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DSMC Calculations of Rarefied Hypersonic
Flow over Power Law Leading Edges with
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Mark J. Lewis'
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This work describes a computational study on hypersonic flow past power law shaped
leading edges at zero incidence. Effects of incomplete surface accommodation in rarefied
flow on the aerothermodynamic surface quantities have been investigated by employing
the Direct Simulation Monte Carlo Method in combination with the Cercignani-Lampis-
Lord gas surface interaction model, which incorporates separate accommodation coef-
ficients for the normal and tangential velocity components. The work is motivated by
interest in assessing the overall performance of power-law shaped leading edges in order
to consider them as possible candidates for blunting geometries of hypersonic leading
edges. The results presented highlight the sensitivity of the heat transfer and drag co-
efficients to changes on the gas-surface accommodation coefficients. It was found that
the heat transfer coefficient diminishes with decreasing the normal accommodation coef-
ficient, and increases slightly by a reduction in the tangential accommodation coefficient

in the vicinity of the stagnation region.

Nomenclature

Constant in power-law body equation

Drag coefficient, Eq. (11)

Heat transfer coefficient, Eq. (5)

Molecular velocity, m/s

Drag force, N

specific energy, J/kg

Body height at the base, m

Knudsen number

Body length, m

Mach number

Molecular mass, kg

Number of molecules

Body power law exponent

Pressure, N/m?

Heat flux, W/m?

Reynolds number

Arc length, m

Temperature, K

Velocity, m/s

Y Cartesian axes in physical space, m
Thermal accommodation coefficient
Coordinate normal to body surface, m
Wedge half angle, body slope angle, deg
Angle of incidence or reflection, deg
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Mean free path, m

Coordinate tangent to body surface, m
Density, kg/m?

Momentum accommodation coefficient
Shear stress, N/m?
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Subscripts

Normal

Rotational

Tangential
Vibrational

Wall conditions
Freestream conditions

g8 <~ =

Introduction

N increasingly important problem in aerospace

engineering is that of predicting aerodynamic
characteristics of vehicles flying at very high speeds
and high altitudes. Under this conditions, the flow
about a given aerodynamic configuration may be suf-
ficiently rarefied that the appropriate mean free path
becomes too large, compared to a characteristic length
of the vehicle, for the use of continuum assumptions
but not large enough for the use of the free molec-
ular theory. In such an intermediate or transition
rarefied gas regime, the complete investigation of the
flowfield structure would require the full formulation of
kinetic theory. The governing equation in the transi-
tion regime is the Boltzmann equation!. Nevertheless,
in order to circumvent the difficult of a direct solu-
tion of the Boltzmann equation, the Direct Simulation
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Monte Carlo (DSMC) method? has been the appro-
priate choice for problems involving flows of rarefied
hypersonic aerothermodynamics.

One of the key issues concerning hypersonic config-
urations is the leading edge of the vehicle. Hypersonic
configurations are generally characterized by slender
bodies and sharp leading edges in order to achieve
good aerodynamic properties like high lift and low
drag. Nevertheless, for flight at hypersonic speeds,
the vehicle leading edges must be sufficiently blunt in
order to reduce the heat transfer rate to acceptable
levels, and possibly to allow for internal heat conduc-
tion. In this context, power law shaped leading edges
(y x 2,0 < n < 1) have been considered as especially
promising bluntness for hypersonic configurations in
order to provide the leading edge heating and manu-
facturing requirements. This concept is based on the
work of Mason and Lee?, who have pointed out that,
for certain exponents, power law shapes exhibit both
blunt (infinite body slope at the nose) and sharp (zero
radius of curvature at the nose) characteristics.

A great deal of works*~'0 has been carried out re-
cently on power-law form representing blunt geome-
tries. The major interest in these works has gone into
considering the power-law shape as possible candidates
for blunting geometries of hypersonic leading edges,
such as hypersonic waverider vehicles'! which have
been lately considered for high-altitude/low-density
applications'2—15.

