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Abstract.This work describes a computational investigation on rarefied hypersonic flow past forward-facing steps. Effects
on the flowfield structure due to variations on the step height have been investigated by employing the Direct Simulation
Monte Carlo (DSMC) method. The results presented highlight the sensitivity of the primary flow properties, velocity,
density, pressure and temperature, to changes on the frontal-face height. It was found that the recirculation region ahead
of the steps is a function of the frontal-face height. The analysis also showed that the extension of the upstream disturbance
depends on the frontal-face height.
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1. INTRODUCTION

In the design of a hypersonic vehicle, the knowledge of the factors that affect the thermal and aerodynamic loads
acting on the vehicle surface becomes imperative. Usually, in the calculations of the thermal and aerodynamic loads,
the analysis assumes that the vehicle has a smooth surface. However, discontinuities, such as gaps, steps and cavities,
are often present on the vehicle surface due to, for instance, fabrication tolerances, sensor installations, and differential
expansion or ablation rates between non-similar materials (Bertram and Wiggs, 1963, Grotowsky and Ballmann, 2000,
Hahn, 1969, and Nestler et al., 1969). Such surface discontinuities may constitute in a potential source in a heat flux rise
to the surface or even though in a premature transition from laminar to turbulent flow.

In hypersonic flight, the flow over a step, gap or cavity causes locally thermal and aerodynamic loads which may dra-
matically exceed the ones of a smooth contour. In order to operate safely, these loads have to be predicted correctly. This
can be done either by experiments which are often very expensive for real flight conditions or by numerical simulation,
which is getting continuously increasing importance.

A large amount of gap, step and cavity research studies are available in the published literature. For the purpose of this
introduction, it will be sufficient to describe only a few of these works. Nestler at al.(1969) conducted an experimental
investigation on steps and cavities in a hypersonic turbulent flow. For the flow conditions investigated, they found that the
pressure distributions in the cavity presented a typical behavior of closed cavity flow in the sense that the flow expands
into the cavity, reattaches to the floor, and separates as it approaches the downstream corner.

Gai and Milthorpe (1995) presented experimental and computational results of a high-enthalpy flow over a blunted-
stepped cone. Basically, an axisymmetric rearward-facing step of height of 0.15 and 0.3 times the nose radius of the
cone. The analysis showed that the heat transfer rate is typical of that in separated flow, i.e., a sudden fall in heat
transfer very near the step and then a gradual increase. The experimental data showed a decrease in heat transfer after
reattachment,whereas the numerical prediction exhibited a plateau for a considerable distance.

Grotowsky and Ballmann (2000) investigated laminar hypersonic flow over forward- and backward-facing steps by
employing Navier-Stokes equations. The hypersonic flow over the steps were simulated by considering freestream Mach
number of 8, Reynolds number of the order of 108 and an altitude of 30 km. According to the them, the computational
results presented a good agreement with the experimental data available in the literature. They also pointed out that the
quantitative comparison exhibited major differences for the wall heat flux, probably due to the difficult in how to measure
accurately.

According to the current literature, there have been considerable experimental and theoretical studies conducted to un-
derstand the physical aspects of hypersonic flow past to steps. The major interest in these studies has gone into considering
laminar or turbulent flow in the continuum flow regime. However, there is little understanding of the physical aspects of
hypersonic flow past to steps related to the severe aerothermodynamic environment associated to a reentry vehicle. In this
scenario, the purpose of the present account is to investigate the flowfield structure of a hypersonic flow on a forward-
facing step in the transition flow regime, i.e., between the continuum flow and the free collision flow regime. Therefore,
the focus of the present study is the low-density region in the upper atmosphere, where numerical gaskinetic procedures
are available to simulate hypersonic flows. High-speed flows under low-density conditions deviate from a perfect gas
behavior because of the excitation of rotational and vibrational modes. At high altitudes, and therefore, low density, the
molecular collision rate is low and the energy exchange occurs under non-equilibrium conditions. In such a circumstance,
the degree of molecular non-equilibrium is such that the Navier-Stokes equations are inappropriate. Consequently, the
Direct Simulation Monte Carlo (DSMC) method will be employed to calculate the hypersonic two-dimensional flow on a
forward-facing step.
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2. GEOMETRY DEFINITION

In the present account, the imperfections or distortions present on the surface of a reentry capsule is modeled by a
forward-facing step. By considering that the step frontal-face h 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.

