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Abstract

In this study, rarefied gas flow over the optical window of a high-
speed interceptor was simplified and investigated numerically as a
two-dimensional rectangular cavity flow. With a high altitude
rarefied flow field, the traditional computational method for
solving the Navier-Stokes equation is inappropriate. The Direct
Simudation Monte Carlo (DSMC) method is hence adopted to
implement the investigation of the rarefied gases problem.
Improved DSMC techniques and suitable gas-surface interaction
models for solid boundary conditions were employed. Proper initial
conditions were specified in which hypersonic flow went through a
forebody with a wedge shape. Shallow cavity fiow fields with
varying altitudes and flight speeds are then examined. The length-
to-depth ratio of the shallow cavity is fixed. The major concerns
are the effects of pas-surface interaction models on simulations of
the gas dynamic characteristics of this window system in vatious
flight conditions.

Nomenclature

C molecular velocity

d depth of cavity

fo equilibrium velocity distribation function
H altitude

kg Boltzmann constant

Kn Knudsen number

) length of cavity

M Mach number

m molecular mass

R gas constant

Ry random number between O to 1

T Temperature

U incident molecular velocity

v reflection molecular velocity

Pmp molecular most probable thermal velocity

a accommodation coefficient
Reciprocal of the most probable molecufar speed in an

£ equilibrium gas

7 specific heat ratio

d deflection wave angle

# wedge angle

i molecular mean free path

U viscosity coefficient

Subscripts

e freestream

n normal direction

t tangential direction

w solid wall, surface

0,123 particular value

Introduction

The investigation of hypersonic rarefied gas flow is realisticly
applicable in acrospace engineering, especially, in the development
of high altitade interceptors. The optical viewing window is an
important assembly designed for effective target seeking. The
window must maintain its optical transparency - throughout the
operational flight envelope of the vehicle. However, under the
conditions of high Mach number and high temperature, the
performance of the seeker, which is behind the optical viewing
window, is degraded by aerothermodynamic effects. Imnprecise
detection will result in a faulty mission. For this reason, it is
necessary to provide accurate flow field information

In general, the atmosphere is considered as continuum and studied
with the Navier-Stokes method. According to Dichl's report[1],
however, the density of the atmosphere is less than at sea level as
the altitude is over 60 km, The mean free path (4 ) of molecules is
raised to 3x 107 m. Moreover, at altitudes higher than 100 km, the
pfessure decreases to 107 atm and A of 4.7x107 m is reached.
Under these rarefied conditions, viewing atmospherc as a
continuum is not appropriate. The classical continuum model
should be replaced by a molecular model. Direct simulation Monte
Carlo (DSMC) is one of the most widely used molecular
approaches in siudying rarefied gas flow. Therefore, the DSMC
method is adopted here fo study hypersonic rarefied gas flow.

Kogan|2] is one of the previous investigators of hypersonic rareficd
gas flow. Biitefisch and Vennemann[3] studied hypersonic rarefied
flow by means of the electron beam technique. It was not until
Bergemann[4], who investigated near continuum hypersonic flow
by gas kinetic simulation and considered wall-catalysis, that gas-
surface interaction was reconsidered as a hypersonic rarefied flow.
In 1998, Ivanov and Gimelshein[5} mentioned that the interaction
of gas particles with the surface is one of the major difficulties in
hypersonic rarefied gas dynamic problems. Gas-surface interaction
meodels influence flow parameters substantially as the rarefaction of
gas increases.

In this study, the flow field of a high-speed interceptor is divided
into two parts. The first is a hypersonic wedge flow and the other is
a shallow cavity flow. In a wedge flow, the simulation results are
compared with theoretical compressible gas dynamics. Also,,the
flow parameters behind the oblique shock in wedge flow
simulation results are set as the initial conditions for shallow cavity
flow. Following Cercignani, Lampis, and Lord[6](CLL), isotropic
scattering (IS), and partial specular partial diffuse (Pt-SD) gas




surface interaction models are studied in specifying boundary
conditions for this rarefied gas flow problem.