These works on hypersonic flow past power-law
shapes have been concentrated primarily on the anal-
ysis of the aerothermodynamic surface quantities by
considering the diffuse reflection model as being the
gas-surface interaction. The diffuse model assumes
that the molecules are reflected equally in all direc-
tions, quite independently of their incident speed and
direction. As a space flight vehicle is exposed to a
rarefied environment over a considerable time, a depar-
ture from the fully diffuse model is observed, resulting
from the colliding molecules that clean the surface of
the vehicle, which becomes gradually decontaminated.
Molecules reflected from clean surfaces show lobular
distribution in direction. The flux distribution of scat-
tered molecules emitted from clean surfaces frequently
has a lobular shape that is centered about an angle
which tends to approach the specular angle for very
high energies and/or low angle of attack.

Both the aerodynamic surface quantities and the
state of the gas adjacent to the body surface are very
sensitive to the assumptions used in the calculation
concerning the gas-surface interaction model for tran-
sitional and free molecular flows. In addition, the
essential phenomena of rarefied gases are found mostly
in the region relatively near to the solid boundaries,
i.e., within a few mean free paths. Thus a knowledge
of the physics of the interaction of gas molecules and
solid surfaces is of primary importance.

5—10

In an effort to obtain further insight into the na-
ture of the flowfield structure of power law leading
edges under hypersonic transitional flow conditions, a
parametric study is performed on these shapes with a
great deal of emphasis placed on the gas-surface inter-
action effects. In this scenario, the primary goal of this
paper is to assess the sensitivity of the aerothermody-
namic surface quantities to variations in the surface
accommodation coefficients experienced by the lead-
ing edges by employing the Cercignani-Lampis-Lord
(CLL) model**. The CLL model, which incorpo-
rates independent accommodation coefficients for the
normal and tangential velocity components, is imple-
mented into the DSMC code, and simulations are
performed by assuming two-dimensional rarefied hy-
personic flow.

Gas-Surface Interaction Model

The influence of the model of gas-surface interac-
tions on the aerodynamic forces and heat transfer in-
creases substantially as the gas rarefaction increases.
As a result, a correct choice of the model for calculat-
ing hypersonic rarefied flows plays an important role.

Three models of gas-surface interactions may be em-
ployed in the DSMC method: specular and diffuse
interactions and some combination of these. In a spec-
ular reflection, molecules are reflected like a perfectly
elastic sphere with reversal of the normal component
of velocity and no change in either the parallel compo-
nents of velocities and energy. 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 dis-
tribution determined by the wall temperature. The
combination of diffuse reflection with specular reflec-
tion (Maxwell model) introduces a single parameter
f to indicate the fraction of those molecules reflected
diffusely in a completely accommodated fashion ac-
cording to a Maxwellian distribution corresponding to
the wall temperature, and the remaining fraction (1-
f), being assumed to reflect specularly.

The Maxwell model was followed by the introduc-
tion of three accommodation coeflicients that describe
the degree of accommodation of the incident normal
momentum, tangential momentum and kinetic energy
to those of the surface. The traditional definition' for
these coefficients are usually expressed as being,

Pi — DPr
o = — 1
Di — Pw ()
Ty — Tr
oy = (2)
Ti
€ —€r
= 3
o p—— (3)

2 oF 11

AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICS PAPER 20042636
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a) Maxwell Model

Reflected Flux

Incident Flux

b) CLL Model

Fig. 1 Drawing illustrating the Maxwell reflection
model and the CLL reflection model.

where terms p, 7 and e refer to the momentum flux
acting normal and tangential to the surface, and the
energy flux to the surface per unit area per unit time,
respectively; subscripts ¢ and r stand for the incident
and reflected components, and w refers to the compo-
nent that would be produced by a diffuse reflection at
the temperature of the surface.

Data from many experiments show that molecules
reflected or re-emitted from solid surfaces present lobu-
lar distributions under high vacuum conditions and are
poorly represented by the Maxwell model. However,
this model is widely used because it satisfies the princi-
ple of detailed balance or reciprocity. Detailed balance
means that at equilibrium every molecular process and
its inverse process must individually balance.

