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Computations using the direct simulation Monte Carlo method are presented for hypersonic rarefied flow over a
supersonic combustion ramjet (scramjet). The primary object of this study is to examine the geometrical effects of a step
jump on flow field structures. The sensitivity of internal flow properties, including shock interaction, vortex, pressure
and temperature distributions to free-stream Mach number and configuration variations, such as the step height and the
ratio of isolator to combustor, is analyzed. Comparisons are made between cases with various configurations, based on
surface pressure and temperature. It is shown that different isolator to combustor ratios and expansion ratios cause pro-
foundly different results. The flow structures generated in the scramjet inlet directly affect vehicles operating at high
speeds and high altitudes.
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1. Introduction

Supersonic combustion ramjet (scramjet) technology is
one of the most important technologies for modern
hypersonic spacecraft. Hypersonic spacecraft operate in a
broad range of flight conditions, from a continuum to
rarefied flows. At low altitudes, the atmospheric density
is relatively high, and flow around hypersonic vehicles is
in the continuum regime, which is characterized by very
large Reynolds numbers and very low Knudsen numbers.
At very high altitudes, at the edge of the atmosphere, the
density is very low, so there are very few collisions
between the molecules and atoms in the flow around the
vehicle. This flow belongs to a rarefied flow regime,
which is characterized by a small Reynolds number and
a large Knudsen number. The Knudsen number per
meter ranges from 7� 10�8 at sea level to 0.001 at an
altitude of 70 km and 0.01 at an altitude of 85 km. When
flying at or above this altitude, the rarefied gas effect is
evident. In a rarefied regime, the molecular effects are
important and the assumptions associated with a contin-
uum become invalid. Because available ground tunnel
experimental techniques and test facilities are limited and
attempts to solve the Boltzmann equation have met with
many difficulties, the direct simulation Monte Carlo
method (DSMC), originally developed by Bird in the
1960s, has become a widely used computational tool for
rarefied gas flows. The development of hypersonic

spacecraft and aerospace science means that new craft
are operating in flight conditions of rarefied flow. Most
or part of the flows around them obviously shows rare-
faction effects. In order to allow the development of
these transitional-regime aircraft, it is necessary to study
these complicated flows.

The purpose of this study is to examine geometric
effects of internal configuration variations of a scramjet
on flow field structures, using the DSMC method. For a
flow in low density, the thickness of the boundary layer
is increased with an increasing rarefaction effect. The
outer inviscid flow structure is affected by an increase in
boundary layer thickness in the low density condition. In
turn, the substantial changes in the outer flow feedback
to the boundary layer affect its growth and so the aero-
dynamic and thermal dynamic properties of the scramjet
internal wall are affected. Therefore, the mutual interac-
tion between the inviscid outer flow and the boundary
layer generates a strong viscous interaction. Moreover,
the hypersonic shock of the flow field generates extre-
mely high pressure, temperature, and density gradients.
The high-temperature effects cause the physical and
chemical properties of gas molecules to deviate from
those for an ideal gas. Refer to papers by Gusev (1993),
Cheng (1993), and Anderson (1989), this deviation is
termed the real-gas effect or the high-temperature effect.
The rarefaction effect also induces slip flow and a

*Corresponding author. Email: zchong@ms28.hinet.net

Journal of the Chinese Institute of Engineers, 2014
Vol. 37, No. 6, 815–826, http://dx.doi.org/10.1080/02533839.2013.839421

� 2013 The Chinese Institute of Engineers



temperature jump on the wall surface, but the non-equi-
librium effect cannot be neglected.

The results for studies of gas dynamics for a com-
bustor with a step jump were analyzed in detail by Baev
and Shumskii (1995), by considering such measures as
sudden expansion structure. The main efforts were direc-
ted to the investigation of the dual-mode scramjet with a
stepped combustor. A number of advantages were dis-
covered, the main ones being reliable combustion stabil-
ization at rather low temperature of incoming flow and
the possibility of operation over a wide range of flight
Mach numbers and fuel equivalence ratios. This advan-
tage compensates for the additional total pressure losses
due to a step combustor. Stepped combustors have been
used for the development of small-scale axisymmetric
models of dual-mode scramjets. This study, based on the
gas kinetic theory, uses the DSMC method proposed by
Bird (1963) to simulate a hypersonic rarefied flow over a
typical scramjet, which is composed of an inlet, an isola-
tor and a combustor. The freestream conditions and the
dimensions of the configuration of the scramjet used in
this work are those of Chung et al. (1995). The correct-
ness of the simulation results is verified using experi-
mental data. This paper also studies the step jump
proposed by Curran, Heiser, and Pratt (1996) and Liu
(2007). The geometrical effects of the variation of the
internal configuration of a scramjet are determined. The
sensitivity of the internal flow properties, including

shock interaction, vortex, pressure, and temperature dis-
tributions, to freestream Mach number and configuration
variations in the step height and the ratio of isolator to
combustor, is analyzed.

