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CALCULATION OF SHOCK STAND-OFF DISTANCE FOR A SPHERE
IN NONEQUILIBRIUM HYPERSONIC FLOW
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Hypersonic flowfields over a sphere is calculated by using a nonequilibrium flow solver. The flow solver
features a two-temperature model and finite rate chemical reaction models to describe nonequilibrium thermochemical
processes. For the purpose of validation, the calculated shock stand-off distance is compared with the experimental
data which is measured in a ballistic range facility. The present nonequilibrium calculation well reproduced the
experimental shock stand-off distance in the cases where the experimental flowfields are expected to be nearly
equilibrium, as well as in the cases to be nonequilibrium flowfields in the velocity range 4000 to 5500 m/s.
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NOMENCLATURE
k; — forward reaction rate, m’/mole-s
k, = backward reaction rate, m’/mole-s

or m%/mole’s
= equilibrium constant, mole/m’
= translational-rotational temperature, K
reaction rate controlling temperature, K
vibrational-electronic temperature, K
= characteristic reaction temperature, K
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1. INTRODUCTION

Thermal protection is one of the most important issues
in designing hypersonic space vehicles. When entering into
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Earth’s atmosphere at a hypersonic speed, a detached
shock wave is developed ahead of the space vehicle. The
air between the shock wave and the space vehicle is
strongly compressed, and heated up to a temperature of
several thousands, or even of a several ten thousands
Kelvin. Producing such an extreme heating environment in
the ground testing facilities is difficult and expensive.
Therefore, computational fluid dynamics (CFD) analysis is
necessary to predict the heat transfer rate to the body
surface of the space vehicle.

For an accurate prediction of heat transfer rate, CFD
codes need to include the so-called high temperature
real-gas effects: thermal excitations and chemical reactions
of the gas species. The thermal excitations and chemical
reactions  behind the shock wave change the
thermodynamic properties of the gas in the shock layer,
hence, the heat transfer rate. When the characteristic time
of the flow and the thermochemical processes is
comparable, the flowfield may be in thermochemical
nonequilibrium[1]. The temperature and the chemical
composition, which determine heat transfer rate, are
changed according to the degree of nonequilibrium in the
flowfield. CFD codes also need to consider such
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nonequilibrium effects by using a multiple temperature
description and finite chemical reaction rates.

Validation of CFD codes for nonequilibrium hypersonic
flow is conveniently performed by comparing shock
stand-off distances for a sphere with experimental data[2].
The shock stand-off distance varies depending on the
thermochemical state in the shock layer; from the longer
limit distance in a perfect gas flow without any thermal
excitation and chemical reactions, to the shorter limit
distance in an equilibrium flow in which thermal
excitation and chemical reactions reach equilibrium
immediately behind the shock wave.

Shock stand-off distance for a sphere has been
measured by many researchers in various experimental
facilities. It is believed that the experimental data obtained
in ballistic range facilities are most reliable because of the
absence of uncertainties in test flow conditions. In 1970’s,
Lobb measured shock stand-off distances for a sphere
flying at hypersonic velocity in a ballistic range[3]. The
tested flight velocities are concentrated over 4000 m/s. For
intermediate hypersonic regime of the flight velocities less
than 4000 m/s, Nonaka et al. conducted the measurement
of shock stand-off distances for a sphere in another
ballistic range facility[4].

There are various previous studies that have attempted
to validate their CFD methodologies for hypersonic flows
by comparing the calculated shock stand-off distance with
the experimental data of Lobb. Sawada et al. have
validated their thermochemical equilibrium calculations for
the hypersonic equilibrium flow regime[5]. Prakash et al.
have validated their high order shock-fitting method for
the two selected cases from the experimental conditions of
Lobb; one is from frozen flow regime and the other from
nonequilibrium flow regime[6]. Despite a number of
previous studies, only few studies discuss the general
validity of nonequilibrium thermochemical models in the
various regimes of hypersonic flow from the perspective
of shock stand-off distances.

