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Abstract. Computations using the Direct Simulation Monte Carlo (DSMC) method are presented for hypersonic flow on
forward-facing steps. The primary aim of this paper is to examine the step height impact on the shock-wave structure. The
sensitivity of the shock-wave shape, shock-wave thickness and shock-wave layer to frontal-face height variations of such
steps is investigated by using a model that classifies the molecules in three distinct classes: (1) undisturbed freestream, (2)
reflected from the boundary and (3) scattered, i.e., molecules that had been indirectly affected by the presence of the step.
The analysis showed that, for power-law shaped leading edge, the shock wave follows the body shape. It was found that
the shock-wave layer for the forward-facing steps is in qualitative agreement with that for a flat plate without steps up to
a certain distance from the step frontal face. After that, the shock-wave layer depends on the step frontal-face height.
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1. INTRODUCTION

Flow separation is a common phenomenon in aerodynamic configurations. This phenomenon usually occurs on any
surface where the pressure rise and pressure gradient are sufficiently large. The importance of this phenomenon has been
increased by the current interest in the calculation of the thermal and aerodynamic loads associated with imperfections
or discontinuities, such as notches (Charwat, 1971; Howell and Korst, 1971), cavities (Charwat et al., 1961a,b; Everhart
et al., 2006; Everhart, 2009), gaps (Bertin and Goodrich, 1980; Hinderks et al., 2004; Hinderks and Radespiel, 2006;
Vharbonnier and Boerrigter, 1993), or steps (Grotowsky and Ballmann, 2000; Nestler et al., 1969; Pullin and Harvey,
1977; Wilkinson and East, 1968), that are often present on the surface of reentry space vehicles. For instance, the wind-
ward surface of the Space Shuttle entry configuration is thermally protected during the reentry trajectory by a system
composed of a large number of tiles that are bonded to the vehicle aluminum structure. In order to account for thermal
expansion between individual tiles, surface discontinuities like cavities, gaps or even steps, arising from the joints and
possible title misalignment, are necessary between individual tiles. Such surface discontinuities may affect locally the
flowfield structure and may cause higher than expected heating on the vehicle surface during the reentry trajectory.

For the particular case of steps, there is nowadays a rather extensive literature dealing with forward-facing step flows.
In general, these research studies have been conducted in order to understand, among others, the physical aspects of
a laminar or turbulent boundary layer in a subsonic (Camussi et al., 2008; Chapman et al., 1958; Stiier et al., 1999),
supersonic (Bogdonoff and Kepler, 1955; Chapman et al., 1958; Driftmyer, 1973; Rogers and Berry, 1965; Uebelhack,
1969; Zukoski, 1967) or hypersonic (Grotowsky and Ballmann, 2000; Nestler et al., 1969; Pullin and Harvey, 1977;
Wilkinson and East, 1968) flow past to this type of discontinuity, characterized by a sudden change on the surface slope.
For the purpose of this introduction, it will be sufficient to describe only a few of these studies.

Rogers and Berry (1965) conducted an experimental investigation on forward-facing steps in a supersonic flow, M ~
2, characterized by a thick laminar boundary layer. Freestream pressure was defined at 30, 50 and 70 pmHg, covering
a Reynolds number per inch between 98 and 281. Eight step heights were tested, ranging in 0.1 inch intervals from 0.1
to 0.9 inches, except 0.8 inch. In addition, the step height was comparable with the local boundary-layer thickness for
a flat-plate without steps. According to them, the investigation showed that the largest pressure rise occurred at the step
face. In addition, it was found that this pressure rise depended on height-to-length (h/L) ratio, where h is the step height
and L is the distance from the flat-plate leading edge to the step.

Forward-facing steps, for the particular case where the step heights h were less that the boundary-layer thickness &,
were investigated by Driftmyer (1973). The experimental investigation was conducted at a freestream Mach number of
4.9 with a unit Reynolds number in the range of 0.8-4.0x10° per foot. According to the experimental data, the pressure
distributions measured in the separated region ahead of the steps were found to be functions of both Res and h/§ for the
turbulent boundary-layer separation case where h < §. It was also found that the pressure distribution on the step face
was also a function of Res and h/J.