2. DSMC method

The transition regime is the category of flow that falls
between the continuum flow regime and the free molecu-
lar flow regime. For a continuum flow regime, the
Navier–Stokes equations are valid for the simulation of
flows. The DSMC method, pioneered by Bird (1963), is
a standard method that is the most reliable numerical
method for the simulation of flows in the transition
regime. In the DSMC method, a finite number of
simulation molecules, which move, collide, and interact
with the boundary in a simulated physical space, are
tracked. Each simulated molecule represents a large num-
ber of identical real molecules (e.g., 1010). The molecular
motion is considered to be deterministic, and the inter-
molecular collisions are considered to be stochastic. The
evolution of the motion and the collision of molecules
are uncoupled over small time steps, which are limited
to the mean collision times of molecules. The DSMC
method always performs an unsteady flow simulation.
However, a steady flow solution is obtained when no
macroscopic flow parameter changes are detected and
when a long simulation time is achieved. It should be

Figure 1. (a) The configuration and dimensions of a 2D scramjet model; (b) computational cells for 2D scramjet model.
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noted that computational molecules have three-dimen-
sional velocity vectors for collision purposes even if a
two-dimensional geometry is considered. In this paper,
the variable hard sphere (VHS) molecular model (Bird
1994) is used to model the molecular collisions. The
VHS model assumes that the cross-section of a molecule
increases as a function of its energy. The rate of change
is related to the coefficient of viscosity, which gives rises
to a temperature power law of viscosity, l / Tx.
Although this viscosity law is reasonably accurate over a
limited range of temperatures for a particular gas, it does
not represent a realistic viscosity over all temperatures.
In general, the viscosity coefficient of real gases over a
wide temperature range is found to be proportional to
the temperature raised to a power of approximately
ω= 0.77. The Borgnakke–Larsen statistical model is used
to simulate the energy exchange between kinetic and
internal modes (Bird 1994). Simulations are performed
using a gas model of equivalent air. Chemical reactions
are assumed to be frozen. Energy exchanges between the
translational and internal modes are considered. For this
study, the relaxation parameters for the rotational and
vibration modes are set to the numbers 5 and 50, respec-
tively. The computational flow domain is divided into a
number of blocks, which are subdivided into computa-
tional cells in a grid structure. The cell provides a conve-
nient reference for the sampling of the macroscopic gas
properties. The size of the cells must be small in com-
parison with the scale length of the macroscopic flow
gradients, which means that the cell size must be of the
order of the local mean free path or even smaller (Bird
1994). The cells are further subdivided into a number of
subcells. The collision partners are selected firstly from
the same subcell. The computational domain is large
enough so that there is no gradient for the flow

parameters which occur on the outer boundary, where
freestream conditions are specified. The numerical accu-
racy of the DSMC method depends on the cell resolution
chosen and on the number of particles per computational
cell.

3. Conditions for simulation

The geometrical model of the two-dimensional (2D)
scramjet proposed by Chung et al. (1995) is shown in
Figure 1(a). The scramjet is mainly composed of a center
body and a cowl. The origin of the coordinate system is
located at the tip of the center body, shown in Figure 1
(a). The ramp length is 171mm, with a half angle of
6.29°. The cowl lip is located at x = 152.6mm. The
height of the inlet throat (hi) is 15.3mm. Behind the inlet
are the isolator and combustor, with lengths, Li and Lc,
heights, hi and hc, respectively. The interface between
the isolator and the combustor is a step jump structure
that forms as a local backward step on the walls of the
central body and the cowl. The height of the combustor
is hc, and the jump in the step is 0.5 (hc�hi). The height
of the central body is 18.8mm, and the height of the
cowl is 6.25mm. The outlet is located at x = 225mm,
with an expansion after-body. The computational domain
is in the area, A-B-C-D-E-F-A, shown in Figure 1(a).
The computational domain is divided into several blocks,
as shown in Figure 1(b). The total number of computa-
tion cells is 56,030, for cases of a high Knudsen number
(0.12), and 217,120 for low Knudsen number (0.02)
cases. All cells are divided into 16subcells in this study.