∞

(a) Forward-facing step (b) Computational domain

Figure 1. Drawing illustrating (a) the forward-facing step and (b) the computational domain.

According to Fig. 1(a), M∞ represents the freestream Mach number, h the frontal-face height, L the total length of
the forward-facing step, and D the location of the step. The distance D may be understood as being the distance from the
stagnation point of the capsule to the step position on the capsule surface. It was considered that the forward-facing step
is infinitely long but only the length L is considered. It was assumed frontal-face height h of 3, 6 and 9 mm, D/λ∞ of 50
and D/λ∞ of 100, where λ∞ is the freestream mean free path.

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

3. COMPUTATIONAL METHOD AND PROCEDURE

The Direct Simulation Monte Carlo (DSMC) method (Bird, 1994) is a computational technique for modeling complex
transitional flows of engineering interest. 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 direct simulation
of the physical processes is in contrast with computation fluid dynamics (CFD) method that is applied to the mathematical
equations that model the physical processes. 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. The method has been tested in the transition flow regime in the last 40 years, and has shown excellent results
when compared with experimental data (Harvey, 1986, 2000 and 2003, Holden and Wadhams, 2003).

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 N2 and 23.7% of O2, 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.

For the numerical treatment of the problem, 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
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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. 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 body 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 is 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. 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.

The numerical accuracy in DSMC method depends 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 scale length of the macroscopic flow gradients normal to the streamwise directions, which means that the cell
dimensions should be of the order of or smaller than the local mean free path (Alexander et al., 1998, Alexander et al.,
2000). The time step should be chosen to be sufficiently small in comparison with the local mean collision time (Garcia
and Wagner, 2000, and Hadjiconstantinou, 2000). In general, the total simulation time, discretized into time steps, is
identified with the physical time of the real flow. Finally, the number of simulated particles has to be large enough to
make statistical correlations between particles insignificant. These effects were investigated in order to determine the
number of cells and the number of particles required to achieve grid independence solutions. Grid independence was
tested by running the calculations with half and double the number of cells in the coordinate directions compared to a
standard grid. Solutions (not shown) were near identical for all grids used and were considered fully grid independent.

4. FREESTREAM AND FLOW CONDITIONS

The flow conditions represent those experienced by a capsule at an altitude of 70 km. This altitude is associated with
the transitional flow regime, which is characterized by the overall Knudsen number of the order of or larger than 10−2. In
this manner, the freestream conditions employed in the present calculations are those given by Bertin (1994) and listed in
Tab. 1, and the gas properties (Bird, 1994) considered in the simulation are shown in Tab. 2.

Table 1. Freestream flow conditions

Altitude (km) T∞(K) p∞(N/m2) ρ∞(kg/m3) µ∞(Ns/m2) n∞(m−3) λ∞(m)

70 219.69 5.582 8.753× 10−5 1.455× 10−5 1.8192× 1021 9.285× 10−4

Table 2. Gas properties

X m (kg) d (m) ω

O2 0.237 5.312× 10−26 4.01× 10−10 0.77
N2 0.763 4.650× 10−26 4.11× 10−10 0.74

The freestream velocity U∞ is assumed to be con-
stant at 7456 m/s, which corresponds to a freestream Mach
number M∞ of 25. The wall temperature Tw is assumed
constant at 880 K. This temperature is chosen to be rep-
resentative of the surface temperature near the stagnation
point of a reentry capsule and is assumed to be uniform
over the forward-facing step. It is important to mention
that the surface temperature is low compared to the stag-
nation temperature of the air. This assumption seems rea-
sonable since practical surface material will 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 Knh corresponds to 0.3095,
0.1548 and 0.1032 for height h of 3, 6 and 9 mm, respectively. Finally, the Reynolds number Reh, also based on the
frontal-face height h and on conditions in the undisturbed stream, is around 136, 272, and 409 for height h of 3, 6 and 9
mm, respectively.

5. COMPUTATIONAL RESULTS AND DISCUSSION

The purpose of this section is to discuss and to compare differences in the flowfield properties due to variations on
the frontal-face height of the forward-facing step. The flowfield properties of particular interest in this work are velocity,
density, pressure and temperature.
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5.1 Velocity Field

The DSMC method is essentially a statistical method. In this way, the macroscopic properties are computed as averages
from the microscopic properties in each cell in the computational domain. As a result, the vector velocity is given by the
following expression,

c0 =

∑N
j=1(mc)j∑N

j=1 mj

(1)

where N , m and c represent, respectively, the number of molecules, the mass and the velocity vector of the molecules
in each cell. It should be noted that the mean molecular velocity c̄ (≡ c0) defines the macroscopic mean velocity. It is
important to mention that the velocity of the molecule relative to the mean macroscopic velocity, defined as thermal or
peculiar velocity, is denoted by c’ ≡ c− c0.

