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This paper describes a numerical study on backward-facing steps situated in a rarefied
hypersonic flow by employing the Direct Simulation Monte Carlo (DSMC) method. The
work is motivated by the interest in investigating the step-height effect on the aerody-
namic surface quantities. In this fashion, the primary aim of this paper is to examine the
sensitivity of the heat transfer, pressure and skin friction coefficients with respect to step-
height variations. The analysis showed that the hypersonic flow past to a backward-facing
step is characterized by a strong expansion around the step corner, which influences the
aerodynamics surface properties downstream its back face. It was also found that changing
the step height affected the aerodynamic surface quantities a distance of a few mean free
paths upstream of it. Numerical results were compared with available experimental data
of surface heat flux downstream of the step, showing a very reasonable agreement within
experimental uncertainty.

Nomenclature

Speed of sound, m/s

Area, m?

Skin friction coefficient, Eq.( 5)

Heat transfer coefficient, Eq.( 1)

Pressure coefficient, Eq.( 3)

Molecular velocity, m/s

Molecular diameter, m

Flat-plate total length, m

Ratio of real molecules to simulated molecules, dimensionless
Step height, m

Dimensionless step height, i/

Knudsen number, A/l

Characteristic length, m

Upper surface length, m

Mach number, U/a
Molecular mass, kg
Number density, m~™
Number of molecules

Dimensionless number flux, N/n.,Us

Pressure, N/m?

Heat flux, W/m?

Reynolds number, Ul/u

Reentry capsule nose radius, m

Temperature, K

Normal and tangential velocity components, m/s
Freestream velocity, m/s
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Cartesian axes in physical space, m
Dimensionless length, /A
Dimensionless height, y/As

Mass fraction, dimensionless

Time step, s

Molecular mean free path, m
Viscosity, Ns/m?

Density, kg/m3

Shear stress, N/m?

Viscosity index, dimensionless

<

€ 9D T > X <

Subscript

Refers to rotational energy
Refers to vibrational energy
Refers to wall conditions
Refers to freestream conditions

g8 <

I. Introduction

HE development of aerospace technology has generated a strong demand on research associated with
Trareﬁed gas dynamics. Usually, the development of space vehicles in this area involves reentry type
vehicles, exploratory interplanetary vehicles, etc. These space vehicles, which operate in the high atmosphere
at hypersonic speeds, are generally designed with contour discontinuities, such as cavities, gaps or steps. The
presence of these discontinuities in modern aerodynamics configurations occurs as a desired or undesired
design feature, although a smooth aerodynamic shape of the surface is attempted.

The hypersonic flow over backward-facing steps involves flow separation and reattachment. The flow
is characterized by a strong expansion wave around the step corner. In addition, it is known that the
flow separation modifies the heat transfer at and beyond the separation region. Usually, the low velocity
in the recirculation region is expected to cause relatively low heat-transfer rates. Nevertheless, at the
reattachment zone, the heat-transfer rates may either increase gradually to their attached flow values or
reach comparatively large values. As a result, the separating and reattaching flow phenomena may affect
locally thermal and aerodynamic loads, which may exceed the ones of a smooth surface. Therefore, in order
to operate safely, detailed knowledge of these loads are necessary.

Many experimental and theoretical studies’ =" % 5% % 1 EL 15150519 haye been conducted in order
to understand the physical aspects of a hypersonic flow past to this type of discontinuities, 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.

Data presented by Charwat et al." indicated that flow which separates from an isolated backward-facing
step impinges on the wall approximately a distance of seven times the step height downstream of the step
if the boundary layer is laminar, and approximately five times the step height downstream for a turbulent
boundary layer.

Rom and Seginer” investigated experimentally the heat-transfer rate on a 2-D backward-facing step in
a laminar supersonic flow, corresponding to Mach number in the range of 1.5 to 2.5, and Reynolds number
in the range of 10% to 10°. Results indicated that heat-transfer rates changed with the distance behind the
step. In addition, it was found that the heat transfer rates depended on the ratio of the boundary-layer
thickness at the separation to the step height.

Gai and Milphorpe’ presented experimental and computational results of a high enthalpy flow over a
blunted-stepped cone. Basically, an axisymmetric backward-facing step of height of 3 mm and 6 mm located
at a distance of 101 mm from the nose. The analysis showed that the heat transfer rate was typical of that
in a separated flow, i.e., a sudden fall in heat transfer very near the step and then a gradual increase beyond
it. The experimental data showed a decrease in heat transfer rate after reattachment, whereas the numerical
prediction exhibited a plateau for a considerable distance.

