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RESSARCH MIMCRANDUM

LOCATION OF DETACEFED SHOCK WAVE IN FRONT
QOF » BODY MOVIKRG AT SUPERSONIC SPEEDS

By Edmund V. Laitone snd Otway O'M. Pardee
SUMMARY

It is shown that for velocltles siightly in excess of
sonic, the position of the detached shock wave located in
fron? of a given body at zero angle of attack may be
estimated theoretically to =z reassonable degree of accuracy.
The theory developed compares favorably with the avallable

experimental data.
INYRODUCYION

The sélvable fluid—~flow vroblems are in general divided
into two dlstinct classes: those in which the [ield of flow
is completely subsonlec and those in which the flow is super-
scnic, each regime having i%s speclal methods of solution
and aporoximation. 4is yet, very }ittle-has been accompllshea
toward the solution of any fluid-flow »nrcblems in that region
between the criticel Mech number and the shock detachment
Mech number, the letter velng defineé later. This reglon is:
sometimes termed the traneonic regime., The difficulty of

golution is due 1n large messure tc the combination -of mixed

SRSYNTOTE.
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suksonlc and supersonlc flows together with pronounced
viscoslty or boundary-layer .effects, There is, however, one
problem capable of solution-which ghould prove very useful
both in flight and wind-tunnel work - that of estimating for
fach numbers slightly in excess of 1 the position of the
detached shock wave preceding a body.

It is characteristic of supersonic flight that preceding
every hody or attached to its nose is a shock wave., Here a
differentiation should be mede betﬁéen pointed and blunt-nosed
bodies, In the case of blunt-nose . bodies, the bow wave
always remains detached siwiler to that shown in figure 1,
However, for any given sharply polnted body, there is a Mach
number below which the shock wave is detached but above which
1t 1is attached in the characterietic fashion of a Mach wave,
as shown in reference 1, For polnted bodies this Mach number
ls the detachment Iach number, and, as noted before, represents
the upper limit of the transonic reglon. For blunt-nose
bodies, on the other hand, there is no upper limit defined.

The solution of the present problem in transonic flow
is somewhat simpllified since there is no interaction between
the shock and boundary layer, The viscoslty effects are
almost gll relegated to the region of the weke and for the
present problem are relatively unimportant, Moreover, certain
of the results from linear perturbation theory msy be usged
which at firset glance might not eeem spplicable.

Linear perturbation theory has in the past found wide
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uses in the study of suﬁsonic gnd supersonic flow fieldes. It
is based upon the assumption that the disturbance created by
the presence of the body ls small; that is, the perturbation
velocitlies due to the body are small compared to the free-'.
stream velocity., With these approximastions for subsonic
flows, perturbation theory shows that, for very slender
bodies of revolution, the pressure coefficients along the
body are independent of Mach number; whereas for two-

dimensional flow they are not. The development and discussion

of these pointe are given in references 2, 3, 4, and 5.

S¥I:BOLS

The followling is a list of the more important symbols
used in this report, given in order of their introduction:
{1 Mach number
<P free-stream lMach number

1f Mach numbter on downstream face of shéck wave

1

3 angle shock weve makes with normal to free—stream
direction

Asg deviation anglic of Tlow at shock wave

€ excess of free—stream Mach number over 1, small

compared to 1
Ag change in entropy
P preessurs

aensivy
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Y - ratio of specific heat &t constont pressure to specific

heat at constant volume (cp/cv)

v veloclty

Vo free—stream velocity

Vv, veloclity on downstream face of shock wave

a speed of gound

X distance from nose of body

T maxlimum thickness of body

8 distance along stagnatlon line from the shock wave to the
nose of the body

L length of body

THEORY

The flow field to be considered is shown 1ln figure 1,

The body of maximum thickness T 1s symmetrical about the
XX!'-axis and at zero incidence to the free stream., It has

a stegnation polnt at O and the stream line X0 leading up
to thils peint 1s cslled the stagnation line,.

