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Abstract. Compressibility effects on hypersonic flow over forward-facing steps have been numerically investigated by
using the Direct Simulation Monte Carlo (DSMC) method. The work is motivated by interest in assessing the impact of
surface discontinuities on hypersonic configurations in the transition flow regime. The computations were carried out by
assuming step frontal-face height from 3 to 5 millimeters and freestream Mach number from 5 to 25 at zero-degree angle
of incidence. The results highlight some significant differences on the aerodynamic surface quantities due to variations on
the step frontal-face height and on the freestream Mach number. Interesting features observed on pressure, skin friction,
and heat transfer coefficients showed that small frontal-face thickness, compared to the freestream mean free path, still

has important effects on these properties for the freestream Mach number range investigated.
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1. INTRODUCTION

It is generally recognized that the physical phenomena related to the problem of separation are very important in
the design of hypersonic configurations. When separation occurs in high Mach number flows, the changes in pressure
distribution and heat transfer rate can have catastrophic effects in the vehicle. The presence of hot spots at separation and
reattachment points changes the characteristics of the flow over the vehicle and can cause failure in the thermal protection
system, as was evidenced by the tragic loss of Space Shuttle Columbia in 2003. In general, separation occurs due to
the interaction of external flows with various desired or undesired design features present on the vehicle surface, such as
protuberances, notches, cavities, gaps, or steps.

For the particular case of steps, there is a rather extensive studies dealing with forward-facing step flows in the current
literature. 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) or hypersonic (Grotowsky and
Ballmann, 2000; Nestler et al., 1969; Wilkinson and East, 1968) flow past to this type of discontinuity, characterized by
a sudden change on the surface slope.

The major interest in these research studies on forward-facing step has gone into considering 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 with a reentry vehicle. In this scenario,
Leite and Santos (Leite and Santos, 2009a,b) have investigated forward-facing steps situated in a rarefied hypersonic
flow by employing the Direct Simulation Monte Carlo (DSMC) method. The studies were motivated by the interest in
investigating the frontal-face height effect on the flowfield structure and on the aerodynamic surface properties in the
transition flow regime, i.e., between the continuum flow and the free collision flow regime. The analysis showed that
the hypersonic flow past a forward-facing step was characterized by a strong compression ahead of the frontal face. 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 relied on the frontal-face height.

The present investigation was undertaken in an attempt to extend further the previous analysis (Leite and Santos,
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2009a,b) by investigating the impact of the freestream Mach number on the aerodynamic surface quantities for a family
of forward-facing step. In this scenario, the primary goal of this paper is to assess the sensitivity of the surface quantities,
such as pressure, skin friction, and heat transfer coefficients, due to changes on the freestream Mach number and on the
frontal-face height. A detailed and careful effort is 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. In addition, 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. Therefore, the DSMC method will be employed to calculate the hypersonic two-dimensional

flow on the steps.
2. GEOMETRY DEFINITION

Surface discontinuities present on reentry hypersonic configurations are modeled in this investigation by forward-
facing steps as defined in the previous studies (Leite and Santos, 2009a,b). By considering the step frontal-face h is
much smaller than the nose radius R of a reentry vehicle, i.e., h/R < 1, then 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) a schematic view of the forward-facing step and (b) the computational domain.

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

3. FREESTREAM AND FLOW CONDITIONS

Freestream and flow conditions employed in the present calculations are those defined in the previous studies (Leite
and Santos, 2009a,b) 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) Too(K)  poo(N/m?) poo(kg/m?’) uoo(Ns/mQ) Noo(m™3) Moo (M)
70 219.69 5.582 8.753 x 107  1.455 x 107°  1.8192 x 10?!  9.285 x 104

The freestream velocity U, is assumed to be constant at 1485.3 m/s, 4527.8 m/s, and 7546.5 m/s, which corresponds
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to a freestream Mach number M, of 5, 15 and 25, respectively. The wall temperature 7T, is assumed constant at 880 K.
This temperature is chosen to be representative of the surface temperature near the stagnation point of a reentry vehicle
and is assumed to be uniform over the forward-facing step surface.

