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A computational investigation has been carried out to examine a rare�ed hypersonic

ow over cavities by employing the Direct Simulation Monte Carlo (DSMC) method. The
work focuses on the e�ects in the aerodynamic surface quantities due to variations in the
cavity length-to-depth (L=H) ratio. The results presented highlight the sensitivity of the
heat transfer, pressure and skin friction coe�cients due to changes on the cavity L=H ratio.
The L=H ratio ranged from 1 to 4, which corresponded to overall Knudsen number KnL in
the transition 
ow regime. The analysis showed that the aerodynamic quantities acting on
the cavity surface rely on the L=H ratio. It was found that the pressure load and the heating
load to the cavity surfaces presented peak values along the frontal face, more precisely at
the vicinity of the cavity shoulder. Moreover, these loads are much higher than those found
in a smooth surface.

Nomenclature

a Speed of sound, m/s
Cf Skin friction coe�cient, Eq.( 5)
Ch Heat transfer coe�cient, Eq.( 1)
Cp Pressure coe�cient, Eq.( 3)
c Molecular velocity, m/s
d Molecular diameter, m
H Cavity depth, m
Kn Knudsen number, �=L
L Cavity length, m
M Mach number, U=a
m Molecular mass, kg
n Number density, m�3

N Number of molecules
Nf Dimensionless number 
ux, N=n1U1
p Pressure, N/m2

q Heat 
ux, W/m2

Re Reynolds number, UL=�
R Reentry capsule nose radius, m
T Temperature, K
u; v Normal and tangential velocity components, m/s
U Freestream velocity, m/s
x; y Cartesian axes in physical space, m
X Dimensionless length, x=�1
Y Dimensionless height, y=�1
� Angle of attack, degree
� Molecular mean free path, m
� Viscosity, Ns/m2
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� Density, kg/m3

� Shear stress, N/m2

! Viscosity index, dimensionless

Subscript
d Refers to downstream surface
u Refers to upstream surface
w Refers to wall conditions
1 Refers to freestream conditions

I. Introduction

There is nowadays a rather extensive literature { mostly, but not entirely, experimental { dealing with
the aerodynamic characteristics of cavities. In general, these research studies have been conducted in

order to understand the physical aspects of a subsonic, supersonic or hypersonic 
ow past to this type of
surface discontinuity.

Charwat et al.1,2 performed a comprehensive study of a low supersonic cavity 
ow, M1 � 3. They
postulated and veri�ed the existence of an alternate emptying and �lling process in the cavity. Local heat

ux to the cavity 
oor was investigated. Their heat transfer measurements were made by a steady-state
technique utilizing an estimate recovery temperature.

Nestler et al.3 conducted an experimental investigation on cavities and steps in a hypersonic turbulent

ow. For the 
ow conditions investigated, they found that the pressure distributions in the cavity presented
a typical behavior of closed cavity 
ow in the sense that the 
ow expands into the cavity, reattaches to the

oor, and separates as it approaches the downstream corner.

Unsteady hypersonic 
ow over cavities was investigated numerically by Morgenstern Jr. and Chokani.4

The objective of their study was to examine the e�ects of Reynolds number and the cavity L=H ratio.
According to the authors, relatively large heat transfer rates and static pressure variations were observed
in the rear part of the cavity. In addition, 
ow oscillations were observed for high Reynolds number 
ows.
Results also showed that the amplitude of these oscillations increased with the cavity L=H ratio.

The majority of the available cavity research studies in the current literature has gone into considering
laminar or turbulent 
ow in the continuum 
ow regime. Nevertheless, there is little understanding of the
physical aspects of hypersonic 
ow past to cavities related to the severe aerothermodynamic environment
associated to a reentry vehicle. In this scenario, Palharini and Santos5 have studied cavities situated in
a rare�ed hypersonic 
ow by employing the DSMC method. The work was motivated by the interest in
investigating the L=H ratio e�ects on the 
ow�eld structure. The primary emphasis was to examine the
sensitivity of the primary properties, such as velocity, density, pressure and temperature, due to variations
on the cavity L=H ratio. The analysis showed that the recirculation region inside the cavities is a function
of the L=H ratio. It was found that, for L=H < 3, the cavity 
ow structure represented that one observed
in a \open" cavity. Conversely, for L=H � 3, the cavity 
ow structure corresponded to that of a \closed"
cavity. The results showed that cavity 
ow behavior in the transition 
ow regime di�ers from that found in
the continuum 
ow regime, for the conditions investigated.