This body is moving at a supersonic speed such as %o
produce the detached shock wave AA! which extends to infinity
in both directions. The shock wave lntersects the stagnation
line at the point 8, At this point, the shock wave is normal
to the stream llnes. At bHther points in the field, such as
P, the shock 1s not norm~. to the free-stream direction but
makes &n angle § with this normal, The angle &8 variles

from zero at S to the complement of the Mach angle at
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infinity, for the shock wave has an asymptote whose angle
with the horizontal is the Mach angle.

The shock wave divides the field into two parts.
Everywhere upstream of the shock wave, the flow ie uniform
and the totalehead or stagnation pressure 1s constant,
Dovnstream of the shock vave, the flow varies throughout
the field and each streamline has & different stagnoation
pressure. This variation in stagnation pressure or totel
head is due to the varistion in entrooy change through the
shock wave. The entropy change is primerily a function of
the free-—stream ilach number and the angle &, Dbelng greatest
when & = 0; that is, on the stagnation lins.

The deviation in direction of the flow upon passing
through the shock wave is A6 as shown in figure 1. This
deviation varles from zero at the stagnotion line to a
maximum engle ASypgy eome peoint o finite distance out on
the shock wave and epproaches zero again as the shock wave
evproaches 1te asymptote.

The Mach number on the dovmstream side of the shock
wave varies glso with the angle & as well as the free-
stream Mach number. The lowest Mach number is less than 1
and occurs where the shock i1s normal et the point S. Going
out along the shock wave, the Msch number increases with
increasing angic &, approachling the free-stream Hach
number as &8 apvrcaches the complement of the Mach angle.

The veriation then is from subsonic in the vieinity of S
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to supersonic far out on the shock weve.

The method of solution developed in this report covers
only free~stream veloclties slightly greater than sonic, being
at all times at a free—-stream Mach number of 1 + ¢, where €
is small compared to 1. It then will be shown that the
maximum entropy change ana maximum deviatlon sngle A8 ..
are of higher order than e and consequently negligible. To
further simplify the problem, only the distrnce 0S8 1is
determlined, which 1s sufficient to determlne the shock wave
in the vicinity of the body since, for free—stream Mach numbers
of the order of 1 + €, tThe shock wave 1is nesarly plane., It
wlll then only be necessary to oonslider a normal shock and the
variation of velocity along the stagnation llne, since it will
be shown that these are sufficient to determine the diastance

08. The entropy change through a shock wseve is given by

As = oy in _EZRZV (1)

Po/Po
where the subscript o refers to the free-stream conditions.

Expanding thls in powers of MO? - l, _Wherg_ Ho is the free-
stream Mach number, by means of the relations of conservation
of mass, momentum, and ensrgy glven in reference 1, the

following expresslon 1g obtained for normal shock waves:

As = o, 2¥{y=1) 2 _ 3 : 2
¥ 3(y+1)3 ( o™ — 1 ) Foee o (2)



NACA R ¥o. A7310 7

Then since M, =1 + ¢, the maximum possible lincrease in
entropy is given by
A8 = oy %é Y “Z:E——'€3+ (3)
z (v+1)®

Therefore, the entropy ls approximstely coastant and
concequently so is the total head or stegnatlon pressure.

It can be shown also that the maximum flow deflection
is of highor order than €. Von Ksrmsn has shown
(equation(8.9)of reference 6) that the minimum Mach number

for s gilven flow deflection 1s given by

R 1 SN )

and since II 1is a monotonicelly incressing function of A6
the same equation definee the meximum flow deviatlon for an
arbitrary Mach numker. Then veplacing ¥ by 1 + € the
maximum flow devietion is given by

i _ 4 o @m
Afpax = Ez;;air- /€ (5)

”

and it cen be seen that the maximum deviation of flow 1s of
higher orfer than €.