A phenomenological model that satisfies detailed
balance and has demonstrated improvement over the
Maxwell model has been proposed by Cercignani and
Lampis'® (CL model). This model is based on the def-
inition of the accommodation coefficients «,, and oy
that represent the accommodation coefficients for the
kinetic energy associated with the normal and tangen-
tial components of velocity. The CL model provides
a continuous spectrum of behavior from specular re-
flection at one end to diffuse reflection with complete
energy accommodation at the other, and produces
physically realistic distributions of direction and en-
ergy re-emitted molecules. Lord'® has shown that the
CL model is suited for the DSMC method, and de-
scribed how to incorporate it into the DSMC method.

The DSMC method with Lord’s implementation is re-
ferred as the Cercignani-Lampis-Lord (CLL) method.
The CLL model is derived assuming that there is no
coupling between the normal and tangential momen-
tum components. The two adjustable parameters ap-
pearing in the CLL model are the normal component
of translational energy «, and the tangential compo-
nent of momentum o;. Figure 1 displays a schematic
comparison of the Maxwell reflection model and the
CLL reflection model. The CL model has also been
extended for covering diffuse scattering with partial
energy accommodation and for simulating the accom-
modation of vibrational energy of a diatomic molecule
modeled as simple harmonic oscillator'® and an anhar-
monic oscillator?”.

In order to simulate the partial surface accommoda-
tion, the Cercignani-Lampis-Lord (CLL) model'S was
implemented in this DSMC calculation. However, in
the implementation of the CLL model in the DSMC
method, Bird? has shown that it is equivalent to spec-
ify the normal «a,, and tangential a; components of
translational energy, since a; = 0+(2 — 0¢), and thus
that oy < a4, assuming that o; lies between 0 and 1.
In the present simulations, «,, and o; are used as be-
ing the two adjustable parameters. It is important to
mention that in the CLL model the accommodation
of internal energy is allowed to be independent of the
translational accommodation.

Leading Edge Geometry Definition

In dimensional form, the body power law shapes are
given by the following expression,

y = aa” (4)

where n is the power law exponent and a is the power
law constant which is a function of n.

The power-law shapes are modeled by assuming a
sharp leading edge of half angle 6 with a circular cylin-
der of radius R inscribed tangent to this wedge. The
power law shapes, inscribed between the wedge and
the cylinder, are also tangent to both shapes at the
same common point where they have the same slope
angle. The circular cylinder diameter provides a refer-
ence for the amount of blunting desired on the leading
edges. It was assumed a leading edge half angle of 10
deg, a circular cylinder diameter of 10~?m and power
law exponents of 1/2, 2/3 and 3/4. Figure 2 shows
schematically this construction.

From geometric considerations, the power law con-
stant a is obtained by matching slope on the wedge,
circular cylinder and power law body at the tangency
point. The common body height H at the tangency
point is equal to 2R cos @, and the body length L from
the nose to the tangency point in the axis of symmetry
is given by nH/2tan6. Since the wake region behind
the power law bodies is not of interest in this investi-
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Tangency point

Fig. 2 Drawing illustrating the leading edge ge-
ometries.

gation, it was assumed that the power law bodies are
infinitely long but only the length L is considered.

Computational Method and Procedure

It is well known that neither the continuum flow
equations nor the collisionless flow equations are valid
to predict leading edge aerothermodynamic character-
istics throughout the transitional flow regime. During
the last several years, the most successful numerical
technique applied for computing leading edge flowfield
and surface effects in the transitional flow regime has
been the DSMC method pioneered by Bird?.

The DSMC method simulates real gas flows with
various physical processes by means of a huge number
of modeling particles, each of which is a typical repre-
sentative of great number of real gas molecules. DSMC
models the flow as being a collection of discrete par-
ticles, each one with a position, velocity and internal
energy. The state of particles is stored and modified
with time as the particles move, collide, and undergo
boundary interactions in simulated physical space.

