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The results of a numerical study of low-density hypersonic flow about cylindrically blunted wedges with body
half-angles of 0, 5, and 10 deg are presented. Most of the transitional flow regime encounteréd during entry be-
tween the free molecule and continuum regimes is simulated for a re-entry velocity of 7.5 km/s by including
freestream conditions of 70 to 100 km. The bodies are at zero angle of incidence and have diffuse and finite
catalytic surfaces. Translational, thermodynamic, and chemical nonequilibrium effects are considered in the
numerical simulation by utilizing the direct simulation Monte Carlo (DSMC) method. The numerical simula-
tions show that noncontinuum effects such as surface temperature jump and velocity slip are evident for all cases
considered. The onset of chemical dissociation occurs at a simulated altitude of 96 km for the configurations

considered.

Nomenclature

=base area

=drag coefficient, 2F, /o, U, %A,

=heat transfer coefficient, 2¢q/p,, U3,

mass fraction of species i, p;/p

=pressure coefficient, 2p/p., U2,

=T /po T

=force

=Knudsen number, A/ or (\/p) (dp/dn)

=Cheng’s parameter, p,,Ry/ o Uy, C*
=VIRN/28 A0 C*

=characteristic dimension

=Mach number

=molecular weight of mixture

=number density

=pressure

=heat flux

=universal gas constant =8.3143 J/mol k

=Dbase radius

=nose radius ,

=Reynolds number, o, U Ry/ton

=coordinate along body surface

=gpeed ratio, U, NM/2RT,,

=thermodynamic temperature

=overall kinetic temperature

=(To0+T,)/2

=velocity component tangent to body surface

=freestream velocity
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v =velocity component normal to surface

X; =mole fraction of species i

x = coordinate measured along the body centerline
y =coordinaté measured normal to the body centerline
¥ =ratio of specific heats

7 = coordinate normal to body surface

0 =body half-angle

Moo =freestream mean free path

w © =viscosity

u* =viscosity evaluated at T*

o = density

Subscripts

i = jth species

w =wall values

o = freestream values

0 =total values

Introduction

UCH of the focus of hypersonic computational fluid.

dynamics during the 1970s was centered on the Shuttle
program and the planetary entry programs. Among the
planetary programs, the major emphasis was the Galileo
probe, which is designed to penetrate into the atmosphere of
Jupiter at a relative velocity of 48 km/s. Currently, we find the
boundaries of this research expanding rapidly by new ad-
vanced dpplications! such as aeroassisted orbital transfer
vehicles (AOTV) that achieve payload economy by passing
through the Earth’s upper atmosphere to change orbit; a
transatmospheric vehicle (TAV) that. takes off from Earth
or stages from a conventional aircraft and enters near-Earth
orbit, then re-enters the atmosphere with cross-range capa-
bility to land on an airstrip; and the hypersonic aircraft an-
ticipated to require propulsion by supersonic combustion ram-
jets. Together, these new applications encompass a broad
range of physical phenomena that present many experimental
and numerical simulation challenges.
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A problem common to these new applications is the non-
equilibrium nature of the flow for some portion of the flight
and the heating pulse. Even though peak heating and the
primary maneuvering will occur under continuum conditions
for most hypersonic vehicles, some portion of the vehicle may
experience rarefied, transitional flow, particularly the leading
edges or the nose region of the vehicle. Furthermore, the
shock wave is a highly nonequilibrium region irrespective of
altitude under hypersonic conditions. For the transitional
hypersonic flow, the numerical simulation is complicated
because there is usually an absence of equilibrium among the
various energy modes—translational, internal, and chemical.
If the flow is sufficiently energetic, then nonequilibrium radia-
tion transport can be of importance as is the case for AOTV
applications.!

The Navier-Stokes equations of continuum gas dynamics
fail when the gradients of the macroscopic variables become
so steep that their length scale is of the same order as the
average distance traveled between collisions? or mean free
path. Also, the Navier-Stokes equations do not form a deter-
minate set unless the shear stresses, heat flux, and mass
transfer can be expressed in terms of other macroscopic quan-
tities. A failure to meet this relationship places a limit on the
range of validity of the continuum equations. An accepted
procedure for extending the limits of the continuum equations
into the transitional regime is the incorporation of slip bound-
ary conditions,? which provide improved agreement* between
calculated and measured surface quantities.