Note that line AB, line BC, and line AF are the free-
stream inflow boundaries from which computational mol-
ecules enter the domain with a prescribed Maxwellian
distribution. For supersonic flow, the Maxwellian distri-
butions are based on the free-stream condition. Lines CD
and EF are the supersonic outflow boundaries at which
computational molecules crossing this boundary are

Table 1. Abbreviations for the scramjet configurations with
different ICR and expansion ratio.

Expansion
ratio 1.33 1.46 1.59 1.71

ICR
Step

2.5mm
Step

3.5mm
Step

4.5mm
Step

5.5mm

1:1 C1-1 C1-2 C1-3 C1-4
1:3 C2-1
1:5 C3-1 N/A

Table 2. The conditions of the inflow.

M∞ T∞ (K) ρ∞ (kg/m3) P∞ (Pa) Kn= λ∞/hi

Condition I 12 208 1.89� 10�4 11 0.02
Condition II 15 135 0.64� 10�4 2.4 0.06
Condition III 18 94.3 0.26� 10�4 0.68 0.12

Table 3. Properties of the gas (air).

Species Air (273K, 1 atm)

Mass (m) 4.81�10�26 kg
Diameter (dref) 4.19� 10�10m
Viscosity (μ) 1.719� 10�5Nsm�2

Viscosity index (ω) 0.77

Journal of the Chinese Institute of Engineers 817



Figure 2. Pressure distribution on the ramp for an inflow at a
Mach number of 12.

Figure 3. Pressure distribution on the cowl for an inflow at a
Mach number of 12.

Figure 4. Pressure contours of the internal flow field for an inflow at a Mach number of 12. (a) Origin; (b) C1-1; (c) C2-1; (d) C3-1.
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removed. The wall temperature for all scramjet walls is
fixed at 300K. An isothermal diffusely reflecting wall is
used for every wall boundary. The inflow boundaries AB
and BC are imposed upstream and far away from the
ramp leading edge and the inlet model, respectively, to
where the flow is not disturbed by the flow around the
ramp leading edge and where the external shock does
not intersect.

The scramjet configurations with a step jump struc-
ture studied in this work are listed and named in Table 1.
There is a total of six configurations: C1-1, C1-2, C1-3,
C1-4, C2-1, and C3-1, with different ICRs (Isolator to
Combustor length ratio, that is, (Li/Lc) of 1, 1/3, and 1/5
for C1-1, C2-1, and C3-1, respectively, and different
expansion ratios (hc/hi) of 1.33, 1.36, 1.59, and 1.71,
which correspond to step heights of 2.5, 3.5, 4.5, and
5.5mm for C1-1, C1-2, C1-3, and C1-4, respectively.
The flow fields are simulated using the freestream condi-
tions listed in Table 2. The freestream properties of den-
sity and pressure simulate flight altitudes of 65, 75, and
85 km for conditions I, II and III, respectively. However,

the freestream temperatures are experimental values in
the wind tunnel. The Knudsen numbers are 0.02, 0.06,
and 0.12 for conditions I, II, and III, respectively, with
the characteristic length being the inlet throat height. The
molecular collision model used in this study is the VHS
model. The properties of the working gas (air) are listed
in Table 3 , and the viscosity is a constant power: 0.77
of temperature dependence. The translational degree of
freedom is 3 and the rotational degree of freedom is 2.
The relaxation parameters for the rotational and vibration
modes are 5 and 50, respectively. No chemical reactions
are considered. The no time counter collision sampling
technique is used. The energy exchange between kinetic
and internal modes is controlled by the Borgnakke–
Larsen statistical model.

4. Results and discussions

Figures 2 and 3 show comparisons of pressure on the
ramp and cowl surface, respectively, using the
experimental data from Minucci, Nagamatsu, and Kim

Figure 5. Temperature contours of the internal flow field for an inflow at a Mach number of 12. (a) Origin; (b) C1-1; (c) C2-1;
(d) C3-1.
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(1991) and Minucci and Nagamatsu (1993), the DSMC
results of Chung et al. (1995) and this study’s computa-
tional results. The results for this study agree well with the
DSMC results of Chung, but there are significant differ-
ences in the experimental data. Chung et al. (1995) studied
the problem and found that the flow from the wind tunnel
nozzle may not have been uniform, since the test model
was placed 15mm behind the nozzle, where there is flow
at an incident angle. Chung et al. (1995) assumed a free-
stream flow with a non-zero 2.5° angle of attack. The
computational results for a 2.5° angle of attack in this
study show a good agreement with the experimental data.