The molecular collision kinetics are modeled using
the variable hard sphere (VHS) molecular model?!
and the no time counter (NTC) collision sampling
technique??. The 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 two chemical
species, No and Os. Energy exchanges between the
translational and internal modes are considered. For a
given collision, the probabilities are designated by the
inverse of the relaxation numbers, which correspond
to the number of collisions necessary, on average, for
a molecule to relax. For this study, the relaxation
numbers of 5 and 50 were used for the rotation and vi-
bration, respectively. The effective number of degrees
of freedom in the partially excited vibrational states is
calculated from the harmonic oscillator theory?.

In order to implement the particle-particle collisions,
the flowfield is divided into a number of regions, which
are subdivided into computational cells. The cell pro-
vides a convenient reference for the sampling of the
macroscopic gas properties. The dimensions of the
cells must be such that the change in flow proper-
ties across each cell is small. The linear dimensions

of the cells should be small in comparison with the
scale length of the macroscopic flow gradients normal
to the streamwise directions, which means that the cell
dimensions should be of the order of the local mean
free path or even smaller?4=2%. The cells are further
subdivided into 4 subcells, 2 subcells/cell in each di-
rection. The collision partners are selected from the
same subcell for the establishment of the collision rate.
Consequently, the flow resolution is much higher than
the cell resolution. Time is advanced in discrete steps
such that each step ought to be sufficiently small in
comparison with the local mean collision time26—27.

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. 3. Ad-
vantage of the flow symmetry is taken into account,
and molecular simulation is applied to one-half of a full
configuration. Side I is defined by the body surface.
Reflection with incomplete surface accommodation is
the condition applied to this side. Side II is a plane of
symmetry. In such a boundary, all flow gradients nor-
mal to the plane are zero. At the molecular level, this
plane is equivalent to a specular reflecting boundary.
Side III is the freestream side through which simu-
lated molecules enter and exit. Finally, the flow at
the downstream outflow boundary, side IV, is predom-
inantly supersonic and vacuum condition is specified?.
At this boundary, simulated molecules can only exit.

Numerical accuracy in DSMC method depends on
the grid resolution chosen as well as the number of
particles per computational cell. Both effects were in-
vestigated to determine the number of cells and the
number of particles required to achieve grid indepen-
dence solutions for the thermal nonequilibrium flow
that arises near the nose of the leading edges. A
discussion of both effects on the aerodynamic surface

Outer computational
boundary

Y

Regions

H/2

Fig. 3 Schematic view of the computational do-
main.
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quantities for the set of power law shapes presented
here is described in details in Ref. 10.

Flow Conditions

The freestream and flow conditions used for the nu-
merical simulation of flow past the leading edges are
those given by Santos® and summarized in Table 1,
and the gas properties? are shown in Table 2.

The freestream velocity V., is assumed to be con-
stant at 3.5 km/s, which corresponds to freestream
Mach number M, of 12. The overall Knudsen number
is defined as the ratio of the molecular mean free path
in the freestream gas to a characteristic dimension of
the flowfield. In the present study, the characteris-
tic dimension was defined as being the diameter of
the circular cylinder. Hence, the freestream Knudsen
number Kng, corresponds to 0.0903. The freestream
Reynolds number by unit meter Reo, is 21455 based
on conditions in the undisturbed stream. The transla-
tional and vibrational temperatures in the freestream
are in equilibrium at 220 K, and the leading edge sur-
face has a constant wall temperature T, of 830 K for
all cases considered.

In order to simulate the incomplete surface accom-
modation, the CLL model implemented in the DSMC
code considered only the normal and tangential ac-
commodation coefficients. The internal energy accom-
modation was kept equal to one for all calculations
presented in this work. Hence, «, and o; are used
as being the two adjustable parameter. The DSMC
calculations were performed independently for three
distinct numerical values for «, and o;: 0.6, 0.8 and
1.0. a, and o; equal to 1.0 represents the diffusion
reflection.

