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Abstract. An exploratory computational investigation was made on backward-facing steps in a rarefied
hypersonic flow. The effect of the step back-face height on the thermal non-equilibrium was examined
by employing the Direct Simulation Monte Carlo (DSMC) method. Results for the non-equilibrium be-
tween rotational temperature, vibrational temperature, “parallel” temperature, “normal” temperature, and
translational temperature were presented and discussed at length. “Parallel” temperature and “normal”
temperature are kinetic temperatures associated with & and y coordinate directions in the flowfield. Re-
sults showed that the flowfield is in thermal non-equilibrium in the boundary layer and in the shock-wave
layer. In contrast, thermal equilibrium was verified at the vicinity of the step base. It was also found that
entropy generation regions are related to the thermal non-equilibrium regions in the flowfield.
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1. INTRODUCTION

The development of aerospace technology has generated a strong demand on research as-
sociated with rarefied 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 higher atmosphere at hypersonic speeds, are generally designed with con-
tour 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 separating and reattaching flow
phenomena may affect locally thermal and aerodynamic loads that may exceed the ones of a
smooth surface. Therefore, in order to operate safely, these loads have to be predicted correctly.

Many experimental and theoretical studies (Charwat et al., 1961; Donaldson, 1967; Gai and
Milthorpe, 1995; Gai et al., 1989; Grotowsky and Ballmann, 2000; Loth et al., 1992; Rom and
Seginer, 1964; Scherberg and Smith, 1967; Shang and Korkegi, 1968) have been conducted in
order to understand the physical aspects of subsonic and supersonic flows past to this type of
discontinuity, characterized by a sudden change on the surface slope. For the purpose of this
introduction, it will be sufficient to describe only a few of these studies.

Rom and Seginer (1964) have 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 from 102 to 10°. Results indicated that the
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.

Data presented by Charwat et al. (1961) 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.

Gai and Milthorpe (1995) presented experimental and computational results of a high en-
thalpy 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 trans-
fer 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 (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 10® and an altitude of 30 km. According to 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 difficulty in how to measure accurately.

According to the current literature, the flow past to backward-facing steps has been experi-
mentally and theoretically studied in the past at subsonic and supersonic speeds. Nevertheless,
not much data exists at hypersonic flow past to steps related to the severe aerothermodynamic
environment associated with a reentry vehicle. In this context, a numerical study on backward-
facing steps, situated in a rarefied hypersonic flow, has been examined by Leite and Santos
(2009a) by employing the DSMC method. The work was motivated by the interest in investi-
gating the step-height effects on the flowfield structure. The primary emphasis was to examine
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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 to
backward-facing steps was characterized by a strong expansion wave around de corner of the
steps, 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 steps depend on changes in the back-face height of the steps.

Leite and Santos (2009b) have extended the previous analysis (Leite and Santos, 2009a) by
investigating the impact of the back-face height on the aerodynamic surface quantities. The pri-
mary goal was to assess the sensitivity of the heat transfer, pressure and skin friction coefficients
to variations on the back-face height of the steps. It was found that changes on the step height
affected the aerodynamic surface quantities a distance of a few mean free paths upstream of it.
In addition, heat transfer, pressure, and skin friction coefficients were affected downstream the
steps due to changes on the rear-face height of the steps.

The present investigation was undertaken in an attempt to expand further the previous anal-
ysis (Leite and Santos, 2009a) by investigating the impact of the step back-face height on the
thermal non-equilibrium. In this fashion, the focus of this study is to assess the sensitivity of
kinetic translational temperature 7', rotational temperature 7z, vibrational temperature 77, and
the kinetic temperatures associated with x and y coordinate directions in the flowfield, i.e., T'x
and Ty, to variations on the step back-face height. In addition, the investigation focuses on
the physical aspects of hypersonic flow past to steps related to the severe aerothermodynamic
environment associated to a reentry vehicle in the transition flow regime. In doing so, the Di-
rect Simulation Monte Carlo (DSMC) method will be employed to calculate the hypersonic
two-dimensional flow over the steps.