4.1. Flow simulations for different ICRs with the same
expansion ratio

This section firstly fixes the expansion ratio (hc/hi= 1.33)
and studies the effects on flow structure of configurations
with different ICRs, for the following flow conditions.

4.1.1. Cases of inflow at a Mach number of 12

Figures 4 and 5 show the comparisons of the computa-
tional results for several configurations of varying ICRs

with an inflow Mach number of 12 and a Knudsen
number of 0.02. Figure 4 clearly shows the interaction of
the shock from the cowl lip with the ramp boundary
layer. The pressure distribution of the original configura-
tion shows the oblique shock generated from the cowl
lip firstly impinging on the surface of the central body in
the section of the isolator and then reflecting toward the
rear end of the cowl and secondly impinging on the sur-
face of cowl in the section of the combustor, to be dissi-
pated by the exhaust flow.

The flow structures of shock reflection are in evi-
dence. In the case of configuration C1-1, the flow pattern
in the inlet and the isolator sections is similar to the case
of the original configuration. When the shock reflects
from the central body and expands into the combustor,
its strength diminishes because of dissipation of the
expansion wave that travels from the corners of the step
jump between the isolator and the combustor. In the case
of configuration C2-1, the oblique shock from the cowl
lip firstly impinges at the approximate position of the
step jump. The reflection shock is scattered and deflected
by the connection structure and partially reflected by the
isolator and partially by the combustor. The pressure

Figure 6. Pressure contours of the internal flow field for an inflow at a Mach number of 15. (a) Origin; (b) C1-1; (c) C2-1; (d) C3-1.
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exerted on the surface is thus reduced. This shock deflec-
tion also indicates that the backflow region in the upper
part of the combustor is not influenced. The reflected
shock from the first impinging location in the combustor
is reflected from the upper wall, downstream and moved
to the exit. The other reflection shock from the isolator
is dissipated in the combustor. The results for configura-
tion C3-1 show a similar pressure distribution as for C2-
1. The oblique shock from the cowl lip interacts with the
expansion wave generated by the corners of the step
jump, which reduces its strength and impinges on the
combustor wall. The effect of the expansion waves gen-
erated at the corner of the upper step jump on the flow
structure is obvious.

The temperature distributions in Figure 5 show the
flow pattern evolutions. The temperature distribution for
the case of the original configuration shows that in the
case where the oblique shocks are generated by hyper-
sonic flows across the ramp and cowl lip, the kinetic
energy is transferred to thermal energy and the tempera-
ture is increased. Continuing downstream, the flow
temperature is weakly affected by the reflected shock

and the boundary layer. The results for case C1-1 show
that the temperature distribution is similar to the case for
the original configuration in the section of the isolator.
In the combustor, the temperature is significantly
decreased, with the thermal energy being transferred
back to kinetic energy due to flow expansion from the
corners of the step jump. The temperature increases to
2100K, near the exit, because of the shock and expan-
sion waves, which interact in the combustor. In configu-
rations C2-1 and C3-1, the expansion wave in the lower
section is directly affected by the oblique shock from the
cowl lip and the wave is weaker than that in the upper
part. The temperature in the lower part of the combustor
is higher than other places because of suppression by
shock interactions. The temperature near the outlet for
cases C2-1 and C3-1 is lower than that for case C1-1.

In Figure 4, for the cases of the original configura-
tion and C1-1, the pressure rises before the convex
expansion corner at the junction of the inlet ramp and
the lower isolator wall. These results are caused by
strong rarefaction effects and viscous interactions. Case
C2-1 also shows a similar result. However, case C3-1 is

Figure 7. Temperature contours of the internal flow field for an inflow at a Mach number of 15. (a) Origin; (b) C1-1; (c) C2-1;
(d) C3-1.
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different from the other three cases in that the pressure
rise moves to downstream, after the ramp corner, causing
an expansion flow by a step jump. The temperature con-
tours in Figure 5 also show the effect of strong rarefac-
tion and viscous interactions. The temperature increases
before the cowl lip shock.

