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LOCAL METHOD IN RAREFIED GAS‘AERODYNAMICS

"R.G. BARANTSEV (LENINGRAD)

An approgimate method for calculating aerodynamic characteristics of bodies in hypersonic
rarefied gas flow is set forth. It is based on assuming that the momentum flux 7 at the body
surface is to be determined by the local incidence angle 8, irrespective of the body form. The p (6:)-
approximation contains a number of empirical coefficients depending on regime parameters. As
a result the problem is split into two parts: first calcalating form functions independent of the flow
regime and, second finding regime coefficients independent of the body forin. Treatment with
experimental data has shown the local approach to be sufficiently exact for all Knudsen numbers.
An extension of the method to finite Mach numbers is also proposed. Some advisable trends
towards the further development of the Jocal theory are discussed. ‘

1. MOMENTUM FLUX AT THE BODY SURFACE

Let us consider a hypersonic tarefied gas flow of a velocity U, past a convex-
body. We venture to suppose that the momentum flux 7 at the body surface is de-
termined by local properties of the surface only. The main local characteristic is
the local incidence angle 8, = <(@,~U,), fi being the outward normal. Let p=
=p (0,) [1]. Neglecting the base pressure one has =0 for mf2<0,<m. At the
forepart of the body S, we consider the p-components in the flow coordinate system
{Pws P P2y I {po,p,} are the p-components at the (7, U,)-plane, then p,=
= p; n, cosec Gy, p;=— p; n, cosec ;. The normal and tangential ' p-components
are connected with p,, p; by p=pscosy+p, sinfy, v=p.sinb, —p, cos f;.

In the framework of the local theory it is reasonable to approximate the function
F(6,) by formulae of an appropriate exactness level. For the purpose of simplicity,
efficiency, and generality [2] we have the expansions !

(1.1) P =005 91- Z,tz,,cos 240, , p; =sin @, cos® &, 2 ﬁz,‘ c.Qs.ZkGI .
k=0

k=0

Then

(12)  p=cos?0;, D pucos2kly, | v=sind, cosf; Y 7208 2K0; .

k=0 k=0
As a first approximation we take -

(1.3) p.=c0s0, (Ao +1,c0820,), P, =posind;cos’ ;.
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2. AERODYNAMlC COEFFICIENTS

With j referred to 1p,, U2 and the radius-vector 7 to a characteristic length R,
the dimensionless aerodynamic force and moment coefficients can be written as

2.1) h . c—ﬁf fpdS Cn— Solo ffl X pdS,
St

where [,=L/R, L is the body length, S, —a d}menswnless characteristic area;
the moment is referred to the coordinate centre. Substituting the expressions (1.3)
into Egs. (2.1) we have for axisymmeteric bodies

Cx:A-O Ceo+ 4y Cx2s €, =HoCyp»

(2.2)
' Cmz “‘_‘“AO Flyo + ’12 ) + Ho m,v_O L]
where . . : ' . L e
. 1 : _ . =1 . .
(2.3) . G = ?f fcos Gicoskl. dS, ¢ —f fny cos 0, dS-, ‘
T g .

(2.4) mx,c=}?£.fycosﬁlcosk91d$, 0= - ffxnycos é, dS
+

It is essential that if the body form is given, the integrals (2.3), (2.4) are the same
for all flow regimes. They will be called as form functions. On the other hand the
coefficients A;, u, are the same for all bodies and dcpend on the ﬂow reglme only
They will be calIed reg:me coefficients. -

Tab]es of the form functions for conical, cylindrical, and -spherical elements
at an gles of attack « have been calculated in [3]. Using them one can sunply find the
form functlons for any ax1symmetrlc body composed of these elements,

‘3. REGIME COEFFIC[ENTS

The coeﬁicmnts lk, . ate determmed exper;mentally for a certaln ﬂow reglme
meg 'to the locality hypothesis they can be found net only by measurihg j at.a given
body but ‘also through expenmental data. for mtegraI aerodynamlc charactensncs
of. any body. Sl . St SR

Let us have, for example, exper;mental values el for a certain body in the mterval-
we [0, ol Then the coefﬁc;ents iu, ,12 can be found by mimmlzmg the funcuonal

6D i f (oo 0 .