Table 1 Freestream and flow conditions

Parameter Value Unit
Altitude 70 km
Temperature (T ) 220.0 K
Pressure (poo) 5.582 N/m?
Density (poo) 8.753 x 107° kg/m?
Viscosity (ftoo) 1.455 x 107® Ns/m?

Number density (ns,) 1.8209 x 1021 m=3
Mean free path (Ay,) 9.03x107* m

Table 2 Gas properties

Parameter O Ny Unit

Molecular mass 5.312 x 10726 4.65 x 10726 kg
Molecular diameter 4.010 x 10710 4.11 x 1071 m
Mole fraction 0.237 0.763

Viscosity index 0.77 0.74

Computational Results and Discussion

Attention is now focused on the calculations of
the surface aerodynamic quantities obtained from the
DSMC results. The surface quantities of particular
interest in the transition flow regime are the number
flux, heat transfer, pressure, skin friction and drag.
The purpose of this section is to discuss and to com-
pare differences in the profiles of these properties, ex-
pressed in coefficient form, due to variations on the
normal and tangential accommodation coefficients as-
sociated to the gas-surface interaction.

Number Flux

The number flux N is calculated by sampling the
molecules impinging on the surface by unit time and
unit area. The dependence of the number flux on
the normal accommodation coefficient «,, is shown in
Fig. 4 for power law exponents of 1/2, 2/3 and 3/4. In
this set of plots, N* is the number flux N normalized
by neoVeo, and S is the arc length s normalized by
the freestream mean free path Ao,. According to these
plots, the number flux is very sensitive to changes in
the normal accommodation coefficient provided that
the leading edge is blunt. It is seen that the number
flux decreases with decreasing the normal accommo-
dation coefficient. In contrast, as the leading edge
becomes aerodynamically sharp®, n > 2/3, virtually
no effect can be detected in the number flux.

Figure 5 illustrates the differences in the number flux
due to variations in the tangential accommodation co-
efficient o; for the same set of leading edges. This set
of plots exhibits essentially the same qualitative be-
havior when compared to that presented by changes
in the normal accommodation coefficient a.,, i.e., the
number flux diminishes for the power law shapes in-
vestigated. Nevertheless, the manner in which the
number flux is reduced by changes in the two accom-
modation coefficients differs from blunt to aerodynam-
ically sharp leading edges. Blunt leading edges are
more affected by the normal accommodation coeffi-
cient whereas sharp leading edges are more affected
by tangential accommodation coefficient.

Heat Transfer Coefficient
The heat transfer coefficient C}, is defined as follows,

qu

On = Va2 )
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 di-
rected toward the body surface. The net heat flux g,
is related to the sum of the translational, rotational
and vibrational energies of both incident and reflected
molecules as defined by,

N

1
Guw = qi +qr = Z[§mg€? +erj +evili +

j=1
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Z[Qma‘cf‘ + erj +evy]

T (6)

1.21

*
N0.9 I

0.6
r| —6e— un: 1.0

where N is the number of molecules colliding with the
surface by unit time and unit area, m is the mass of the
molecules, ¢ is the velocity of the molecules, e and
ey stand for the rotational and vibrational energies,

*
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a, on number flux along the body surface.
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respectively. Subscripts ¢ and r refer to incident and
reflect molecules.

The effect of changing the normal accommodation
coefficient «,, on the heat transfer coefficient C}, is
plotted in Fig. 6 as a function of the dimensionless arc
length S. According to these plots, it is seen that the
net heat transfer coefficient decreases with decreasing
o, for the power law shapes investigated. An under-
standing of this behavior can be gained by considering
independently the contribution of the incident ¢; and
reflected ¢, heat fluxes that appear in Eq.(6). It is
found® that the incident heat flux is almost identical
as the normal accommodation coefficient «,, changes
from 1.0 to 0.6. Nevertheless, the reflected heat flux
increases drastically for the same range of a,, in the
vicinity of the stagnation region of the leading edges.
This effect is more pronounced as the leading edge be-
comes sharp. As a result, the net heat flux to the body
surface is reduced. Despite the fact that the number of
molecules colliding with the surface by unit time and
unit area diminishes with decreasing a, (see Fig. 4),
this tendency is expected because the molecules re-
flected from the body surface have a higher kinetic
energy with the incomplete accommodation model.

