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DEPENDENCE OF LOCAL INTERACTION PARAMETERS ON THE
KNUDSEN NUMBER

S. N. Alekseyeva and R. N. Miroshin

Experiments in low-density wind tunnels at Mach numbers
M » 4 [Refs. 1-3] show that the drag coefficients C, of a
sphere and cylinder in the entire range of change of che
Knudsen numrer are adequately approximated by the iaterpola-
tion formula

€ =Coub + CpulV-F) »

where subscripts m and k above and hereinafter denote quanti-
ties pertaining to the free molecular (Kn = =) and continuum

(Kn = 0) limits, and

p-@( 1. K;-_a_) ; &(x)= V};rie'"% dy.

In Eq. (2), the parameter a is chosen on the basis of

the condition that 8 = 1/2 when Kn = 102, and o is the spread

/180

(1)

(2)

of the tran: on zone between Kn = @ and Kn = 0 (to mn amccuracy of

0.001, CD(Kn) changes only when - 30 € log Kn & 30). Since the
parameters a, o represent the flow regime, they should be ex-
pected to be weakly dependent on the gecmetry of the body in
the flow. This is confirmed by the following hypothesis.
Theorem. The Knudsen number is the ratio of the mean
free path A of atoms to the so-called "wet length" /8, where
§, is the area of the illuminated portion of the body in the

flow, 1. @.;

wo=a/¥Voy . Se={las.  0=c-9),
casfal .



n is the outer normal to the surface S of the body, and v is
the flow velocity. Then in Eq. 2, the parameters a and o
are the same, at least for a sphere, cylinder and acute cones
with half-aperture angles 6§ = 5°, 10° and 25°.

Figure 1 shows function [2], in which ¢ = 0.77, and a
is a Gaussian random quantity with average <a> = -0.878 and
dispersion 92 = 0.0676. The middle curve in this figure was

plotted for a, = <a> = =0,878, and the extreme ones, for

ap=¢a) - 1,96 § = 1,368 (upper)
a:a(d) + 1.96 d = -0.308 (lower)

° sphere
® Cylinder
4 Cone

|
0% Kn

Fig. 1. Comparisci of theroretical anrd experimental values of

g for a sphere, a cylinder and a cone.
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We see that the experimental points, taken for the sphere
and cylinder of Ref. [3], and for cones of Ref. (4), cluster
around the middle curve within 95% of the confidence inter-
val bounded by the extreme curves. In particular, for a
sph~~e, of the total number. of points, 202 points lie within
the range, i. e., 96%, and for a cylinder, 132 points out of
139 lie within this range, i. e., 95%. The spread of tie
experimental points is explained by the neglect of other fac-
tors in the experiment, in particular, the temperature factor.
It is interesting to note that <a> = -0.878 was calcula-
ted from the experimental Cp curve of a sphere, obtained by
KoppenwallneJxl(Fig. 2). Figure 3 demonstrated that this
curve is recalculated exactly from formula (1) for a cylinder
placed across the flow if the diameter of the cylindar** is
taken as characteristic dimension. The experimental points
in Fig. 3 are also due to KOppenwallneJil Finally, Fig. 4
shows a curve for cones with half-aperture angles & = 5°, 10°
and 25° for B calculated from formula (2) with the parameters

K
Cpk

§ =5, 10 and 25° respectively, Ck, = 2.23 for § = 5°, 10°

a=<a> = -0.878 and 0 = 0.77, = 0.016, 0.062, 0.35 for ¢

and cgk = 2.62 for & = 25°. 1In Figs. 2-4, Kn = A/2R, where

R is the radius of a sphere, cylinder, or base of a cone.

*Translator's note: The actual number is missing from the
Xerox copy of the Russian original.

**The problem of flow around a sufficiently long cylinder across
the flow in the middle portion, where the influence of the
ends is not manifested, may be treated as a planar problem,

i. e., the cnaracteristics dimension is the diameter.
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This number Kn is related to Kn, = )«//S+ by the obvious for-

mulas;

Kn = Knp VI5/2 for a sphere,

mekm¥d/2  for a cylinder of length
R and radius 2,
Kn=Kng Vi/2 Vsln® for a cone,

since for a sphere S, = 2nR2, for a cyiinder 5 = ﬂRz, and for

a cone § = wnz/siné.

As is evident from Figs. 1-4, the statement of the
theorem is beautifully confirmed by the experiment for such
different bodies as a sphere, cylinder and cone. It is rea-
sonable therefore th assume that this statement is valid in
the general case as well.

Using the theorem, we will now obtain the dependence of

the local interation parameters on the Kn at M > 4,

/183
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Fig. 2. Drag coefficient of a sphere in air.
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Drag coefficient of a cylinder in air.
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Fig. 4. Drag coefficient c¢f a cone in air.