Computationally, there appears to be no alternative to the
particle approach when the local Knudsen number is of order
unity and higher.’ Consequently, Monte Carlo (any method
that employs random numbers) procedures have been
developed over the past. twenty-five years to provide a
numerical simulation capability within the transitional flow
regime. Of the various techniques for the Monte Carlo simula-
tion of gas flows, the direct simulation Monte Carlo (DSMC)
method is the one most readily applied to complex problems.$
In the current study, the DSMC method as developed by
Bird%7 is used to calculate the flow about blunt wedges with
small body half-angles. The calculations are for the transi-
tional regime; that is, the region bounded by continuum and
free-molecule flow. The computational code is identical to
that used in Refs. 8 and 9 to calculate the flow along the wind-
ward surface of the Shuttle Orbiter nose during re-entry.

In an effort to obtain further insight into the nature of the
flow and the aerothermodynamic characteristics of blunt
wedges under hypersonic transitional flow conditions, a
numerical study was made of the flow about wedges, with
body half-angles of 0, 5, and 10 deg. The altitude range con-
sidered was 70 to 100 km where the freestream velocity was
assumed constant at 7.5 km/s. The calculations account
directly for translational, rotational, vibrational, and
chemical nonequilibrium effects where a five-species gas
model is utilized. This paper emphasizes the sensitivity of both
the surface quantities and the flowfield structure to variations
in rarefaction and the effect of the expansion downstream of
the stagnation region on the flow. Of particular interest is the
identification of the flow conditions where the onset of
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chemical reactions occurs and the magnitude of the velocity
slip and temperature jump.

The Direct Simulation Monte Carlo Method

In the DSMC method, the intermolecular collisions are con-
sidered on a probabilistic rather than a deterministic basis.
Furthermore, the real gas is modeled by some thousands of
simulated molecules in a computer. The velocity components,
internal states, and position coordinates of these molecules are
stored in the computer and are modified with time as the
molecules are concurrently followed through representative
collisions and boundary interactions in simulated physical
space. The time parameter in the simulation may be identified
with physical time in the real flow, and all calculations are un-
steady. When the boundary conditions are such that the flow
is steady, then the solution is the asymptotic limit of the
unsteady flow. The computation is always started from an in-
itial state that permits an exact specification such as a vacuum
or uniform equilibrium flow. Consequently, the method does
not require an initial approximation to the flowfield and does
not involve any iterative procedures. A computational cell net-
work is required in physical space only, and then only to
facilitate the choice of potential collision pairs and the sam-
pling of the macroscopic flow properties. Furthermore, advan-
tage may be taken of flow symmetries to reduce the dimen-
sions of the cell network and the number of position
coordinates that need be stored for each molecule, but the col-
lisions are always treated as three-dimensional phenomena.
The boundary conditions are specified in terms of the
behavior of the individual molecules rather than the distribu-
tion function. All procedures may be specified in such a man-
ner that the computational time is directly proportional to the
number of simulated molecules.

A more detailed discussion of the ‘‘variable hard sphere”
(VHS) molecular model, the recommended model for the
simulation of gases in an engineering context, is given in Ref.
7. Of particular relevance is the discussion of the models that
account for internal energy effects and chemical reactions.
The VHS model and the reactive cross sections used in the
present Monte Carlo simulations are the same as those used in
Ref. 9 for simulating the external flow about the Shuttle Or-
biter nose.

Conditions for Calculations
Five sets of freestream conditions corresponding to altitudes

_ranging from 70 to 100 km are used for the present DSMC

calculations. The conditions along with selected results are
summarized in Table 1. For altitudes of 90 km and above, the
freestream conditions are those given by Jacchial® for an ex-
ospheric temperature of 1200 K, whereas the conditions below
90 km are those given by Ref. 11. For the present study, the
freestream velocity and wall temperature are assumed con-
stant at 7.5 km/s and 1000 K, respectively. Also, the wall is
assumed to be diffuse with full thermal accommodation and
to promote the recombination of the oxygen and nitrogen

Fig. 1 Computational domain for plane configurations.
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Fig. 2 Eifect of rarefacfion on stagnation streamline values: a) den-
sity profiles, b) normal velocity profiles.

atoms. Recombination probabilities appropriate for the Shut-
tle thermal protection tiles are imposed. The oxygen'? and
nitrogen'? recombination probabilities are 0.0049 and 0.0077,
respectively. Several freestream parameters that are often used
to characterize a flowfield are included in Table 1b.

The present DSMC calculations use the sample chemical kin-
etics model as Ref. 14 (the species O, O,, N, N,, and NO with 35
chemical reactions). However, the rate constants have been
converted to reaction cross sections.