The flow regime is mainly characterized by the average effective Knudsen number
' -Kn (or Reynoids number - Re) based on the o averaged cha.racterlstlc length

—-mf L) de,

S’+ 1s the visible body surface area. * -
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 Table 1 contains the values 4, 1, obtained through experimental data for blunted
cones [1] at Re==25+175. The main value o in this range is 1.36.

At Kn~10—3 the experimental data [4] provide the following regime coefficient
values: Ag=1.05, 1,=0.92, i, =1.40.

Table 1
Re 25 50 75 100 125 150 175
Ao | 203 171 1.59 1.53 1.48 1.44 141
M=4--5 Ja 0.24 0.30 0.39 0.40 0.46 0.52 0.56
, Ao 2.08 1.81 1.69 162 1.58 1.55 1.52
M=7+3% 2 014 020 0.24 0.30 0.34 0.38 0.44

In continuum regime (Kn=0) a treatment with computational data for perfect
gas gives Ao =0.898, 1,=0913, uy=1.81.

In free molecule regime (Kn=co), where the local theory becomes exact, the
coefficients 4, p,. are determined by gas-surface interaction laws [5]. For diffuse
scattering with full accommodation one has
8 : 8

Uy s Ho=""HUpy,

3, =2+4— e
( 3) 2’0 2 T Uy 2'2 3 n

where u,, is the mean relative reflection velocity connected to the temperature factor
t, by ty=dwu, [m (k— D))", K=c,/c,. An analytic ap_proximation of Kn-dependence
for the regime coeﬂii;ients has been proposed in [6].

4. EFFECT OF FINITE MACH NUMBERS

In the expressions (1.1) j (8,)~0 as 8,—>n/2, so for finite Mach numbers some
corrections are needed. In the framework of the local theory it is reasonable to assume

@n 5= (]/n)fffpw(ul)ul exp [—5° (3, — U.,))d :]/gm

tin<<0

P ’oemg the momentum flux at M =oo, The asymptotics of j for large M der;ved
from the expressionis (4.1} in [2] has a singularity at the shadow boundary. Neglecting
shadow nelghbourhood leads to convenient formulae with no additonal form func-
tions and regime coefficients simply expressed through the limiting ones. But this
provides appreciable errors especially in the case of slender bodies at small incidence.
Asymptotic formulae valid up to the shadow boundary are complicated and requzre
the- calculation- of additional form functions depending on M.

Non-yniformity of the asymptotics appears through ‘the parameter z=3 CO8 61
which is large for s-»o0-throughout S, except near 8, =x/2. Combining the expan-
sions for large and small z so that the main ferms are exact we obtain a simplified
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43

composed asymptotics- which makes it possible to avoid the M-dependence of
additional form functions. For example, for p, ‘we ha.ve,:to within O (s—1),

(4.2) Pe=0088, (Ag+ Ay cos201)+ 2 /m sin g,
s0
I )H( 2y
( ) /’LO ch 2 /""* 21 Cx2 ™ 2 ,/R' I
where

Lrr.
(4.4) Coy =——ffsm2 #,ds.

™

Tables of the additional form functions are included in [3] as well. .

Let us evaluate the friction effect on the basis of experimental data [1] for sharp
cones of half-angles #=5 and 10° at angles of attact « from zero to oty = 80°. Together
with Eq. (3.1) we minimize the functional

R L B B

L]

The values of A,, 4, obtained for four flow regimes are given in Table 2 Whlch also
containg 4= l/—:, 4, ]/st and the ratio 4,/4.