The present account extends further the previous analysis (Palharini and Santos5) by investigating the
impact of the cavity L=H ratio on the aerodynamic surface quantities. In this context, the primary goal of
this paper is to assess the sensitivity of the heat transfer, pressure, and skin friction coe�cients for a family
of cavities de�ned by di�erent L=H ratio. The focus of the present study is the low-density region in the
upper atmosphere. At this condition, the degree of molecular non-equilibrium is such that the Navier-Stokes
equations are inappropriate. Consequently, the DSMC method will be employed to calculate the hypersonic
two-dimensional 
ow over the cavities.

II. Geometry De�nition

In the present account, the cavity length L and depth H are the same as those de�ned in the previous
work.5 By considering that the depth H is much smaller than the nose radius R of a reentry capsule, i.e.,
H=R� 1, then the hypersonic 
ow over the cavity may be considered as a hypersonic 
ow over a 
at plate
with a cavity. Figure 1 illustrates a schematic view of the model employed.
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Figure 1. Drawing illustrating a schematic view of the cavity con-
�guration.

Referring to Fig. 1, � stands for
the angle of attack, M1 represents the
freestream Mach number, H the cavity
depth, L the cavity length, Lu the length
of the cavity upstream surface, and Ld

the length of the cavity downstream sur-
face. It was assumed a depth H of 0.003
m, and a length L of 0.003, 0.006, 0.009,
and 0.012 m. Therefore, the cavities
investigated correspond to a length-to-
depth ratio, L=H, of 1, 2, 3 and 4, re-
spectively. In addition, Lu=�1 of 50 and
Ld=�1 of 50, where �1 is the freestream
molecular mean free path. It was consid-
ered that the 
at plate is in�nitely long
but only the total length Lu + L+ Ld is
investigated.

III. Computational Method and Procedure

In order to study rare�ed 
ow with a signi�cant degree of non-equilibrium, the Direct Simulation Monte
Carlo (DSMC) method6 is usually employed. The DSMC method has become the most common computa-
tional technique for modeling complex transitional 
ows of engineering interest. The DSMC method model
a gas 
ow by using a computer to track the trajectory of simulated particles, where each simulated particle
represents a �xed number of real gas particles. The simulated particles are allowed to move, collide, and
undergo boundary interactions in the simulated physical space, while the computer stores their position
coordinates, velocities and other physical properties such as internal energy.

In the present account, the molecular collision kinetics are modeled by using the variable hard sphere
(VHS) molecular model,7 and the no time counter (NTC) collision sampling technique.8 Energy exchange
between kinetic and internal modes is controlled by the Borgnakke-Larsen statistical model.9 Simulations
are performed by using a non-reacting gas model, consisting of 76.3% of N2 and 23.7% of O2, while con-
sidering energy exchange between translational, rotational and vibrational modes. For a given collision,
the probability is de�ned by the inverse of the number of relaxation, which corresponds to the number of
collisions needed, on average, for a molecule undergoes relaxation. The probability of an inelastic collision
determines the rate at which energy is transferred between the translational and internal modes after an
inelastic collision. Relaxation collision numbers of 5 and 50 were used for the calculations of rotation and
vibration, respectively.