The distribution of tangential velocity u/U∞ to three sections along the lower surface is illustrated in Fig. 2 as a
function of the frontal-face height h. In this set of graphs, X represents the distance x normalized by the freestream mean
free path λ∞, and Y the distance y above the lower surface also normalized by λ∞. As a basis of comparison, the velocity
profile for the flat plate are illustrated in the same set of graphs.

Important features can be observed in the profiles of tangential velocity shown in Fig. 2. For sections X ≤ 30, the
velocity profiles for the step cases are identical by visual inspection with those for the flat-plate case. It means that no
effect of the presence of the step is observed. However, for sections X ≥ 40, the upstream disturbance caused by the step
is observed on the velocity profiles. It is important to mention that the steps are placed at section X = 50. In addition,
it is observed that the velocity profile is affected more upstream with increasing the step height h. This behavior results
from the diffusion of molecules that are reflected from the frontal face of the step. As a result, by increasing the Reynolds
number Reh, the upstream disturbance increases, as would be expected. Also, for sections X ≥ 40, the velocity profiles
related to the steps indicate negative velocities near the lower surface, characterizing a recirculation region at the vicinity
of the frontal face. This behavior in a rarefied flow, i.e., the presence of a recirculation region, also occurs in a continuum
flow regime (Camussi et al., 2008).

Another peculiarity of the flow is with respect to the tangential velocity for Y ≈ 0, i.e., the velocity along the flat-plate
surface and along the lower surface of the step for sections far from the frontal face. It is clearly seen that u/U∞ 6= 0 for
Y ≈ 0, a characteristic of a rarefied flow. As a result, the condition of u/U∞ = 0 at the body surface, no-slip velocity in
the continuum flow regime, is not applied in rarefied flow.

In order to emphasize important features in the flowfield structure, streamline traces at the vicinity of the steps are
demonstrated in Fig. 4. In this group of diagrams, Yh stands for the vertical distance y normalized by the step height h,
and X ′

h refers to the horizontal distance x−D also normalized by the step height h. In this context, the reference frame
was moved to the step position. According to Fig. 4, it is clearly noticed that, for the conditions investigated in the present
account, it appears a recirculation region at the vicinity of the frontal face of the steps.

The following features are notable in Fig. 3. For the h = 3 mm case, the streamlines are parallel to the lower surface
at the section X ′

h = - 4.0. Therefore, it is thus firmly established that the flowfield to X ′
h ≤ - 4.0 has no idea about the
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Figure 2. Distribution of tangential velocity (u/U∞) along the lower surface of the forward-facing step as function of the
height h.
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Figure 3. Distribution of streamline traces at the vicinity of the forward-facing step with height h of 3 mm (left), 6 mm
(middle) e 9 mm (right).

presence of the step. In contrast, for the h = 6 and 9 mm cases, the streamlines are inclined upward at the same section, an
indication that the flowfield knows about the presence of the step downstream along the lower surface. This information
about the presence of the step is sent upstream through the collisions of the molecules.

Another flow peculiarity is related to the recirculation region. It may be inferred in passing that the recirculation
region increases with increasing the step height h, or by increasing the Reynolds number Reh, not only along the lower
surface but also along the frontal face. This behavior differs from that one observed in a continuum flow regime. Based
on an experimental investigation, Camussi et al.(2008) pointed out that the separation region occurs independently of the
Reynolds number Reh; the separation region is of the order of a h upstream the step and approximately a half h size along
the frontal face.

Table 3. Separation and reattachment points of the flowfield
as a function of the step height h.

h Xs Xsh X ′
sh Yr Yrh

3 mm 48.332 14.959 -0.516 2.635 0.815
6 mm 42.866 6.634 -1.104 5.619 0.869
9 mm 37.340 3.852 -1.306 8.707 0.898

Still referring to Fig. 3, it is quite apparent that, af-
ter the flow separation on the lower surface, the flow reat-
taches at the vicinity of the shoulder of the step on the
frontal face. For the steps under investigation, the point of
separation xs and the reattachment point yr on the frontal
face are obtained by assuming that τw = 0, i.e., the section
where the shear stress is equal to zero. The table 3 tabu-
lates xs and yr as a function of the height of the step. In
this table, Xs and Xsh represent the separation point xs

normalized by the freestream mean free path λ∞ and by
the step height h, respectively. Also, X ′

sh correspond to
xs−D normalized by the step height h. Similarly, Yr and
Yrh stand for the point yr normalized by λ∞ and h, respectively.