By assuming the frontal-face height A as

the characteristic length, the Knudsen num- Table 2. Gas properties

ber Kn; corresponds to 0.3095, 0.1548 and

0.1032 for height h of 3, 6 and 9 mm, re- X m (kg) d (m) w
spectively. Finally, the Reynolds number Rey, Oy 0.237 5.312x 10726 4.01 x 107 0.77
also based on the frontal-face height h and Nz 0.763 4.650 x 107%°  4.11 x 10719 0.74

on conditions in the undisturbed stream, cover

from 27 to 409 for the cases investigated.
4. COMPUTATIONAL METHOD AND PROCEDURE

The Direct Simulation Monte Carlo (DSMC) method, introduced by Bird (1994), has been found remarkably suc-
cessful for predicting and understanding a number of difficult problems in rarefied gas dynamics. In the DSMC method,
the gas is modeled at the microscopic level by using simulated particles. Each simulated particle represents a very large
number of physical molecules or atoms. These representative molecules are tracked in the computer as they move, collide
and undergo boundary interactions in the simulated physical space. In addition, the molecular motion is considered to
be deterministic, and the intermolecular collisions are considered to be stochastic. Furthermore, these two processes are
uncoupled over the small time step used to advance the simulation, and computed sequentially. The simulation is always
calculated as an unsteady flow. However, a steady flow solution is obtained as the large time state of the simulation.

In the present account, collisions are simulated with the variable hard sphere (VHS) molecular model (Bird, 1981),
and the no time counter (NTC) collision sampling technique (Bird, 1989). Repartition energy among translational and
internal modes is controlled by the Borgnakke-Larsen statistical model (Borgnakke and Larsen, 1975). For the present
work, the simulations are performed using a non-reacting gas model for a constant freestream gas composition consisting
of 76.3% of Ny and 23.7% of O, while considering energy exchange between translational, rotational and vibrational
modes.

5. COMPUTATIONAL DOMAIN AND GRID

In order to implement the particle-particle collisions, the flowfield around the forward-facing step is divided into ten
regions, which are subdivided into computational cells. The cells are further subdivided into subcells, two subcells/cell in
each coordinate direction. This 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.

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. Depending on the case investigated, side II is positioned from 5\, to 10\, upstream of the flat-plate
leading edge, and side III defined from 30\, to 52\, above the step upper surface. 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
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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). 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 investi-
gated for a coarse and fine grids with, respectively, 50% less and 100% more cells with respect to the standard grid. As a
base of comparison, for the M, =25 case, and for frontal-face height H of 3.23, 6.46, and 9.69, the total number of cells
corresponded, respectively, to 20,000, 33,800, and 41,600 cells.

A discussion of the verification process, effects of cell size, time step 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).
6. COMPUTATIONAL RESULTS AND DISCUSSION

Having computed aerodynamic surface properties over a representative range of simulation parameters, it proves
convenient to summarize the major features of the results. In this sense, the purpose of this section is to discuss and
to compare differences on the aerodynamic surface properties due to variations on the step frontal-face height and on
the freestream Mach number. For the time being, aerodynamic surface quantities of particular interest are number flux,

pressure, heat transfer, and shear stress.
6.1 Number Flux

The number flux NV is calculated by sampling the molecules impinging on the surface by unit time and unit area. The
distribution of the number flux along the lower and upper surfaces, and on the frontal-face surface is illustrated in Figs. 2
and 3 as a function of the freestream Mach number M, and parameterized by the dimensionless frontal-face height H.
In this group of plots, the dimensionless number flux Ny represents the number flux N normalized by n,U, where n
is the freestream number density and U is the freestream velocity. It is important to recall that U, is different for each
Mach number case investigated. In addition, X and Y are the lengths = and y normalized by the freestream mean free
path A\o,. As a basis of comparison, the dimensionless number flux for the flat-plate case is also illustrated in the plot for
freestream Mach number of 25.