From the conservation laws rsferred to previously, the
¥ach number I, after {downstream) a normal shock is given
in terms of the ilach number M, before (upsfream) the shock

by _
. 2+ (v-1)M,2

T evu P (v-1) ()
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The retio of the velcecity W after a shock to tne welocity

V, Ytefore the shock (the free-strecam velocity) is given by
v 2 :
;;L— = —}-.- —— 'V-—l) (7)

Setting if; = 1 +eand v = 7/5 in equations (6) and (7) and

neglecting ¢® and higher power, the eguations become

¥, = 1 - € . (8)
and

L S ) ‘
; 1 3 € (9)

Then M, end V, /V, d&iffcr from free-strean conditions by
the order €.

Slnce the: entropy and total head are constant. throughout
the field, to the order of approximation used, the flow down-
stream of the shock wave is derivable from e velocltiy potential.
The boundary conditions necessary to specify this velocity
potentlal are the shope of the body and the veloclty vector
dlstribution over any surface which encloses the body. It 1is
now necessary to consider vsriations in the flow fileld with
change in boundary conditlons. ) _

For gubsonic flow, the shape of the body and the flow
2t infinity are sufficient boundary conditicns; while for
supersonic flow;, the condition upetream at infinity is

replsced by one on the downstream face of the shock wave.

Since the boundeory cc :{ditlons in either subsonic or
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supersonlic flow are 2 continuous function of Kach number, the
veloclty potential is a continuous function of Mach number
inside the boundary limits. Fow if the two potential fields
(subsoaic and supersonic) arc to approach a common limit at

£ 1 "
RS

1 2nd consecvently be corntinuou 1b

2 o o s P
LLIlUVUBE Lo SuD-—

Q
=]

sonlc through to supersonic free—stream velocities, it is
only necessary that the btoundery conditions approach a
conmon limit.

8 The rree-strea. Each nunber epproaches 1 from above,
the shock wave recedes upstrear to infinity and the flow
deviation veniehes eince 1t is of higher order than €, the
Msch number increzent; and furthermore the Mach number on the
downatream face of the shecck weve gporocaches 1. The linit
then is a uniforn, parallel free stream at infinity the same
as for the more cobvious subsonic casec.

Hence, the veloclity potentlial, velocity, and pressure
coeflicient for any given point in the subsconic region between
© and O 1a a continuoue functioa of the Mach number. If
in this reglon the variation of pressure coefficient with
Mach nuxber can be determined for subsonic free streams, then,
a good spyroximation to the prescure coeflficients for free~—
stream Mach numbers slightly grester than 1, of th2 order of
1 + €, 1is obtalned by = matherstical continustior of the
subsoniec veriation of pressure cocfficient with Mach number,
this by virtue of the veloclty potentisl being & continuous

function of Mach nusber.
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The velocity variatlion along the stagnation line can be
given by an equation of the form
v
7= T (x/T, M) (10)
where nondimensional form ie used for convenience, V being the
veloclity at any point x along the OX-axis and M the local
Mach number at the point x. At the point S where the shock

ia located V =V, x =8, and M= M, the equation then becomes

1

= 1 (S/T, Ma) (11)

and S5/T 1s determined sirce M; and V;/V, are given by
equations (6) and (7) or approximately from equations (&) and

(9) by
M, =1 - €=2- M, (12)

and \'2
.?‘1::1_.5.5

=& . 5 1
. 3 3 g (13)

With these approximations equation (11) becomes

%—%I-Ic,:f@—, 2 - 1) | - (14)

which defines S/T as a function of 1,

APPLICATIONS
In order to evaluate the functions defined by equation (14)

it 1is necessary to resort to linesr perturbation theory. With

this purpose in mind the variation in the velocity ratlo V/V,
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along the stagnation line has been obtained for s number of
etanderd two- and three-dimensional shepes in lncompressible
flow, the results of which are presented in tapble I. The
cage of three dimensional hodlees of revolution wlll be
considerad first.

Tt can be shown from the methods of reference 2 that for
glender bodies of revolutlion the veloclilty ratio. V/VO along

the stagnation line is *ndependent of lach number. That is,

AR
Vo “-vo)

15=0 X
Using this in equetions (11) and (14) giwes &b S

/V';l_

Vors-

=8-2; (15)
0" =0 3 3{0 o .