In the author’s previous study[7], shock stand-off
distances for a sphere is calculated by a nonequilibrium
flow solver in order to examine the behavior of Park’s
two-temperature model[8] in intermediate hypersonic flow
regime at the wvelocity under 4000 m/s. The study
concluded that the two-temperature model generally
reproduces the experimental shock standoff distances of
Nonaka, although seems to lose its accuracy when
vibrational excitation occurs but chemical reaction are
nearly frozen. For the further investigation on the validity
of the two-temperature model of Park, it is needed to

examine this model for the higher hypersonic flow over
4000 m/s.

The purpose of this study is to validate the
two-temperature model in higher hypersonic flow over
4000 m/s. Hypersonic flowfields over a sphere is
calculated using a nonequilibrium hypersonic flow solver.
The calculated shock stand-off distances are compared with
the ballistic range data by Lobb in order to clarify the
limitation in validity of the two-temperature in higher
hypersonic flow.

2. CALCULATION METHODOLOGY

2.1 GOVERNING EQUATIONS

The governing equations are the two-dimensional
axisymmetric Navier-Stokes equations. The set of equations
consists of global mass, species mass, momentum, total
energy, and vibrational-electronic energy conservation
equations. Five neutral air species, i.e., N, O NO, O
and N are considered.

2.2 CHEMICAL REACTION RATE MODEL

Following seventeen chemical reactions are considered,
where M stands for possible collision partners,

O+ M= O0O+0+M R1
N2+M= N+N+M R2
NO+M=N+O+M R3
N2+ O= NO + N R4
NO +O= 02 +N RS

The forward reaction rates are written by the form,
K (T,) = G, Tlexp(~6,/ T,) (1)
The reaction rate coefficients proposed for two-
temperature model by Park[9] is employed, as given in

Table 1. For the dissociation reactions, the rate controlling
temperature is defined by,

T, =417, 2
and for the exchange and recombination reactions,
T7.=T (3)

a

The backward reaction rates are written by the form,
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ky(T) =k, (T)/ K, (T) “)

eq
where
K, =exp(A,Z+ Ay + An(1/ 2) + A,/ Z+ A5 Z°) (5)
and
Z=10,000/T ©6)

The coefficients for the equilibrium constants in Eq. (5)
are given in Table 2. In order to account for the fact that
dissociation reactions occur from higher energy level, a
preferential dissociation model is employed. The removed
or gained vibrational energy through the dissociation or
recombination reactions are set to 30% of the
corresponding dissociation energy, according to Sharma’s
suggestion[10].

2.3 Transport coefficients

The molecular viscosity for air species is given by
Blottner’s model[11] and the thermal conductivity by
Eucken’s relation[12]. Those transport properties for —air
are obtained from Wilke’s empirical mixing formula[13].
The diffusion coefficients are assumed to be constant for
all species with a constant Schmitt number 0.5.

2.4 Numerical methods
The numerical scheme is based on the cell-centered

Table 1 Forward reaction rate coefficients[9]

Reaction M Cr ) i) &

0, 20x10% | -15 | 59,500

No | 20x10% | -1.5 | 59,500

0*M = O+O+M | NO | 2.0x10° | -1.5 | 59,500
0 1.0x10"° | -1.5 | 59,500

N 1.0x10"° | -1.5 | 59,500

0, 7.0x10" | -1.6 | 113,200

No | 7.0x10% | -1.6 | 113,200

NotM = N#N+M | NO | 7.0x10° | -1.6 | 113,200
0 3.0x10"° | -1.6 | 113,200

N 3.0x10"° | -1.6 | 113,200

0, | 50x10° | 00| 75500

N 5.0x10° 00 | 75,500

NO+M = N+O+M | NO | L1x10" | 0.0 | 75500
0 L1x10" | 00 | 75500

N L1x10" | 00 | 75,500

NAO = NO+N - 6.4x10" | -1.0 | 38400
NO+O = OxN - 84x10° | 0.0 | 19450
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0.008

0.006
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0.002

|
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Fig. | Example of computational mesh system (51 X 101)

finite volume discretization. The convective numerical flux
is calculated by AUSM-DV upwind scheme[14]. The
MUSCL approach is employed for the higher spatial
accuracy. For time integration, LU-SGS implicit method is
used. For the convergence acceleration, the local time
stepping method is employed.