IV. Computational Flow Domain and Grid

In order to facilitate the choice of molecules for collisions and for the sampling of the macroscopic 
ow
properties, such as velocity, density, pressure, temperature, etc., the physical space around the cavity is
divided into an arbitrary number of regions, which are subdivided into computational cells. The cells are
further subdivided into subcells, usually two subcells/cell in each coordinate direction. In the DSMC code,
the linear dimensions of the cells should be small in comparison with the scale length of the macroscopic

ow gradients normal to streamwise directions, which means that the cell dimensions should be of the order
of or even smaller than the local mean free path.10,11 Furthermore, the time step should be chosen to be
su�ciently small in comparison with the local mean collision time.12,13

The computational domain used for the calculation is made large enough so that cavity disturbances do
not reach the upstream and side boundaries, where freestream conditions are speci�ed. A schematic view of
the computational domain is illustrated in Fig. 2. According to this �gure, side I-A is de�ned by the cavity
surface. Di�use re
ection with complete thermal accommodation is the condition applied to this side. Side
I-B is a plane of symmetry, where all 
ow gradients normal to the plane are zero. At the molecular level, this
plane is equivalent to a specular re
ecting boundary. Sides II and III are the freestream sides through which
simulated molecules can enter and exit. Side II is positioned at 5�1 upstream of the 
at-plate leading edge,
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and side III de�ned at 25�1 above the 
at plate. Finally, the 
ow at the downstream out
ow boundary,
side IV, is predominantly supersonic and vacuum condition is speci�ed.6 As a result, simulated molecules
can only exit at this boundary.

Figure 2. Drawing illustrating a schematic view of the computa-
tional domain.

Numerical accuracy in DSMC method
depends on the grid resolution chosen as
well as on the number of particles per
computational cell. Both e�ects were in-
vestigated to determine the number of
cells and the number of particles required
to achieve grid independence solutions.
A grid independence study was made
with three di�erent groups of structured
meshes { coarse, standard and �ne { in
each coordinate direction. The e�ect of
altering the cell size in the x-direction
was investigated for a coarse and �ne
grids with, respectively, 50% less and
100% more cells with respect to the stan-
dard grid only in the x-direction. In this
fashion, a coarse, standard and �ne grids
corresponded to 7,500, 15,000 and 30,000
cells for the L=H = 1 case.

In analogous fashion, an examination
was made in the y-direction with coarse
and �ne grids with, respectively, 50% less and 100% more cells with respect to the standard grid only in the
y-direction. In addition, each grid was made up of non-uniform cell spacing in both directions. Moreover,
point clustering is used close to solid walls and to the horizontal plane connecting the two corners. The
e�ect (not shown) of changing the cell size in both directions on the heat transfer, pressure and skin friction
coe�cients was rather insensitive to the range of cell spacing considered, indicating that the standard grid,
with a total of 15,000 cells, for the L=H = 1 case, is essentially grid independent.

A similar examination was made for the number of molecules. The standard grid for the L=H = 1
case corresponds to, on average, a total of 314,700 molecules. Two new cases using the same grid were
investigated. These two new cases correspond to 157,500 and 630,600 molecules in the entire computational
domain. As the three cases presented the same results (not shown) for the heat transfer, pressure and skin
friction coe�cients, hence the standard grid with a total of 314,700 molecules was considered enough for the
computation of the 
ow�eld properties. A discussion of the e�ects of the cell size, time step, and number of
molecules variations on the aerodynamic surface quantities for the cavities presented herein is described in
detail by Palharini.14

V. Freestream and Flow Conditions

Freestream 
ow conditions used for the numerical simulations are those given by Palharini and Santos5

and summarized in Tab. 1. Gas properties, such as mass fraction, molecular mass, molecular diameter and
viscosity index, associated with the working 
uid, N2 and O2, are given by Bird.6 Freestream conditions
represent those experienced by a capsule at an altitude of 70 km. This altitude is associated with the
transition 
ow regime, which is characterized by the overall Knudsen number the order of or larger than
10�2. Referring to Tab. 1, T1, p1, �1, �1, n1, �1, and U1 stand, respectively, for temperature, pressure,
density, viscosity, number density, molecular mean free path, and velocity.