A view of the computational domain is depicted in Fig. 1.
This domain consists of one or more arbitrary regions within
which the time step and the weighting factor that relate the
number of computational molecules to the number of physical
molecules are constants. The smallest unit of physical space is
the cell, which provides a convenient reference for the sam-
pling of the macroscopic gas properties. The dimensions of the
cells must be such that the change in flow properties across each
cell is small. Time is advanced in discrete steps such that each
step is small in comparison with the mean collision time.

For a given body, the computational requirements increase
significantly with increasing freestream density since both the
time step and cell size must be reduced, yet some minimum
number of computational molecules per cell must be main-
tained. Because of the rather long run time for the 70 km con-
dition, only the flow about the blunted nose is calculated.
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Fig. 4 Flowfield structure along the stagnation streamline (Alt=80
km): a) extent of thermodynamic nonequilibrium, b) species mass
fractions.

Results and Discussion

This section will focus on the DSMC calculated results for
cylindrically blunted wedges with half-angles of 0, 5, and 10
deg. Results at 70 and 85 km are emphasized to demonstrate
and contrast differences in the flow structure corresponding to
near continuum and significantly rarefied conditions, respec-
tively.

Two fundamental quantities for gas dynamic flows are
number density and velocity, quantities that are neither in-
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Table 1 Conditions and results
a) Freestream conditions
Altitude, Density, U,, T, Mole fractions M, Aoos
km kg/m? km/s K Xo, Xn, Xo g/mol m
100 5.641x 107 7.5 194 0.177 0.784 0.039 28.26 1.37x 1071
95 1.396x 106 7.5 189 0.197 0.787 0.016 28.61 5.59%x10°2
90 3.418x10°6 1.5 188 0.209 0.788 0.003 28.81 2.30x 1072
85 7.955% 1076 1.5 181 0.237 0.763 0 28.96 9.94x 1073
80 1.999x 103 7.5 181 0.237 0.763 0 28.96 3.96x 103
70 8.753x10°° 7.5 220 0.237 0.763 0 28.96 9.03x10~4
b) Various parameters and results
Cp
Altitude, Stagnation heat flux, -
km Re,, Kn,, K2 Se kW/m? Plate ~ Wedge? Cr:max
100 8 5.38 0.05 2.2 102 1.29 1.01 0.795
95 21 2.20 0.11 22.6 235 1.29 - 0.683
90 52 0.91 0.28 22.8 511 1.22 0.85 0.555
85 125 0.39 0.64 23.3 928 1.07 0.73 0.385
80 313 0.16 1.61 23.3 1451 0.90 0.61 0.229
70 1159 0.04 7.05 21.1 1920 — - -
29=15 deg
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ferred nor dependent on the condition of thermal equilibrium,
such as is the case for temperature and pressure. The variation
of density and velocity along the stagnation streamline and
their dependence on rarefaction is demonstrated in Fig. 2 for
altitudes of 70 and 90 km. (Please note that for Fig. 2 and
subsequent figures, the results for the complete extent of the
computational domain may not be shown, in an effort to em-
phasize points of interest.) Two regions of interest are those

Fig. 6 Kinetic temperatures adjacent to the wall (Alt=85 km): a)
s/Ry=0,b) s/Ry=4.1.

near the wall and the shock wave. Near the wall, a large in-
crease in density occurs which is characteristic of cold-wall re-
-entry conditions. At 70 km, the stagnation density is more
than two orders of magnitude greater than the freestream
value. As for the shock wave, the calculated results show a
continuous shock wave structure even for the lowest altitude
case. For the 70 km condition, there is an inflection in the den-
sity profile, which would obviously become more pronounced
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Fig. 7 Effect of rarefaction on wall quantities: a) pressure coeffi-
cient, b) heat transfer coefficient.

for less rarefied conditions. Even so, the shock wave thickness
for the 70 km case is of the same order of thickness as the
shock layer. The normal velocity profiles (Fig. 2b), which ap-
proach the freestream velocity of 7.5 km/s, also show a more
gradual merging of the shock layer and shock wave with in-
creasing rarefaction. As a point of reference, the Rankine-
Hugonoit relations give a postshock velocity of 0.75 km/s,
which corresponds to a small fraction of the total flowfield
disturbance as predicted by the DSMC method.