For illustrative purvoses, the method is applled to the

three—dimensional source and an experimental comparison made.
Referring to table I,
1

(_V__ ;1;__-1-—5__._
&) " T EL D

Then using this in equation (15):the point S 1is determined
from

0.

= = (16)
G+ ®

By =1 +
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The curves presented in figure 2 were. . obteined in this manner
under the assumption that even in the case of a sphere the
pressure coeffliclents on the stagnation line are independent
of Mech number. It is worthy of note that the curve for the
source approximetes very closely the values for any Rankilne
Ovoid of thickness ratio less than 0.10C.

In figure 3 are shown some experimental data for a 20—
nillimeter shell which were obtained from the U.S. army firing
range at the Aberdsen Proving Grounds., The theoreticel curve
shown for comparison is for & source, sincc the shell which
was used hed a Talrly lzrge nose redius neking it approximately
a Tthree—dimensionesl source shape, The'agreement with the theory
is rather good even though the shell was contlnuelly decreas—
ing 1t%ts speed; for due to the deceleratlon of the shell, the
shock wave 1is likely to be at a different location than would
be found at a steedy velocity.

In the case of bodles of revolutlion the result was
slmple. For two-dimensional bodles, however, the pressure
coafficient varies with Mech number, and here s slight
difficulty appesrs. It is necessary to realize that in cal- _
culating the veloclty fiels, llnear perturbatlion theory in
and of itself makes no distinction between local and free—
stream Mach number. In fact, they are assumed to differ by a
negligible quantity. That this assumptlon is not valid in
the present casc 1s self-evident; however, it can be shown in

unidimensional flow, wherc an exact solution is possible, that
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there 1s less error in calculating the velocitles 1in a
decreasing velocity fisld in using the local Msch number
rather than the free-stream Mach number. Using this critorion

and equaticn (13), the velocity ratio at the point S is

4"
_ I-\vs =0
= 1 - ?—Mo
. }i - 1*15

Kow M; = 1 - € ard neglecting ez' and higher powers

ATFF = fBF = S, =D

oI

therefore
V) Egé a/s '
=1 - My - 1 . 1
(v; . (Mo ) (17}
where (V/VO)M:O can be obtained from table I. The curves

shown in figure li were obtained in this manner, where it has
been ssswned that even in thelcase of the cilrcular cylindew
the Prandtl-Qlauvert rule holds on the stagnation line,
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TABLE I.- TEL VELQQITY PARAMETER V/V, ALONG THE STAGNATION LINE
FOR VARIOUS BODIES IN INCOMPRESSIBLE FLOW

Bodies of revolution

Three-dimenslonal source, I - _L_xl 1]6- -
(E * E)
Sphere, 1 - ;zlo n
(F+32 |
1 1
Rankine Oveild, T/L = 0.10, 1 ~ 00,6284 _
. [(% + 0.2506)' (%’- + 9,7!;.921.)'] )

X
9.9499 +5 + 9.97h9
Prolate Spheroid, T/L = 0.10, 1 - 0.005181 | = ,L{ ) -lo 3—'———
. (E'+ 5)° - 24.750 =+ 0.0251

. ‘I‘wo-_éimensional symnetrical bodles

Two-dimenslional source, 1 - —x—c’—'lﬁg—
(£ + 0.1592)

1/l
G+
7.2
0.05, 1 - & 13,1_ pppe

Ciroular cylinder, 1 -

Rankine Oval, T/L

Rankine Oval, T/L = 0.10, 1 - — 13'65
F+o9) - 2.3

Rankine Ovel, T/L = 0.16, 1 - o= 1.052
(,f-:- 3.125)° - 8.714

Elliptic eylinder, T/L = 0.05, 1 -

B 21
_u(;ﬁ +10)" - 399 + 2(F + 10) JHF + 10) - 399]

Elliptie eylinder, T/L = 0,10, 1 -
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