
"/ AD-A28 6 642

135 I UIiUII IIUIHIIE 9659
%I

10o July :961

ON rKa AMWLOY T-3 ~YMMXION
SO1 SuPKRiGNC FLOW AROUNID BODIES

r"m." IC By M. A. TsikW..i

,-iLECTE10•)<, 2 2,4 - -

F

"\94-26297

Distributed by:

meOnm oBO. TrIO..cAL .3WVICBIL S. DFI'I.f'!P.qW;T OF ="I'44MGM
WASIEI-MO 25, Do. C

IThi docuen Ecs boee approved
fio publ c release and sale; its

distribudost is unlimijted.

U.S. JOINT PUBLIV11TIMS RI*3EACt SERVICE
1636 00NIrECTICUT AVE.*, N. W.

WASHIIGTOG 2, D. C.

.oo



II

FOREEWORD

This publications vas prepared under contract

by the UNITED STATES JOMNT UBLICATIONS PR-

SEARCH SERVICE, a federal government organi-

zation established to service the translation

and research needs of the various government

departments.



ja:9659

•C3: 6357-N/i

ON TiF. AN=LOGY TO
IX1'LOSION OF SUP-'s ONIC FLOW

ARQ!7iD F•OZI ES

[Following is a translation of an article by21 A. Tsikanin entitled "Z vzryvnoi analogi
pri sverkhzvukcvom obtekanii tel" (Eulish
version sbove) In IzvestA Ta Akademii Nauk
BSSSR Otdel. Tekhmic-esiki 1 .MErR1~k

I1•-vt-omEL.t41L (News of the USSR Academy of
Sciences, Technical Zciences Section -
Energetico and Automatics), No 1, Jan-Feb
1961, pp 91-96.]

The shock wave formed during flow around rotating
bodies of a different form by a stream of gas with great
supersonic speed can in the limits of applicability of
the law of p! ne sections be presented as a result of two
factors [I): 1) blunting of the forward end equivalent
to the action of an explosion and 2) subsequent increase
in the crosa section of the body equivalent to the action
of an expanding round cylindrical piston. For blunt-
nosed rotsting bodies with constant cross section and for
bodies with small length, with the ratio of the length
to the transverse dimensions In the order of one, when
the effect of the equivalent expanding piston can be ig-
nored, the depe.rting shock wave is equivalent to the
shock wave of an explosiou. In general, for bodies .of
complex form and especially for thin sharp bodies with
considerable length the oxplosive analogy is correct at 0
distances which are great in comparison with the trans-
verse dimensions of the body. In this case energy due
to the action of an equivalent cylindrical piston is add-
ed to the energy of the explosion, equivalent to the ef-
fect of blunting.
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Tho use of the- 6lutlon to th, .problem of a force-
ful explosion to des4cribe the d"parting shock wave when

a stream o'..'as flows with great supersonic P'erd aroundbodles gives a parabolic ffcrm of the frost l.i-J

S--- q,4'. /,V'

iwhirh asrec'z well with tho excpsr~rental data E31, 4].Here d end vx are the diameter and the coefficient of
frontal resistaice of the body, z and r the distance a-
lone and perpendicular to the axis of the body, and K1 the
coefficient.

.ut the numerical value of the coefflcient of pro-
portonalytj, obtained experimentally ±e 30% greater
-than that according to the precise solution. At small
velocities of the fbouing streass and likewise at a remov-
al from the body where the excess prossure in the wave
Is comparable to the original pressure of the gas, the
form of the front it still not parabolic.

It is interesting to use for the description of a
leading shock wave the experimental results obtained in
investigating the explosion in air of long VV cord charg-
es [51. The chsracteristlc value in the explosion which
defines all the parameters of the shock wave at a given
distance from the axis of the explosion, is the linear
scale of a cylindrical explosion

where qj is the enercy of the explosion at a unit of
length and p the initial pressure of the gas. The de-
pendence of ?he excess pressure on the front of the
shock wave APm/ Po upon the dimeniaonless distance to
the axis of the explosion 3 a r/, in the range of 25 <
Al,/po < 0.25 is well described by the empirical formu-
la

AF. 0.24 0.48

2 m _. .



In comnpartln the experimental results for the para-
meters o: Pbhoek vave-, obtained !n the explosion of cylin-
drical IV charges anxd thcse for flow Vt zrebt supersonic
velocity aRrnnd bodies it is necesssr- to express the
equivrlent energy iq end the characteristic lineai- scale
of a cylindrical explosion > by the paremeters of the
flowint stream and by values charanterizin- the dimensions
and shape of the body.