We take the thre-parameter scheme discussed in Refs.
[(5-8] , when the local pulse flow in the surface oi a body
referred to 1/2'9'2, is expressed hy the formulas

. [-p(l)ﬁ - <(0)E, cos 8 0,

0 y ctosf<0, (3)

p(0) = picos® + (=32 ,) cos®0 ~ pcos® 0 + 42, cos*

(6) = (A=32;)cos6 = pcos?® + Adzeos®0,
where ¢ is the gas density.
As we knom, in this case for axisymmetric convex bodies, /186

the drag coefficients referred to 1/2° Y vzrrR2 for the force

2 o2

and to 1/2°'nov®nR°L (L being the l<ngth «r *“he body) for the

moment, are
Colo) =M Cayl) *+ Ay Cxa(x) ,

C,(G)'lle,.(ﬂ.) v Cot™=MCmy *2lma * Pyl s )

where Cxyv sz, Cyl’ Cn1’ Cma2- Cm3 are functions of the
shape of the body in the flow and of the angle of attack
(so-called shape factors), and Ayr A and u depend solely on
the flow regime and are independentﬁ'aof the shape of the
body (so-called local interaction parameters). The shape
factors for typical bodies can be calculated once and for
all,B]so that the problem of determination of the forces
and moments in a transient regime reduces to finding the de-
pendence of Ayr Ay and y on the parameters of the regime.

We will denote any "1 and Az by El and, in accordance
with the theorem, represent £, in the form

!|-tub+tl(i—p)° (5)



Having the free molecular values of fm and values of Ek

at the boundary of a continuous medium, we find £, from for-
mula (5) for any value of Kn, of the transition zone. For-
mula (4) makes it possible to determine the maximum bm and

by easily if Cy and C are known for the same angle of at-

tack of two bodies of :itferent shapes, for example, a sphere
and a cylinder. For a sphere of unit radius

Chiwt, =Ch=i; (6)
for a cylinder of radius R = 1 and length R = 1

Csi=1, Csh=-1/8, (7)
so that by solving the system of equations

€=M\ Cay * MCaq

G =\ + Mchs. .
with the above-indicated values of C_, and C,,, we find /187
A and 12. In particular, in a continuum regime, Kn = 0

at large M, and Newton's fomulp]is used to find Cyr C,¢

:
2ppcos?0 0cfen/2, =0,
o 0 ’ %/2<bs®/2, (9’
where ol g\ BT o T ]
"-:}A_‘[(E“Z—Mt) (z::'l‘-zﬂ ) 1
] o-|-i."‘I wel -‘J'T
Moo= (5 (52)7 L

Formulas (9)-(10) lead to the equalities

Ci=pa,  Con="Tsre, (11)
and for a cone with a half—aperturJﬂ angle §

Co=[ 20878/ (1415%8)] s

We find from (5)-(6, and (11) that

A=Y2 00, Max=" pp.



C
Dm

and C;m, theoretical solutions of problems of free molecular

A similar method is used to find Alm' X2m' and for C

flow as well as experimental values can be taken. While the

number M entered into the parame.L.rs Al and 12 via Alm and AZm.

in addition to M, the parameters of interantion of the gas
atoms with the wall, including the temperature factor, will
and )\

enter via A 2m* Therefore, the locality hypothesis

1m
and formulas (4)-(5) represent an extensive area of activity
for solving the reverse problems: from known Cx' Cy' sz
to reconstruct the regime, parameters M, Kn, etc.
Figures 5-6 demonstrate the type of dependence of

Al' Az and y on Kn when = 1.4, M = » and

Au® 2,94, M= 0,24, pie1,25, (12)
The values (12) are the solution of system (8) for a sphere

and a cylinder with the following values obtained in the fun-

nel:ﬁ_i‘ cgm = 2.7, cgm = 2.86.
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Fig. 5. The functions Al i Al(Kn), Az = A2(Kn) in air; M > 4.
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Fig. 6. The functions yu = p(Kn), M = 4-5,

The value of y was determined from V. Ya. Ponomarev's
experiment on the flow aroung an inclined cylinder na to be
o= CY(a)/Cyl(u). Since the fur tion CY(Kn) is nonmonotanicI1ﬂ
p(Kn) is not expressed by formula (5). Unfortunately, it is
not possible to represent this dunction reliably because of
insufficient experimental data for cy in the entire range of
Knudsen numbers. The shape of the u(Kn) curve is the same as
the shape of Cy cones in E!ef. lﬂ.

The middle curves in Fig. 5 were calculated for a = <a> =
-0.878, and the extreme curves, for (3). The shaded areas cor-

respond to a 96% confidence interval.
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