2. GEOMETRY DEFINITION

The definition of the backward-facing step geometry follows that one presented in the pre-
vious study, Leite and Santos (2009a). It was assumed that the step back-face height A is much
smaller than the nose radius R of a reentry capsule, i.e., h/ R < 1. Therefore, discontinuities on
the surface of a reentry vehicle are considered herein as a hypersonic flow over a flat plate with
a backward-facing step positioned far from the stagnation point. A schematic representation of
the geometric model is illustrated in Figure 1(a).

Based on Fig. 1(a), M, represents the freestream Mach number, A is the back-face height,
L, stands for the upstream flat-plate length, and L, for the downstream flat-plate length. It
was considered that the flat plate is infinitely long but only the total length L is examined. It
was assumed a back-face height h of 0, 3, 6, and 9 mm, which correspond to 1/ of 0, 3.23,
6.46 and 9.69, L, /A of 50 and L;/ )\ of 120, where )\, is the freestream molecular mean
free path. The particular case of h/\,, = 0 corresponds to the flat-plate case free of surface
discontinuities. Therefore, the flat-plate case works as a benchmark for the cases with steps.

2.1 COMPUTATIONAL METHOD AND PROCEDURE

The degree of departure of a flow from continuum is indicated by the flow Knudsen number,
Kn = \/I, where ) is the molecular mean free path and [ is the characteristic length of the
flow. Traditionally, flows are divided into four regimes (Schaff and Chambre, 1958): Kn <
0.01, continuum flow regime, 0.01 < Kn < 0.1, slip flow regime, 0.1 < Kn < 10, transition
flow regime , and K'n > 10, free molecular flow regime or collisionless flow regime.

Based on these flow regimes, the choice of the numerical approach to be used in order to
model rarefied non-equilibrium flows greatly relies on the extent of flow rarefaction. For near-
continuum flows, it is usually sufficient to take into account the effects of rarefaction through the
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Figure 1: Drawing illustrating (a) the backward-facing step and (b) the computational domain.

boundary conditions of slip velocity and temperature jump on the surface. The Navier-Stokes
equations, commonly used with these boundary conditions, can be derived from the Boltzmann
equation under the assumption of small deviation of the distribution function from equilibrium.
Nevertheless, the Navier-Stokes equations became unsuitable for studying rarefied flows where
the distribution function becomes considerable in non-equilibrium.

In order to study rarefied flow with a significant degree of non-equilibrium, the Direct Sim-
ulation Monte Carlo (DSMC) method (Bird, 1994) is usually employed. The DSMC method
has become the most common computational technique for modeling complex transition flows
of engineering interest. The DSMC method simulates real gas flows with various physical pro-
cesses 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 position coordinates, velocities and other
physical properties such as internal energy.

The particle evolution is divided into two independent phases during the simulation: the
movement phase and the collision phase. In the movement phase, all particles are moved over
distances appropriate to a short time interval, time step, and some of them interact with the do-
main boundaries in this time interval. Particles that strike the solid wall would reflect according
to the appropriate gas-surface interaction model; specular, diffuse or a combination of these. In
the collision phase, intermolecular collisions are performed according to the theory of proba-
bility without time being consumed. In this way, the intermolecular collisions are uncoupled
to the translational molecular motion over the time step used to advance the simulation. The
simulation is always calculated as unsteady flow, however, a steady-flow solution is obtained as
the large time state of the simulation.

