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Applications of a ray reflection model in the problem of highly
rarefied gas flow past bodies

E. V. ALEKSEYEVA, R. G. BARANTSEV, A. V. KOPYLOVA and
V. M. FJEDOROVA (LENINGRAD)

RAREFIED hypersonic gas flow past a convex body is studied within the framework of the single
collision approximation. Gas-surface interaction is described by the ray reflection model. In
the case of a sphere, detailed results are given for gasdynamic fields and fluxes on the surface
for different interaction parameters.

Zbadano hipersoniczny oplyw gazu rozrzedzonego ciala wypuklego w ramach zalozen aproksy-
macji po_]edynczych zderzen. Powierzchnia oddzialywania gazu jest opisana modelem odbicia
promieni. W przypadku powierzchni kulistej podano szczegdlowe rezultaty dla pél i strumieni
gazodynamiki na powierzchni dla réznych parametrow oddzialywania.

HayuaercA runepaByKoBoe 00TeKaHHe BBLIYKJIOTO TeJA CHIIBHO Paspe)KeHHbIM rasoM. 3ajaua
PacCMAaTPUBAETCA B PaMKax MPHOIMKEHHA OJHOKPATHLIMH CTOIKHOBEHHAMH, IPHYEM B3aHMO-
HeficTBHE rasa C IOBEPXHOCTHIO OIMCAHO JIydeBOH Moaensio orpaxenmA. lnsa cmydas cde-
pHyecKoil MOBEPXHOCTH MOAPOOHO HINIAraloTCA PeIleHMA JUIA Ta30fHHAMHYECKHX IOoJieH H mo-
TOKOB Ha NMOBEPXHOCTH NPH PasiMUHBLIX SHAYCHMAX MAPAMETPOB BIaHMOJCHCTBHA.

WE CONSIDER axisymmetric steady hypersonic (M, = o) highly rarefied (Kn > 1) gas
flow past a strictly convex body. Gas-surface interaction is described by the ray model
of the scattering function

(1 V(uy, u) = 8(u—iim(@y)),
un being a given function of the incidence velocity #,. Interaction between atoms is de-
scribed by the normalized differential scattering cross-section

2 To(#) = (1+pcos?)/(4n), 0<f<1,
and the total cross-section
3 o0(@) = govp", 0<y <4,

v, being the impact velocity, © the scattering angle. Parameter § defines the scattering
anisotropy, y — interaction potential U(r) hardness. For small §, the function (2)
corresponds to a potential barrier of inclination

@U[dr),or, = —4/B.

In the present paper, exact expressions are obtained for the first terms of asymptotic
expansions of aerodynamic quantities in inverse Knudsen number powers. Such a problem
was solved in [1] for hard atoms (8 = 0, ¥ = 0). In the case of a sphere with reflection
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along the normal (4, = u,n) mass, momentum and energy fluxes on the surface were
calculated. Here, the solution is generalized in three aspects:

1. Atom pliancy (8 # 0) and its radius dependence on the impact velocity (y # 0)
are taken into account;

2. In addition to the one-parametric ray model

@ Un(y) = ty, On@) =0
the two-parametric model (see [2])
_ 4cosf,ycosl, W _ sinf,
&) Un(y) = “o[l m:l ’ m(ly) = mtgm

is used, u, being a maximum value of the reflection velocity reached for 6, = =/2 and
b, € (0, 60°) — an angle for which the reflection changes from underspecular into over-
specular.

Parameters #,, 0, are the average magnitude and direction of scattered atoms.

3. The quantities calculated are not only fluxes on the surface but also gas-dynamic
fields in front of the sphere.

Owing to M, = oo, the incident distribution function is f,(¥) = d(u—1uy), u, =
= {0, 0, —1}. The part of the space 7 filled by the rays passing from points 7; of the front
part of the body surface in directions #, will be designated by 4. In the free molecule
limit we have

cosfl,

© 1o, @) = 8=+

= <(n, —i,), and |J| connected with the ray divergence has been found in [1]. In the
rest of the space, the second term is absent; in the wake, both are absent.
In the near-free-molecule regime at any distance r < 0(K#), the asymptotic expansion