4.1.2. Cases for inflow at Mach number 15 and 18

Figures 6–9 show the results for the pressure contours
and the temperature contours for the cases of Mach 15
and 18. As the freestream mean free path becomes lar-
ger, the interaction of the cowl lip shock with the ramp
boundary layer becomes more diffusive. A comparison
of pressure distribution between Mach 15 in Figure 6
and Mach 12 in Figure 4, for the case of the original
configuration, shows that the location on the central
body surface where the cowl lip shock impinges moves
forward because of an increase in the shock angle. The
flow structure of the oblique shock from the cowl lip
impinges on the central body, just discernibly. The reflec-
tion shock from the first impingement is diffused. Inside
the duct passage, from the inlet isolator to the combus-

tor, the subsonic layer grows to more than half the height
of the passage, close to the rear end. It also can be seen
in the figures that the flow in the rear part of the duct
passage becomes almost symmetrical because of the
increase in the wall effect as the flow becomes more rar-
efied. Also, in Figure 6, for the freestream conditions for
a Mach number of 15 and a Knudsen number of 0.06,
the rarefaction effects are more significant. Even in case
C3-1, the pressure rises before the ramp corner.

In Figure 8, for the case of Mach 18 and a Knudsen
number of 0.12, the effect of rarefaction can be seen
more clearly. The increase in the shock angle from the
cowl lip causes the location on the central body surface
at which the cowl lip shock impinges to move forward
to a location ahead of the ramp juncture. The cowl lip
shock causes flow separation. For cases C1-1, C2-1, and
C3-1, the step jump causes the flow to accelerate,
because the expansion wave is induced at the corners.
The subsonic layer is reduced and almost disappears for
cases C2-1 and C3-1, which have large ICRs. Also, in
Figure 8, the rarefaction effects are more significant. The
flow was choked in the duct passage. The flow is sub-
sonic in the combustor.

Figure 8. Pressure contours of the internal flow field for an inflow at a Mach number of 18. (a) Origin; (b) C1-1; (c) C2-1; (d) C3-1.
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In Figure 7, for the condition of Mach 15 and Knud-
sen number 0.06, where there is more rarefaction than
for the case of Mach 12 and Knudsen number 0.02, the
temperature distribution for the case of the original con-
figuration shows that the oblique shocks generated by
the ramp and the cowl lip cause the temperature to
increase in the inlet and the isolator. In the combustor,
the flow temperature decreases, along with the flow
downstream. The results for cases C1-1, C2-1, and C3-1
show that the temperature is increased in the combustor
by the expansion wave induced from the corners of the
step jump. In Figure 9, for the condition of Mach 18 and
Knudsen number 0.12, the effect of rarefaction can be
seen more clearly. The high-temperature zone moves for-
ward and the temperature decrease is more significant
than for the previous two cases. The effects of the step
jump are similar to those for case of Mach 15.

4.2. Surface pressure coefficients

Figure 10 shows the distribution of the surface pressure
coefficients (Cp) for the configurations, C1-1, C2-1, and
C3-1, on the cowl (upper) surface and the central body

(lower) surface, for the case of an inflow Mach number

Figure 9. Temperature contours of the internal flow field for an inflow at a Mach number of 18. (a) Origin; (b) C1-1; (c) C2-1;
(d) C3-1.

Figure 10. Cp distributions on the upper and lower surfaces
for a Mach number of 12 with different ICRs. Where 1:1 for
C1-1, 1:3 for C2-1, and 1:3 for C3-1.
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of 12. Clearly, the impingement of the shock wave
increases the pressure on the wall. The flow expansion
from the corners of the step jump causes the Cp value to
drop dramatically around it and quickly recover when it
flows downstream. The peak Cp value occurs at the cen-
tral body position in the isolator that is impinged on by
the shock from the cowl lip. The differences in pressure
between C1-1, C2-1, and C3-1 are significantly influ-
enced by the location at which the shock impinges and
by the position of the step jump. Figure 10 also shows

the smooth variation in the pressure on the wall of the
central body, from the ramp to the isolator, indicating
that the flow features are affected by strong rarefaction
and viscous interactions which are different from the
effect of an inviscid flow phenomenon. Figures 11 and
12 show the Cp distribution for the cases of Mach 15
and Mach 18. The peak value of Cp for the lower sur-
face for the case of Mach 15 is approximately 0.23,

Figure 11. Cp distributions on the upper and lower surfaces for
a Mach number of 15 with different ICRs. Where 1:1 for C1-1,
1:3 for C2-1, and 1:3 for C3-1.

Figure 12. Cp distributions on upper and lower surfaces for a
Mach number of 18 with different ICRs. Where 1:1 for C1-1,
1:3 for C2-1, and 1:3 for C3-1.

