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Hypersonic low-density flow around a two-dimensional scramjet inlet model has been analyzed using the direct
simulation Monte Carlo (DSMC) method. The predominant features of hypersonic flows, such as a thick viscous
layer due to the low-density fluid together with shock-boundary-layer interaction and shock impingement as well
as shock-induced separation, are encountered in this type of flowfield. Three hypersonic flowfields with different
degrees of rarefaction are investigated. The freestream Knudsen numbers of the flowfields based on the height
of the duct passage are in the range of 0.02-0.12. Conventional continuum gasdynamics based on the concept of

" alocal equilibrium may not be adequate to describe this type of flowfield accurately. The pressures obtained by
the DSMC simulation are compared with available experimental data. Good agreement is obtained with previous
experimental data and with theoretical solutions for similar wedge flow cases near the leading edge of the ramp
centerbody. Goed agreement is observed with the experimental data of Minucci and Nagamatsu except for some
discrepancies, especially in the lower-density cases, which may be partially attributed to three-dimensional effects

and/or to experimental uncertainty.

Nomenclature
Cc* = modified Chapman-Rubesin constant defined in Eq. (1)
d = height of duct passage, mm
Knrn = Knudsen number, Ao, /d
M = Mach number
P = pressure, Pa
Re, = local Reynolds number, pooUscX /oo
T = temperature, K
U = flow velocity, m/s
x,y = coordinates, mm
o = angle of attack in freestream uniform flow, deg
y = ratio of specific heats
0 = wedge angle, deg
A = mean free path, mm
N = viscosity, N/m-s
0 = density, kg/m’
w = VHS exponent
Subscripts
14 = pitot pressure
w = wall condition
0 = stagnation condition
00 = freestream condition
Superscript
* = reference condition
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Introduction

HE understanding of hypersonic low-density flows is very im-

portant for the development of vehicles designed to operate at
very high altitudes, such as the National Aerospace Plane (NASP)
and orbital transfer vehicles (OTVs). In hypersonic flows, viscous
interaction is a key phenomenon, that governs the structure of the
flow around any configuration.

In the flows around vehicles operating at high altitudes, the
Reynolds number becomes smaller on account of the low density,
and the effect of the viscous interaction becomes more significant.
Also, as the freestream density decreases, rarefaction effects such
as surface slip and various nonequilibrium effects must be taken
into account for the accurate analysis of the flow. Consequently,
conventional continuum gasdynamics, which is based on the con-
cept of a local equilibrium, may not be adequate, and an approach
based on molecular gasdynamics is required. Of the various meth-
ods for the analysis of low-density flows, the direct simulation
Monte Carlo (DSMC) methods developed by Bird' is the one that
is most widely used and readily applicable to complex problems.
The DSMC method is a computer simulation technique to solve
Boltzmann’s equation by modeling a real gas flow using a repre-
sentative set of molecules. Theoretically, the DSMC method can be
applied to any flows for which Boltzmann’s equation is valid. Its
ability to handle complex flows with the effect of strong viscous in-
teraction has been demonstrated, for example, through application
to a compression corner flow by Moss et al.2 and to a complex shock
interaction problem by Carlson and Wilmoth.?

In the present study, hypersonic low-density flow around a scram-
jet inlet model has been analyzed using the DSMC method. This
type of flow is characterized by a thick viscous layer due to the low-
density fluid that occupies most of the inlet capture streamtube. Also,
shock-boundary-layer interaction, shock impingement, and shock-
induced separation are dominant features of hypersonic flows. Ex-
tensive computational studies of the flowfields around a scramjet
inlet have been conducted using conventional continuum methods,
but less attention has been devoted to the strong viscous-inviscid in-
teraction with merged regions of the shock wave and boundary layer
in hypersonic low-density flows. An accurate analysis of this type
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of flow structure associated with the ingestion of the thick viscous
layer by the inlet is especially important in determining the inlet
performance of high-speed vehicles at very high altitudes.

The aim of the present study is to reproduce numerically the ex-
perimental flowfields that have been measured at Rensselaer Poly-
technic Institute* in a hypersonic shock-tube tunnel using dry air as a
test gas. The inlet model employed in the experiment is 322 mm long
and 40.35 mm high, and consists of a long inlet ramp, a straight duct
passage formed by a short cowl, and an exhaust in the rear section
of the model, which is a typical configuration of aerospace vehicles
operating in hypersonic flow regimes.