The influence of the tangential accommodation co-
efficient o, on the heat transfer coefficient C}, is dis-
played in Fig. 7. It may be recognized that the heat
transfer coefficient exhibits an opposite behavior when
compared to that presented by changes in the normal
accommodation coeflicient, i.e., the heat transfer coef-
ficient increases in the vicinity of the stagnation region
with decreasing the tangential accommodation coeffi-
cient for the power law shapes investigated. Again,
by examining the contribution of the incident ¢; and
reflected ¢, heat fluxes, it is found® that both heat
fluxes increase slightly close to the stagnation region
with diminishing the tangential accommodation coef-
ficient. However, a larger contribution is observed in
the incident heat flux, resulting in higher net heat flux.

Pressure Coefficient

The pressure coefficient C), is defined as follows,

_ Pw — Poo
CP - pocvogo/z (7)

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,

N
pu=pitpe = Y Ayl +mienld (8)

where ¢, is the normal component of the molecular
velocity.

The variation of the pressure coefficient C, caused
by changes in the normal accommodation coefficient

—— (]n: 1.0
—— =0.8
—— =0.6

0‘07 P R S Ry RSS! Sl
0.001 0.01 0.1 1 10 30
S

a) n =1/2 body shape

—-©— a =1.0
n
08 I —A— =028

0.6 -

0.2 -

0‘07 P R S RSy RS Y S,
0.001 0.01 0.1 1 10 30

b) n =2/3 body shape

1.0

0_07 P Y R Y R Y RS SR Y S,
0.001 0.01 0.1 1 10 30

c) n = 3/4 body shape

Fig. 6 Effect of normal accommodation coefficient
an, on heat transfer coefficient along the body sur-
face.

a, is demonstrated in Fig. 8 for power law exponents
of 1/2, 2/3 and 3/4. It can be seen from this set
of pictures that the pressure coefficient distributions
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for the partial accommodation calculations are higher
than those for full accommodation (diffuse reflection
case). In addition, the pressure coefficient increases

1.0
I —o— 0.-10
—— =0
0.8 |- 0.8
—B— =0.6

0‘07 P Y R S R ATy RS Y Sl
0.001 0.01 0.1 1 10 30
S

a) n = 1/2 body shape

0.8 -

0.6 -

04

0'07 n M| n T MR n M| n
0.001 0.01 0.1 1 10 30

b) n =2/3 body shape

—— 01:1,0

0_07 P U R Sy R Y R S oY S
0.001 0.01 0.1 1 10 30

c) n=3/4 body shape

Fig. 7 Effect of tangential accommodation coeffi-
cient o; on heat transfer coefficient along the body
surface.

significantly close to the stagnation region as the lead-
ing edge shape changes from blunt to sharp. As the
accommodation coefficient is reduced from 1.0, the an-
gular distribution of gas molecules reflected from the
body surface becomes lobate (see Fig. 1), with pre-
ferred scattering tending toward specular reflection.
In this context, the shape of the leading edge in the
stagnation region plays the important role, since the
backward scattering pattern differs substantially from
blunt to sharp leading edges. Furthermore, a decrease
in the normal accommodation coefficient «,, corre-
sponds to an increase in the reflected component of
the normal momentum flux p,. One way to visualize
this behavior is to examine the individual components
of the pressure acting on the body surface as defined in
Eq.(8). It is noticed® that the reflected component of
the normal momentum flux p, increases significantly
as «a;, decreases from 1.0 to 0.6. In contrast, the inci-
dent normal momentum flux p; decreases slightly for
the same range of av,.

Skin Friction Coefficient
The skin friction coeflicient C} is defined as follows,

(9)

Tw

Cr=——++—
! PocVE /2

where the shear stress 7, on the body surface is calcu-
lated 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,

N
Tw=Ti+ 7= Y {Imjceli + [mjce] ) (10)
j=1

where c¢ is the tangential component of the molecular
velocity.