In the present account, the molecular collision kinetics are modeled by using the variable
hard sphere (VHS) molecular model (Bird, 1981), and the no time counter (NTC) collision
sampling technique (Bird, 1989). The VHS model employs the simple hard sphere angular
scattering law so that all directions are equally possible for post-collision velocity in the center-
of-mass frame of reference. Nevertheless, the collision cross section depends on the relative
speed of colliding molecules. The mechanics of the energy exchange processes between kinetic
and internal modes for rotation and vibration are controlled by the Borgnakke-Larsen statisti-
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cal model (Borgnakke and Larsen, 1975). The essential feature of this model is that part of
collisions is treated as completely inelastic, and the remainder of the molecular collisions is
regarded as elastic. Simulations are performed using a non-reacting gas model, consisting of
76.3% of Ny and 23.7% of O,. The vibrational temperature is controlled by the distribution
of energy between the translational and rotational modes after an inelastic collision. The prob-
ability 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 probabil-
ities are designated by the inverse of the relaxation numbers, which correspond to the number
of collisions necessary, on average, for a molecule undergoes relaxation. The rates of rotational
and vibrational relaxation are dictated by collision numbers Zz and Zy, respectively. Relax-
ation collision numbers of 5 and 50 were used for the calculations of rotation and vibration,
respectively.

2.2 COMPUTATIONAL DOMAIN AND GRID

In order to implement the particle collisions, the flowfield around the backward-facing step
is divided into an arbitrary number of regions, which are subdivided into computational cells.
The cells are further subdivided into subcells, two subcells/cell in each coordinate direction.
In this way, collision partners are selected from the same subcell for the establishment of the
collision rate, while the cell provides a convenient reference for the sampling of the macroscopic
gas properties. 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 this plane are
zero. At the molecular level, this plane is equivalent to a specular reflecting boundary. Sides
IT and III are the freestream sides 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 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). 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. 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 nearly identical for all
grids used and were considered fully grid independent. A discussion of these effects on the
aerodynamic surface quantities is described in detail by Leite (2009).
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3. FREESTREAM AND FLOW CONDITIONS

Freestream conditions employed in the present calculations are those given by Leite and
Santos (2009a), and the gas properties follow those given by Bird (1994). For completeness,
Tables 1 and 2 tabulate the freestream conditions and the gas properties, respectively. Referring
to Table 1, Us, Toos Poos Poos Moos Moo and Ay stand respectively for velocity, temperature,
pressure, density, viscosity, number density and the molecular mean free path. Based on Table 2,
X, m, d and w account respectively for mass, molecular diameter and viscosity index.

Uso(m/s) Too(K) poc(N/M?)  poo(kg/m?®)  f1oo(Ns/m?)  noo(m™) Aso(m)

7456 219.69  5.582  8.753 x 1075 1.455 x 1075 1.8192 x 10*! 9.285 x 1074

Table 1: Freestream flow conditions

X m (kg) d (m) w

Oy 0.237 5.312x107% 4.01x 107" 0.77
N, 0.763 4.650 x 10726 4.11 x 107'° 0.74

Table 2: Gas properties

The freestream velocity U, assumed to be constant at 7456 m/s, corresponds to a freestream
Mach number M, of 25. The wall temperature 7y is assumed constant at 880 K. This tem-
perature is chosen to be representative of the surface temperature near the stagnation point of
a reentry capsule and is assumed to be uniform on the backward-facing-step surface. It is im-
portant to mention that the surface temperature is low compared to the stagnation temperature
To of the air, i.e., Ty /T = 0.013. This assumption seems reasonable since practical surface
material will probably be destroyed if surface temperature is allowed to approach the stagnation
temperature.

By assuming the back-face height / as the characteristic length, the Knudsen number Kn,
corresponds to 0.3095, 0.1548 and 0.1032 for height A of 3, 6 and 9 mm, respectively. Fi-
nally, the Reynolds number Rey,, also based on the back-face height / and on conditions in the
undisturbed stream, is around 136, 272, and 409 for height % of 3, 6 and 9 mm, respectively.

4. COMPUTATIONAL RESULTS AND DISCUSSION

It is firmly established that each law of thermodynamics is associated with the definition of
a new system property. For instance, the internal energy is related to the first law, and entropy
to the second law. In this context, the zeroth law defines the thermodynamic property called
“temperature”.