Pullin and Harvey (1977) numerically analyzed a two-dimensional rarefied hypersonic flow around a forward-facing
step by considering Ny as the working fluid, and freestream Mach number of 22. The analysis showed that in the vicinity
of the step base, the flow has a rapid deceleration and compression accompanied by a sudden transition to a near continuum
Navier-Stokes-type state nearly in equilibrium at the body temperature. In addition, their computational results presented
good agreement with experimental data.

The major interest in these studies on forward-facing step available in the current literature has gone into considering
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laminar or turbulent flow in the continuum flow regime. However, there is little understanding of the physical aspects
of rarefied hypersonic flows past to steps related to the severe aerothermodynamic environment associated to a reentry
vehicle. In this fashion, Leite and Santos (2009a) have studied forward-facing steps situated in a rarefied hypersonic flow
by employing the DSMC method. The work was motivated by the interest in investigating the frontal-face height effect
on the flowfield structure. A detailed and careful effort was made to provide a comprehensive description of the flow
with special relevance to the particular case where the step height is less than the boundary-layer thickness. The primary
emphasis was to examine the sensitivity of the velocity, density, pressure and temperature due to step-height variations
of such forward-facing steps. The analysis showed that the hypersonic flow past a forward-facing step was characterized
by a strong compression ahead of the frontal face. It was found that the recirculation region ahead of the steps was a
function of the frontal-face height. The analysis also showed that disturbances upstream the step depended on changes in
the frontal-face height of the steps. In addition, results showed that the separation point and the pre-separation region rely
on the frontal-face height.

In continuation of the step research, Leite and Santos (2009b) extended the previous analysis (Leite and Santos, 2009a)
by investigating the step-height effects on the aerodynamic surface quantities. In this manner, the investigation was
undertaken in an attempt to assess the behavior of the heat transfer, pressure, and skin friction coefficients due to changes
on the step height. The analysis found that locally high heating and pressure loads were observed on three locations along
the step surface, i.e., on the lower surface, on the frontal face and on the upper surface. Results showed that both loads
relied on the frontal-face height. The peak values for the heat transfer coefficient on the frontal-face surface were at least
one order of magnitude larger than the maximum value observed for a smooth surface, i.e., a flat plate without a step.

In an effort to obtain further insight into the nature of the flowfield structure of forward-facing steps, under hypersonic
transition flow conditions, the present account extends the previously analysis (Leite and Santos, 2009a,b) by examining
computationally the shock-wave structure over the forward-facing steps. In the present study effort is directed to assess
the behavior of the shock-wave shape, shock-wave thickness, and shock-wave layer on the steps. In pursuit of this goal,
the Direct Simulation Monte Carlo (DSMC) method will be employed to investigate the shock-wave structure of the
hypersonic two-dimensional flow over the steps.

2. STEP GEOMETRY DEFINITION

In the present work, discontinuities or imperfections on the surface of a reentry capsule is modeled by forward-facing
steps. By considering that the step frontal-face  is much smaller than the nose radius R of a reentry capsule,i.e., h/R <
1, them, the hypersonic flow over the step may be considered as a hypersonic flow over a flat plate with a forward-facing
step. Figure 1(a) displays a schematic view of the model employed and presents the important geometric parameters.
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Figure 1. Drawing illustrating (a) the forward-facing step and (b) the computational domain.

Referring to Fig. 1(a), M, represents the freestream Mach number, A the frontal-face height, D the total length of the
forward-facing step, and L the location of the step. It was considered that the forward-facing step is infinitely long but
only the length D is considered. It was assumed frontal-face height h of 3, 6 and 9 mm, which correspond to H (= h/\)
of 3.23, 6.46, and 9.69, respectively, where A\, is the freestream mean free path. In addition, it was also assumed L/,
of 50 and D/ of 100.