The degree of rarefaction of a low-density flow is usually
expressed in terms of an overall Knudsen number as is listed in
Table 1 for the present flow conditions. The overall Knudsen
number is defined as the ratio of the molecular mean free path
in the freestream gas to a characteristic dimension of the
flowfield, such as the nose radius or body diameter. The larger
the Knudsen number, the more rarefied the flow. The overall
Knudsen number has and will continue to serve as a useful
parameter in correlating data, but it must be used with caution
when assessing where rarefaction effects are important. The
problem with the overall Knudsen number characterization is
readily evident for a slender body, where the density down-
stream of the stagnation region may be fifty times smaller than
the stagnation point value, as is the case for some of the pres-
ent calculations. Furthermore, such a characterization does
not account for variations in surface conditions or shock wave
strength (extent of bluntness). Obviously, a more realistic
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Fig. 9 Effect of rarefaction on temperature jump: a) s/Ry =0, b)
s/Ry=4.1.
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description would be a Knudsen number that is indicative of
the local conditions within the flowfield as has been discussed
by Bird.!”> For the local Knudsen number, the characteristic
length is defined in terms of the gradient of a macroscopic
property such as density. Therefore, the larger the gradient
becomes with respect to the local mean free path, the more
rarefied the flow.

The variation of the local Knudsen number along the
stagnation streamline is shown in Fig. 3 for the 70 and 80 km
cases. Significant variations are evident, with the value being
generally larger near the surface and in the shock wave. A sug-
gested " rule of thumb is that the continuum equations should
not be used when the local Knudsen number exceeds a critical
value of about 0.2 to 0.3. According to this criterion, a signifi-
cant amount of the stagnation region flow for the 80 km case
would be inappropriately modeled using a continuum descrip-
tion. Also, as was cited in Ref. 15, the fractional temperature
jump at the wall (see Fig. 9a) is of the same order as the
Knudsen number adjacent to the wall for the two-dimensional
stagnation calculations.

The stagnation temperature and species mass fraction pro-
files for the 70 km case are presented in Figs. 4a and 4b,
respectively. Thermodynamic nonequilibrium is evident
throughout the shock wave and into the outer part of the
shock layer, as evidenced by the lack of equilibration of the
translational and internal kinetic temperatures. The overall
kinetic temperature shown is defined for a nonequilibrium gas
as the weighted mean of the translational and internal
temperature (see Eq. 1.26 of Ref. 2). Note that the ideal gas
equation of state does not apply to this temperature in a non-
equilibrium situation. Only under thermal equilibrium condi-
tions is the overall kinetic temperature and the thermodynamic
temperature equivalent.

The translational kinetic temperature rise, which is quite
rapid, always precedes the density rise (Fig. 2a). For example,
the translational kinetic temperature is maximum at 7.84 cm
from the surface while the density has increased by only a fac-
tor of 2.1. The initial translational kinetic temperature rise
results from the essentially bimodal velocity distribution, the
molecular sample consisting of mostly undisturbed freestream
molecules with just a few molecules that have been affected by

the shock. The large velocity separation between these two

classes of molecules gives rise to the early translational kinetic
temperatures (two counterflowing streams of molecules under
collisionless conditions would produce a translational kinetic
temperature). The collisions that do occur in the outer portion
of the shock wave are highly energetic, and much of the
chemical change occurs within the shock wave (Fig. 4b).

As the flow becomes more rarefied, the extent of the
flowfield disturbances becomes much larger, as evidenced by
the number density and temperature contours shown in Fig. 5

O Hat plate
A 5° Wedge
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.20 r
uw/ Um
A0
0L 1 ) 1 ]
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Altitude, km

Fig. 10 Effect of rarefaction on velocity slip (s/Ry =4.1).
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for flow about a blunted flat plate at a 85-km altitude. For ex-
ample, the overall kinetic temperature disturbance extends
about 2.5 nose radii upstream of the surface in the stagnation
region (Fig. 5b) and more than 6 nose radii away from the sur-
face at an s/R location of 8. The conditions along the surface
experience significant change with the expansion to the
downstream conditions: the stagnation density is seventy-five
times freestream (not shown in Fig. 5a since the density in-
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Fig. 11 Maximum atomic mass fraction values along the stagnation
streamline.
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creases substantially near the surface), whereas the surface
density near the end of the plate is only three times freestream.

Even though the gas is significantly compressed in the
stagnation region, the kinetic temperature profiles along the
stagnation streamline and near the surface (Fig. 6a) show that
thermodynamic equilibrium is not achieved; that is, the energy
associated with the translational and internal energy modes
does not conform to a Boltzmann distribution. Furthermore,
the overall kinetic temperature of the gas adjacent to the sur-
face is 1920 K, almost twice the specified wall temperature. At
a distance of about one local mean free path (MFP) from the
surface, the overall kinetic temperature is 3300 K, the value

specified as the jump condition in continuum formulations.? .