Table 1. Freestream 
ow conditions

Altitude (km) T1(K) p1(N/m2) �1(kg/m3) �1(Ns/m2) n1(m�3) �1(m)

70 220.0 5:582 8:753� 10�5 1:455� 10�5 1:8209� 1021 9:03� 10�4
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Table 2. Gas properties

X m (kg) d (m) !

O2 0:237 5:312� 10�26 4:01� 10�10 0:77
N2 0:763 4:650� 10�26 4:11� 10�10 0:74

The freestream velocity U1, assumed to be con-
stant at 7456 m/s, corresponds to a freestream Mach
number M1 of 25. The wall temperature Tw is as-
sumed constant at 880 K. This temperature is cho-
sen to be representative of the surface temperature
near the stagnation point of a reentry capsule and is
assumed to be uniform over the cavity surface. It is
important to mention that the surface temperature
is low compared to the stagnation temperature of
the air. For the present account, the ratio of surface
temperature to the stagnation temperature is around 0.032.

The degree of rarefaction of a 
ow is usually expressed through the overall Knudsen number, Kn = �=l,
where � is the mean free path in the freestream gas and l is a characteristic length of the 
ow�eld. By
assuming the cavity length L as the characteristic length, the overall Knudsen number KnL corresponds
to 0.3095, 0.1548, 0.1032, and 0.0774 for length L of 0.003, 0.006, 0.009, and 0.012 m, respectively. In
addition, the Reynolds number ReL is around 121.7, 243.4, 365.1, and 486.8 for length L of 0.003, 0.006,
0.009, and 0.012 m, respectively, also based on conditions in the undisturbed stream. Finally, it was assumed
a zero-degree angle of attack.

VI. Computational Results and Discussion

It is the purpose of this section to discuss and to compare some di�erences in the aerodynamic surface
quantities due to changes on the cavity L=H ratio. Surface quantities of particular interest in the present
account are number 
ux, heat 
ux, wall pressure and shear stress.

Before proceeding with the analysis of the aerodynamic surface quantities, it proves instructive to present
�rst the 
ow topology inside the cavities. In doing so, density ratio, �=�1, contours with streamline traces
inside the cavities are demonstrated in Fig. 3 for L=H ratio of 1, 2, 3 and 4. In this group of diagrams, YH

stands for the vertical distance y normalized by the cavity depth H, and X 0H is the length (x � Lu) also
normalized by the cavity depth H.

According to Fig. 3, it is clearly noticed that the 
ow inside cavities is characterized by the appearance of
recirculation regions. The streamline pattern for the L=H ratio of 1 and 2 shows that the 
ow is characterized
by a primary vortex system, and the recirculating structure �lls the entire cavity. In the following, for the
L=H = 3 case, a di�erent 
ow structure is observed; two vortices are formed, one of them closed to the back
face (upstream face) and the other one at the vicinity of the frontal face (downstream face) of the cavity.
The external stream does not reattach and the 
ow is reversed along all the 
oor of the cavity. Finally,
for the L=H = 4 case, the recirculation regions are well de�ned when compared to the previous case. In
addition, for this particular case, the external stream reattaches the cavity 
oor.

A. Number Flux

The number 
ux, N , is calculated by sampling the molecules impinging on the surface by unit time and unit
area. The distribution of the number 
ux along the surfaces S1, S2, S3, S4 and S5 (as de�ned in Fig. 2) is
illustrated in Figs. 4 and 5 as a function of the L=H ratio. In this group of plots, Nf represents the number

ux N normalized by n1U1, where n1 and U1 correspond, respectively, to the freestream number density
and freestream velocity. Also, X stands for the length x normalized by the freestream mean free path �1,
X 0 refers to the length (x�Lu) normalized by the cavity length L, and YH refers to the height y normalized
by the cavity depth H. As a basis of comparison, the dimensionless number 
ux Nf for the 
at-plate case,
i.e., a 
at plate without a cavity, is also illustrated in Figs. 4 and 5.