An understanding of the frontal-face height impact on the flowfield structure can be gained by comparing the flowfield
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behavior of a flat plate with a step to that of a plate without a step. In this fashion, a flat plate free of discontinuities, i.e,
without steps, works as a benchmark for the cases with steps.

3. COMPUTATIONAL TOOL

The Direct Simulation Monte Carlo (DSMC) method, pioneered by Bird (1994), is a computational technique for
modeling complex transitional flows of engineering interest. Is a particle simulation method that aims to calculate practical
gas flows through computations of motions and collisions of modeled molecules. It has become one of the standard and
reliable successful numerical techniques for rarefied gas flow simulations. In addition, it has been applied to many fields.
These include the traditional field of rarefied atmospheric gas dynamics, the emerging field of micro-fluidics, and very-low
pressure fields such as space propulsion and vacuum systems.

The DSMC method model a gas flow by using a computer to track the trajectory of simulated particles, where each
simulated particle represents a fixed number of real gas particles. The particle evolution is divided into two independent
phases during the simulation; the movement phase and the collision phase. In the movement phase, all particles are
moved over appropriate distances related to a short time step, During this phase, some of the molecules interact with the
domain boundaries. Molecules that strike the solid wall would reflect according to the appropriate gas-surface interaction
model, specular, diffuse or a combination of both models. In the collision phase, intermolecular collisions are performed
according to the theory of probability without time being consumed. In this manner, the intermolecular collisions are
uncoupled to the translational molecular motion over the time step used to advance the simulation. The uncoupling of
the molecular motion and collisions over small time steps and the division of the flowfield into small cells are the key
computational assumptions associated with the DSMC method.

Collisions in the present DSMC code are simulated with the variable hard sphere (VHS) molecular model (Bird, 1981)
and the no time counter (NTC) collision sampling technique (Bird, 1989). Energy exchange between kinetic and internal
modes is controlled by the Borgnakke-Larsen statistical model (Borgnakke and Larsen, 1975). For the present account, the
simulations are performed using a non-reacting gas model, consisting of 76.3% of Ny and 23.7% of O, while considering
energy exchange between translational, rotational and vibrational modes. For a given collision, the probability is defined
by the inverse of the number of relaxation, which corresponds to the number of collisions needed, on average, for a
molecule undergoes relaxation. The probability of an inelastic collision determines the rate at which energy is transferred
between the translational and internal modes after an inelastic collision. Relaxation collision numbers of 5 and 50 were
used for the calculations of rotation and vibration, respectively.

4. COMPUTATIONAL FLOW DOMAIN AND GRID

In order to implement the particle-particle collisions, the flowfield around the forward-facing step is divided into
an arbitrary number of regions, which are subdivided into computational cells. The cells are further subdivided into
subcells, two subcells/cell in each coordinate direction. The cell provides a convenient reference for the sampling of the
macroscopic gas properties, while the collision partners are selected from the same subcell for the establishment of the
collision rate. Therefore, the physical space network is used to facilitate the choice of molecules for collisions and for the
sampling of the macroscopic flow properties such as density, velocity, pressure, temperature, etc.

The computational domain used for the calculation is made large enough so that body disturbances do not reach the
upstream and side boundaries, where freestream conditions are specified. A schematic view of the computational domain
is depicted in Fig. 1(b). According to this figure, side I-A is defined by the forward-facing step surface. Diffuse reflection
with complete thermal accommodation is the condition applied to this side. In a diffuse reflection, the molecules are
reflected equally in all directions, and the final velocity of the molecules is randomly assigned according to a half-range
Maxwellian distribution determined by the wall temperature. Side I-B represents a plane of symmetry, where all flow
gradients normal to the plane are zero. At the molecular level, this plane is equivalent to a specular reflecting boundary.
Sides II and III are the freestream side through which simulated molecules enter and exit. Side II is positioned at 5\,
upstream of the flat-plate leading edge, and side III defined at 30\, 34\, and 42\, above the step upper surface for
frontal-face height H of 3.23, 6.46, and 9.69, respectively. Finally, the flow at the downstream outflow boundary, side IV,
is predominantly supersonic and vacuum condition is specified (Bird, 1994). At this boundary, simulated molecules can
only exit.