In the experiment, a series of test cases was investigated corres-
ponding to two flow conditions, referred to as low- and high-
enthalpy air, with stagnation temperatures of 1100 and 4100 K,
respectively. The low-enthalpy case was investigated by Lai et al.
by using a continuum method, the PARC code.5’ In the present
work, the high-enthalpy case is considered, for which continuum
solutions are not available. Calculations are made for a two-
dimensional scramjet inlet model at three Mach numbers, 12, 15,
and 18. The corresponding freestream Knudsen numbers based on
the height of the duct passage are in the range of 0.02-0.12. The
numerical results are compared with experimental data in which
wall pressures along the ramp center body and cowl surfaces are
measured together with the pitot pressure across the duct passage
near the cowl’s blunt trailing edge.

Inlet Model

The scramjet inlet model tested in the experiment and in the
present numerical analysis is shown in Fig. 1. The scramjet model,
322 mm long and 40.35 mm high, consists of a long centerbody,
which is usually integrated as an undersurface of aerospace vehicles,
and an upper cowl designed relatively short to reduce the vehicle’s
weight. These two surfaces form an inlet comprising a compression
ramp, extending slightly beyond the sharp cowl lip together with
a straight duct passage ending at the cowl blunt trailing edge and
the centerbody second expansion corner. The arrangement also al-
lows for an exhaust flow in the rear section, representing a typical
scramjet nozzle using part of the centerbody as its only expanding
surface. This is a typical configuration of aerospace vehicles oper-
ating in hypersonic regimes. In Fig. 1, all dimensions indicated are
in millimeters. The maximum thicknesses of the centerbody and the
cowl are 18.8 and 16.25 mm, respectively. The region enveloped
by dashed lines (A BC D E F) represents the computational domain.
The lines AB, BC, and AF are freestream inflow boundaries, and
the lines CD and EF are supersonic outflow boundaries. The up-
stream inflow boundary A B is moved upstream to where the flow
is not disturbed by the flow around the ramp leading edge. The
freestream boundary conditions along the upper inflow boundary
BC are imposed at a distance sufficiently far from the inlet model
where the ramp external shock does not intersect. The angle of at-
tack in the freestream uniform flow, ¢, is assumed to be 0 deg. The
freestream gas is air with a stagnation temperature of 4100 K. The

Table 1 Freestream flow conditions

My T, K poo, 1074 kg/m® Py, Pa Kn = hoo/d

Casel 120  208.0 1.89 11.0 0.02
Case II 150 1350 0.64 24 0.06
Case IIT 18.0 94.3 0.26 0.68 0.12

-
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x=152.6 x=171 x=255  x=322
*all dimensions are in milimiters

Fig. 1 Geometry of the scramjet inlet model.

freestream flow conditions are shown in Table 1. The wall was as-
sumed to be at a constant temperature of 300 K, which is room
temperature in the experiment.

DSMC Method

The DSMC method is a popular simulation technique for low-
density flows, and the DSMC code used in the present study is
based on the same principles as described in Bird,! together with
the variable hard-sphere (VHS) model® as a molecular model and
the no-time counter (NTC) method’ as a collision sampling tech-
nique. The code was developed at the NASA Lewis Research Center
and has been used to investigate various low-density flows.'°~2 In
the code, the flow domain is divided into several subregions, and the
cell structure in each region is constructed by analytical grid trans-
formations so that an exact molecular indexing can be done by a
simple algebraic equation rather than by fuzzy point indexing.! The
code is fully vectorized to utilize the now-popular vector computers.
General ideas regarding vectorization of the DSMC method can be
found in Usami et al.'* and Boyd.!* The total CPU time required for
the flow considered in the present study is in a range of 12-16 hon
a Cray Y/MP supercomputer, and the execution speed of the code,
which is measured by CPU time per particle per timestep, is about
1.3-1.8 us, depending on the freestream condition.