Looking first to Fig. 2, it is clearly noticed that the number flux to the surface depends on the frontal-face height H as
well as on the freestream Mach number M. It is seen that the number flux N increases with increasing the frontal-face
H and with the freestream Mach number M. In general, close to the sharp leading edge, the behavior of the number
flux to the lower surface is similar to that for the flat-plate case. This is an expected behavior since the flow in this region
is not affected by the presence of the step. As the flow develops downstream along the lower surface, the presence of the
step is felt in the number flux distribution, since Ny dramatically increases in comparison to the number flux observed
for the flat-plate case, Fig. 2(c). For the M., = 25 case, the presence of the step is felt in the number flux at section X
corresponding to approximately 32.6, 38.1 and 43.4, for frontal-face height H of 9.69, 6.46, and 3.23, respectively. From
these sections up to the section where the steps are located, X = 50, the number flux to the lower surface dramatically
increases in comparison to the number flux observed for the flat-plate case.

Of particular interest is the number flux behavior at the vicinity of the step base. This region, where a significant
number-flux rise is observed, is directly related to the recirculation zone that forms ahead of the step frontal face (Leite,

2009). The recirculation zone concentrates a large number of molecules. The molecules enclosed in this region, when
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Figure 2. Dimensionless number flux distribution along the lower and upper surfaces for freestream Mach number of 5
(left), 15 (middle), and 25 (right).
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Figure 3. Dimensionless number flux distribution along the frontal-face surface for freestream Mach number of 5 (left),
15 (middle), and 25 (right).

colliding with the lower and frontal-face surfaces, increase not only the number flux to both surfaces but also the energy
exchange as well as the linear momentum, as will be seen subsequently.

Turning next to Fig. 3, it can be seen that the number flux to the frontal-face surface is more intense than that observed
to the lower surface. Similar to that for the lower surface, the number flux to the frontal face is a function of the step height
H and of the freestream Mach number M, i.e, it increases with both the frontal-face height and with freestream Mach
number rise. It may be recognized from this figure that the number flux distribution presents a peak value at the vicinity
of the step corner for the M, of 15 and 25. For the M, = 25 case, the peak value takes place at section Y equal to 2.83,
6.09, and 9.21 for H of 3.23, 6.46, and 9.69, respectively. As a matter of fact, the flow reattachment point, Y;., on the
frontal face occurs for section Y equal to 2.69, 5.66 and 8.72 for H of 3.23, 6.46, and 9.69, respectively. It is important
to mention that the flow reattachment point on the frontal-face of the step was obtained by calculating the section where

the shear stress 7, changes from negative value to positive one, i.e., 7, = 0.

6.2 Heat Transfer Coefficient

The heat flux q,, to the body surface is calculated by the net energy flux of the molecules impinging on the surface.
A flux is regarded as positive if it is directed toward the body surface. The net heat flux g, is related to the sum of the

translational, rotational and vibrational energies of both incident and reflected molecules as defined by,

Fy

N
1
Qo =0 — G = AAt{Z mjcj +er; +evjli Z m]c] +egrj +evjlr} )
j=1
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Figure 4. Heat transfer coefficient distribution along the lower and upper surfaces for freestream Mach number of 5 (left),
15 (middle), and 25 (right).
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Figure 5. Heat transfer coefficient distribution along the frontal-face surface for freestream Mach number of 5 (left), 15
(middle), and 25 (right).

where Fy is the number of real molecules represented by a single simulated molecule, N is the number of molecules
colliding with the surface by unit time and unit area, At refers to the time step, A is the area, m is the mass of the
molecules, c is the velocity of the molecules, er and ey stand for the rotational and vibrational energies, respectively.
Subscripts ¢ and 7 refer to incident and reflect molecules. In addition, the heat transfer coefficient CY, is the heat flux g,
normalized by the dynamic energy defined by po, U2 /2.