Thermodynamic temperature is defined classically in terms of a reversible engine operating
between two reservoirs by the following relation (Bejan, 1988),

Lo
L 2 1
T O o

where 7' is the temperature and () is the amount of heat transferred.
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Heat may be transferred either by conduction or radiation process. On one hand, the con-
duction process is controlled by the translational energy of the molecules. On the other hand,
radiation occurs by means of rotational, vibrational or electronic transitions, and is thus related
to the corresponding energy distributions. According to the arguments of statistical mechan-
ics, the energy of a gas is described by distribution functions for the various modes of energy
storage. In order to characterize a distribution function by a single parameter, the temperature,
each degree of freedom of the gas must be internally equilibrated. Nevertheless, the statistical
description does not require equilibrium between modes of energy storage (Mates and Weather-
ston, 1965). In this way, one may speak of a translational temperature, a rotational temperature,
a vibrational temperature, and so forth.

For a diatomic or polyatomic gas in complete thermodynamic equilibrium, the translational
temperature is equal to the temperature related to the internal modes, i.e., rotational, vibrational
or electronic temperatures, and it is identified as thermodynamic temperature. When the equi-
librium is disturbed, relaxation processes arise in the system that attempt to return it to the state
of the total statistical equilibrium. In diatomic or polyatomic gas, these are processes which
results in the establishment of equilibrium with respect to individual degrees of molecular free-
dom such as translational, rotational, vibrational or electronic. Conversely, in a thermodynamic
non-equilibrium gas, an overall temperature is defined as the weighted mean of the translational
and internal temperatures (Bird, 1994) as being,

_ Crilr + CRTR + Cv Ty
Cr+Cr+Cv

were ( is the degree of freedom and subscript 7', R and V stand for translation, rotation and
vibration, respectively.

In the DSMC, translational, rotational, and vibrational temperatures are obtained to each
cell in the computational domain by the following equations,

2)

Tov

N
1 (mc'?);
Tp= =S )i
"7 3k4&~ N ©)
J=1
2¢€R
Tp= 2R 4
R “4)

Ty = Ov
vV ln(l + k‘@v/é\/)

&)

where £ is the Boltzmann constant, ¢ is the thermal velocity of the molecules, Oy is the charac-
teristic temperature of vibration, and £z and &y are, respectively, rotation and vibration average
energies in each cell.

It is also firmly established that a spacecraft entering into the atmosphere at hypersonic
speed experiences two important features: (1) the strong shock wave that forms around the
vehicle converts part of the kinetic energy of the freestream air molecules into thermal energy,
the shock compression leads to strong molecular collisions. This thermal energy is partitioned
into increasing the translational kinetic energy of the air molecules, and into exciting other
molecular energy states such as rotation and vibration; (2) the low density of the atmosphere
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results in small molecular collision rates and, therefore, the thermal process may take place in
local non-equilibrium conditions.

Having a clear qualitative picture of the physical features involved in a reentry hypersonic
flow, the analysis now focuses on the temperature field on the backward-facing step, which
represents one type of discontinuity on the surface of reentry vehicles. In doing so, kinetic tem-
perature profiles for six sections along the upper and lower surfaces of the steps are displayed in
Fig. 2. In this set of plots, X represents the distance x normalized by the freestream mean free
path A\, Y the distance y above the upper surface normalized by A\, Y’ the distance (y + h)
above the lower surface normalized by the step h, temperature ratio stands for the translational
temperature 7', rotational temperature 7'z, vibrational temperature 77, or overall temperature
Toy normalized by the freestream temperature 7,,. Also, filled and empty symbols correspond
to kinetic temperature distributions for height / of 3 and 9 mm, respectively. As a base of com-
parison, the black-solid lines correspond to the kinetic temperature profiles for the flat-plate
case. It should be remarked that the step is located at station X = 50. Therefore, the first three
profiles correspond to the upper surface and the other profiles to the lower surface.

It is apparent from this set of plots that thermodynamic non-equilibrium occurs throughout
the shock layer, as shown by the lack of equilibrium of the translational and internal kinetic
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Figure 2: Distribution of kinetic temperature ratio (7'/T,) profiles along the backward-facing step
surface as a function of the height h.