Grotowsky and Ballmann " 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 10® and an altitude of 30 km. According
to them, the computational results presented a good agreement with experimental data available in the
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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.

A numerical study on backward-facing steps, situated in a rarefied hypersonic flow, has been examined by
Leite and Santos ~ by employing the DSMC method. The work was motivated by the interest in investigating
the step height effect on the flowfield structure. The primary emphasis was to examine the sensitivity of
velocity, density, pressure and temperature fields with respect to step-height variations of such backward-
facing steps. The analysis showed that the hypersonic flow past a backward-facing step was characterized by
a strong expansion wave around de corner of the step, which influenced the downstream separation region.
It was found that the recirculation region relies on the back-face height. The analysis also showed that
disturbances downstream the step depended on changes in the back-face height of the steps.

In continuation of the backward-facing step study, the purpose of the present account is to extend further
the previous analysis'® by investigating the impact of the back-face height on the aerodynamic surface
quantities. In this scenario, the primary goal of this paper is to assess the sensitivity of the heat transfer,
pressure, and skin friction coefficients due to variations on the back-face height of the step. The focus
of the present study is the low-density region in the upper atmosphere. At high altitude, and therefore,
low density environment, the molecular collision rate is low and the energy exchange occurs under non-
equilibrium conditions. As a result, the degree of molecular non-equilibrium is such that the Navier-Stokes
equations are inappropriate. In such a circumstance, the Direct Simulation Monte Carlo (DSMC) method
will be employed to calculate the hypersonic two-dimensional flow over a backward-facing step.

II. Computational Method and Procedure

In order to study rarefied flow with a significant degree of non-equilibrium, the Direct Simulation Monte
Carlo (DSMC) method'" is usually employed. The DSMC method has become the most common compu-
tational technique for modeling complex flows of engineering interest in the transitional flow regime. The
DSMC method models 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 simulated particles are allowed
to move and collide, while the computer stores their positions, velocities and other physical properties such
as internal energy.

In the present account, molecular collisions are modeled by using the variable hard sphere (VHS) molecu-
lar model' " and the no time counter (NTC) collision sampling technique.'® Energy exchange between kinetic
and internal modes is controlled by the Borgnakke-Larsen statistical model.”” Simulations are performed
using a non-reacting gas model consisting of 76.3% of Ny and 23.7% of Os. Energy exchanges between the
translational and internal modes, rotational and vibrational, are considered. The probability of an inelastic
collision determines the rate at which energy is transferred between the translational and internal modes
after an inelastic collision. 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 to undergo
relaxation. The rates of rotational and vibrational relaxation are dictated by collision numbers Zr and Zy,
respectively. In the present account, rotational Zx and vibrational Zy collision numbers were obtained in a
collision energy-based procedure, as suggested by Boyd~" for rotation and by Bird“" for vibration.

III. Geometry Definition

In the study being reported herein, discontinuities present on the surface of a reentry capsule are modeled
by a backward-facing step. By assuming that the back face h is much smaller than the nose radius R of a
reentry capsule, 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 backward-facing step. Figure 1 illustrates a schematic view of the model employed
and presents the important parameters.

According to Fig. 1, M, represents the freestream Mach number, h the back-face height, L the length
of the step upstream surface, and D the total length of the flat plate. It was considered that the flat plate is
infinitely long but only the total length D is examined. It was assumed a back-face height h of 3, 6, and 9
mm, which correspond to H(= h/Ax) of 3.23, 6.46, and 9.69, respectively, where A\, is the freestream mean
free path. In addition, it was assumed L/A\ of 50 and D /A, of 150, 170 and 190 for H of 3.23, 6.46, and
9.69, respectively.

In order to bring out the essential features of the back-face height effects on the aerodynamic surface

3of 12

American Institute of Aeronautics and Astronautics

Copyright © 2013 by INPE. Published by the American Institute of Aeronautics and Astronautics, Inc., with permission.



Downloaded by Wilson Santos on July 11, 2013 | http://arc.aiaa.org | DOI: 10.2514/6.2013-2788

Figure 1. Drawing illustrating the backward-facing step.

properties, it becomes imperative to compare the flowfield behavior of a flat plate with a back-forward step
with that without a step. In this manner, a flat plate without a step works as a benchmark for the cases
with a step, and will be referred herein as the flat-plate case.