Looking �rst at Fig. 4, it is seen that the dimensionless number 
ux Nf to the surfaces basically does not
depend on the L=H ratio, for the conditions investigated. From the leading edge up to a station close to the
cavity location (X = 50), the number 
ux behavior for the cavities is similar to that for the 
at-plate case,
i.e., a plate without a cavity. This is an expected behavior in the sense that this region is not a�ected by
the presence of the cavities. However, close to the upstream cavity shoulder, i.e., the surface-S1/surface-S2
junction, there is a decrease in the number 
ux due to the 
ow expansion around the upstream shoulder.
A magni�ed view of this behavior is shown in detail in the middle plot. Along the surface S5, right plot,
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(a) (b)

(c) (d)

Figure 3. Density ratio �=�1 contours with streamline traces inside the cavities for L=H ratio of (a) 1, (b) 2,
(c) 3, and (d) 4.

it is seen that the dimensionless number 
ux Nf behavior is similar to that for the 
at-plate case, except
at the vicinity of the downstream shoulder, i.e., the surface-S4/surface-S5 junction. It should be remarked
that the total length of the 
at plate is equal to the largest cavity, i.e., the L=H = 4 case. It should be also
mentioned that the signi�cant number-
ux drop at the end of the curves is due to the vacuum condition
assumed to the downstream out
ow boundary, side IV in the computational domain.

Turning next to Fig. 5, it is clearly noticed that the number 
ux Nf to the surfaces S2, S3 and S4 relies
on the cavity L=H ratio. Along the backward face, surface S2, the dimensionless number 
ux is low at the
top of the cavity, and increases monotonically along the surface up to the corner at the bottom surface.
Conversely, for the forward face, surface S4, the dimensionless number 
ux depends on the L=H ratio. For
the L=H = 1 case, the number 
ux is high at the shoulder of the cavity, YH = 0, and decreases to a minimum
value at the bottom surface. For the L=H > 1 cases, the number 
ux Nf basically starts increasing at the
shoulder, YH = 0, slightly decreases up to the station YH � -0.7, and increases again along the surface
up to the corner at the bottom surface. Along the bottom surface, surface S3, the dimensionless number

ux behavior also depends on the L=H ratio. It basically increases from one corner to another one with
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Figure 4. Distribution of dimensionless number 
ux Nf along the cavity surfaces S1 (left) and S5 (right), along
with a magni�ed view of the curves at the vicinity of the cavity shoulder (middle).

Figure 5. Distribution of dimensionless number 
ux Nf along the cavity surfaces S2 (left), S3 (middle), and
S4 (right).

increasing the L=H ratio.
It may be recognized from Fig. 5 that, in general, the dimensionless number 
ux Nf along the forward

face, surface S4, is one order of magnitude larger than that along the backward face, surface S2. An
understanding of this behavior can be gained by considering the 
ow structure inside the cavities, as shown
in Fig. 3. Due to the clockwise recirculation region inside the cavities, density is low at the vicinity of the
backward face. In contrast, density is high at the vicinity of the forward face, since the 
ow experiences a
compression.5 Consequently, the number 
ux behavior is di�erent along the two surfaces.

B. Heat Transfer Coe�cient

The heat transfer coe�cient Ch is de�ned as follows,

Ch =
qw

1
2�1U

3
1

(1)
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where the heat 
ux qw to the body surface is calculated by the net energy 
ux of the molecules impinging
on the surface. A 
ux is regarded as positive if it is directed toward the body surface. The net heat 
ux qw
is related to the sum of the translational, rotational and vibrational energies of both incident and re
ected
molecules as de�ned by,

qw = qi � qr =
FN

A�t
f

NX
j=1

[
1
2
mjc

2
j + eRj + eV j ]i �

NX
j=1

[
1
2
mjc

2
j + eRj + eV j ]rg (2)

where FN is the number of real molecules represented by a single simulated molecule, �t is the time step, A
the area, N 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 eV stand for rotational and vibrational energies,
respectively. Subscripts i and r refer to incident and re
ect molecules.