DSMC results depend on the cell size chosen, on the time step as well as on the number of particles per computational
cell. In the DSMC code, the linear dimensions of the cells should be small in comparison with the length scale of the
macroscopic flow gradients normal to the streamwise directions, which means that the cell dimensions should be the
order of or smaller than the local mean free path (Alexander et al., 1998, 2000). The time step should be chosen to be
sufficiently small in comparison with the local mean collision time (Garcia and Wagner, 2000; Hadjiconstantinou, 2000).
A very small time step results in an inefficient advancement of the solution and accumulation of statistics. Most particles
will take many time steps to cross a given cell. As a result, the collision phase of each time step will involve the same
group of particles as in the previous time step since almost no particles leave or enter the cell. Moreover, a large time step
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Table 1. Region Dimensions (x x y) and number of cells [z x y] for cases H of 3.23, 6.46, and 9.69.

H=3.23 H =6.46 H =9.69

Rl (5o X 3.230.0)[10 x 10]  (5Aso X 6.46A00)[10 x 20] (5Aao X 9.69A0)[10 x 30]
R2 20\ X 3.23050)[40 X 30]  (20As0 X 6.46A00)[40 x 50] (20As0 X 9.69A00 1[40 x 60]
R3 20\ X 3.23M050)[40 X 30]  (20Ms0 X 6.46A00)[40 x 50] (20As0 X 9.69A0)[60 x 60]
R4 (10)Mo X 3.230.0)[60 x 70]  (10Mae X 6.46A0)[110 x 120]  (10Aeo X 9.69Mo0)[120 x 140]

RS (Ao X 30A0)[10 x 40] (5Xae X 34A0)[10 x 50] (B5hoo X 4205010 x 60]
R6  (20A\ X 30A0)[30 x 40] (20\a0 X 34Ao0)[30 x 50] (20\a0 X 42X50)[30 x 60]
R7  (20\ X 30\.0)[30 x 40] 20\ a0 X 34Ao0)[30 x 50] (20M00 X 42X50)[30 x 60]
RS  (10A X 30M.0)[30 x 50] (10Aa X 34X0)[30 x 60] (10Aa X 42)20)[30 x 80]
R9  (25). X 30)\.0)[60 x 70] (25X 00 X 34M0)[70 X 90] (25X X 42)20)[70 x 90]
R10  (25)\ X 30)\0)[60 x 80] (25)00 X 34M0)[60 x 80] (2500 X 42)20)[70 x 80]

allows the molecules to move too far without the opportunity to participate in a collision. This again causes a smearing
of the properties of the flow, resulting in non-physical results. Therefore, the time step must be chosen such that a typical
particle moves about one fourth of the cell dimension at each time step. Finally, the number of simulated particles has to
be large enough to make statistical correlations between particles insignificant.

As part of the verification process, a grid independence study was made with three different structured meshes, coarse,
standard and fine, in each coordinate direction. The effect of altering the cell size in the x- and y-directions was inves-
tigated for a coarse and fine grids with, respectively, 50% less and 100% more cells with respect to the standard grid.
Table 1 summarizes the main characteristics for the standard grid related to ten regions (R1 to R10 in Fig. 1(b)) for the
frontal-face height H of 3.23, 6.46, and 9.69. In this fashion, for H of 3.23, 6.46, and 9.69, the total number of cells
correspond, respectively, to 20,000, 33,800, and 41,600 cells.