IV. Freestream and Flow Conditions

Freestream conditions and gas properties employed in the present calculations are those given by Leite
and Santos'~ and tabulated in Tabs. 1 and 2, 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. Referring to Tables 1 and 2, T, Poos Pooy Hoos Moos Moo, and Uy, stand, respectively, for temperature,
pressure, density, viscosity, number density, molecular mean free path, and velocity, and x, m, d and w
account, respectively, for mass fraction, molecular mass, molecular diameter and viscosity index.

The freestream velocity Uy, assumed to be constant at 7456 m/s, corresponds to a freestream Mach
number My, of 25. The wall temperature T}, is assumed constant at 880 K. This temperature is chosen to
be representative of the surface temperature near the stagnation point of a reentry capsule and is assumed
to be uniform over the backward-facing step. It is important to mention that the surface temperature is
low compared to the stagnation temperature of the air. This assumption seems reasonable since practical
surface materials will probably be destroyed if surface temperature is allowed to approach the stagnation
temperature.

By assuming the back-face height h as the characteristic length, the Knudsen number Knj corresponds
to 0.3095, 0.1548 and 0.1032 for height h of 3, 6 and 9 mm, respectively. Finally, the Reynolds number Rey,
also based on the back-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.

Table 1. Freestream flow conditions

Altitude (km) Too(K) poo(N/m?)  poo(kg/m3)  fiso (Ns/m?) Noo (M ™) Aoo(m)

70 220.0 5.582 8.753 x 1075 1.455 x 107° 1.8209 x 10%!  9.03 x 10~4

Table 2. Gas properties

X m (kg) d (m) w

Oy 0.237 5.312x 10726 4,01 x 10719 0.77
Ny 0.763 4.650 x 10726 4.11 x 10719 0.74
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V. Computational Flow Domain and Grid

A schematic view of the computational domain is depicted in Fig. 2. The computational domain is
divided into twelve regions (R1 to R12), 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.

According to Fig. 2, side I-A is defined by the backward-facing step surface. Diffuse reflection with
complete thermal accommodation is the condition applied to this side. 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 IT and III are the freestream side through which simulated molecules
enter and exit. Side II is positioned at 5A,, upstream of the upper-surface leading edge, and side III
defined at 30\, above the upper surface. Finally, the flow at the downstream outflow boundary, side IV,
is predominantly supersonic and vacuum condition is specified.” At this boundary, simulated molecules
can only exit. Nevertheless, it should be remarked that, close to the wall, molecules may not be moving at
supersonic speed. As a result, in this subsonic region close to the wall, there is an interaction between the
flow and the downstream boundary. However, the extent of the upstream effect of this boundary condition
can be determined by changing the length of the lower surface. For the conditions investigated in the present
account, the upstream disturbance is approximately of 10\, as can be observed in the results presented in
the subsequent sections.

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 the order of or smaller than the local mean
free path.”>“" The time step should be chosen to be sufficiently small in comparison with the local mean
collision time.””> " In general, the total simulation time, discretized into time steps, is based on the physical
time of the real flow. Finally, the number of simulated particles has to be large enough to make statistical
correlations between particles significant. These effects were investigated in order to determine the number
of cells and the number of particles required to achieve grid independent solutions.

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
2- and y-directions was investigated for a coarse and fine grids with, respectively, 50% less and 100% more
cells with respect to the standard grid. Solutions (not shown) were nearly identical for all grids used and
were considered fully grid independent. Table 3 summarizes the main characteristics for the standard grid
related to twelve regions (R1 to R12 in Fig. 2) for the back-face height H of 3.23, 6.46, and 9.69. In this
context, for H of 3.23, 6.46, and 9.69, the total number of cells correspond, respectively, to 26,800, 33,400,
and 39,460 cells.

i Rl R2 R8 R9 RI0O RI11 RI12|
| |
i i
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i yT \ Back Face Lower Surface
[H — m— i

hjz/R:s R4 R5 R6, R?E
|—>

Figure 2. Drawing illustrating the computational domain.
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Table 3. Region Dimensions (z 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

R1 (5o X 30A)[10 X 50]  ( BAoe X 30Ac)[10 X 50]  ( 5Ase X 30As)[10 x 50]
R2  (50A00 X 30A00)[120 X 60]  (50As0 X 30As0)[120 X 60]  (50As0 X 30As0][120 X 60]