FProblem Description

In the forebody of a high speed interceptor, as in Figure 1, a
hypersonic free stream passes though the wedged leading edge and
forms a shock in the flow field. Behind the shock, the pressure,
temperafnure, and density of flow rise immediately. In addition, the
flow velocity is slowed and the flow changes direction to follow
the wedged surface.

Because of high temperature and varying density near the surface,
the performance of the interceptor’s target seeking could be
degraded. Obtaining more accurate flow field information would be
useful for this engineering problem.
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Figure 1 Schematic diagram of hypersonic flow over an optical
window.

The hypersonic rarefied flow problem is interesting and attracts
many researchers. In 1984, Moss and Bird [7] studied hypersonic
reentry using DSMC at an altitude range of 92 to 150 km. Their
results were in good agreement with continuum predictions at low
altitude. However, rarefaction and slip effects rapidly departed
from continuum predictions and DSMC results, In 1998, Riabov[8]
studied hypersonic rarefied gas flow with several simple shapes
using DSMC. Riabov's results showed that under low Reynold's
number conditions, the influences of specific heat ratios (y),
viscosity parameters (p~T"), and freesttearn Mach numbers (M.,)
are signiticant, Riabov[9] investigated hypersonic gas flow near
two side-by-side plates and discussed the geometric factor and
Knudsen number (Kn) effects on lift and drag. The Kn in Riabov's
research ranged from 0.024 to 1.8. At the same time, Riabov[10]
studied side-by-side cylinders under similar conditions.

In 2002, Santos and Lewis{11] used DSMC to study hypersonic
flows passing though a wedge forebody with different freestream
attack angles and wedge shapes at an altitude of 70 km. In 2003,
Santosf12] studied the pressure and heat transfer coetficients under
similar conditions and Santos[13] also investigated flat nose
influence on heat transfer in a hypersonic wedge flow. In 2004,
Santos[14] extended his research to gas surface interactions in a
hypersonic wedge flow. In 2008, Padilia[15] studied gas surface
interactions with hypersonic reentry problems. In 2010, Sampaio
and Santos{16] studied reentry satellites at different altitudes and
discussed pressure, heat transfer, and drag on the satellite,

In hypersonic cavity flow, Blair[17] investigated cavity flow with
different length to depth ratios (//d ) and classified cavity flow by
length to depth ratio to opened ( I/d<10 )} and closed
(10 < 1/d <13) cavities. In Blair's research, he mentioned that as
hypersonic flow passes through a closed cavity, there is an
expansion wave in the leading side and a free shear layer impinging
on the cavity’s bottom wall. Moreover, Roshko[18] studied closed
cavities and mentioned that a free shear layer will attach to cavity
botiom then form two vortices on both sides. Heller et al[19]

studied cavity flow with a wind tunnel and discussed the pressure

oscillations that occurred in different locations on the cavity bottom.

East{20] did experiments similar to Heller’s and found that
oscillations in the cavity can be related to the acoustic depth mode.
Tai and Lee[21] investigated cavity flow using cooling injections
and solving Navier-Stokes equations. Lamp and Chokani[22]
studied cavity flow numerically using the Navier-Stokes scheme. In
Lamp's research,  small jet was used to force the shear layer with
different amplitudes and frequencies.

In this study, hypersonic wedge flow has been investigated at
altitudes ranging from 85 to 100 km and the deflection of obligque
shock wave angles were compared with theoretical compressible
gas flows. Different gas-surface interaction models for specifying
solid boundary conditions were compared in this rarefied gas cavity
flow, The initial conditions for cavity flow calculations were
obtained from the simulation results of the wedge flow.

Numerical Method

As mentioned in the previous section, in this siudy, DSMC is
chosen as the simulation method. Bird [23] proposed the DSMC
method for studying shock. Then DSMC was applied to the
investigation of dilute gas[241. Tn 1994, Bird[25] wrote a book to
introduce the DSMC method integrally. The DSMC method used a
statistical method to solve the Boltzmann equation, In this method,
the gas veloeity distribution function is the most important for flow
macroscopic properties. For the equilibrium state, it can be shown
as in equation (1)}—the so-called Maxwellian distribution function.