3. TEST CONDITIONS

Calculations of the flowfield over a sphere are carried
out for the conditions corresponding to the ballistic range
experiments of Lobb. The nose radius of the sphere is
6.35 mm. Four static pressure conditions are taken from
the experimental conditions, ie., 2.5, 5.0, 10, and 20
mmHg. For each pressure condition, the flight velocity is
varied from 4000 to 6400 m/s. The temperature in the test
section is 293 K. Test gas is air consisting of 23.3% of
0, and 76.7% of N, by mass. The projectile is assumed
to have an isothermal fully-catalytic wall of 1000 K. Wall
temperature and wall catalysis are important factors to
determine a heat transfer rate to the body surface. Hence,
they should be carefully modeled in the numerical analysis
for thermal protection system design. However, in terms
of shock stand-off distance or shock shapes, effects of
such wall conditions are less significant, as shown in the

Table 2 Constants for equilibrium constants[9]

Reaction| A; A, A; Ay As

1 0.553880( 16.275511 | 1.776300 | -6.57200| 0.031445
1.53510 | 15.4216 1.2993 -11.494 -0.00698
0.558890| 14.53108 | 0.553960 | -7.53040| -0.014089
0.976460| 0.890430| 0.745720 | -3.96420| 0.007123
0.004815| -1.74430 |-1.22270 -0.95824| -0.045545

W[
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Fig. 2 Calculated pressure contour(p = 20 mmHg, 6000 m/s)

author’s previous study in Ref. 15. Fig. 1 shows a typical
structured mesh system used in the calculations. The
number of mesh points is 51 along the wall and 101 in
the direction normal to the wall.

4, Results and Discussions

A typical pressure contours obtained in the present
calculation is shown in Fig. 2. The shock wave developed
ahead of the sphere is clearly captured in the calculation.
Shock stand-off distance in the present study is defined by
the distance between the wall surface and the shock wave
in the stagnation streamline. The shock wave position is
determined by the point having the maximum pressure
gradient.

The calculated shock stand-off distances are compared
with the experimental data of Lobb in Fig. 3. The closed
symbols indicate the results of the present calculations,
and the open symbols the experimental data of Lobb. The
solid line shows the theoretical values of shock stand-off
distance under the assumption of perfect gas. The dashed
and the doted lines are the values of equilibrium
calculations. The experimental data of Lobb are distributed
between these perfect gas line and the equilibrium lines.
Generally, the thermochemical regimes of the flowfields in
the shock layer change from frozen to equilibrium when
the static pressure varies from high to low, as well as
when the flight velocity varies from low to high. These
tendencies are clearly seen in the experimental data of
Lobb. At the lowest static pressure condition of p = 2.5
mmHg in Fig. 3a, the experimental data of Lobb are
distributed in the middle range between the perfect gas
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Fig. 3 Comparison of shock stand-off distances for sphere between
the two-temperature calculations and the ballistic range data
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Fig. 4 Calculated temperatures and species mass fraction profiles along the stagnation streamline
line and the equilibrium lines, indicating that the behind the shock wave, indicating a thermally

flowfields around the projectile are in thermochemical
nonequilibrium. At the highest static pressure condition of
p = 20 mmHg in Fig. 3d, the experimental data are
distributed close to the equilibrium calculation line,
indicating the flowfields are nearly in thermochemical
equilibrium.