The dependence of the heat transfer coefficient C}, on the frontal-face height H and on the freestream Mach number
M, is demonstrated in Fig. 4 for the lower and upper surfaces, and in Fig. 5 for the frontal-face surface. According to
Fig. 4, important features can be observed in the heat transfer coefficient behavior. Of particular interest, it is seen that
the heat transfer distribution for M., = 5 case differs from that for the other two cases in the sense that it is high at the
sharp leading edge and decreases along the lower surface. In contrast, for freestream Mach number of 15 and 25, the
heat transfer coefficient C}, follows the same behavior presented by the flat-plate case close to the sharp leading edge,
region unaffected by the presence of the steps. Further downstream along the lower surface, the heat transfer coefficient
C}, significantly increases and reaches pick values close to the frontal face, then decreases to almost zero at the stagnation
region. Along the upper surface, the heat transfer coefficient presents a maximum value at the step corner and then
decreases downstream along the surface, basically reaching the values observed for the flat-plate case.

Referring to Fig. 5, along the frontal-face surface, the heat transfer coefficient increases monotonically, from zero at
the stagnation point to a maximum value near the step corner, which depends on the frontal-face height 4 and on the
freestream Mach number. It is quite apparent that this significant increase in the heat transfer coefficient is due to the flow
reattachment zone. In addition, for freestream Mach number of 15 and 25, the maximum values observed for the heat
transfer coefficient on the frontal-face surface is an order of magnitude greater than those observed on the lower surface.

For comparative purpose, for the M, = 25 case, the maximum values for C}, are around 0.22, 0.38 and 0.52 for height
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H of 3.23, 6,46 and 9.69, respectively. In contrast, the C}, for the flat-plate case, i.e., a flat plate without steps, is around
0.0284 at section X =9.11 in the lower surface. Therefore, C}, of 0.22, 0.38 and 0.52 correspond respectively to 7.75,
13.38 and 18.31 times the pick value for the flat-plate case. Furthermore, it is very encouraging to observe that, for the H

= 9.69 case, the amount of energy transferred to the step corner represents around 50% of the total energy (po. U2, /2) of
the gas coming from the freestream.

6.3 Pressure Coefficient

The pressure p,, on the body surface is calculated by the sum of the normal momentum fluxes of both incident and
reflected molecules at each time step as follows,

Fy &
Pu=Di=Pr = o Z{[(mv)jli — [(mv),],} @)

where v is the velocity component of the molecule j in the surface normal direction. The pressure coefficient C, is pyy-Poo
normalized by the dynamic pressure, pooUZ2, /2.

The impact on the pressure coefficient C), caused by changes on the frontal-face height . and on the freestream Mach
number is depicted in Fig. 6 for lower and upper surfaces, and in Fig. 7 for frontal-face surface. According to this group of
plots, it is noted that the pressure coefficient behavior follows the same trend as that shown for the number flux in the sense
that the maximum values for C), along the the lower surface occur at the stagnation point, at the lower-surface/frontal-face

junction. Along the frontal-face surface, the peak value for C), occurs close the frontal-face/upper-surface junction, similar
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Figure 6. Pressure coefficient distribution along the lower and upper surfaces for freestream Mach number of 5 (left), 15
(middle), and 25 (right).
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to that peak value location for the heat transfer coefficient. In addition, for M., = 25 case, pressure coefficient behavior
along the step surface is similar to that for the flat-plate case at the vicinity of the sharp leading edge. The upstream
disturbances in the pressure coefficient C),, due to the presence of the step, were felt up to section X corresponding to
approximately 32.6, 38.1, and 43.4 for steps with height H of 9.69, 6.46, and 3.23, respectively. Furthermore, from these
sections to the step position, X = 50, the pressure coefficient C), increases dramatically when compared to that for the
flat-plate case.