It is worthwhile to note that for the special case
of diffuse reflection, «a, and o; equal to 1, the re-
flected 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 the reflected tangential momentum
flux 7, that appears in Eq.(10) is equal to zero. Nev-
ertheless, for incomplete surface accommodation, the
reflected tangential momentum flux 7, contributes to
the skin friction coefficient.

The dependence of the skin friction coefficient C'y
attributed to variations on the tangential accommo-
dation coefficient o, is depicted in Fig. 9. It is im-
mediately evident from Fig. 9 that the change in the
tangential accommodation coefficient from o, equal to
1.0 to a value of 0.6 produces substantial differences in
the magnitude of the skin friction coefficient, particu-
larly in a region of the body surface that corresponds
to a body slope angle around of 45 deg®. The direction
of change is toward lower skin friction coefficient as
the accommodation coefficient becomes more incom-
plete. It is apparent that the major influence on the
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Fig. 8 Effect of normal accommodation coefficient
an on pressure coefficient along the body surface.

skin friction coeflicient comes from the contribution
of the reflected momentum flux of the molecules that
increases significantly with decreasing o;.
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cient o; on skin friction coefficient along the body
surface.

Total Drag Coefficient
The total drag coefficient is defined as being,
D

Ca= poc VZH/2

(11)
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where D is the resultant force acting on the body
surface, and H is the height at the matching point
common to the leading edges (see Fig. 2).

The resultant force acting on the body surface was
obtained by the integration of the pressure p,, and
shear stress 7, distributions from the stagnation point
of the leading edges to the station L that corresponds
to the tangential point common to all shapes. It is
worthwhile to mention that the values for the total
drag coefficient were obtained by assuming the shapes
acting as leading edges. As a result, no base pressure
effects were taken into account on the calculations.

The extent of the changes in the total drag coef-
ficient Cy with decreasing the normal and tangential
accommodation coefficients is illustrated in Fig. 10 for
power law exponents of 1/2, 2/3 and 3/4. Referring to
Fig. 10, it can be seen that the total drag coefficient
increases by a reduction in the normal accommoda-
tion coefficient, and decreases by a reduction in the
tangential accommodation coefficient. The major con-
tribution to the drag coefficient rise is attributed to the
pressure coefficient, which increases with decreasing
Qy, as shown in Fig. 8. In contrast, the major contri-
bution to the drag coefficient reduction is attributed
to the skin friction coefficient, which diminishes with
decreasing oy, as illustrated in Fig. 9.

Concluding Remarks

This study applies the Direct Simulation Monte
Carlo method to investigate rarefied gas over power
law shaped leading edges. Effects of incomplete sur-
face accommodation on the heat transfer, pressure,
skin friction, and drag coefficients for a representative
range of normal and tangential accommodation coef-
ficients are investigated. The normal and tangential
accommodation coefficients are varied from 1.0 to 0.6,
and the power law exponent ranges from 1/2 to 3/4.
Cases considered in this study cover the hypersonic
flow on the transitional regime.

Calculations showed that a reduction in the normal
accommodation coefficient from 1.0 to 0.6 decreased
the heat transfer coefficient in the vicinity of the stag-
nation point for the power law shapes investigated.
In contrast, a reduction in the tangential accommo-
dation coefficient increased slightly the heat transfer
coeflicient near the nose of the leading edges. Also,
it was found that the total drag coefficient is reduced
by a reduction in the tangential accommodation co-
efficient, and increased by a reduction in the normal
accommodation coefficient.

The effects of either normal or tangential accom-
modation coefficient showed that in order to make
accurate predictions of the aerodynamic forces on, and
heat transfer rates to, bodies in rarefied hypersonic
flow it will be necessary to take surface accommoda-
tion into account.
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Fig. 10 Effect of normal and tangential accom-
modation coefficients on total drag coefficient for
power law exponents of 1/2, 2/3 and 3/4.
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