R3  (10As X 3.23A50)[30 x 30]  (12As X 6.46100)[30 X 50]  (14A00 X 9.69A50)[36 X 70]
R4 (15A00 X 3.23050)[30 X 20]  (18Xa0 X 6.46A00)[30 x 30]  (21Aee X 9.69A50)[36 X 40]
R5  (25Aa X 3.23M50)[30 X 20]  (30As0 X 6.46A00)[30 x 30]  (35A0e X 9.69Ms0)[36 x 40]
R6  (25A00 X 3.23M50)[30 X 20]  (30A00 X 6.46A00)[30 X 30] (35X X 9.69M00)[36 x 40]
R7  (25Ma X 3.23)50)[30 X 20]  (30As0 X 6.46A00)[30 x 30]  (35A0e X 9.69As0)[36 x 40]
R8  (10Aso X 30A00)[30 X 60] (1200 X 30As0)[40 X 60] (140 X 3000 )[46 x 60]
RO (15As X 30Aa0)[30 x 70]  (18Aco X 30As0)[40 X 70]  (21\oe X 30A00 )[46 x 70]
R10  (25As0 X 30A00)[50 X 70]  (30A00 X 30As0)[70 X 70]  (35A0o X 3000 )[80 x 70]
R11  (25Ms X 30As0)[60 x 70]  (30Aco X 30As0)[70 X 70]  (35A0e X 3000 )[80 x 70]
R12  (25Mo X 30Ao)[60 X 70]  (30Ase X 30A0)[80 X 70]  (35As0 X 30As0)[90 x 70]

A discussion of the verification process, cell size, time step, and number of molecules effects on the
aerodynamic surface quantities for the backward-facing steps presented herein is described in detail in Leite.
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.

VI. Computational Results and Discussion

This section focuses on the effects that take place in the aerodynamic surface quantities due to variations
on the back-face height of a backward-facing step. Aerodynamic surface quantities of particular interest in
the transition flow regime are number flux, heat transfer, pressure, and skin friction. In this scenario, this
section discusses and compares differences in these quantities expressed in a dimensionless coefficient form.

A. Number Flux

The number flux N is calculated by sampling the molecules impinging on the surface by unit time and unit
area. The distribution of the number flux along the step surface — upper, face and lower — is illustrated in
Fig. 3 as a function of the dimensionless step height H. In this group of plots, Ny represents the number
flux N normalized by no,Us, where no, is the freestream number density and Uy, is the freestream velocity.
In addition, X and Y are the lengths z and y normalized by the freestream mean free path A,. As a basis
of comparison, the dimensionless number flux for the flat-plate case, i.e., a flat plate without a step, is also
illustrated in the plots.

According to Fig. 3(a), it is observed that, from the leading edge up to the vicinity of the step corner,
the number flux behavior for the flat plate with a backward-facing step is similar to that one without a step.
This is an expected behavior, since the flowfield in this region has no idea about the presence of the step.
Nevertheless, very close to the step corner, the number flux drops off due to the flow expansion around the
step corner. After that, at the vicinity of the back face on the lower surface, the number flux suddenly goes
to zero and afterwards increases significantly as the flow develops along the lower surface. In addition, a
dramatically reduction in the number flux is observed at the end of the upper surface. The reason for that is
associated with the vacuum condition assumed for the downstream outflow boundary, side IV, as explained
earlier.

Referring to Fig. 3(b), it is seen that the maximum number flux to the back face of the step is an order
of magnitude smaller than those values observed for the upper and lower surfaces. This behavior is directly
related to the recirculation region downstream of the back face. It should be mentioned in this context that,
the recirculation region at the vicinity of the back face is a region of low density. @ As a result, the number
flux to the face is very low. Similar to that one showed to the lower surface, the number flux to the face is
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Figure 3. Distribution of the number flux Ny along (a) the upper and lower surfaces and along the (b) back
face as function of the step height h.

a function of step height h, i.e, it decreases with the step-height rise.