A discussion of the verification process, effects of cell size and number of molecules on the aerodynamic surface
quantities for the forward-facing steps presented herein, is described in detail in Leite (2009). Furthermore, as part of
the validation process, results for density, velocity and translational temperature were compared with those obtained from
other established DSMC code and experimental data in order to ascertain how well the DSMC code employed in this
study is able to predict hypersonic flow in a flat plate. Details of this comparison is also presented in Leite (2009).

5. FREESTREAM AND FLOW CONDITIONS

Freestream conditions and gas properties employed in the present calculations are those given by Leite (2009) and
tabulated in Tabs. 2 and 3, respectively. These flow conditions represent those experienced by a Brazilian capsule, named
SARA (acronyms for SAtélite de Reentrada Atmosférica) at an altitude of 70 km.

Table 2. Freestream flow conditions

Altitude (km) Too(K)  poo(N/m?) Poo(kg/m?) Jtoo(Ns/m?) Noo(Mm™3) Aoo(m)

70 219.69 5.582 8.753 x 107°  1.455 x 10~° 1.8192 x 10?1 9.285 x 10~*

Referring to Tabs. 2 and 3, T\, Poos Poos Hoos Moos
Moo, and Uy, stand respectively for temperature, pressure,
density, viscosity, number density, and mean free path, and
X, m, d, and w account respectively for mole fraction, Y m (ke) 4 (m) N
molecular mass, molecular diameter and viscosity index. &

The freestream velocity Uy, assumed to be constant Os 0.237 5.312x10726 4.01 x 1019 0.77
at 7456 m/s, corresponds to a freestream Mach number Ny 0.763 4.650 x 10726 4.11 x 1019 0.74
M of 25. This is the Mach number for SARA capsule
at 70 km of altitude. The wall temperature T, is assumed
constant at 880 K. This temperature is chosen to be repre-
sentative of the surface temperature near the stagnation point of the SARA reentry capsule and is assumed to be uniform
in the entire surface of the forward-facing step. It is important to mention that the surface temperature is low compared
to the stagnation temperature of the air. This assumption seems to be reasonable since practical surface materials will

Table 3. Gas properties
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probably be destroyed if surface temperature is allowed to approach the stagnation temperature.

By assuming the frontal-face height h as the characteristic length, the Knudsen number Kn;, corresponds to 0.3095,
0.1548 and 0.1032 for height h of 3, 6 and 9 mm, respectively. The Reynolds number Rey, is around 136, 272 and 409
for height h of 3, 6 and 9 mm, respectively, also based on the frontal-face height ~ and on conditions in the undisturbed
stream. Finally, it was assumed zero-degree angle of attack, i.e., o« = 0.

6. COMPUTATIONAL PROCEDURE

The problem of predicting detachment, thickness and shape of shock waves has been stimulated by the necessity for
blunt noses and leading edges configurations designed for hypersonic flight in order to cope with the aerodynamic heating.
In addition, the ability to predict thickness, shape and location of shock waves is of primary importance in analysis of
aerodynamic interference. Furthermore, the knowledge of the shock-wave displacement is also especially important in
waverider configurations, since these hypersonic configurations usually rely on shock-wave attachment at the leading edge
to achieve their high lift-to-drag ratio at high-lift coefficient.

In the present account, the shock-wave structure, defined by shock shape (location), shock thickness, and shock layer,
is predicted by employing a procedure based on the physics of the particles (Santos, 2008). In this procedure, the flow is
assumed to consist of three distinct classes of molecules: Class I molecules denote those molecules from the freestream
that have not been affected by the presence of the body surface; Class II molecules are those molecules that have struck
and been reflected from the body surface at some time in their past history; and finally, those molecules that have been
indirectly affected by the presence of the body are defined as class III molecules. Figure 2(a) illustrates schematically the
definition for the molecular classes.

