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Russian English
sin sin
cos cos

tg tan
ctg cot
sac sec
cosec csc

sh sinh
ch cosh
th tanh
cth coth
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csch csch
arc sin sin"l
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arc ig tan™
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arc th tanh~t
arc cth coth1
arc sch sech~1
arc csch cach-l
rot curl
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THE RESISTANCE OF A FLAT PLATE LOCATED NORMAL
TO THE FLOW OF GREATLY RAREFIED GAS

V. A, Perepukhov
(Moscow)

Given in the work is a method of calculation of
aerodynamic properties of a plate of arbitrary form with
an arbitrary value of the coefficieni of accommodation in
the flow of greatly rarefied gas, taking into account
first collisions between molecules of reflected and
incident flows. As an example calculections of the
aerodynamic properties of a sguare are Jiven.

1., Introduction. In works [4~8] there was i vestigated the

streamline flow of bodies of different form possessing a coefficient
of accommodation az = 0 in the range of the so-called hyperthermal
theory, taking into account first intermolecular collisions. Let us

recall the vasic positions of this theory.

At very large macroscopic speeds of flows of greatly rarefied
gas, the characteristic speed in the flow is the mean thermal velocity
of the molecules Vr =V IRT,, and not the speed of sound, as it was
in the hypersonic theory. Therefore, instead cf the dimensionless
nunber ¥ the new number So= Us/V/2RT, is introduced.

Let us assume that molecules of the flow incident on the body

possess macroscopic veloclity Um’ much greater than the mean thermal
velocity, i.e., 3y >> i, ©Wot introducing sross errors intc further
FID-MP-67-33 -1-
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calculations, it is possible to assume that the incident flow consistr
of molecules moving in parallel to each other at macroscopic speed
Uy (such an assumption is acceptable when S 2 5).

Let us assume that the temperature of the body is low because

of heat removal so that Tw ~ 0o’ since the coefficient of accommodation

a: ~ O the speed of the reflected molecules has an order of thermal

velocity of molecules of incident flow, which permits disregarding
the latter at the time of collision of the molecule of incident
flow with the reflected speed as compared to the speed qw'

In works carried out earlier there is proposed the following
method of calculation of acrodynamic properties of a body. On the
surface of the body an element of the surface dF was selected, and
there was calculated a change of some molecular criterion arriving
on the element 4F because of collisions of molecules of incident

flow with molecules reflected from the whole surface of the body

M = ejar + Minjar — M yar,

where deF — flow of the j~th molecular sign on element dF, noj -
flow of the j-th molecular criterion on element 4F during freely

molecular streamline flow, H( — flow of the j-th molecular sign

+)J
arriving on the element d4F due)to coliision of molecules of
incident flow with the reflected, H(‘)j — flow of j-tI* molecular sign
vhich because of collisions of molecules of incident Tlow with the
reflected does not fall on the element dF.

In this work the solution of another problem with the help of

a calculation different from the preceding method is proposed.

2. Formulation of problem., Let us consider the streamline flow
£

of n
ol 2

lat plate of arbltrary form in the plan possessing an arbitrary

FTD-MT-67-33 _o-
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- coefficient of accommodation az and arbitrary temperature Tw and

-~

¥§' a flow of greatly rarefied gas.

The law of reflection is best to select on the basis of the
experiment, but since up to now there has been no reliable
experimental data then we will select the classical law of
reflection, diffuse the Maxwellian function of distribution of

reflected molecules and temperature TO (i.e., with energy EO):

_ ho \'Il -h.v: -
fo—-no(?i e s ho—-ﬂ‘—ff.—‘

The presence of the arbitrary coefficient of accommodation

SR U AR ket *3 anparey kg

tn v "
SO SR A A

leads to the fact that at the moment of collision of the molecule

ié of incident flow with the reflected speed the latter cannot be

2 neglected, which in iis turn leads to the complication of the

j integral of collisions, Thus as earlier, we will assume that the
i molecules are solid balls with a diameter o,

T Of all the forms of possible ceollisions of molecules among
themselves belonging to different flows, we will consider only the
£ collisions, of molecules of incident flow with reflected flow,
considering the effect of damping of the reflected flow on the
incident.