B. Heat Transfer Coefficient

The heat transfer coefficient C}, is defined as follows,

uw
Cp=-—1 (1)
%pooUgo
where the heat flux ¢, 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, and defined by,

N
Fyn 1
Qv = ¢ — Gr = NG {Z m]cj +erj + er] Z[gij? +erj + er]r} (2)

j=1

where Fly is the number of real molecules represented by a single simulated molecule, At is the time step, A
the area, IV is the number of molecules colliding with the surface by unit time and unit area, m is the mass
of the molecules, c is the velocity of the molecules, er and ey stand for rotational and vibrational energies,
respectively. Subscripts ¢ and r refer to incident and reflect molecules.

The dependence of the heat transfer coefficient Cj, on the back-face height & is displayed in Figs. 4(a,b)
for the upper, face, and lower surfaces. Again, for comparative purposes, the heat transfer coefficient for
the flat plate without a step is also illustrated in the plots. According to Fig. 4(a), it is clearly noticed
that, except very close to the step corner, the heat transfer coefficient to the upper surface follows the same
tendency of that presented by the number flux in the sense that it is not affected by the presence of the
step. Along the lower surface, the minimum heat transfer coefficient occurs at the vicinity of the back face
in the recirculation region. After that, the heat transfer coefficient increases to a maximum value after the
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Figure 4. Distribution of heat transfer coefficient C}, along (a) the upper and lower surfaces and along the (b)
back face as function of the step height h.

flow reattachment. In the following, C}, decays and approaches the level observed for the flat plate without
a step. It is important to mention that, after the flow reattachment, the flowfield behavior is similar to that
along a flat plate. In addition, no shock-wave formation was observed on the lower surface, for the conditions
investigated, as shown by Leite and Santos.

Based on Fig. 4(b), along the back face, the heat transfer coefficient values are two order of magnitude
lower than those observed on the upper or lower surfaces. As mentioned earlier, this is due to the recirculation
region formed at the vicinity of the back face. In this region, density p is lower that that of the freestream
density poo, the velocity of the molecules is very low as compared to the freestream velocity Us,, and the
temperature is approximately the same as the wall temperature T,,."” As a result, there is a balance between
the incident heat flux ¢; and the reflected heat flux g, contributions, as defined by Eq. 2, since molecules in
this region have low energy.

C. Pressure Coefficient

The pressure coefficient C), is defined as follows,
_ Pw — Pso
Cp= ToUZ (3)

where 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,

pu=pi = e = o S {lmo)li ~ o)1} @

where v is the velocity component of the molecule j in the surface normal direction.
The variation of the pressure coefficient C,, caused by changes in the back-face height h is demonstrated
in Figs. 5(a,b) for upper, face, and lower surfaces. According to these figures, it is clearly noted that pressure
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Figure 5. Distribution of pressure coefficient C}, along (a) the upper and lower surfaces and along the (b) back
face as function of the step height h.

coefficient behavior follows the same trend shown by the number flux in the sense that: (1) from the leading
edge up to the the vicinity of the step corner, the pressure coefficient behavior for the flat plate with a
backward-facing step is similar to that one without a step, (2) the presence of the backward-facing step
affects the pressure coefficient in a small region very close to the step corner, (3) in this small region, the
pressure coefficient presents a sudden decrease as compared to the pressure coefficient for the flat plate
without a step, (4) the smallest values for the pressure coefficient takes place along the back face of the step,
(5) in this region, the wall pressure p,, is lower than the freestream pressure po,. Similar to the number flux
and to the heat transfer coefficient, the smallest values on the pressure coefficient are directly related to the
recirculation region, as pointed out earlier.

D. Skin Friction Coefficient

The skin friction coefficient Cy is defined as follows,

Tw

Op= 12 (5)
%poo Uozo

where 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,

== 7 = S S ([ — ()1} ®

where u is the velocity component of the molecule j in the surface tangential direction.

It should be mentioned that, for the gas-surface interaction model adopted herein, diffusion reflection,
reflected molecules have a tangential moment equal to zero, since the molecules essentially lose, on average,
their tangential velocity components. In a diffuse reflection, the molecules are reflected equally in all di-
rections, and the final velocity of the molecules is randomly assigned according to a half-range Maxwellian
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Figure 6. Distribution of skin friction coefficient C; along (a) the upper and lower surfaces and along the (b)
back face as function of the step height h.

distribution determined by the wall temperature. In this fashion, the contribution of the reflected tangential
momentum flux 7, that appears in Eq. 6 is equal to zero. Nevertheless, for incomplete surface accommoda-
tion, the reflected tangential momentum flux 7, contributes to the skin friction coefficient.