Copyright © 2010 Asociacion Argentina de Mecanica Computacional http://www.amcaonline.org.ar



Mecanica Computacional Vol XXIX, pags. 4935-4953 (2010) 4943

temperatures. Thermal non-equilibrium occurs when the temperatures associated with transla-
tional, rotational, and vibrational modes of a polyatomic gas are different.

On examining the temperature profiles on the upper surface, it should be recognized that,
in the undisturbed freestream far from the upper surface, Y — oo, the translational and internal
kinetic temperatures (rotational and vibrational) have the same value and are equal to the ther-
modynamic temperature. Approaching the upper surface, for instance, Y = 2, the translational
kinetic temperature rises to well above the rotational and vibrational temperatures, and reaches a
maximum value that is a function of the section X. Since a large number of collisions is needed
to excite molecules vibrationally from the ground state to the upper state, the vibrational tem-
perature is seen to increase much more slowly than rotational temperature. The translational
kinetic temperature rise results from the essentially bimodal velocity distribution: the molecu-
lar sample consisting of mostly undisturbed freestream molecules with the molecules that have
been affected by the shock and reflected from the step surface. In this manner, the translational
kinetic temperature rise is a consequence of the large velocity separation between these two
classes of molecules. The bimodal velocity distribution was pointed out by Liepmann et al.
(1964).

Still further toward the upper surface, ¥ ~ 0, the translational and internal temperatures
decrease, and reach values on the wall that are above the wall temperature Ty, (= 47.), result-
ing in a temperature jump as defined in continuum formulation. In addition, it is also recognized
from these plots that, for the step height investigated, kinetic temperature profiles on the upper
surface are exactly the same as those presented by the flat-plate case. Therefore, no upstream
disturbance is detected due to the presence of the backward-facing steps. Moreover, it is seen
that the downstream evolution of the flow along the upper surface displays a smearing tendency
of the shock wave due to the displacement of the maximum value for the translational tempera-
ture as well as for the overall kinetic temperature.

Turning to the kinetic temperature profiles on the lower surface, it is noticed that the tem-
perature distribution is a function of the step height h. For section X = 51, at the vicinity of the
back face, which corresponds to the recirculation region, the difference between translational
temperature and internal temperatures drastically decreases, and temperatures approach the wall
temperature, indicating that the thermodynamic equilibrium is roughly achieved in this region.
In addition, for section X = 100, therefore far from the back face and from the flow reattach-
ment point, the flow develops again along the surface, and the temperature profiles basically
recover the profiles observed for the flat-plate case.

In order to bring out the essential features of the thermal non-equilibrium at the vicinity of
the backward-facing steps, effects of the back-face height on the thermal non-equilibrium are
highlighted by means of temperature parameters defined as following,

Tr
e 1 _ —
NR T (6)
Ty
=1 7
nv T @)
Tx
nx =1— T, (8)

Copyright © 2010 Asociacion Argentina de Mecénica Computacional http://www.amcaonline.org.ar



4944 P. LEITE, W. SANTOS

Ty
ny =1 T ®)
where the subscript X and Y stand, respectively, for translational kinetic temperature associated
with x and y coordinate directions, i.e., “parallel” and “normal” temperatures.

Before looking at the problem in more detail, a brief consideration of the parameters 7y and
ny 1s in order. The average kinetic energy associated with the thermal or translational motion
of a molecule is mc2 /2, and the specific energy associated with this motion is e;, = ¢2/2. In
this way, the translational kinetic temperature is defined by the following expression,

3 1 —
T — Zme? |
gl = gme (10)
However, this equation may be rearranged as,
1 1 1 1 - =
k(ﬁﬂr,m + iﬂr,y + §Er,z) = §m(u’2 + V2 —+ U}/2) (11)

Moreover, separate translational kinetic temperatures may be defined for each component
associated with the coordinate directions as follows,

kﬂr,r = mm
kT, = mu' (12)
kfrtr,z = mm

Therefore, the departure of these component temperatures from 73, provides a measure
of the degree of translational non-equilibrium. In the present account, 73, 13, .., and T3, , are
defined by 17, T'x, and Ty, respectively.

