
Directly behind the shock wave, the density rise in simulations

using the Fridman chemical reaction model occurs over a longer
distance compared to the density rise in simulations with the
Johnston and Cruden models, because the Fridman dissociation
reaction rates are controlled by the vibrational temperature. Once
thermal equilibrium is reached, the Fridman model predicts the
density profile reaches chemical equilibrium in a shorter distance
than the Johnston and Cruden models. The overall nondimensional
density increases due to chemistry �ρdYi

∕ρ∞ are 0.49, 1.17, and
2.00 from simulations using the Cruden, Johnston, and Fridman
models, respectively. Based on this analysis, the Fridman kinetic
mechanism appears to be the most appropriate for the HET MSL1
condition.

a) Fridman rates, D= 0.88 mm b) Cruden rates, D= 0.94 mm 

c) Johnston rates, D= 0.93 mm d) Johnston rates assuming T = Tv, D= 0.91 mm

Fig. 11 Comparing chemistrymodels through rise in density due to individual contributions for HET,MSL1-1455 1-in.-diam sphere; the three inviscid
contributions add up to the total density profile indicated by the solid black line; the frozen shock density ratio is ρs∕ρ∞ � 5.2.

Table 8 Contribution to the total density, �ρ∕ρ∞

Kinetic model Fridman Cruden
Johnston

2-T
Johnston

1-T

Frozen jump 5.2 5.2 5.2 10.4
Numerical shock region 1.1 1.5 1.3 0.0
Vibrational
nonequilibrium

3.5 3.3 3.3 0.0

Convection 0.8 0.7 0.7 0.3
Chemical nonequilibrium 1.2 0.2 0.6 0.6
Boundary layer 0.1 0.1 0.1 0.1
Numerical error 0.1 0.1 0.1 0.0
Total 12.0 11.1 11.3 11.4
Δ∕R (simulation) 0.0691 0.0738 0.0734 0.0717
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V. Conclusions

The shock standoff distances for hypervelocity CO2 flow over

sphere and spherically-blunted cone geometries have been examined

through theory, simulations, and experiments in two impulse facili-

ties with different gas acceleration processes. The theoretical pre-

dictions by Hornung et al. [9] for sphere–cone standoff distance

derived from perfect gas simulations have been verified using

LAURA simulations for reacting carbon dioxide flow, replacing

the frozen post-shock density with the average density along the

stagnation streamline.

Three experiments for spheres and four for sphere–cones were

analyzed using both high-speed and high-resolution images.

Experimental standoff distance data were presented, bounded by
uncertainty in the experimental measurement of standoff distance
as well as the chemically frozen and equilibrium limits in post-shock
density. All of the data agree with the analytical predictions to within
experimental uncertainty. The effect of using a conical nozzle to
achieve high expansion ratiowas observed for the sphere–cone shock
layer, and a correction factor for flow divergence was validated. This
equation can be used to evaluate the impact of a conical nozzle in past
and future experiments.
The simulation data were analyzed along the stagnation stream-

line, and the contributions to the total density ratio from vibrational
nonequilibrium, convection, chemical nonequilibrium, and the boun-
dary layer were extracted. The largest difference between three
mechanismswas observed in the chemical contribution. The Fridman
mechanismpredicts a larger post-shock density rise than the Johnston
mechanism, with the Cruden mechanism resulting in the smallest
post-shock density rise. Simulations using the Fridman mechanism
produced the best agreement with the HET data. At comparable
values of the total enthalpy (h0 � 5.6–6.1 MJ∕kg) and the binary-

scaling parameter (ρ∞ � 0.3–1.8 g∕m2), simulations of T5 experi-
ments using all three kinetic mechanisms were in good agreement
with experimental data with small differences between model pre-
dictions at these lower-density conditions. At higher density, the
closest agreement with T5 experiments was obtained using the
Johnston and Cruden mechanisms. These comparisons held for both
sphere and sphere–cone experiments.
There was no evidence that vibrational freezing in the T5 nozzle

significantly affects the shock standoff distance at any of the con-
ditions tested. Experiments were designed to span the value of the
binary-scaling parameter of the LENS I Run 8 test; however, the
standoff distance discrepancy between the Run 8 data and the DPLR
simulations was not reproduced [10]. A possible explanation for the
standoff discrepancy found in LENS I Run 8 is early-onset driver-gas
contamination at this particular test condition due to over-tailoring.
With a mix of light driver gas and CO2, the standoff distance would
increase. Sudani et al. experimentally showed that a slightly over-
tailored condition reduces the test time significantly and can induce
early-onset driver-gas contamination [49].

Appendix: Kinetic Rates

The rates of the chemical models implemented in this work are
shown in Tables A1–A3 for the Johnston and Brandis [20], Cruden
et al. [25], and Fridman [26] kinetic models, respectively. The for-
ward rate constants kf are expressed in modified Arrhenius form and
given by

kf � AfT
ηf
a exp�−Ea∕Ta� (A1)

where Af is the pre-exponential constant (expressed in units of

cm3∕�mol ⋅ s� or cm6∕�mol ⋅ s�) depending on the number of reac-
tants, ηf is the temperature exponential constant, and Ea is the

activation energy (expressed in units of K). The conventional [17]
empirical approach used to apply one-temperature reaction rates to
the two-temperature model is to evaluate the rates with a geometri-
cally averaged effective temperature:

Ta � TsTs−1
V (A2)

Fig. 12 Contributions to the total density profile due to component
terms for HET MSL1 test condition flow over a 1-in.-diam sphere.

Fig. 13 Direct comparison of chemical term contributions to the total
density profile for HET,MSL1-1455 1-in.-diam sphere; the frozen shock
density ratio is ρs∕ρ∞ � 5.2.

Table A1 Johnston and Brandis kinetic model [20]

Multiplier

No. Chemical reactions Af , cm
3∕�mol ⋅ s� ηf Ea, K Ta, K CO2 CO O2 C O

1 CO�M → C� O�M 1.20e21 −1.00 129,000
����������
TTV

p
1.0 1.0 1.0 1.5 1.5

2 CO� O → O2 � C 3.90e13 −0.18 69,200 T — — —— —— —— — —

3 CO2 �M → CO� O�M 6.90e21 −1.50 63,275
����������
TTV

p
1.0 1.0 1.0 2.0 2.0

4 CO2 � O → O2 � CO 2.71e14 0.00 33,797 T — — —— —— —— — —

5 O2 �M → 2O�M 2.00e21 −1.50 59,360 T0.7T0.3
V 1.0 1.0 1.0 5.0 5.0
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where s is between 0 and 1. The Cruden and Johnston rates satisfy
thermodynamic consistency, with the backward rate constant kb
determined from the equilibrium constant based on concentration.
The backward rate constant for the Fridman chemistry model is
provided in Arrhenius form.
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