The sensitivity of the heat transfer coe�cient Ch along the cavity surfaces, S1, S2, S3, S4 and S5, is
demonstrated in Figs. 6 and 7 as a function of the L=H ratio. According to Fig. 6, no appreciable changes
are observed in the heat transfer coe�cient Ch along the surface S1 due to the L=H ratio rise. Similar to the
dimensionless number 
ux, it is seen that the heat transfer coe�cient along the surface S1 exhibits the same
behavior for the 
at-plate case from the leading edge up to near the upstream corner of the cavities. For the
range of L=H investigated, Ch is low at the leading edge, increases to a peak value, Ch = 0.0285 at section
X = 8.82, and then decreases downstream up to the cavity upstream shoulder, i.e., surface-S1/surface-S2
junction. Particular attention is paid to the upstream disturbance due to the presence of the cavities. It is
observed that the extension of the upstream disturbance in the heat transfer coe�cient is much less than
that observed for the number 
ux. This behavior is elucidated in the magni�ed view presented in the middle
plot in Fig. 6.

Still referring to Fig. 6, along the surface S5, it is observed that the heat transfer coe�cient Ch is larger
than that for the 
at-plate case, especially in the vicinity of the downstream corner of the cavity, de�ned by
the surface-S4/surface-S5 junction. Nevertheless, as the 
ow moves downstream along the surface, the heat
transfer coe�cient Ch basically recovers the value obtained for the 
at-plate case.

According to Fig. 7, for the backward face, surface S2, the heat transfer coe�cient Ch is low at the cavity
shoulder, YH = 0, and increases to a maximum value close to the station YH � -0.4. Afterwards, it decreases
along the surface up to the corner at the bottom surface. Along the cavity 
oor, surface S3, the heat transfer
coe�cient depends on the L=H ratio. Ch roughly increases from zero, at station X 0 = 0, and reaches a
maximum value around station X 0 = 0.85. In addition, the larger the L=H ratio is the larger the maximum
value attained by the heat transfer coe�cient Ch. After that, Ch drops o� up to the surface-S3/surface-S4
junction. For the forward face, surface S4, the heat transfer coe�cient Ch is high at the top of the cavity,

Figure 6. Distribution of heat transfer coe�cient Ch along the cavity surfaces S1 (left) and S5 (right), along
with a magni�ed view of the curves at the vicinity of the cavity shoulder (middle).
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Figure 7. Distribution of heat transfer coe�cient Ch along the cavity surfaces S2 (left), S3 (middle), and
S4 (right).

and monotonically decreases along the surface, reaching very lower values at the corner. It is also very
encouraging to observe that the peak values for the heat transfer coe�cient Ch to the forward face is one
order of magnitude larger than that for the upstream face. One possible reason for that is because at the
vicinity of the backward face the 
ow experiences a expansion. In contrast, at the vicinity of the forward
face, it experiences a compression due to the recirculation structure inside the cavity (Fig. 3).

At this point it is worth taking a closer look at these results. In order to do that, the peak values for
the heat transfer coe�cient Ch, approximately 0.049, 0.056, 0.060, and 0.064 for the L=H ratio of 1, 2, 3,
and 4, respectively, at the cavity shoulder, are compared to that predicted for a smooth surface, i.e., a 
at
plate without a cavity. Based on Fig. 7, the maximum value for Ch is around to 0.0284 at a station 9.11�1
from the leading edge. Therefore, the Ch peak value for the cavities is more than twice of that for a smooth
surface.