The distribution of non-equilibrium between rotational and translational temperatures, 7z,
is displayed in Fig. 3 for six sections along the upper and lower surfaces of the steps. For
comparison purpose, this group of plots presents the parameter 7y for the flat-plate case, i.e.,
a flat plate without a step. According to these plots, at sections X of 28, 38 and 48, it is
seen that np profiles for the steps basically follow the same behavior as that presented by the
flat-plate case. It is also seen that, at the vicinity of the lower surface, Y = 0, the parameter
ng 1s larger than zero, therefore, a thermal non-equilibrium region. In contrast, as ¥ — oo,
nr — 0, indicating that rotational and translational temperatures are in thermal equilibrium.
Nevertheless, along the lower surface, at sections X of 51, 55 and 100, a different behavior
is noticed for np profiles. It is noticed that rotational and translational temperatures reach the
equilibrium conditions, since nz — 0 at the vicinity of the back face. In addition, far from the
back face and from the flow reattachment point, section X = 100, the flow develops again along
the surface, and 7z seems to reach the behavior for the flat-plate case.

In order to emphasize the distribution of thermal non-equilibrium associated with rotational
temperature, Fig. 4 demonstrates the contour map for 7z at the vicinity of the backward-facing
steps defined by height / of 3 and 9 mm. The distribution for 4 of 6 mm is intermediate to the
cases shown, and it will not be presented. According to these plots, the normalized temperature
non-equilibrium parameter 75 is larger than zero inside the boundary layer, shock layer and in
the expansion region downstream the step corner.

The distribution of non-equilibrium between translational and vibrational temperatures, 7y,
is illustrated in Fig. 5 for the same six sections along the upper and lower surfaces of the steps.
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Figure 3: Distribution of 1y profiles along the backward-facing step surface as a function of the height

25 —

etaR etaR

1.00 1.00

0.95 0.95

0.90 20 0.90

0.85 0.85

& 0.80 = 0.80
=, 0| O 15 0.75
= 00| = 0.70
"oh 065 | &b 0.65
7] 0.60 7] 0.60
o oss| £ 10 0.55
% 0.50 é 0.50
0.45 0.45

E sol E 9 o
5 oo B n
£ E 0:20 z E 0 0:20
Q 0.15 Q 0.15
0.10 0.10

0.05 =3 0.05

0.00 0.00

-10 I R 1
0 25 50 75 100 125 150 175 0 25 50 75 100 125 150 175
Dimensionless Length (X) Dimensionless Length (3X)

Figure 4: Non-equilibrium between rotational and translational kinetic temperatures, 1z, for a hyper-
sonic flow over backward-facing steps with height h of 3 mm (left) and 9 mm (right).
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Figure 5: Distribution of 7y profiles along the backward-facing step surface as a function of the height
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Figure 6: Non-equilibrium between vibrational and translational kinetic temperatures, 7y, for a hyper-
sonic flow over backward-facing steps with height A of 3 mm (left) and 9 mm (right).
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Based on this set of plots, it is noticed that 7, presents a similar behavior as that demonstrated
by nr in the sense that along the upper surface the profiles follow the same patterns of those
for the flat-plate case. In addition, inside the boundary layer and the shock layer, 7y is large
showing a high degree of thermal non-equilibrium. Of particular interest is the 7y behavior
in the outer part of the shock wave. In this region, 7, < 0, indicating that the vibrational
temperature is slightly larger than the translational temperature. On the other hand, along the
lower surface, 1y profiles for the steps differ from those for the flat-plate case, at least close
to the back face. Also, it is seen that 7y tends to zero, indicating that the thermal equilibrium
is roughly achieved. Moreover, as the flow expands around the step corner and develops along
the lower surface, the temperature distribution basically reach the distribution observed for the
flat-plate case. In this sense, 7, profiles for the steps are similar to those for the flat-plate case,
as shown in the profiles for section X = 100.