Taking into account those difficalties which are found in the

solution of the preceding problems and the laboriousness of the
method of calculation, in this problems we will use a somewhat

different method founded on the calculation of the influence

function for some molecular criterion of one element of the surfzace
on another [6].
Let us examine the small, as compared to the surface of the

body, element of the surface dFi and caliculate vhat is influence of

e iy bt} B e e e e e e <o
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molecules reflected from this elcment on aerodynamic properties of
another element of the surface dFJ. By knowing the influence function
of element dFi on the remaining elements of the plane, one can
determine (in virtue of linearity of the problem) the influence of

all elements entering into the plate of a given configuration on the
element of plate dFi, and then by adding the flow of the corresponding
molecular sign on the whole plate we will obtain the total flow of
some molecular sign for the whole surface of the body.

5. Diagram of solution of the problem on a computer. e will

solve this problem with the application of the Monte-Carlo method,
which in preceding works was used for the calculation of the integral
of collision.

Let us fix in space near the element dFi an arvitrary point
A(X, Y, Z2), then select an velocity vector arbitrary in magnitude
of reflected molecules Vo3 ts direction is determined by coordinates
of the element and »int A(X, Y, Z).

Let us assign further the impact parameters ¥ and e (Fig. 1)
with respect to the direction of speed g = Uy - Vo and determine
by it the directing cosines of the line of centers at the time of
collisicn of the reflected molecule with the molecule of incident
flow (in the system of coordinates connected with the element dFi).
Then the quantity of collisions in the element of volume at point A
is such that the reflected molecules possess speed in the element

dV, and the line of centers, found in the solid angle d¥, will be

_equal to

1 r
- & LTS ¥ e — 103,
Ki = 6®neony \—,"’ )I' 'v°gv§e v, " Mook X

.

X 9 cos v dys dp sin ¥ cos ¥ d'¥ s dX &Y dZ, .

4
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" Fig. 1.

;- | where g* = vi- U + Zv;Uoo.cosp

f X =rsinpcosy,Y =-rsinpsinB, Z = r cosp.

il

%’ The expression for n, can be obtained from the law of preservation
X of the number particles on the surface of the plate

no = 2"@0& (nho)','.
| The direction cosines of the line of centers with respect to
the system of coordinates connected with element dFi can be written
. thus

! (2) = cos ¥ cos P sin a -} sin ¥ cos a cos B cos &€ — sin- ¥ sin ¢ 3in §;

. ‘ m (y) = cos ¥ sin B sin a - sin ¥ cos a sin B cos ¢ -} sin ¥ ain e co3 B;

: n (z) = cos ¥ cos @ — sin a sin ¥ cos &,
E where

3 v, 4 U, X

L0088 = ——, cosfB = T s
;} : The variables of problem have the following range of varistion:
i
-5-
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0, a2, 0p <n/2.0\e<2m
% 0P 22, 0<r < oo,0<vo<°°

In the expression for the number of collisions the recording

used for the solid angle r'2dF cos | is accurate, strictly speaking,

vhen 'V??<<r', i.e., with a tendency r — 0 dF it should approach

zero faster. However, in our case dF is the fixed magnitude and

RMEL VL]

g with a tendency r — O the solid angle is equal to ®. In order that

this not be true, it is possible, not exceeding the bounds of

LA

accuracy of the method, to record the solid angle in the following

form:

MOt g S weto g on ad: o me

2“(—:1->2n)
= (r<n)

i

H

{

$

i . dQ = f(r)cosp, Where ()=
| All the variables of the problem for every ccllision can be

i

; selected equiprobable within limits of a change of each variable,
| Above it was stated that for every element of surface dFj it is

necessary to determine two forms of flow of the n-th molecular sign

Loxs

with the index (+) and (-). Flows with the (+) index correspond %

et 0

; flows arriving on the element dFj due to collision of the reflected

and incident molecules at an arbitrarily selected point of space

(Xpe Yoo Zm). Flows with the (-) index correspond to those flows

of molecular signs which do not attain the element dFj due to

trp— -

collisions of reflected and incident molecules at points (Xm, Yo Zm),

i.e., at points located above the element dFj.
If we want to determine the flow of some molecular sign
arriving on element dF,. as a result of dispersion of molecules of

J
incident flow on reflected flow from the element dFj, we should

S Nt e et

multiply the number of collisions Ki by the appropriate weight

For the flow of mass, the flow of normal pulse, and the

A A

n(%)”

O A
=

' S e e e - .
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energy flow expressions for Rn(+)

and Rn(—) have the following form:
Rl(#) =M, 132“) = ”lv‘zl'!)' 1{3(4; = ﬂ v’“.’),

Rl( -} =m, Rn(_) = qu,. RJ( .) = m jz

(2 }]

where the indices 1, 2, 3 below correspond to the above-mentioned

O

flows, and indices (1, 2) above correspond to two molecules
appearing as a result of the <cllision. It is possible to obtain an

‘e expression for speeds of molecilies after collision depending upon the

- value of these sperds up to “h: ~ollision and impact parameters 2
;' ; v"f = ypsinp cosf — lo, v = + sinp sinf — mo, Y = vy cosp — no,

S p(ﬁ = lo, v?) = mo, ugﬁ) = - U.,*+neg,

- o == li,sinu cosP 4 myysin p sinfi + n (Ueo + v, cos ),

l, m, n are direction cosines of the line of centers at the time of ]

collision in the system of coordinates c-nnected with the element of ;

dr.. ; :

3 ;
i?é After the collision of the trajectory of the molecules one can
]
- determine the direction cosines in the system of coordinates with i
%g the center at point A(Xm, Ym’ Zm):
2 = i , W= il ,
; ]/ p30 ¢y 3 g %) Vvl b2 4 o700
) ol o) I N o
s v 2 2 2y v 2 3 3y |

I/,,xm + 2wy 2w V p20) 4 p30) 4 p20)
p ¥ ol
" W= Ty i W= )y 300 4 0 '
] . Vv W v, vy ) V-v: Rt i
s : if vée) <0 or véi) < 0, then f
; A’(l) 1(3) i
3 Al - X + (l) A’ - X + (” f‘
3 ' vg ) ‘
1 Yi=Ynt+—5 mZ Yy=Yn+ b m
i i.e., after the given collision the molecule will arrive in elements
s dF, and ng with the corresponding speeds v(i) and v(z).
?. Thus it is possible to construct completely the form of the
1

_7_
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influence function with weight R, Of element dF, on any element of

% ; plane dFj, after which the calculation of integral aerodynamic
properties is not difficult.

4, Results of calculation. A calculation was produced for the

e e oy = =

influence functions corresponding to the particle flux, to the flux
3 of the normal pulse, and to the energy flux, With this #the influence

was determined of the square element on a certain quantity of other

elements, so that as a result of the calculation it became to
determine the aerodynamic properties of a flat plate arbitrary form
inscribed into square (11 x 11),

A calculation was produced for the follcwing values of the

f coetficient oy = 1, 1/2, 1/52, 1/128, where
! o', = 8RTJU3,.

The corresponding influence functions with a different value of
az are given in Tables 1-3. Results of the calculation when
az = 1/128 practically do not differ from results of the calculation
when af = 1/32, 1In order to obtain a correction for some flow of
molecular sign arriving on element dF'j it is necessary to add the
influence functions for the corresponding criteria

3 ADP = dFy 3 W dF)
]

2 -
Here the Knudsen number Kn = (270°ng) 1, since the

00
characteristic dimension is equal to 1 (unit of length is the side

of the unit square element).