5.2 Density field

The density in each cell in the computational domain is obtained by the following expression,

ρ =
1
Vc

N∑

j=1

mj (2)

where N is the number of molecules in the cell, m is the mass of the molecules and Vc is the volume of the cell.
The distribution of density profiles ρ/ρ∞ for three sections along the lower surface of the step is displayed in Fig. 4

as function of the step height h. Similar to the distribution of tangential velocity, the distribution of density profiles is
shown in this set of plots to three sections defined by X = 30, 40 and 48. Again X represents the distance x normalized
by the freestream mean free path λ∞, and Y the distance y above the lower surface also normalized by λ∞. As a basis of
comparison, density profiles for the flat-plate case are also presented in the same figure. Due to the large range of variation
for the ratio ρ/ρ∞ along the lower surface of the step, the scale in the x-direction differs from one plot to each other.

According to Fig. 4, it is seen that the upstream disturbance imposed by the step with h of 9 mm is felt by the density
profile at section X = 30. In contrast, at section X = 40, there is no indication that the density profile be affected by the
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Figure 4. Distribution of density ratio (ρ/ρ∞) profile along the lower surface of the forward-facing step as a function of
the height h)

presence of the step with h = 3 mm. As expected, by increasing the frontal face h, the disturbance caused by the step is
felt more upstream in the flow. It should be mentioned in this context that, for X < 30, the density profiles for the step
cases are identical to those presented for the flat-plate case.

Another flow peculiarity is observed in the Fig. 4. It is noted that density dramatically increases as the flow approaches
the step, i.e., the density ρ increased by an order of magnitude when compared to the freestream density ρ∞. 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 Tw is low compared to the stagnation temperature To. For this particular
investigation, this ratio is 0.032.

Still referring to Fig. 4, it is quite apparent that the density ratio shows significant changes in the direction perpendicular
to the lower surface of the step. In the Y -direction, the density has a great value when compared to the freestream density.
As Y increases from zero, density decreases very fast within a layer of the order of a molecular mean free path λ∞. In
the following, by increasing Y , density increases further due to the shock wave, and finally decreases again reaching the
value of the freestream density, for large values of Y . This behavior is usually observed when the temperature of the body
surface is much lower than the stagnation temperature of the gas from the freestream. As a result, the gas near the wall
tends to be very cold and denser than the rest of the gas in the boundary layer.

In a second stage of the investigation on the density behavior, it becomes instructive to explore the upstream distur-
bance in the flow, due to the presence of the step. A more careful examination was carried out in order to estimate the
extent of this effect. For the first row of cells adjacent to the lower surface, the difference in the density was obtained
for the two cases simulated, i.e., between the case with a step and the case and without step; the flat-plate case. In this
scenario, ∆ρx denotes the density rise, due to the presence of the step, as a function of the x coordinate. Figure 5(a)
illustrates the extent of this effect along the lower surface. In this figure, the density difference ∆ρx is normalized by the
freestream density ρ∞. Also, X ′

h refers to the horizontal distance x−D normalized by the fontal-face height h.
Looking first to Fig. 5(a), it is observed that the presence of the step causes a significant increase in density at the

vicinity of the step. It is seen that ∆ρx/ρ∞ has a continuous increase up to the frontal face for the h = 3 mm case.
Nevertheless, for the other two cases, h of 6 e 9 mm, ∆ρx/ρ∞ exhibits a plateau, well defined for the h = 9 mm case. By
considering the position in which the plateau takes place, there is an indication that it is related to the recirculation region.