7o = Eyexp- grc2)

T (1y
= J2RT _\hkaf

All flow propertics—momentum, energy, density, and pressure-—
are related to the integral of the distribution function. Besides, the
DSMC method simulates real gas flows with simulation particles,
with each of the particles representing a great number of real gas
molecules. Several physical procedures such as move, collision,
indexing, and sampling gather flow properties from simulation
patticles. The gas-surface interaction is in the “move” procedure in
DSMC. Heat flux and momentum flux between gas particles and
body surface were simulated by proper gas surface interaction
model.

Maxwell[26] proposed the models for gas surface interaction in
1879. In Maxwell's research, gas particles incident to the surface
reflect from the surface in two ways. One is specular reflection and
the other is diffuse reflection. In specular reflection, incident
molecules preserve their tangential velocity unchanged. However,
theit normal velocity gets an equal magnitude with opposite
direction. The reflection molecules' velocity can be written as
equation {2).

Un* = "“Un
Un' =Un @
Ug' =Up

In equation (2), &7 and U" are, respectively, the incident and
reflection velocities. The subscripts # and ¢ represent the normal
and tangential directions of the smface. For diffise reflection, the
reflected velocity is shown as equation (3).




U, =-jmp|-(-lnR,,)
Uy’ =|Vmp|- (-InR;,)"* -sin(27 R ,5) (3)
sz* = |Vmpi (- ]nRﬁ)l"2 -c08(21R ;)

In Eq. (3), Vinp is the thermal velocity with the greatest probability,
and which is dependent on surface temperature. Ry is a random

number and its range is between 0 and 1. Maxwell also proposed
that when gas molecules incident into a surface, a portion of the
molecules are reflected diffusely and the others are specular. That
can be written as o fraction reflected specularly and (1-«)

fraction reflected diffusely. This concept has been widely adopted
in the study of kinetic gas flow and implemented in the DSMC
method for several decades. In 1971, Cetcignani and Lampis [27]
proposed a gas surface interaction (CL) model. In their research,
predicted reflection molecule angles agreed well with electron
beam experiments. Lord[6, 28] successfully intetrated the CL
model with the DSMC method and it is now referred to as the CLL
model. The normal and tangential components of reflection
velocity in the CLL model can be written as equations (4) and (5).

£/2

R,,2+(1_a,,).[ U, T+

Vmp
2. Rn .(1 - aa-)l"z . [VL"ZDJ COS(ZerfZ) (4)

R - (“a,, InRﬂ)llz

In equation (4), nonnal reflection velocity is dependent upon
normal momentum accommodation «,, and pre-collision normal

velocity U, . As &, =1, the normal reflection velocity is the same
as the diffuse one.

U= |Vmp| -(U”*|mg cos(angle) - U, sin(angle)]

ang

U,; = |Vmp|- (Uﬂ‘img sin(angle) + U,;'mg cos(ang]e)J

*

o (Unz + Urzz)uz

1/2
- =R, -cos(ZERf4)+(1—a1) . - )

Ur p

g = R 50(27R 1)
R,:(—a,inRﬁ)”z, a=0,(2-a,)

angle = arctan [IJLZJ
1]

Similarly, tangential reflection velocity along the interaction plane,

*

Url

and U,;[ also depend on tangential momentum

ang ang

accommodation er, and pre-collision tangential velocity U, and
U, . When o,=1, tangential reflection velocity along the
interaction plane is equal to that in the diffuse model. As shown in
equation (5), the difference is that tangential reflection velocity
U," and U,," are related to the angle of interaction plane.