Figure 13. The distribution of the pressure ratio along the
center line (y= 26.45mm) for different expansion ratios. For a
Mach number of 12, with a step of 2.5mm for C1-1, a step of
3.5mm for C1-2, a step of 4.5mm for C1-3, and a step of
5.5mm for C1-4.

Figure 14. The temperature distribution along the center line
(y= 26.45mm) for different expansion ratios, for a Mach
number of 12,with a step of 2.5mm for C1-1, a step of 3.5mm
for C1-2, a step of 4.5mm for C1-3, and a step of 5.5mm for
C1-4.
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which is less than the peak value 0.45 for the case of
Mach 12. Because of the effects of rarefaction, the peak
pressure and the difference in Cp between the lower and
upper surfaces, for the cases of Mach 15 and Mach 18,
are much smaller than the values for the case of Mach
12, which is affected by shock impingement.

4.3. Flow simulations for different expansion ratios
with the same ICR

Figures 13–18 show the simulation results for different
expansion ratios with the same ICR. The ratio of static
to total pressure (P/P0) along the center of the scramjet
at y= 26.45mm is shown in Figure 13. In the case of an
inflow at a Mach number of 12, the pressure drops rap-
idly, after the step jump. A larger expansion ratio means
a higher combustor. The expansion wave travels to the
center of the combustor over a larger distance. It is
observed that the larger the expansion rate, the lower
is the pressure at the center line of the combustor. There
is also a phase delay for the pressure. In the case of the
original configuration, the pressure increases continu-
ously, until the exit. Figure 14 shows the temperature
distribution along the center line. The temperature is
lower in the center when the expansion ratio is
increased. Figures 15 and 16 show the pressure and tem-
perature for a Mach number of 15. Figures 17 and 18
show the pressure and temperature for a Mach number
of 18. The change along the x-axis is much smaller for
the case of a Mach number of 18 than for the cases of
Mach 12 and Mach 15, because the flow is more
uniform in the combustor.

5. Conclusions

The DSMC method is used to simulate the flow field for
a scramjet. Three different free-stream flows with differ-
ent rarefactions are studied. The evolution of flow pat-
terns, such as the reflected shock from the cowl lip, from

Figure 15. The pressure ratio distribution along the center line
(y = 26.45mm) for different expansion ratios, for a Mach
number of 15, with a step of 2.5mm for C1-1, a step of
3.5mm for C1-2, a step of 4.5mm for C1-3, and a step of
5.5mm for C1-4.

Figure 16. Temperature distribution along the center line
(y = 26.45mm) for different expansion ratios, for a Mach
number of 15, with a step of 2.5mm for C1-1, a step of
3.5mm for C1-2, a step of 4.5mm for C1-3, and a step of
5.5mm for C1-4.

Figure 17. Pressure ratio distribution along the center line
(y= 26.45mm) for different expansion ratios, for a Mach
number of 18, with a step of 2.5mm for C1-1, a step of
3.5mm for C1-2, a step of 4.5mm for C1-3, and a step of
5.5mm for C1-4.
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the wall of the isolator, the combustor and the expansion
wave from corners of the step jump is studied, for six
scramjet configurations with different ICRs and expan-
sion ratios. The results of this study can be applied to
the design of a scramjet configuration that is composed
of an inlet, an isolator, a combustor, and an after-body.
These results will also be used in future work to
optimize the scramjet configuration.
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Nomenclature

C1-1 Scramjet configurations with step
jump named in Table 1

C1-2 Scramjet configurations with step
jump named in Table 1

C1-3 Scramjet configurations with step
jump named in Table 1

C1-4 Scramjet configurations with step
jump named in Table 1

C2-1 Scramjet configurations with step
jump named in Table 1

C3-1 Scramjet configurations with step
jump named in Table 1

Cp Surface pressure coefficients
dref Diameter
hc Height of combustor
hi Height of isolator
ICR Li/Lc

Kn Knudsen number
K Absolute temperature
Lc Length of combustor
Li Length of isolator
M Mach
m Mass
mm Millimeter
P Pressure
P0 Total pressure
T Temperature
VHS Variable hard sphere
X Horizontal axis, mm
Y Vertical axis, mm
μ Viscosity
λ∞ Mean free path
ρ Density
ω Viscosity index

Superscript
° Degrees angle

Subscript
ref Reference temperature (273K)
∞ Inflow
w Wall
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