The computational flow domain consists of about 45,000-60,000
cells, depending on the freestream condition, in 48 subregions. The
cell size is kept less than the local mean free path in both the x and y
directions except for case I, in which some cells inside the duct pas-
sage are about 2—4 times larger than the local mean free path in the
x direction. At the steady phase of the simulation, the total number
of simulated molecules in the flow domain is about 1-1.5 million,
depending on the freestream condition. The flowfield is sampled
every 5 timesteps during 20,000 timesteps after reaching the steady
phase. The transient phase, in which the solution develops and the
flow structures form, is accelerated by employing one-fourth the
usual number of simulated particles and a four times larger timestep
than that for the steady phase. Then, all the simulated molecules in
the flow domain are cloned, as was done in McDonald.!> Before
commencing the sampling, about 6000 timesteps are run through
to allow the complex flow structures to be fully developed and to
prevent any deleterious effects in the final results due to the cloning.

The freestream fluid is modeled as air in equilibrium correspond-
ing to the freestream condition'® with 79% nitrogen and 21% oxygen
by volume. The VHS exponent w of the gas mixture is chosen to
be 0.25. The reference molecular diameters of nitrogen and oxygen
are chosen to be 4.07 x 107'° and 3.96 x10~'%m, respectively, at
areference temperature of 2.73 K. Chemical reactions are assumed
to be frozen. For the calculation of rotational and vibrational energy
exchange between the colliding molecules, the Borgnakke-Larsen
phenomenological model'’ is employed. A diffusely reflecting wall
with full accommodation at the wall temperature is assumed for the
interaction between the gas molecules and the wall. The probabilities
of rotational and vibrational energy exchange were chosen to be 0.2
and 0.02, respectively. The wall is assumed to be a monatomic gas
with an infinite mass for the internal-translational energy exchange
of the reflecting molecules, and the probabilities are assumed to be
the same as those in the gas mixture.

Results and Discussion

To present the overall structure of the flowfield in the present
scramjet model and the behavior of the low-density flows, Mach-
number and pressure contours obtained by the DSMC method will
be considered first. Figure 2 shows Mach-number contours for case I,
in which the freestream Mach number is M, = 12. Highly oblique
shock waves and thick viscous layers are predominant features of
the flowfield, In the figure, the difference in Mach number between
adjacent contours is 0.5. It can be seen that the sharp ramp shock
does not impinge on the internal surface of the cowl, but passes
above the cowl leading edge to be deflected at a larger angle around
the cowl leading edge on the external surface. The ramp bound-
ary layer grows to a thickness equal to the height of the duct pas-
sage, and directly interacts with the cowl leading edge. The cowl
leading-edge shock is completely immersed in the boundary layer.
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Fig. 2 Mach-number contours, Mo, = 12.

Fig. 3 Mach-number contours, M = 15.

Fig. 4 Mach-number contours, M, = 18.

Upon impinging upon the centerbody surface near the juncture, the
cowl leading-edge shock causes flow separation. In the region be-
hind the cowl blunt trailing edge, the flow structure becomes com-
plex, involving viscous-dominated flows followed by a mixing shear
layer occurring between two hypersonic streams.

Figure 3 shows Mach-number contours for case II, in which the
freestream Mach number is M., = 15. The freestream Knudsen
number for case II is about 3 times larger than that in case L. It
can be seen that the ramp leading-edge shock is not as sharp as
that in case 1. The ramp boundary layer grows more than 1.5 times
thicker than the height of the duct passage at the cow! leading edge.
The cowl leading-edge shock inside the duct passage also becomes
diffusive. Inside the duct passage, the subsonic layer grows to more
than half the height of the passage near the rear end. All of these
phenomena are due to the increase of the mean free path:

The effect of rarefaction can be seen more clearly in Fig. 4, which
shows Mach-number contours for case III. The freestream mean free
path in case III is about 2 times larger than that in case IL. It can
be seen that the ramp leading-edge shock becomes diffusive and
the ramp boundary layer grows to more than 2 times the height
of the duct passage at the cowl leading edge. The duct passage is
fitled with the subsonic layer. This is because, as the mean free path
increases, the effect of molecule-surface collisions becomes more
important than that of molecule-molecule collisions. Molecules near
the wall that have experienced a collision with the surface can travel
further without suffering from molecule-molecule collisions. This
means that the effect of the existence of the surface increases.