The equivalent energy of explosisn per unit of
length q1 is proportional to the full force of the frontal
resistance E

which is a projection of the forces of the pressure actine
on the body in the direction of the flowine current. At
a great supersonic velocity of the flowing stream the
pressure on the surface of the body detemirned, with an
eccuracy acceptable for practical purposes, a~cording to
the 4ewtonian for .&aa, is proportional to cos2 C ( is
the angle between the normal to the surface of the body
and the direction of the flowing stream). In this case
tha full force of the f£:onta3. resists.ace of a blunt-nosed
rotpting body is expressed by the formula:

E = 2.-p, C00- Or dr = coaRp, (4)
0

where R is the greatest radius of the body and pK is the
pressure at the leading point of the body, which is equal
to the pressure behind the forceful shock wave p =
~2 P0 V2/( y+i1) on account of increaae Ini preasurs due
to stoppage of gas on the section from the front of the
wave to the surface of the body. In this the precise
factor V -)2fo)r practical purpozes does not
differ frcor the fact,or ( - 3)/4 which is obtained. If
the gas behind the front of the shock wave is considered
an incompressible fluid.

Thus we get



+3 (Vj + T +) 3)a• (5)FPA *j +3 9

and :.,rt1her,, E + 6 Me(t +?)

/j aT Cr + 3)(~

in these fonnulas V. and Ma are the velocity Ond
Mach number of the flowing stream; po, *o and c0o are the
pressure, density and apeed of sound in an undisturbed
gas; Ir is the ratio of the individual heat capacitles of
the gas.

The coefficient of the form oE equals

0

The coefficient of proportionalityl In (3) and
(7) between the energy of explosion per unit of length
and the force of the frontal resistance Is deteymined

in a comparison between the experimental data according
to the explosion and according to the supersonit flow
around blunt-nosed bodies.

The value of 1/?r acquires sinif Icance relative
to the propore nal pressure of trinitratoluene explosion
in air.

For the angle of inclination of the front of the
wave to the axis within the limits of applioe.bility of
the law of plane sections we have approximately

dt M

at conditions M2/?4 4 1, where • = z/,ý Is a dimension-
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less distance al.ong the axis, / a dimensic.'1css
distance along the perpendlcular to tb.e axis of the ex-
plosion, 14 = D/co and X- = V/c1 are the Ve!:jelty Vf the

ont of the sh~o',k wave'-n- the eource of the wave related
to the velocity of sound. in an undisturbed gas. For the
front of the shock wave we have

2T p

Bubstltuting (10) in (9) and considering O,
if W ' - 0, for Ma = const we obtaln the equation for the
A.ne of the front

(jj);

Formula (Ii), when (7) is substituted in it, ex-
presses the law of similarity of the flow around axially
symmetric boodies with the blunting obtained by G. G.

"herniy W.

The table presents the results of approximate nu--
merical Inte ration, made at f(I ), given by the empiri-
cal formula (2).

To compp.re the leading wave in the experiments on
supersonic flow eround bodies with that calculated accord
ing to (ii) (see Table) the data in the literature heve
been extracted [4, 6-10]. In these works they investiga-
ted the flow of a stream of gas (air, helium, carbon
tetrachloride vapor) with Kach numbers from 5.8 to 22.6
around spheres (cZ i t) and cylinders of diffferent length
with a hemispheric Jco - •) and plane (cE = 1) leading
part (the stream par& 191 to the axis of the cylinder).

Comparison showed that when the value of the coef-
ficient a 2.0 o 0.2 so that

qa= (2.0 o.2) E (3')

- . 5



.0 0 1 .0 O.S .5r 4.3 3.70

0.15 0.023! 1 .3 0.79G6 I.0 ,5.1ti;

1). WO 0.040 1.4 0.974 6.5 5. &92

G. 35006 .5 i .93' .6

0.30 0.082 1.6 1. ()4 7.5 el. 5.46
0.,, &S 0.109 t.7 .33 8.0 T .MA
0.46 0. 135 t. , 1 .219 8:5 7.51r.
0.45 0. PG 1 .9 1 306 9.0 7.98t
0.50 0. !:Vl 2.0 1..93 9.5 SAW6
0.66 0.26 1 •2.15 1. 4 10.0 8.943•
0.70 0. 'Kwj 3.0 2.2688!
0.%, 0. 403 3.5 2:7% ,,
O.W 0.478 I4.0 -.2 ,• !

e•ccellent agreement of the shape of the front of the lead-
ini wave Is observed in ex'periments on the flow around
bodies with the line of the front calculated accordins to
the data for the explosicn ot a cylindrical VV .har*e.
In £igure I the continuous lUne shows the foim of the
front according to (iI) (see Table) and the symbols show
the foz of the front in experiments on supersonic flow
around bcdie8. For bodies with a hemispheric tip in air
V'= 1.4- = 2.0 according to (7) there oocurs a simple

I.ex-ression for the i1near scale of the cylindrical explo-Sion

where d Is the diameter of the body. The coincidence 'of
the experimental data indicates that other parameters of
the leading wave (pressure, duration, etc.) can also,
within the limits of the law of plane sections$ be cal-
culated according to the formulas for the shock wave of
explovion of a cylindrical VW charge.