Moreover, it is assumed that the class I molecule changes to class III molecule when it collides with either class 11
or class III molecule. Class I or class III molecule is progressively transformed into class II molecule when it interacts
with the body surface. Also, a class II molecule remains class II independently of subsequent collisions and interactions.
Hence, the transition from class I molecules to class III molecules may represent the shock wave, and the transition from
class III to class I may define the boundary layer on the body surface.

A typical distribution of class III molecules perpendicular to the flat-plate surface is displayed in Fig. 2(b) along with
the definition used to determine the thickness, layer and center of the shock wave. In this figure, Y is the height y normal
to the flat-plate surface, normalized by the freestream mean free path A, and f;;; is the ratio of the number of molecules
for class III inside the cell to the total number of molecules inside the same cell.

In a rarefied flow, the shock wave has a finite region that depends on the transport properties of the gas, and can no
longer be considered as a discontinuity obeying the classical Rankine-Hugoniot relations. In this fashion, the shock layer
is defined as being the distance between the shock wave center and the flat-plate surface, as shown in Fig. 2(b). Still
referring to Fig. 2(b), the center of the shock wave is defined by the station that corresponds to the maximum value for
fr11. Forthermore, the shock-wave thickness ¢ is defined by the distance between the stations that correspond to the mean
value for f7;. Finally, the shock-wave shape or “shock-wave location” is determined by the coordinate points given by
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Figure 2. Drawing illustrating (a) the classification of molecules, and (b) the shock-wave structure.
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the maximum value in the f;;; distribution along the flat-plate surface, i.e., y-direction as shown in Fig. 1(b).
7. COMPUTATIONAL RESULTS AND DISCUSSION

This section focuses on the effects that take place on the shock-wave structure due to variations on the step frontal-face
height. In this scenario, the purpose of this section is to discuss and to compare differences in the thickness, location, and
shape of the shock wave due to variations on the frontal-face height h. Nevertheless, having computed molecular class
properties over the entire computational domain, it proves instructive to summarize first the major features of the results
related to the class of molecules.

7.1 Molecular Class Distribution

The distribution of molecules for classes I, II, and III is demonstrated in Fig. 3 for three sections along the step lower
surface. In this set of plots, f7, frr and f7;; are the ratio of the number of molecules for class I, II and III, respectively,
to the total amount of molecules inside each cell along the y-direction, X and Y are the length = and height y along the
step surface normalized by the freestream mean free path A\.. Also, filled and empty symbols correspond to molecular
class distribution for dimensionless height 4 of 3.23 and 9.69, respectively. The distribution for the I = 6.46 case is
intermediate to these cases, and it will no be shown. For comparison purpose, the molecular class distribution for the
flat-plate case, i.e, a flat plate without steps, is also presented in this set of plots. In this manner, for the flat-plate case,
classes I, II, and III correspond to the solid, dash, and dashdot lines, respectively. It should be remarked that the steps are
positioned at section X = 50.

According to Fig. 3, it can be observed that, for section X = 28, the molecular class profiles for the steps are identical,
by visual inspection, to those for the flat-plate case. It means that no effects due to the presence of the steps are observed
up to this section. However, for sections X > 38, the upstream disturbance caused by the steps is observed on the
molecular class profiles. In addition, it is recognized that the downstream evolution of the flow along the lower surface
displays a smearing tendency of the shock wave, formed at the leading edge of the lower surface, due to the displacement
of the maximum value for the molecular class III distribution, as defined in the shock-wave structure shown in Fig.2(b).
Moreover, the region defined by class II molecules is related to the boundary layer on the step surface. In this respect, it
is clearly seen that the boundary layer for the H = 9.69 case is larger than that for the H = 3.23 case close to the frontal
face of the steps. This is an expected behavior since the “body” defined by the step with H = 3.23 is more “streamlined”
than that for H = 9.69 case.