More detailed flow structure inside the duct passage can be seen
in Fig. 5, in which pressure contours are plotted for the case of
freestream Mach number M, = 12. The pressure is the average
value of the pressures in the x, y, and z directions and is normalized
by the freestream pressure. The interaction of the cowl leading-
edge shock with the ramp boundary layer can be clearly seen. The

- cowl leading-edge shock is reflected at the ramp centerbody sur-

face toward the rear end of the cowl with a small positive angle,
to be dissipated by the exhaust flow. As the freestream mean free
path becomes larger, the interaction of the cowl leading-edge shock
with the ramp boundary layer becomes more diffusive, as can be
seen in Figs. 6 and 7, which show pressure contours for the cases
of freestream Mach number M,, = 15 and 18, respectively. The
location at the centerbody surface on which the cowl leading-edge
shock impinges moves forward because of the increase of the shock
angle. It also can be seen in the figures that the flow in the rear
part of the duct passage becomes almost symmetric because of the
increase of the wall effect as the flow becomes more rarefied.
Consideration is now given to the nonequilibrium phenomena
in the flow. Figure 8 shows translational and internal temperature
variations along the ramp centerbody surface for case I. The inter-
nal temperature consists of rotational and vibrational temperatures.
It can be seen that the flow is in a highly thermal nonequilibrium
state. The translational temperature shows a sudden increase, a peak
value of about 3500 K while passing through the shock and then a
decrease to about 1000 K. It gradually decreases to about 600 K
because of the cold wall at 300 K. The internal temperature also
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Fig. 5 Pressure confours, M, =12,
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Fig. 6 Pressure contours, M, = 15.
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Fig. 7 Pressure contours, M, = 18.
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Fig. 8 Temperature variation along the ramp centerbody surface.

jumps to around 700 K while passing through the shock, and then
gradually decreases to equilibrate with the translational tempera-
ture. Both temperatures show a minimum around the separation
point due to the increased interaction with the cold surface. A se-
vere translational nonequilibrium also exists in the flow, as can be
seen in Fig. 9, in which pressures in the x, y, and z directions along
the ramp centerbody surface for case I are shown. The pressures
are calculated by the equation of state. It can be seen that the mag-
nitudes of pressures in each direction are different, especially near

nor
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Fig. 9 Pressure variation along the ramp centerbody surface.

the ramp leading edge, because of the strong nonequilibrium and
large slip.

Hypersonic low-density flowfields for a flat plate or wedge are
subjects of classical interest and have been studied previously by
many investigators, both theoretically and experimentally. Since the
ramp of the present inlet model is a wedge with a wedge angle of
0 = 6.29 deg, it would be interesting to compare the DSMC results
with the previous experimental data of Vidal and Bartz!® together
with those of Minucci and Nagamatsu.* The behavior of the surface
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Fig. 10 Comparison of surface pressure along the ramp centerbody surface.

pressure around the leading edge in the results of the present DSMC
simulation is more consistent with those observed by previous in-
vestigators. Figure 10 shows comparison of surface pressures along
the ramp centerbody. The DSMC pressures are obtained by cal-
culating the normal force per unit area on the surface exerted by
colliding molecules. In the figure, the vertical axis is the normal-
ized surface pressure by the Newton-Buseman approximation for
wedge pressure, and the abscissa is the normalized distance used by
Vidal and Bartz. The quantity C* is the modified Chapman-Rubesin
constant, '® which is defined by

T Beo T*

* T.
=t )

where u* is the viscosity at a reference temperature T* given by

T 1 1Ty

-6 2T, @
The experimental data of Vidal and Bartz are for wedges with wedge
angles 0 = 5 and 10 deg in a dry-air flow with stagnation temper-
ature 4000 K and surface temperature 300 K, which are similar
conditions to those in the present problem. The freestream Mach
numbers are in the range of 19-20.8. The corresponding freestream
unit Reynolds numbers are in the range of (1.1~8.5) x 10*/m, and
are also closer to those in the present problem, (1.4—4.6) x 10*/m.
It can be seen that the present DSMC results lie between the results
for the 5- and 10-deg wedges of Vidal and Bartz. Also, the present
DSMC results and the experimental data of Vidal and Bartz are in
good agreement with the theory of Chow and Eilers.!® The exper-
imental data of Minucci and Nagamatsu show much lower values
than those for the 10-deg wedge of Vidal and Bartz, especially in
the high-Mach-number case.