C. Pressure Coe�cient

The pressure coe�cient Cp is de�ned as follows,

Cp =
pw � p1
1
2�1U

2
1

(3)

where the pressure pw on the body surface is calculated by the sum of the normal momentum 
uxes of both
incident and re
ected molecules at each time step as follows,

pw = pi � pr =
FN

A�t

NX
j=1

f[(mv)j ]i � [(mv)j ]rg (4)

where v is the velocity component of the molecule j in the surface normal direction.
The e�ect on the pressure coe�cient Cp due to variation in the L=H ratio is depicted in Fig. 8 for

surfaces S1 and S5, and in Fig. 9 for surfaces S2, S3 and S4. Referring to Fig. 8, it is observed that the
pressure coe�cient follows the same trend as that presented for the dimensionless number 
ux in the sense
that, along the surface S1, the pressure coe�cient displays the same behavior as that for the 
at-plate case.
From the leading edge up to a station close to the cavity location (X = 50), the pressure coe�cient behavior
for the cavities is similar to that for the 
at-plate case. Again, close to the upstream cavity shoulder,
i.e., the surface-S1/surface-S2 junction, a signi�cant reduction in the pressure coe�cient is observed when
compared to the pressure coe�cient of the 
at-plate case. As mentioned earlier, the reason for that is due
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Figure 8. Distribution of pressure coe�cient Cp along the cavity surfaces S1 (left) and S5 (right), along with
a magni�ed view of the curves at the vicinity of the cavity shoulder (middle).

Figure 9. Distribution of pressure coe�cient Cp along the cavity surfaces S2 (left), S3 (middle), and S4 (right).

to the 
ow expansion around the upstream shoulder. This behavior is shown in detail in a magni�ed view,
the middle plot in Fig. 8. Along the surface S5, right plot, it is observed that the pressure coe�cient Cp

behavior is similar to that for the 
at-plate case, except at the vicinity of the downstream shoulder, i.e., the
surface-S4/surface-S5 junction.

According to the Fig. 9, it is seen that the pressure coe�cient Cp roughly follows a similar behavior as that
presented by the number 
ux in the sense that, for the backward face, surface S2, it is low at the shoulder,
Y 0 = 0, and increases downward along the surface, reaching the maximum value at the bottom, station YH

= -1.0. In the following, for the cavity 
oor, surface S3, the pressure coe�cient Cp increases along the entire
surface, and reaches the maximum value at the vicinity of the surface-S3/surface-S4 junction. Finally, along
the forward face, surface S4, the pressure coe�cient behavior is in contrast to that observed along the surface
S2 in the sense that Cp presents the lower value at the station YH = -1.0, and increases monotonically upward
along the surface, reaching the peak value at the shoulder, YH = 0. It may be inferred in passing that this
is an expected behavior since the 
ow within the cavity is characterized by the appearance of a recirculation
region. According to Palharini and Santos,5 the streamline pattern shows that the 
ow is characterized by
a primary vortex system for L=H = 1 and 2 cases, where a clockwise recirculation structure �lls the entire
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cavities. Conversely, for the L=H = 3 and 4 cases, the 
ow is characterized by two vortex systems at the
vicinity of the backward and forward surfaces, with the freestream 
ow reaching the cavity 
oor, surface S3.

In the following, it proves helpful to compare the maximum values for the pressure coe�cient observed
in the cavities with that of a smooth surface, i.e., a 
at plate without a cavity. As a basis of comparison, for
the L=H = 4 case, the pick values for Cp is around 0.092 and 0.193 observed at the cavity 
oor, surface S3,
and at the cavity shoulder, surface S4, respectively. Based on Fig. 8, for the 
at-plate case, the maximum
value for Cp is around to 0.0393 at a station 25.9�1 from the leading edge. Therefore, the Cp peak value
for the largest cavity is around 2.3 and 4.9 times larger than the peak value for a smooth surface.

D. Skin Friction Coe�cient

The skin friction coe�cient Cf is de�ned as follows,

Cf =
�w

1
2�1U

2
1

(5)

where the shear stress �w on the body surface is calculated by the sum of the tangential momentum 
uxes of
both incident and re
ected molecules impinging on the surface at each time step by the following expression,

�w = �i � �r =
FN

A�t

NX
j=1

f[(mu)j ]i � [(mu)j ]rg (6)

where u is the velocity component of the molecule j in the surface tangential direction.
It is worthwhile to note that for the special case of di�use re
ection, the gas-surface interaction model

adopted in present work, the re
ected molecules have a tangential moment equal to zero, since the molecules
essentially lose, on average, their tangential velocity components. In this fashion, the contribution of �r in
Eq. 6 is equal to zero.