Tzeng et al [29] proposed a novel gas surface interaction maodel to
modify the adiabatic solid boundary and investigate instability
phenomena in a two-dimensional RB convection. In their reflection
rule, the normal reflection velocity is unchanged in magnitude and
direction, which is opposite to the pre-collision one. Then the

tangential velocity is dependent on the conservation of energy. This
Pt-SD model is shown in equation (6).
- l"'z
U = (| -Jf) sin@ar))
. 4 y2 - (6)
U =(CF -[tf'] - cos(2ar,)
1/2
JC| = (Unz + Uaz + U:zz) /

In equation (6), the normal velocity reverses but the two velocity

components tangential to the wall, Uy* and U5, reflect randomly.

Recently, Tzeng et al[30] proposed an improvement of the gas
surface collision rule for adiabatic walls, the IS model. The
reflection molecule's velocity can be written as equation (7).

U, =-|C| R,
Uy =|Cl- (1= Ry )" sin(27R,,)
Uy =|C]-(1= Rpy)"- cos(27R,5) )
cl=(u,2+u,?+ U,;)” ’
Figure 2 lsho.ws four different pas surface interaction models, In this

research, several different gas surface interaction models were
studied in cavity flows.
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Figure 2. Gas-surface interaction models. (a) specular reflection, (b)
diftuse reflection, (¢) CLL model, and (d) isotropic scattering (IS).
Results and discussions

In this study, the collisions between molecules are simulated by
using the variable hard sphere (VHS) molecular model. Tn addition,
this study adopted the modified no time counter (MNTC) [31] and

sampling technigue. The geometry of the wedge body is shown in

Figure 3.
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Figure 3 Geometry and computation domain of hypersonic wedge
flow.

According to compressible gas dynamies, the wave angle can be
related to the wedge angle by equation (8).

A2 4 —
tand = 2cots| —MCsinzd -1
M2y +c0s28)+2

],whcn <8 (8
In equation (8), M, is the flow velocity in front of the oblique

shock. The simulation conditions in the hypersonic wedge flow are
shown as

Table 1. The Freestreamm Mach number (M., ) is 12, and diffuse

reflection (full accommodation) is used as the gas-surface
interaction model in this wedge flow portion, Also, Freestream
Mach numbers from 6 to 12 are also investigated at an altitude of
90 km.

H Temperature Speedof Number Mean free

(km) (K) sound(m/s) density pathi\{m)
85 188.84 2.75E+02. 1.,71E+20 9.88E-03
90 186.87 2.74E+02 7.12E+19  2.37E-02
95 188.42 2.75E+02 2.92E+19 5.T79E-(02
100 195.08 2.80E+02 1.19E+19 142E-01

Table 1 Wedge flow simulation conditions.

Table 2 shows the computation results with freestream Mach 12 at
various attitudes. The simulation results show that wave angles
rapidly depart from theotetical ones as the altitade increases. At

high altitude, the number density of gas molecules decreases and
the molecular mean free path increases. Under this rarefied
condition, the interaction between gas particles and the surface is
much less than that at lower altitudes. Theoretical resulis were
based on continuum assumptions. However, as the altitude
increased, the state of the gas flow is far from the continuum. The
rarefied effect strongly influences flow properties.

Theoretical Simulation results
H T
™ ® s 0m 5 T
(degree) 2 (K) (degree) ' (K)
85 12 1888 21.4 5.65 760.8 222 526 849.2
90 12 1869 214 565 7529 23.4 5.26 850.3
95 12 1884 214 565 7591 255 5.31 842.0
100 12 195.1 21.4 5.65 786.0 292 533 8684

Table 2 Wedge flow simulation results at various altitudes.

In Table 3, different freestream Mach numbers are investigated at
an altimde of 90 km. The shock wave angles in these computations
are larger than the theoretical values. In addition, the temperatures
behind the shock waves are also higher than the theoretical results.

Theoretical Simulation results
H M T
(degree) 2 (K) (degree) ~* 2
12 1869 214 565 7529 234526 8503
gp 10 1869 219 528 596.1 23.9 5.03 6464
8 1869 28 475 4690 254 464 483.8
6 1869 246 399 3663 27.33.83 3873

Table 3 Wedge flow simulation resulis with different freestream
Mach numbers at an altitude of 90 km.