Of great significance in this set of plots is the behavior of the molecules at the vicinity of the lower surface. It should
be noticed that molecules from freestream, represented by class I molecules, basically do not penetrate into the boundary
layer and do not reach the surface for the H = 9.69 case at section X = 48, as shown in Fig. 3(c). In contrast, molecules
from freestream penetrate into the boundary layer and a small amount collides with the lower surface for the other cases
at sections X < 48, even after the establishment of the steady state. This situation is illustrated in Fig. 3(a,b). An
understanding of this behavior can be gained by the distribution of density at the vicinity of the lower surface. Figure 4
displays the density ratio p/p, profiles for the same three sections. It is apparent from this set of plots that density ratio
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Figure 3. Distribution of molecules for classes I, II and III for three sections along the lower surface of the forward-facing
step as a function of the dimensionless height H.
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Figure 4. Distribution of density ratio (p/p~o) profile along the lower surface of the forward-facing step as a function of
the dimensionless frontal-face height

increases significantly with increasing the step height H and reaches its maximum value at the stagnation point, at the
base of the steps. In this fashion, the buildup of particle density near the frontal face acts as a shield for the molecules
coming from the undisturbed stream, which are represented by class I molecules. This density rise at the vicinity of the
frontal face is a characteristic observed in blunt-body reentry flow, known as a cold-wall flow. Usually, in a reentry flow,
the wall temperature T, is low compared to the stagnation temperature 7,. For this particular investigation, this ratio is
0.032.

The distribution of molecules for classes I, IT and III for three sections along the upper surface of the steps is displayed
in Fig. 5. In this group of plots, Y is the distance (y — k) above the upper surface of the steps normalized by the mean free
path Ao. Again, filled and empty symbols correspond to the molecular class distribution for step height H of 3.23 and
9.69, respectively. It is clearly seen in this group of plots that the distribution of molecules for classes I, IT and III presents
a similar behavior as that observed for the step lower surface in the sense that the shock-wave layer and shock-wave
thickness continue to increase as the flow develops along the upper surface of the steps.

Before proceeding with the shock-wave structure analysis, it is desirable to present the distribution of the molecular
classes around the forward-facing steps. In this way, particular attention is paid to the molecular class III for the forward-
facing steps investigated. Figure 6 exhibits the contour map for class III molecules with streamline traces. In this group
of diagrams, X and Y correspond to the length = and height y normalized by the freestream mean free path A\.. It is
important to mention that class III molecules represent the effect of the presence of the step that is propagated in the
off-body direction. According to this set of diagrams, the disturbance in the off-body direction is more significant for the
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Figure 5. Distribution of molecules for classes I, II and III for three sections along the upper surface of the forward-facing
step as a function of the dimensionless height H.
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Figure 6. Contour map with streamline traces for class III molecules around the forward-facing step with dimensionless
height H of 3.23 (left), 6.46 (middle) and 9.69 (right).

H =9.69 case than that for the H = 3.23 case, as would be expected.

7.2 Shock-Wave Shape

The shock-wave shape, defined by the shock-wave center, is obtained by calculating the position that corresponds to
the maximum f7;; in the y-direction along the step surface, as defined by Fig. 2(b). Figure 7 displays the shock-wave
shape as a function of the dimensionless frontal-face height H. As a base of comparison, the shock-wave shape for the
flat-plate case is also displayed in the same figure.
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Figure 7. Shock-wave shape over the forward-facing step as a function of the dimensionless frontal-face height /1.

8. CONCLUDING REMARKS

This study applies the Direct Simulation Monte Carlo (DSMC) method to assess the effect on the shock-wave structure
due to variations on the face height of forward-facing steps. The calculations provided information concerning the nature
of the shock-wave shape, shock-wave thickness, and shock-wave layer resulting from variations on the frontal face for the
idealized situation of two-dimensional hypersonic rarefied flow.

The computational results indicated that the shock-wave layer for the steps grows similar to the for the flat-plate case,
i.e., a flat plate without steps, up to a certain distance from the step frontal face. After that, the shock-wave layer for
the step continues to increase as a function of the frontal-face height. In addition, a similar behavior was found for the
shock-wave shape.
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