One can se¢ that 4,< A in all cases. It means that the formula (4. 3) brings theo-
retical values of ¢, nearer to ‘experimental ones. The ratio A/A decreases with
diminishing £. In other words, the smaller § the stronger the corrective effect of

Table 2
) without s with s; A,
B M Re -
Ao A, 4 Ao A A 4
5 183 137 - 055 0269 1.31 0.66 0.174 0.65
5 66 1.56 047 0225 1.49 0.63 0.099 0.44
8 183 1.5 0.52 0.309 1.47 0.62 0.236 0.76
8 83 1.68 0.48 0.336 1.63 0.60 0.203 0.60
5 138 149 040 0064 141 056 0.051 0.79
05 50 172 031 0057 1.62 0.54 0.041 0.72
T8 138 Les - 039 0.i31 158" 0.52 0.101 0.77
8 .

62 1.95 0.27 0.083 1.36 - 0.46 <0035 - 0.42

friction. With increasing M this - effect naturally “weakens but for f=10° such
a regularity is not distinctive. For f=15° the friction effect proves 1o be within

_errors of the theory and experiment. Hence for non-slender bodles the limiting for-

.:_mulae (1 3) are sufficient. ' '
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Having the regime coefficients 4,, 1, one can calculate theoretical values of ¢, by
Egs. (2.2) without taking into account friction effects and by Bq. (4.3) when these
effects are included. Figure 1 shows both curves ( ‘Bgs. (2.2), -—— Eq. 4.3))

Cx ) - C‘X ‘ .
/ N
50 6o} //
’ /
ao 40
20 30
- M5
Rp=68
10 20
.
10 =
0 0 40 60 o g 2. 40 60 o
. CX CX P
A S '
60— / a0 - ,
© 50 . © 50 !
f .l/
_ 7 _ N
40 fr‘ 40 r
/ 7
. //
30 7+ : 30 :
- f ) M=8 / M=8
7 | Re=183 - R.=83
20— f— 20—
A =]
Ly . . .
4.00 20 40 60 x° 1'ﬂa 20 40 80 o
Fic. 1.
together with experimental (———) for each of the four. regimes at f=15°

It is.clear that the friction effect is maximum at small angles of attack where the local
incidence angle #, is mear =/2 throughout the cone surface.

5. CONCLUSIONS AND SUGGESTIONS . .

Calculation of aerodynamic charaéferi_étics of blunted 6ones aﬁd other bodies
by the local interaction theory has shown that the latter is quite applicable to the
transitional regime of rarefied gas dynamics as well. The results obtained enable
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us to hope that the local method will be useful for an engineering solution of prob-
lems: of hypersonic rarefied gas flow past convex bodies. )

. The success of the local interaction theory makes it advisible to improve and to
extend it in the directions where it has not yet exhausted all the possibilities. Let
us point out some prospects of improvement and development of the method with
regard to recent relevant papers.

1. Available evidence on Kn-dependence of the regime coefficients is not suffi-
ciently complete and exact [6]. On the basis of experimental data for different regimes
it is necessary, first of all, to specify Aq (Kn), 4, {Kn} and to find p, (Kn).

2. The straggling of values 4, (Kn), 4 (Kn) is caused, to a considerable extent,
by other regime parameters especially in a highly rarefied gas where an-essential
role is played by the gas-surface interaction laws [5] which determine the limiting
values 47, g°. Continuing the study of M-dependence it is also necessary to sepa-
rate effects of #, and other parameters of interaction with surface. For large Kn
the temperature factor becomes. a principal argument of u.

3. The macroparameters Kn, M, ¢, are not usually sufficient for a proper correla-
tion of experimental data in a highly rarefied gas. Microparameters appearing with
the description of gas-surface interaction at the molecular level are unfortunately
too numerous [5]. The regime coefiicients A,, x4, can play the role of similarity para-
meters at an intermediate description level. Their only shortcoming consisting in
the lack of a direct physical interpretation is compensated by convenience of usage
and by clearness of specifying the extension of the set of such parameters.