For comparison purpose, the maximum values for C,, on the frontal face are around 0.64, 1.17 and 1.68 for height H
of 3.23, 6,46 and 9.69, respectively. In contrast, the maximum value of C,, for the flat-plate case, i.e., a flat plate without
steps, is around 0.0393 at section X = 25.96 in the lower surface. Therefore, C), of 0.64, 1.17 and 1.68 correspond

respectively to 16.28, 29.77 and 42.75 times the pick value for the flat-plate case, which corresponds to a smooth surface.

6.4 Skin Friction Coefficient

The shear stress 7, on the body surface is calculated by the sum of the tangential momentum fluxes of both incident

and reflected molecules impinging on the surface at each time step by the following expression,

Tw =Ti — Tr = AAt Z{ mu) ;i — [(mu);],} 3)

where w is the velocity component of the molecule j in the surface tangential direction. Nevertheless, for the special
case of diffuse reflection, the gas-surface interaction model adopted herein, the reflected molecules have a tangential
momentum equal to zero, since molecules essentially lose, on average, their tangential velocity components. In this

fashion, the tangential momentum flux of the molecules is defined as follows,

Tw =T = AAt Z{ mu) @

In addition, the skin friction coefficient C'; is defined as being the shear stress 7,, normalized by the dynamic pressure,
/2
The distribution of skin friction coefficient C'; along the step surfaces — lower, upper, and frontal face — is displayed
in Figs. 8 and 9 as a function of the step height H and freestream Mach Number M. Once again, in this set of plots, X
and Y represent, respectively, the lengths = and y normalized by the freestream mean free path Ao,

Based on Fig. 8, it is observed that the skin friction coefficient distribution for M., = 5 case differs from that for the
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Figure 8. Skin friction coefficient distribution along the lower and upper surfaces for freestream Mach number of 5 (left),
15 (middle), and 25 (right).
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other two cases in the sense that it is high at the sharp leading edge and decreases along the lower surface. Conversely,
for freestream Mach number of 15 and 25, the skin friction coefficient C'y follows the same behavior of that given by the
flat-plate case up to a certain distance from the step. From this position to the step position, X = 50, the skin friction
coefficient C'y decreases, when compared to that for the flat-plate case, and reaches negative values. After that, as a
result of the recirculation region, the skin friction coefficient C'y continues to decrease up to a minimum point. After
the minimum point, C'y increases again and reaches values close to zero at the stagnation point at the base of the step.
Along the upper surface, the skin friction coefficient C'y presents the maximum value at the step shoulder, then drops off
downstream and reaches the value observed for the flat-plate case.

Turning to Fig. 9, along the frontal face, the skin friction coefficient C is basically zero at the step base. After that, it
stays negative from the step base up to the flow reattachment point. From this point up to the step corner, the skin friction
coefficient drastically increases, since this is basically a region exposed to a high speed flow. Afterwards, due to the flow
expansion around the step corner, the skin friction coefficient C'y diminishes by approximately 50% in comparison to
the values observed at the beginning of the upper surface. It should be mentioned that the section corresponding to the
condition of C'y = 0 (7, = 0) was used to define the separation point.

7. CONCLUDING REMARKS

A computational investigation has been carried out for the hypersonic flow over forward-facing steps in the transition
flow regime. The main focus was to analyze the impact of the freestream Mach number and the step frontal-face hight
on the aerodynamic surface quantities. Effects of compressibility on heat transfer, pressure, and skin friction coefficients
were investigated for a representative range of parameters. The freestream Mach number varied from 5 to 25. In addition,
the step frontal-face height ranged from 3 to 9 millimeters, which corresponded overall Knudsen numbers from 0.3095 to
0.1032. Therefore, these cases covered the hypersonic flow in the transitional flow regime.

The analysis showed that changes on the freestream Mach number affected the surface quantities along the lower and
upper surfaces in a different way for the range considered in this work. It was found that the behavior of heat transfer,
pressure, and skin friction coefficients presented for freestream Mach number of 5 is different from those for freestream
Mach number of 15 and 25. In contrast, no significant differences were observed in the behavior of heat transfer, pressure

and skin friction coefficients along the step frontal face for the range of freestream Mach number investigated.
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