In the experiment, the air was expanded through a 30-deg-
included conical nozzle with an exit diameter of 60 cm. The leading
edge of the inlet model was located 15 mm downstream from the
nozzle exit. Hence, there is a possibility that the freestream may
not be uniform with a 0-deg flow angle. In addition, vibration of
the model could result in a slight misalignment with the freestream.
Hence, the flowfields are calculated for both @ = 0 and 2.5 deg. It
is found that the ramp centerbody surface pressure is very sensitive
to the freestream angle of attack.

In Figs. 11-13, the wall pressure at the ramp centerbody surface
is plotted from the entrance to the rear end of the duct passage. The
pressure is normalized by the freestream pitot pressure. The results
from the DSMC method for & = 0 deg show 25-30% higher wall
pressure than the experimental data. The results show a maximum
inside the duct passage, which corresponds to the location on which
the cowl leading-edge shock impinges. As the gas becomes rarefied,
the peak moves forward because of the increase in the cowl leading-
edge shock angle. In the case of My, = 15, the DSMC pressure is
double-peaked, and the second peak is due to the arrival of the
very weak shock that has been reflected at the cowl surface. As
the gas becomes even more rarefied, the shock becomes very weak

20 -
] ®  Minucci and Nagamatsu
------ DSMC, o = 0.0 deg.
16 - ——— DSMC, & = 2.5 deg.

¥ M =12

1 1 ) | L ) s | L J

0
150 170 190 210 230 250
Distace from leading edge, mm

Fig. 11 Comparison of surface pressure along the ramp centerbody in
the duct passage.

20
| M =15 ®  Minucci and Nagamatsu
------ DSMC, a = 0.0 deg.
16 - —— DSMC, o = 2.5 deg.

i L 1 s 1 L i " J

0 )
150 170 190 210 230 250
Distace from leading edge, mm

Fig. 12 Comparison of surface pressure along the ramp centerbody in
the duct passage.

and diffusive, as can be seen in Fig. 13. The DSMC results for
a = 2.5 deg are also shown in Figs. 11-13. It can be seen that
the freestream condition with @ = 2.5 deg gives better agreement
with the experiment. It is interesting to see, in the case of M, =
12, that the peak moves forward because of the increase in the
cowl leading-edge shock angle and the secondary peak starts to
appear at the rear part of the duct because of the secondary arrival
of the very weak shock. In Figs. 14-16, the wall pressure on the
cowl surface is plotted from the entrance to the rear end of the duct
passage. The secondary peaks in the pressure profiles are caused
by the arrival of the weakened cowl leading-edge shock reflected
from the centerbody. Again, it can be seen that an angle of attack
of 2.5 deg gives better agreement with the experiment except for
M, =18.

There are several other possibilities that may result in the dis-
crepancy between the DSMC results and the experimental data.
These include three-dimensional effects, an orifice effect due to rar-
efaction, and chemical nonequilibrium. These possibilities will be
discussed below.
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Fig. 13 Comparison of surface pressure along the ramp centerbody in
the duct passage.
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Fig, 14 Comparison of surface pressure along the cowl in the duct
passage.

In the inlet model, the ratio of the width to the height of the duct
passage is about 16.3. The continuum calculation of Lai et al.’ for
the low-enthalpy case implies that a relieved spillage effect can be
produced by an ambient pressure that is lower than the pressure on
the centerbody surface. The continuum results showed that the three-
dimensional effects were negligible for M, = 12, but have some
effect for Mo, = 19.1. In the continuum results obtained for M,
= 19.1, the location of the maximum wall pressure inside the duct
passage is shifted downstream, whereas the maximum value is not
affected. Also, the convergence for this case was only marginal and
could not be achieved for lower-density cases, owing the drastically
thickened ramp boundary layer. This means that the possibility of
three-dimensional effects must be viewed with caution.