As shown in Figs. 3c and 3d, the calculated shock
stand-off distances agree well with the experimental data
of p = 10 and 20 mmHg, where the flowfields are
expected to be nearly in thermochemical equilibrium. At
the static pressure cases of p = 2.5 and 5 mmHg in Figs.
3a and 3b, the experimental data of shock stand-off
distance in the flight velocity range from 4000 to 5500
m/s. However, for the flight velocity range over 5500 m/s,
the calculated stand-off distances tend to be shorter than
the experimental data, as shown in Fig. 3a and 3b.

Fig. 4a and 4b show the calculated temperature and the
mass fraction profile along the stagnation streamlines for
two selected cases, that is, the case of p = 5 mmHg and
V = 4000 m/s as a lower pressure and lower velocity
case, and of p = 20 mmHg and ¥ = 5000 m/s as a
higher pressure and higher velocity case. For these two
cases, the calculated shock stand-off distances agree well
with the experimental data. In the lower pressure and
lower velocity case in Fig. 4a, the vibrational temperature
rises slowly compared to the translational temperature

nonequilibrium flowfield. A certain amount of atomic
oxygen is produced due to dissociation in the shock layer
closer to the body surface. Nitric oxide is also produced
as a result of the exchange reaction between atomic
oxygen and molecular nitrogen, R4. Atomic nitrogen
produced by R4 seems to be consumed by the exchange
reaction to form nitric oxide through the backward
reaction of RS. In the higher pressure and higher velocity
case in Fig. 4b, equilibrium between the translational and
the vibrational temperatures are attained in the shock layer.
The flat plateaus in the species mass fraction profiles in
the shock layer indicate that the flowfield is also
chemically equilibrium. Molecular oxygen is almost
completely dissociated in the shock layer. A certain
amount of atomic nitrogen also presents in the shock
layer, which are mostly produced by the reactions R3 and
R4 rather than the dissociation of molecular nitrogen R2.
The flowfield for the case of p = 5 mmHg and V =
6000 m/s is now examined, in which the calculated shock
stand-off distance is smaller than the experimental data.
The temperature and the species mass fraction profiles
obtained in the present calculation are shown in Fig. 4c.
The translational temperature immediately behind the shock
wave is as high as 17,000 K, resulting in immediate
dissociation of molecular oxygen. By the effect of
preferential dissociation, the vibrational temperature behind
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the shock layer stays at the value of about 5000 K, where
the dissociation of molecular oxygen is proceeding. The
thermal equilibrium is attained only near the boundary
layer. A significant amount of atomic nitrogen is produced
due to dissociation of nitric oxygen, R4. If the
one-temperature model is adopted for this case, which
assumes thermal equilibrium between translational and
vibrational modes, the shock stand-off distance is expected
to be shorter than in the two-temperature calculation due
to the lowered translational temperature in the shock layer.

These results show that the present nonequilibrium
calculation generally well reproduce the experimental data
of shock stand-off distance in nonequilibrium flow regime
to equilibrium flow regime. However, in lower pressure
and higher velocity cases, the calculated shock stand-off
distances tend to be shorter than the experimental data. In
such cases, molecular oxygen is completely dissociated,
and nitric oxide is dissociating. Furthermore, there are
considerable discrepancies between the experimental data
obtained by Lobb and by Nonaka in the intermediate
hypersonic flow of less than 4000 m/s. There still exists a
room for further investigations and discussions on validity
of nonequilibrium calculations using the two-temperature
model.

5. CONCLUSIONS REMARK

Hypersonic flowfields over a sphere at the velocity
range from 4000 to 6400 m/s are calculated by a
nonequilibrium flow solver, in order to validate the
two-temperature model in higher hypersonic flow. The
calculated shock stand-off distance is compared with the
experimental data of Lobb which is measured in a ballistic
range facility. It is found that the two temperature model
of Park well reproduces the experimental shock stand-off
distances of Lobb at the flight velocities between 4000
and 5500 m/s. At the flight velocities over 5500 m/s, the
two-temperature  calculation predicts stand-off  distance
shorter than the experimental data.
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