In an attempt to bring out the essential caracteristics of the thermal non-equilibrium asso-
ciated with vibrational temperature, Fig. 6 displays the contour map for 7y, at the vicinity of the
backward-facing steps defined by height & of 3 and 9 mm. Similarly to the previous case, the
distribution for i of 6 mm will not be presented.

The distribution of non-equilibrium between translational temperature and “parallel” tem-
perature, 1y, along the upper and lower surfaces of the steps is exhibited in Fig. 7. Looking
first to the profiles on the upper surface, it may be inferred that the profiles are qualitatively
similar to those in Figs. 3 and 5 in the sense that the presence of the steps does not affect the
temperature behavior upstream the back faces. Particular attention is paid to the distribution
of nx inside the boundary layer. It is clearly seen that 7y < 1 in this region, indicating that
parallel” temperature 7'y is larger than the translational temperature 7. An understanding of
this behavior can be gained by analyzing Eqs.( 10), (11) and (12). Turning to the profiles on
the lower surface, a different behavior is seen for ny profiles close to the back faces. It is seen
that ny approaches zero for section X = 51. This is an expected behavior since the flow is
roughly in thermal equilibrium, as was pointed earlier. In what follows, at section X = 100, nx
increases negatively and reaches the values attained by the flat-plate case. In addition, it may
be recognized from this set of plots that nx profiles for section X = 100 is very similar to those
at section X = 48, an indication that the flow is recovering that ones observed for the flat-plate
case.

In an effort to emphasize interesting features of the thermal non-equilibrium associated with
kinetic temperature based on the velocity component in the x-direction, Fig. 8 demonstrates
contour maps for nx at the vicinity of the backward-facing steps defined by height i of 3 and
9 mm. Contour maps for the whole flowfield confirm thermal non-equilibrium in the boundary
layer and inside the shock layer.

The distribution of non-equilibrium between translational temperature and “normal” tem-
perature, 7y, is depicted in Fig. 9 for a total of six sections along the upper and lower surfaces
of the steps. On examining the 7y profiles along the upper surface, it is observed that they are
similar to nx profiles in the sense that they basically follow the same patterns of those presented
for the flat-plate case. On the other hand, they differ from those for 77 in the sense that 7y > 1
inside the boundary layer, while nx < 1. Therefore, for this particular region, “normal” temper-
ature 7y is smaller than the translational temperature, while “parallel” temperature 7'y is larger
than the translational temperature 7. It should be mentioned in this context that the tempera-
ture Ty, based on the velocity component in the x-direction, is larger than the temperature 7y,
based on the velocity component in the y-direction. The reason for that is because the velocity
difference between the two groups of molecules in the shock wave, related to the near bimodal
distribution mentioned earlier, is basically along the z-axis.
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Figure 7: Distribution of nx profiles along the backward-facing step surface as a function of the height
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Figure 8: Non-equilibrium between “parallel” and translational kinetic temperatures, 71, for a hyper-
sonic flow over backward-facing steps with height A of 3 mm (left) and 9 mm (right).

Copyright © 2010 Asociacién Argentina de Mecanica Computacional http://www.amcaonline.org.ar



Mecéanica Computacional Vol XXIX, pags. 4935-4953 (2010) 4949

b
o

>
Il

s

co

Dimensionless Height (Y)

Dimensionless Height (Y)
=3

Dimensionless Height (Y)
=

Flat Plate g
h=3mm

—e—— h=6mm
——4—— h=9mm

Flat Plate z
h=3mm

—=o—— h=6mm
——&—— h=9%mm

Flat Plate
h=3mm
——=e—— h=6mm
——4—— h=9mm
ol T . ol T .. ol T ..
-0.4 0.0 0.4 0.8 -0.4 0.0 0.4 0.8 -0.4 0.0 0.4 0.8
Temperature Ratio (1,) Temperature Ratio (1) Temperature Ratio (1)

'
i
/
:
!