In low-density flows, the true pressure on a surface can be differ-
ent from that measured in orifice cavities or pressure holes, because
of the increase in the effect of molecule-surface collisions, which
is called an “orifice effect.”” The orifice effect can significantly
affect the pressure data measured by using pressure holes in low-
density flows. The best way to avoid this complication is to use a
pressure gauge that has its sensing element flush with the wall. In
the experiment of Minucci and Nagamatsu, pressure taps that are
1.7 mm in diameter and about 1.5 mm in depth were used to in-
stall pressure transducers at the bottom of the tap.!® The dimensions
of these pressure taps are comparable with the mean free path of
the flowfield near the leading edge, and the measured wall pressure
near the leading edge should have been affected by the orifice ef-
fect, while the effect becomes negligible inside the duct passage.
The assessment of the orifice effect for the experiment of Minucci
and Nagamatsu is a formidable task as a result of the combined
effect of thermal nonequilibrium, shear stress, internal energy, and
tab geometry.?' An alternative way to assess the effect is to simu-
late the three-dimensional flowfield with many pressure holes using
the DSMC method, but that is computationally prohibitive at the
present time.

In the present study, chemical reactions are assumed to be frozen
because the wall is at the room temperature of 300 K. Although
not shown, the translational temperature in most of the flowfield

25 ~
| M =15 ®  Minucci and Nagamatsu
~~~~~~ DSMC, a = 0.0 deg.

20 —— DSMC, a0 = 2.5 deg.

150 170 190 210 230 250
Distace from leading edge, mm

Fig. 15 Comparison of surface pressure along the cowl in the duct
passage.
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Fig. 16 Comparison of surface pressure along the cowl in the duct
passage.

obtained by the DSMC method was less than 2300 K except for
extremely small regions near the leading edges of the ramp center-
body and the cowl, where the maximum translational temperature
goes up to 4000 K. The internal temperature in most of the flowfield
was less than 2000 K. Consequently, the temperature of the air in
most of the flowfield was less than 2200 K except for the extremely
small region near the leading edges of the ramp centerbody and the
cowl, where the maximum temperature goes up to 2400 K. At this
condition, dissociation of oxygen would be negligible. This justifies
the assumption of frozen chemistry.

Finally, pitot pressure distributions across the duct passage at a
location x = 247.7 mm for M, = 12 and 15, respectively, are
shown in Fig. 17. Again, the pitot pressures are normalized by the
freestream pitot pressure. It can be seen that the pitot pressure de-
creases as the flow becomes rarefied, because of the increase of
the effect of molecule-surface collisions, i.e., increase of the ef-
fect of the cold wall, as was mentioned earlier. The pitot pressures
obtained by the DSMC method for @ = 0 deg show significantly
higher values than the experimental data, especially for M, = 15,
which may be partially attributed to the effect of rarefaction. It is
well known?® that, in low-density flows, measured pitot pressures
do not coincide with the ideal impact pressure, which is also a kind
of orifice effect as discussed earlier. The difference between the two
pressures becomes larger as the flow becomes more rarefied and the
probe diameter becomes smaller. In the experiment of Minucci and
Nagamatsu, a thin-walled stainless steel tube with a internal diam-
eter of 1.5 mm was used.' The diameter of the tube is comparable
with the mean free path of the flowfield, and the ideal pitot pres-
sures obtained by the DSMC method need to be corrected in order
to be directly comparable with the measured impact pressures. The
DSMC impact pitot pressures corrected by using experimental data
compiled by Fisher® are also shown in Fig. 17. Unfortunately, a
relation between the ideal and impact pressures in subsonic rarefied
flows is not available, and correction for the pilot pressures is made
only for the supersonic portion of the flow. It can be seen that the
corrected DSMC pilot pressures show better agreement with the
experimental data.
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Conclusions

Hypersonic low-density flows around a scramjet inlet model have
been analyzed using the DSMC method. Three hypersonic flow
cases with different degrees of rarefaction are considered, which
conventional continuum gasdynamics based on the concept of alocal
equilibrium may not be adequate to describe accurately. The present
DSMC results show good agreement with the previous experimental
data or theoretical solutions for similar wedge flow cases. However,
some discrepancies between the DSMC results and the experimental
data occur in the wall pressure along the centerbody surface near
the leading edge of the ramp. Inside the duct passage, the DSMC
results with an angle of attack of 2.5 deg give better agreement
with the experiment. Comparison of the pitot pressure across the
duct passage near the trailing edge of the duct shows reasonable
agreement. Some discrepancies between the DSMC results and the
experimental data may be attributed to three-dimensional effects
and the orifice effect.
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