2 mn_U3
s Wi = mnlogr— ANy, W =5 %Ap(,,

oan

(3) __ Ml 2
W‘)’ = T(F‘; AE{;,

+

£
>
[
0

>
2]

orresponds to the fluxes of molecules, normal pulse, and

[1
»
)

s e e PN —
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i 213 o l_0midy 9, —0.051% . 2
s i 8 |-0.015]=0.620 ) PP R ;8 {—0.9321 |—0.m13| —0.co01 ,
i | i 8 {003 | 0.0 B e Pt s 5 o |-0.0:2 o2z | — :
’ 100 mut 2 [Zolews| 0012 [Zolo0i 15 9 1o l0:0ne | =it 1
. 10 1 10001 Qi i 3 [—0.6%a ) 0.0122 [_g 0t 0 2 |=0:0463 |=0:0141 | —0% l
i0; 2 > 23 0.1{%;4 £ 673 00095 1L.0.0310 10: 3 1—olae21 l—0t0129 | —0l0022 |
g i0; & 0.3 |=a.0m3 5 |-2e ) 002 -0 0; & |0.0385 [ =00 | —oica62 |
2 10: 5 |=0:6939 |—0:901 i § |-0.002| O-0at 1= 10} 5 |—0'0521 |—0.0026 | —0,003¢ |
3 ;gg g :g.g%;x —a.oogg 8 |Zosi| 092 |=5ice7 :85'61 —0.0315 :g.oou '8%00?
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= i . 10; 10 10,6031 10,6303 . 10i 10 [—0,0183 10,0018 | —0,0001 ;
3 The flow of the k-th molecular criterion arriving on elemeir t °Fi ;
3 ‘ i
< i ile :
can be written in the following form:
!
i
(X A k .
D= O A, (
where @® — is the value of the corresponding flow of molecular |
criterion in freely molecular conditions ¢f streamline tlow, ¥or
; the flow of normal pulse and energy flow it is necessary to consider
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the reactive value of the corresponding flows.
As an example there is produced a calculation of the serodynamic
properties of a square plate with side

d, For an appraisal of the

accuracy of the method a compsrison 1s made with the calculation
produced in [8] when i — ® (55 =~ ®).

Figure 2 gives curves (s~1id line corresponds to the distribution
along the diagonal, dashed line — along the side) for correction to
the flow particles

N = N Kne/neUesSoe

Figures 3-4 give curves for corrections to the flow of the

rormal pulse and to the energy flow without taking into account the

reactive flow

P = _‘Ril"}o B = E;Kng, i
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Taking into account the Jet stream the expression for -the normal

pulse is recorded in the following form:

= vi i 3 = 1
P/ﬁ);:——'mn‘? = g_g-!* L _Ki:s (Nl Kf‘ + Py )+ PV (R%;) ]»

= 2 e
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and for the energy flow

o ) go 2 Se So 2.] .
l[-"—':‘- 3 [1—}-‘%—1—;—-—( N(—L{)-'!-E{N((m)-’;

the corresponding curves are given in Figs. 5 and 6 where

L,=1Vl~l§°i‘-+1’( and LE=-S%-1\ ~ By
) °

For the total fluxes of the mass, normal pulse, and energy

the correspending expressions, takiug into account the jet stream

o 0 (disregarding terms (SO/Knm)2 and of higher
o5l order) are obtained
st C;‘J—"—'i-——‘{%E‘}N(

oF 55555—__-—27—:; (the total flow of the mass is referred to
-g25t " )
Fig. 7. Co=24 = V (EM V"+}}P‘)

{the total flow of the normal pulse is referred to 1/2 mnapap),

+is (R 3N

2
C; =1 —-S-;

(the total flow is referred to 1/2 mnapJ“) Figure 7 gives curves

plotted depending upon S0 for
. r=
N=;N&. H=;i\r( %—}-;P‘ and "=—2§§ ‘ZE“

So = ey, K = [2n6%nasd] ™.

21T

In conclusion the author expresses sincere gratitude to M, N.

Kogan for a discussion of the results and interest toward the work.
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