Still referring to Fig. 5(a), it is clearly noticed that the region affected by the presence of the step is a function of
the step height h. By considering ∆ρx/ρ∞ = 0.05 as the limit condition, then this condition is associated to a position
denoted by the interaction point x0. Hence, based on the reference system shown in Fig. 5(a), the interaction point X ′

0h

is approximately -3.68, - 2.74 and -2.26 for h of 3, 6 e 9 mm, respectively. For comparison purpose, if normalized by
the freestream mean free path λ∞, the interaction point X ′

0 corresponds to 38.12, 32.27 and 28.05, for h of 3, 6 and
9 mm,respectively. The difference between the point of separation xs,and the point of interaction x0, determines the
pre-separation region, defined here by xps. The pre-separation region defines the distance before the separation that a
particular macroscopic property indicates to be affected by the presence of the step in the flow. The Table 4 summarizes
the interaction point and the pre-separation region for density. For convenience, the values for the interaction point and the
pre-separation region for pressure (inside parenthesis) and for translational temperature (inside brackets) are also tabulated
in Tab. 4. Nevertheless, these properties will be discussed subsequently. In this table, X0 and Xps stand for the interaction
point and the pre-separation region normalized by the freestream mean free path λ∞, respectively. In a similar way, X ′

0h
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Figure 5. Upstream disturbance effect on density (left side), on pressure (middle) and on translational temperature (right
side) due to the presence of the forward-facing step.

Table 4. Point of interaction and the pre-separation region related to the density, (pressure), and [translational temperature]
as a function of the height h.

h X0 Xps X ′
0h X ′

ps

3 mm 38.12 (37.83) [38.41] 10.21 (10.50) [ 9.92] −3.68 (−3.77) [−3.59] 3.16 (3.25) [3.07]
6 mm 32.27 (33.79) [28.42] 10.69 ( 9.08) [14.45] −2.74 (−2.51) [−3.34] 1.64 (1.41) [2.24]
9 mm 28.05 (28.20) [27.59] 9.29 ( 9.14) [ 9.75] −2.26 (−2.25) [−2.31] 0.95 (0.94) [1.01]

and X ′
ps represent the interaction point and the pre-separation based on the reference system located at the step position,

normalized by the height h.

5.3 Pressure field

The pressure in each cell inside de computational domain is obtained by the following equation,

p =
1

3Vc

N∑

j=1

(mc′2)j

N
(3)

where N is the number of molecules in the cell, m is the mass of the molecules and Vc is the volume of the cell and c′ is
the thermal velocity of the molecules.

The distribution of pressure profiles p/p∞ for three sections along the lower surface of the step is illustrated in Fig. 6
as function of the step height h. In this set of plots, the pressure profiles are shown to three sections defined by X = 30,
40 and 48. It is important to emphasize that, due to the large range of variation for the ratio p/p∞ along the lower surface
of the step, the scale in the x-direction differs from one plot to each other.

According to Fig. 6, it is seen that the pressure profiles follow the same behavior as those presented by the density
profiles. The pressure profile for the step cases are identical to those obtained for the flat-plate case up to section X = 30.
For sections defined by X > 30, the pressure field is affected by the presence of the steps. It is somewhat surprising to
find that, at the vicinity of the frontal face, the pressure p dramatically increased two orders of magnitude as compared to
the freestream pressure p∞.

The upstream disturbance in the pressure field, due to the presence of the steps, was estimated in a similar way as that
presented by density. In this fashion, for the first row of cells along the lower surface, the difference in pressure ∆px was
calculated for the two investigations, i.e., pressure for the flat-plate case with steps minus pressure for the flat-plate case
without steps. As calculated along the lower surface, the ∆px represents the pressure rise due to the presence of the steps.

Figure 5(b) displays the extent of this effect along the lower surface. In this figure, the pressure difference ∆px is
normalized by the freestream pressure p∞. Based on Fig. 5(b), it is noted that the region affect by the presence of the
steps is a function of the frontal-face height. Also, it is very encouraging to observe that the the pressure difference
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Figure 6. Distribution of density ratio (p/p∞) profile along the lower surface of the forward-facing step as a function of
the height h)

∆px/p∞ exhibits a plateau at the vicinity of the frontal face. It should be remarked that, the presence of plateau in
the pressure was also observed by Chapmann et al. (1958) that conducted an experimental investigation on steps in the
continuum flow regime.

By the time being, it proves convenient to define the interaction point and the pre-separation region related to the
pressure field. Similarly to the density field, these properties were also estimated and are tabulated in Tab. 4. In this table,
the data related to pressure are listed inside the parenthesis. As indeed is clear from the Tab. 4, the interaction point and
the pre-separation region for pressure are very close to those for density.