The influence of the back-face height & in the skin friction coefficient C is depicted in Figs. 6(a,b) for
upper, face, and lower surfaces. Looking first to Fig. 6(a), it is observed that, in general, the skin friction
coefficient behavior is similar to those for the other surface quantities. Along the lower surface, the skin
friction coeflicient is negative near to the face of the step and becomes positive at the reattachment point.
After that, the skin friction coefficient increases and reaches the values observed for the flat plate without
steps. The condition C'y = 0 or 7, = 0, usually used to define the reattachment point, " takes place at X
= 50.51, 51.25 e 52.40 for dimensionless back-face height H of 3.23, 6.46, and 9.69, respectively. Turning
next to Fig. 6(b), it is seen that the skin friction coefficient C; along the step face is at least two orders of
magnitude smaller than that observed along the upper surface.

E. Comparison with Experimental Data

In this section, the behavior of the heat flux to the backward-facing step surface is compared to experimental
data from experiments conducted by Wada and Inoue,” Gai et al.,” and Hayne et al. © These experiments
are related to hypersonic laminar flow over backward-facing steps. In these experiments, the flow enthalpy
ranged from 1.5 MJ/kg to 26 MJ/kg, covering from undissociated to moderately dissociated freestream. In
addition, Wada and Inoue” conducted their experiments in a hypersonic gun tunnel in a free stream at Mach
number around 10 generated by a conical nozzle. Gai et al.” considered a two-dimensional backward-facing
step in a hypersonic high enthalpy flow. Their tests were conducted in a free-piston-driven shock tunnel T3
with air as test gas and Helium as driver gas, with Mach number from 7.7 to 10. Finally, Hayne et al.
conducted their experiments in a X2 expansion tube and in a T4 shock tunnel, by using air as a working
fluid with Mach number from 6.3 to 7. Table 4, adapted from Gai and Hayne,'* summarizes the important
conditions related to these experiments. In this table, h, is the stagnation enthalpy, Re refers to Reynolds
number, 7 stands for the ratio of the specific heats, Vo, represents the viscous interaction parameter, and,
finally, Q2 the Damkohler number.

The distribution of the heat flux to the backward-facing step surface is demonstrated in Fig. 7 in terms
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Table 4. Flow conditions (adapted from Gai and Hayne'")

Reference ho(MJ/kg) Re/m Y My Ve Q
Wada and Inoue 1.5 36—50x10"° 14 104 0.016 0.0
Gai et al. 2.6 46.6 x 107° 1.4 10.1 0.019 0.0083
Hayne et al.'”(a) 26.0 11.2%x10°° 135 7.0 0.029 0.133
Hayne et al.'”(b) 5.4 16.9 x 10~° 1.38 6.2 0.027 0.0569
Hayne et al.'“(c) 5.6 58.5 x 1075 1.37 6.1 0.015 0.0596

of the Stanton number, St. In this plots, data are expressed in terms of Stanton number ratio, St/Sty,,
where Sty), is the Stanton number for the flat-plate case at the same location. In addition, X7 is the distance
downstream of the step, x — L, normalized by the step height h. On examining Fig. 7, it is seen that Stanton
number ratio St/Sty, for DSMC simulations present a very reasonable agreement with those obtained from
experiments. It is important to recall that experimental data shown in Fig. 7 were base on different tests
with widely differing freestream conditions, as tabulated in Tab. 4.
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R N
o L o ° o L
Zosr > . . ® . Zosf
1 i
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Figure 7. Distribution of Stanton number ratio (St/Sts,) downstream of a backward-facing step.

VII. Concluding Remarks

Computations of a rarefied hypersonic flow on backward-facing steps have been performed by using the
Direct Simulation Monte Carlo (DSMC) method. The calculations provided information concerning the
behavior of the aerodynamic surface quantities on backward-facing steps. Effects of the back-face height on
the number flux, heat transfer, pressure and skin friction coefficients were investigated for a representative
range of parameters. The back-face height ranged from 3 to 9 mm, which corresponded Knudsen numbers
in the transition flow regime.

The analysis showed that the aerodynamic surface properties were affected a distance of a few mean
free paths upstream of the step location. It was found that the heat flux to the surface as well as the wall
pressure increased along the lower surface downstream the back face. Nevertheless, the heat flux rise and
wall pressure rise were below those values for a flat plate without a step. Comparison with experimental
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data showed that numerical results presented a very reasonable agreement within experimental uncertainty.
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