The temperature jump values are even greater at an s/R loca-
tion of 4.1 (Fig. 6b), where the overall kinetic temperature ad-
jacent to the surface is 2252 K.

Surface Pressure and Heat Transfer

Surface pressure and heat transfer values expressed in coef-
ficient form are presented in Figs. 7a and 7b, respectively, for
the cylindrically blunted portion of the flat plate. The effects
of rarefaction are demonstrated by comparing the calculated
results for 70, 85, and 100 km. The pressure coefficient data
are bounded by the modified Newtonian and free molecule
values for most of the nose region. The variation of the
pressure coefficient caused by rarefaction effects is moderate
provided that the gas surface interaction is diffuse, as is
assumed in the present calculations. In contrast, the heat

transfer coefficient (Fig. 7b) is very sensitive to rarefaction ef-

fects, approaching the free molecule value with increasing
rarefaction.

Effect of Wedge Angle

For the 85-km condition, calculations were made for wedge
half-angles of 0, 5, and 10 deg. Results for pressure and heat
transfer rate distribution are shown in Figs. 8a and 8b, respec-
tively. The qualitative trends for pressure and heat transfer
rate distributions are as expected. Note, however, that the
calculated pressure aft of the nose is higher than either New-
tonian or free molecule. For the 10 deg wedge, the pressure at
s/R =8 is a factor of 2.6 greater than Newtonian, whereas at
the nose wedge juncture, it is 5.2 times Newtonian.

Temperature Jump and Wall Slip

Figure 9 presents the values of temperature jump for a § deg
wedge and the flat plate as a function of the freestream
Knudsen number. The results at the stagnation point, where
both cases are identical (Fig. 9a), and an s/R, =4.1 (Fig. 9b)
show the jump values to be larger on the afterbody section.
The effect of the body half-angle is small on the jump condi-
tion in the afterbody section, and a similar trend is found for
the velocity slip as shown in Fig. 10.

The extent of the flowfield disturbance is significantly dif-
ferent for the various altitudes studied; this will have impor-
tant implications concerning the gas-phase chemistry and the
importance of the gas-surface catalytic activity. An indication
of this effect is presented in Fig. 11, where the maximum value
of atomic mass fractions along the stagnation streamline are
shown as a function of altitude for both the monoatomic
nitrogen and oxygen species. The onset (atomic mass fraction
exceeds 1%) of oxygen dissociation occurs at about 96 km
and at about 90 km for nitrogen.

Heating and Drag Coefficients

The stagnation point heat transfer coefficient as a function
of the freestream Knudsen number is presented in Fig. 12 for
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both the 5 deg wedge and the flat plate. Qualitatively, the
results are what one would expect, increasing from the small
value near the continuum regime to a value of unity as the free
molecule limit is approached.

As for the drag coefficient, Fig. 13 shows the calculated
data for the plate and the 5 deg wedge as a function of the
freestream Knudsen number. As with the heat transfer coeffi-
cient, the drag coefficient experiences a large increase with in-
creasing rarefaction. The change in drag is due primarily to
the increase in skin friction rather than to a change in the
pressure coefficient. The difference between the two curves is
due primarily to the difference in base area, since the drag
force for the 5 deg wedge is only 10% greater than that for the
flat plate.

Concluding Remarks

Through the use of a DSMC method, the flowfield structure
and surface quantities about blunt wedges have been calcu-
lated for re-entry conditions within the transition flow regime.
Results of the calculations show the following:

1) The calculated onset of dissociation occurs at 96 km.

2) Translational and thermodynamic nonequilibrium occurs
throughout most of the body-influenced flowfield for the flow
conditions studied.

3) Calculated surface temperature jump and velocity slip are
significant for the conditions investigated.

The numerical results presented herein focus on the non-
equilibrium aspects of rarefied hypersonic flows. Compar-
isons of data calculated with a particulate and a continuum
method illustrate many of the possible deficiencies in the
application of continuum methods for re-entry transitional
flows. Even though the particulate approach is computa-
tionally demanding in terms of resources, 1t does provide a
means of simulating the physics of real-gas flows. Yet a major
problem is the lack of reliable experimental data that can be
used to either verify or provide the basis for improving the
methods. Therefore, inflight measurements of flowfield com-
position and profile quantities are urgently needed. This is
particularly true since no amount of simulation will, by itself,
provide basic physical information. Yet simulation methods
can provide information on flows that are not amenable to
analysis and for which experiment is either impractical or
impossible.
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