(see [3))
1
@) f=fo"‘?;‘fx+

é(a_im)s

is valid, Kn = (n,0,%)™%, n,, being the numerical density of oncoming flow, ¥ a charac-
teristic measure of the body. An exact expression of the coeﬂicient at Kn=1is

D, r—-~) u) ]d}_

@®) Silr, u) = f fa(r~——2 u)Qﬂ(ru-—,! u)

p - A du
1) 7 dl
Adul, . . . . .
1-— ——p being a divergence factor (see [1]). The integration domain <1, depends on
the form of the body. The collision and creation functions can be written as
© QuF, ) = = glt =+ S35 a1,
(10) B, ) = 250 T e D,
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where

e 2 g = §m+§m _ Iﬁw_ﬁm!
(11) TI's v I:Ta,(ﬁ)+ T,(m z?)]é“u 3 3 },
(12) 9= <(a—%ﬁ;,§m—ﬁm).

It is clear from (11) that in the case (2), f; does not in fact depend on S.
Designating

(13) nM=_ qfufl(?, DG, )i,

with proper G(r, #), we can find coefficients at Kn~! corresponding to (7) expansions

of gasdynamic quantities.
At surface points 7y, for G = |u,| {1, #—un(7,, #), u*—ul (7, &)}, we have the particle
flux and the momentum and energy exchange coefficients g, (r;) = {¥,(7,), p,(rs), 4(7;)}.

- -1 = ; ;
Atany point 7, for G = {1, u T(u— U)?*}, we have the mean density, velocity and energy

gl(F) o {nls (RU)I L] (HE)I}‘
In accordance with (8), we can write
(14) g1 = 8ol—8g,-

The dislodging factor { is calculated as a single integral over 1 owing to (6). The creation
factor g, is calculated as a triple integral over A and a solid angle owing to the d-function
in (11). On the symmetry axis, this integral reduces to a double one.

Fe. 1.

In the case of a sphere with reflection along the normal (Fig. 1), u,, = unn, J = riu,.
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. = W
Fromr, = r—7.1. we have

(15) z, = z+Acosa, o= < (z,—u).
For sphere surface points 7 = 7,, the integration domain 4, in (8) is determined by

0<i<o if cosf, >0,cosa >0,

(16) 0idiei—22% it cosb, 50,6088 <0,
coso
5080, <A<ow if cosh, <0,cosa> 0.
cos&

For symmetry axis points in front of the sphere, the domain A, is determined by

0<i<ow if 0<ga<al,

1

z . T e

(l?) 051‘-@;&:—58—; if —2—<a£a‘=nﬂarctg'/;—rm-,
0< A< A= —zcosa— Y 1—zsin*a if o, <a<m

The functions »,(8,), p,(0,) = —7,(0,)z—p,(0,)n, q,(6,) on the sphere surface and
ny(2), Uy(2), E;(z) on the axis were calculated for three values of u, = 0.1; 0.5; 1 for

'}
9d -5 g Us=
2 \ 2-
1 \9: 1k
g R
Vs
il
L = . LI
0 1 2y 0 1 zy
F1G. 2. Sphere, @, = 0.
g | Up=1 \ up=075
8o=0° W 6o=30°

1_\ 1

" x

05| g o5} X
]

v
1 1 | - 1 | S
0 150 2°  4°8 0 52 ° 458

FiG. 3. Segment 45°,



e
T—
[~
3
u
=
&

Fig.4.y = 0,0, = 0°.

ek r=11
e 3:[]. Um‘ﬂ-5
=1, un=05
2 b/ﬂﬁ;
1k
| 1 1 1 L i
0 4 8 7 16 ] 4 go
r=2
el 8=0, um=05
| /"”7 ¥=1, U =05
/ S
3 -
2+ a’=0, Un=1
-
] | 1 I 1 1
0 4 8 % % 0 4 g

9 Arch. Mech. Stos. nr 2/73 [231]



232 E. V. ALEKSEYEVA, R. G. BARANTSEV, A. V. KoryLova aAnND V. M. FJEDOROVA

¥ =0 and y = 1. In the case of (5), the flow past a spherical segment was considered,
and mass, momentum and energy fluxes on the body surface were calculated. Some of the
results are shown in Figs. 2-5.
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