g—

“;
/
L

Dimensionless Height (Y')
S

=
—
<
—
<

bsnd]
PNE
)

i

Dimensionless Height (Y')
ch

Dimensionless Height (Y')
=)

X =100
< i Flat Plate 7;
h=3mm
——=e—— h=6mm
X=55 4 h=%mm
ol ol e
-0.4 -0.2 0.0 0.2 0.4 0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Temperature Ratio (1,) Temperature Ratio (1) Temperature Ratio (1)

X=351

Figure 9: Distribution of ny profiles along the backward-facing step surface as a function of the height

eta¥ 25 eta¥
1.00 ki
g.§ 20 0.36
_ om| ~ o
< 27 s e
=S oss | 5 gli
5 0.51 6 0'44
o 04| 10 b
2 0.37 % 0.30
& 0.30 £ 7
g 023 | & 5 g.f:
8 016 | .S 0.09
4 0.09 z 0.02
o 0.02 b
E 0.05 E 0 ’g'(E
a 012 | O Eas
0.19 oy
0.26 5 0.33
g:ﬁ 0.40
-10 PRI B 1
0 25 50 75 100 125 150 175 0 25 50 75 100 125 150 175
Dimensionless Length (X) Dimensionless Length (3X)

Figure 10: Non-equilibrium between “normal” and translational kinetic temperatures, 7y, for a hyper-
sonic flow over backward-facing steps with height A of 3 mm (left) and 9 mm (right).
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Figure 12: Contour map for entropy parameter, 7)g, for a hypersonic flow over backward-facing steps
with height h of 3 mm (left) and 9 mm (right).
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In the following, Fig. 10 illustrates contour maps for thermal non-equilibrium associated
with kinetic temperature based on the velocity component in the y-direction, 1y, at the vicinity
of the backward-facing steps defined by height & of 3 and 9 mm. Again, contour maps for the
whole flowfield confirm thermal non-equilibrium inside the boundary layer and the shock layer.

Having a clear qualitative picture of the flow patterns associated with the thermal non-
equilibrium between rotational, vibrational, “parallel”, “normal”, and translational tempera-
tures, it proves convenient to assess the overall performance of entropy. In this fashion, a
entropy parameter is defined as follows,

w=é%§—1 (13)

where v is the specific heat ratio.
It is very encouraging to observe that, for the present DSMC simulations, the specific heat

ratio v depends on the temperature, and is related to the number of excited degrees of freedom
( for translation, rotation and vibration by the following equation,

_ Gt rtivt?2

Gt Cat Gy (14

where subscripts 7', R and V' stand for translation, rotation and vibration, respectively.

Figure 11 displays the ng profiles for the same six sections along the upper and lower
surfaces presented previously, and for completeness, Fig. 12 demonstrates the entropy contours
in the flow along with some typical streamlines around the backward-facing steps defined by
height /4 of 3 and 9 mm. According to these plots, the entropy generation is positive due to the
flow compression through the shock wave. It is observed that in the region near to the upstream
boundary, at the vicinity of sharp leading edge, the entropy parameter 7g approaches zero, i.e.,
the flow is basically isentropic, as would be expected.

S. CONCLUDING REMARKS

In the current study, a rarefied hypersonic flow over backward-facing steps has been in-
vestigated by using the Direct Simulation Monte Carlo (DSMC) method. The simulations pro-
vided information concerning the nature of the thermal non-equilibrium effects in the flowfield
around the steps. The effect of non-equilibrium between rotational temperature, vibrational
temperature, “parallel” temperature, “normal” temperature, and translational temperature was
investigated for back-face height A of 3, 6 and 9 mm, which corresponded to Knudsen numbers
in the transition flow regime.

According to the simulations, a thermal non-equilibrium flow was found inside the bound-
ary layer and the shock layer. It was also found that, at the vicinity of the back faces, the flow is
roughly in thermal equilibrium. In this region, rotational temperature, vibrational temperature,
“parallel” temperature, and “normal” temperature, basically reach the same value observed for
the translational temperature.
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