6
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4) according eard*

shock wave. 5 - according to the explosiondate (Table 1), :' -parabolic fora of the
front. Conventional symbols: 1) according
to the data for the explosion of cylindrical
charges; 2) according to •4), hemisphere-

cylinder in ilr, M 7.7; 3) according to
6, hemisphere-cylin~er in air, K 5.8;

4) according to L7• , with end forward,
lit + 6.85; 5) according to (8), hemisphere-
cylinder in helium, K 22.0; 6) according

to W, hemisphere in air, V = 14.2; 7)
according to (103. sphere in air, V = 8.1;
8) according to L103, sphere in CC14vapors, M = 22.6.
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C~omparison Of th fli~r o~f the a'tjbe~ %iave of explo-siorn of. a eyl.lndrii11 V charEE wi th.t, par~beloc f orm
of the fron.t ohtslziCý vcardin# ta the r.rec.ise solutionfor a forceful xplosi-aon shous that in tiie zone where the
form cf 'bUh front is 0lovs to the Paraboltc the r*Sultsagree well 'An the rttr; of the energy of the V-V explosionql and the forceful explosion E. per unit of length

q, (13)

A similar ratio was obtained earlier for a spheri-
cal 6xplosion (5). Henca for tha force of the frontal
resistance of the body E we have

E a- .335E, 14

The coeaffciant . in (A) should 'Pherefore be in-
creased (Eo/E)2 a 1.3 times, whi.cb agrees with the experi-
mental data.

At a conaiderable distance from the source of the
erxiosion the shock wava obeys the asymptotic laws Of
propagation first obtained by L. D. Lawidau [£IJ. At the
present time there exist methods of calculating the In-
teneity of a shock wave remote from a body moving atcupersonie speed [2], On the score of application for
the shock wave of sr explosion, asymptotlc formulas havebeen obtained In [13, 14) In. a very convenient form. For
a cylindrical explosion they can be substituted in the
form

CO_ = - (1 p)

j)_ coge 19=j k c

where A p and - s.re the maximum ezoess pressure behind
the wavefront and the duration of the phase of corapressioz
in the wave, 9 is the 1iaah angle such that sin OAA/M,
and I and S, are constants determined from the experiment
Aa a result of ettablisahin a connection between formulas

-- 8 --- -



(15) aLd (21 t•e foliow-In., values of the asymptotic coef-
ficients were obtained:

so that the formulas for the wave in :ir 1 m.4.) take
the form

.x___ = o.____ :4 . •(16 '),

Comparison of the results obtained for the shock
wave of an explosion with a ball stic v v6 has been made
according to the data of papers 13, 15) in which the
results are given fer meas'wiemen - of the amplitude and
duration of a wave from a charge moving with supersonlic
speed. In this the ratio between the energy of the equi-
valent cylindrical explosion and the fopce of resistance
is assumed according to (3') to be in agreement with the
results of the compcrison of the experimental data accord-
ing to the form of the shock wave during explosion and
during supersonic flow around bodies. The force of the
resistance was_ measuxred in r13] by its authors and for
a given work [I5] has been recalculated with the data of
[132 cccording to a known velocity of movement and accord.Ing to the diameter of the charge. The dependences of
(15) and (16) are represented in Figure 2 by continuous
lines. The duration of the compression phase (Fig. 2)
is assumed to be half the time interval between the first
and second front of the N-wave.

Comparison shows that at ratio (Wt) the parameters
of the ballistic shock wave r.re well described by the
asymptotic formulas for the shock wave of an explosion.

Thus the experimental results obtained for theshock wave of an explosion of a cylindrical VV charge are
fully utilizable for description of a leading shock wave

--- 9 -
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Fig. 2. a) dependence of pressure on the front
of a shock wave on the distance given according
to (15'), o - data for the explosion, + - data
according to C133; b) dependence of the duration
of the compression phase in-the shock wave on the
distance according to (16'): o - data for the
explosion, + -according to [13), x according
to [is].

_t

S.. . ... . . . . .. . . . . 10



both neazr (in the cr.sa f 9, blunt-riosed body) and remote
from a body moving with supersonic Speed. In this it is
nfEcc$sery tc aebtwd ra.tlo (W') exists ;4twozn "Ahe energy
(heot) of the explosion of VV prr unit of length and the
force of 'ea!stpce durl.nz the flIght of the bcdy. Them:'canism of f'orration o-f the 8hock wave is approximately

the same both in the cese of cxplcsion of a 'TV charge
F id in that of flight of a body wi.th supe,ýonlc speed; in
this and the other case thi shock wave I-i thO SP- Is

Sformed under th e action of a rapidl y expand ing piet on
which displacee the surrounding gas and forms the shock
wave in it. In the case of an explosion the P2c'UctB Of
detonation of the VV are the piston, and in the case of
fl!Fht of a body, the body itself. Ratio (3), which
turns out to be the Pare both near and far from the body,
indicates that the process of formation of a shock wave
during the flight of bodies is more "ideal" and linked
with less Iuseless" losses of energy thsn in the piopaga-
tion of products of an explosion.

Received 6 May 1960
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