Figure 4 presents temperature contours at different altitudes. With

_the same freestream Mach mumber, the oblique shock wave angle

increases as the altitude increases. At high altitudes, the molecule
mean free path increases, which means that Kn increases with
altitnde and the rarefied effect is much more significant than at
lower altitudes.




¥i{m)

Y¥{m)

©

Figure 4 Hypersonic wedge flow temperature conlours at different
altitudes. (a) 85 km, (b} 95 km, and (c) 100 km.

In the cavity flow siudies, simulation results from hypersonic
wedge flow at 90 km are used to set the initial conditions. Figure 5
shows a shallow cavity diagram. The length to depth ratio(//d } is
fixed at 10 in this computation. The freestream Mach numbers are
8 and 12 in the wedge flow study. Three different gas surface
interaction models are investigated. Figure 6 shows the normalized
temperature contour in a hypersonic shallow cavity flow. The
temperature distibutions are obviously different with each gas
surface interaction model. In isotropic scattering and Pt-SD
boundary conditions, high temperatures are located near the cavity
botiom. With the CLL model as the surface boundary condition,
the high temperature region is close to the trailing edge of the
cavity. This result indicates that the gas-surface interaction model
obviously influences flow properties.
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Figure 5 Schematic diagram of hypersonic shallow cavity flow.

()

Figure 6 M. =12, normalized temperature contour in hypersonic

shallow cavity flow. (a) CLL (o; = 0.75),
1S, and (d) P-SD.

(b) CLL (&, = 0.75), (¢)




Figure 7 and Figure 8 show the temperature and pressure
distribution, respectively, along the top, middle and bottom levels
of a cavity with different sarface boundary models. The results
indicate that with Pt-SD and IS boundaries, the temperaturc and

pressure of the flow are higher than within the CLL boundary. Also,

there is a low pressure and low temperature region in the front side
of the cavity. This is due to hypersonic flow passing through the
cavity and expanding in the leading part of the cavity.
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Figure 7 M. =12, comparisons of normalized temperature
distribution at (a) top, (b) middle, and (¢} bottom of cavity with
different surface boundary models.
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Figure 8 M. =12, comparisons of normalized pressure

distribution at (a} top, (b) middle, and (c) bottom of cavity with
different surface boundary models,

Figure 9 shows the density distribution with different boundary
conditions. The density distributions are less influenced by various
surface models. Figure 10 shows different freestream Mach
numbers with various accommodation coefficients in the CLL
model. The results indicate that normal momentum accommodation
coefficients influence temperature distribution more significantly
than tangential momentum accommodation coefficients.
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Figure 9 M. =12, comparisons of normalized density distribution
at (a) top, (b) middle, and () bottom of cavity with different
surface boundary models.
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Figure 16 M. =8 and 12, comparisons of normalized temperature
distribution at {(a) top, (b} middle, and (c) bottom of cavity with
CLL models.

Conclusions

In this study, hypersonic rarefied gas passing through a wedge
body simulated by DSMC is compared with theoretical results. The
simulation results are used to set initial flow conditions on shallow
cavity problems. The effects of gas surface interaction models arc
investigated in a hypersonic cavity flow and some conclusions are
obtained:

1. In a hypersonic wedge flow, the deflected shock angles are
greater than the theoretical ones, especially, at high altitude. This
can be attributed to rarefaction effect.

2. Gas-surface interaction models influence overall flow fields
significantly in shallow cavity problems.

3. Adiabatic boundary conditions, such as IS and Pt-SD), result in
more uniform and higher temperature distribution than that in CLL
boundary conditiions.

4. Gas-surface interaction has a minor influence on density
distribution in cavity flow studies. This is due to gas-surface
interaction having a dominant cffect on molecular velocity
distribution function that affects momentum and heat flux more and
influences mass flux less.
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