5.4 Kinetic temperature field

The strong shock wave that forms around the forward-face step at hypersonic flow converts part of the kinetic energy
of the freestream air molecules into thermal energy. This thermal energy downstream of the shock wave is partitioned
into increasing the translational kinetic energy of the air molecules, and into exciting other molecular energy states such
as rotation and vibration.

Temperature ratio profiles along the lower surface are displayed in Fig. 7 for sections X of 30, 40 and 48. In this
set of diagrams, temperature ratio stands for the translational temperature TT , rotational temperature TR, vibrational
temperature TV or overall temperature TOV normalized by the freestream temperature T∞. Also, filled and empty symbols
correspond to temperature distributions frontal-face height h of 3 and 9 mm, respectively. It is apparent from these
diagrams that thermodynamic non-equilibrium occurs throughout the shock layer, as shown by the lack of equilibrium of
the translational and internal kinetic temperatures. Thermal non-equilibrium occurs when the temperatures associated with
translational, rotational, and vibrational modes of a polyatomic gas are different. In such a context, it proves convenient
to define the overall kinetic temperature. The overall kinetic temperature shown is defined for a non-equilibrium gas as
the weighted mean of the translational and internal temperature (Bird, 1994) as follows,

TOV =
3TT + ζRTR + ζV TV

3 + ζR + ζV
(4)

were ζ is the degree of freedom and subscript T , R and V stand for translation, rotation and vibration, respectively.
The overall kinetic temperature TOV is equivalent to the thermodynamic temperature only in thermal equilibrium

conditions. As a matter of fact, it should be noticed that the ideal gas equation of state does not apply to this temperature
in a non-equilibrium situation.

Still referring to Fig. 7, it is clearly seen that the frontal-face impact is more significant in the temperature profiles
for sections at the vicinity of the step, i.e., for sections X > 30. Conversely, no appreciable changes are observed for
sections X < 30. Of particular interest in the analysis is also the behavior of the overall kinetic temperature in comparison
to the wall temperature Tw. According to the prescribed conditions, the wall temperature was set around four times the
freestream temperature, i.e., Tw/T∞ = 4. Therefore, the ratio of the overall kinetic temperature to the wall temperature,
TOV /Tw, is given by 0.25(TOV /T∞). As a result, with this in mind, it is observed from Fig. 7 that the overall kinetic
temperature reaches a value on the lower surface that is above the wall temperature, resulting in a temperature jump as
defined in continuum formulation. It is clearly noticed that the downstream evolution of the flow along the lower surface
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Figure 7. Distribution of kinetic temperature ratio (T/T∞) profile along the lower surface of the forward-facing step as a
function of the height h)

displays a smearing tendency of the shock wave due to the displacement of the maximum value for the translational
temperature as well as for the overall kinetic temperature. Also, it may be recognized from the overall kinetic temperature
distribution that significant changes in the overall kinetic temperature profiles occur within a layer larger than 10λ∞ for
sections close to the frontal face.

For completeness, the computations discussed above on interaction point and pre-separation region for density and
pressure were also performed by the translational temperature. Figure 5(c) exhibits the upstream disturbance in the
temperature field. In this figure, the temperature difference ∆Tx is normalized by the freeestream temperature T∞. Based
on Fig. 5(c), it is observed that the region affect by the presence of the steps is a function of the frontal-face height, as
would be expected. Finally, Tab. 4 tabulates the values (inside brackets) for interaction point and the pre-separation region
associated to temperature. According to Tab. 4, the interaction point and the pre-separation region for temperature are
very close to those for density and pressure. This is in contrast to the upstream disturbance observed in an hypersonic
flow over a blunt body in the sense that the extent of the disturbance is significantly different for each one of the primary
properties. The domain of influence for temperature is usually larger than that observed for pressure, density and velocity.

6. CONCLUDING REMARKS

Computations of a rarefied hypersonic flow on forward-facing steps have been performed by using the Direct Simu-
lation Monte Carlo method. The calculations provided information concerning the nature of the flowfield structure about
the primary flow properties at the vicinity of the steps. Effects of the frontal-face height on the velocity, density, pressure,
and temperature for a representative range of parameters were investigated. The frontal-face height ranged from 3 to 9
mm, which corresponded Knudsen numbers in the transition flow regime.

It was found that the interaction point location and the separation region size upstream the steps are a function of the
frontal-face height. The analysis showed that the upstream disturbance due to the presence of the steps increased with
increasing the frontal-face height. In addition, the extent of this disturbance observed on the temperature field is similar
to that on the pressure field and density field.
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