4. Aerodynamic-calculation of canonical forms by the local interaction theory:
Using simple analytic expressions to find qualitative regularities, in particular, to
solve extremal problems. Using the relations between aerodynamic forces and mo-
ments [7]. Studying the non-affine similarity.

5. Improvement and estimation of 7 (0,)}approximations. Application of the
regression analysis to choose the best approximation [8] and the factorial analysis
to separate principal parameters, Determination of body and regime classes permit-
ting the improvement of P (8)-dependence in the framework of the local theory.
The tables in [3] are intended to include the coefficients Aas U

6. Estimation and generalization of the very locality hypothesis. Account of cur-
vature and non-local effects of edges and. plane elements [9].

7. Extension of the local method by moving from the body surface into the whole
flow field of a rarefied gas. We can complet the comservation equations by means
of repiesentation of the gasdynamic quantities through finctions of a smaller number
of arguments [10]. - ‘ :
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STRESZCZENIE

METODA LOKALNA W AERODYNAMICE GAZU ROZRZEDZONEGO

W pracy pokazano przyblizona metode obliczania charakterystyk aerodynamicznych w nad-
dzwiekowym przeplywie gazu rozrzedzonego. Polega ona na zaloZeniu, 7e sirumieh pedu p na
powierzchni ciala jest okreslony przez lokalny kat natarcia f), niezaleznie od ksztalu ciala.
Przyblizenie p (f,) zawiera pewna ilo$é wspolczynnikow empirycznych zaleznych od parametrow
ukladu. W rezultacie problem zostal rozdzielony na dwa etapy: najpierw obliczono funkgje ksztaltu
niezalezne od charakteru przeplywu, a nastgpnic znaleziono wspdlczynniki niezaleine od ksztahtu
ciata. Poréwnanic z danymi do$wiadczalnymi wykazato, ze metoda tokala jest dostatecznie do-
ktadna dia wszystlkich liczb Knudsena, Zaproponowano rowniez rozszerzenie metody na skoriczone
liczby Macha. Przedyskutowano niektore korzystne kierunki- dalszego rozwoju teorii lolcalnej.

Pezwme

h

JIOKAJIBHBIM METOJ B ASPOMUHAMMKE PA3PEXXEHHOIO TA3A

HzraraeTcss TpHONMKENHBI METON a3pOAHHAMEYECKOTO pacyera TelX B FUNEP3BYKOBOM IO
TOKE Pa3spEiKeHHOTO rd3a, OCHOBAHHLNL Ha TIPENUOHOMENMY, YTO HOTOK HMAyNbca p HA HOBEPX-
HOCTH TeNld ONDEGIACTCS MECTHSIM YISIOM HafeHus §; HesaBHCHMO OT (OPMBI Tes. ANnpokc-
Mauun PyEKUHA ;; {f;) COmePMHT HECKONBKO SMIFIPAYECKHX KOPOMUUMeHTOR, 3aBHCAIIHX OT Uapa-
METDPOR peiEMa. B pesynerare 3agaua pPAcIIelIAeTC] HA ABe! BLiywcsiedne dyuruuit GopmMol, He
3ABACANTHX OT pelciMa OGTEKAHMA M HAXOHACHHE Kod(Q{HIMEHTOR DEKMMA He 3ADHCAUIEX OT
tdbopMEr Tena. OGpaboTka SKCHEPHMERTANLHLIX HAHHBIX HORA3LIBAET HOCTATOMHO XOPOIUYHD TOH-
HOCTR TOKANLHOTO MOAX0Aa Aid Beex gucen Kuyncepa. Ipesmaraercs Takxe obobluerue MeTooa
Ha KOHe4HLre uucita Maxa. Obcyxmaiorcs ﬂeHﬁCOOﬁpﬁBHblB HATIPABNGHNS NANBHEHIIETO PAIBHTHEA
HOKANBHON TeopHu.
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