The impact on the skin friction coe�cient Cf due to changes on the cavity L=H ratio is demonstrated
in Fig. 10, for surfaces S1 and S5, and in Fig. 11, for surfaces S2, S3, and S4. According to Fig. 10, it is
�rmly established that the skin friction coe�cient Cf follows a similar behavior of that presented by the heat
transfer coe�cient Ch. Along the surface S1, it is observed that Cf reproduces the skin friction distribution
for the 
at-plate case. In addition, broadly speaking, no upstream disturbance due to the presence of the
cavities is observed, as is apparent from the magni�ed view in the middle plot. Along the surface S5,
similar to the heat transfer coe�cient, it is noticed that the skin friction coe�cient Cf is larger than that
for the 
at-plate case, especially in the vicinity of the downstream corner of the cavity, de�ned by the
surface-S4/surface-S5 junction. However, as the 
ow moves downstream along the surface, the skin friction
coe�cient Cf basically recovers the value observed for the 
at-plate case. Finally, it may be observed that
the peak values for the skin friction coe�cient along surfaces S1 and S5 are larger than those observed for
the pressure coe�cient. As a result, tangential forces, associated to the shear stress, are larger than normal
forces, related to the wall pressure.

Turning next to Fig. 11, for the backward face, surface S2, it is observed that the skin friction coe�cient
presents the peak value at the shoulder, YH = 0, then it decreases downward along the surface up to station
YH � -0.75, and becomes negative along the remaining part of the surface. In what follows, for the cavity

oor, surface S3, the skin friction coe�cient behavior relies on the L=H ratio. It is negative near to the
vicinity of the surface-S2/surface-S3 junction, then it becomes positive and reaches a maximum value as a
function of the L=H ratio. Along the forward face, surface S4, the skin friction coe�cient increases negatively
upward along the entire surface.

Usually, as Cf changes from positive to negative value, the condition Cf = 0 may indicate the presence
of a back
ow, an attachment or a reattachment point in a 2-D 
ow. In the present account, these changes
are directly related to the clockwise recirculation structure, de�ned by a primary vortex system observed for
the L=H = 1 and 2 cases, and two recirculating structures observed for the L=H = 3 and 4 cases, where the

ow is characterized by two vortex system at the vicinity of the backward and forward faces. As a result,
the skin friction coe�cient distribution along the bottom surface, S3, is similar for the L=H = 1 and 2 cases.
In addition, the distribution for the L=H = 3 case presents a similar behavior as that for the L=H = 4 case.
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Figure 10. Distribution of skin friction coe�cient Cf along the cavity surfaces S1 (left) and S5 (right), along
with a magni�ed view of the curves at the vicinity of the cavity shoulder (middle).

Figure 11. Distribution of skin friction coe�cient Cp along the cavity surfaces S2 (left), S3 (middle), and
S4 (right).

VII. Concluding Remarks

A detailed numerical study has been carried out to investigate a rare�ed hypersonic 
ow over cavities
using the Direct Simulation Monte Carlo (DSMC) method. The simulations provided information about the
aerodynamic properties on the cavities surfaces. E�ects of the length-to-depth ratio on the number 
ux,
heat transfer, pressure, and skin friction coe�cients were investigated.

The analysis showed that the aerodynamic quantities acting on the cavity surface depend on the L=H
ratio. It was found that the pressure load and the heat 
ux to the cavity surface exhibited maximum
values along the forward face, more precisely at the vicinity of the cavity shoulder. In addition, these loads
are much higher than the maximum values found for a smooth surface, i.e., a 
at plate without cavities.
Consequently, in a hypersonic vehicle design, pressure and thermal loads become important if discontinuities,
such as cavities, are present in the vehicle surface.
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