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NiCa RM No. a7310 RESTRICTED
NATIONAL ADVISCRY COMMITTEE FOR AZRONAUTICS
ESTANCE MIMCRANDUM

LOCATION OF DETACHED SHOCK WAVE IN FRONT
CF a Z0DY MOVIAG AT SUPERSONIC SPEED3

Eduund V., Laitone end Ctwey O'M. Pardee
SUMARY

It is shown that for velceitlos slightly in execess of
ecnie, the pesition of the detoched shock wnve located in
Iront of e piven body at zero anple ¢f gttack mey ke
¢stineted thesretieslly to ¢ rorzonacle degree of sccuracy.
The thecory dewelened coabares fevorably with the evallable

s¥perinental data.
INTRODUSTION

The cslveble fluld-flzw mpoblome are in generael divided
into two dletinct clseses: these in which the field of flow

12 comdletely sudbecnic and thoese in which the flow ie super-

ssnic, euch regize heving 1te specinl zetheds of solution

end eporoxizeticn, e8 yet, very little hos been cccomplishea
toward the sziutiszn of rny fluid-Tlow oroblems in thet reglon
between the oritvicel lick nuudber and the shoek detachment
Mreh nuczber, the letter being defined later. This region is
eonctisee termed Liic tranfcnic regine, The difficalty of

enlution 18 due in ler mesgure s the ceadinetion of ixed

REMPINMTED
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sutsonic and eupercsonic flows together with pronounced
viecosity or toundery-layer effecte. There is, Lowever, one
probles capatle of golution which eghould prove very useful
both in flight and wind-tunnel work - thet of ectimating for
i‘ach nurtere slightly Ain exceess of 1 the positlion of the
detached chock wave oreacedinz a tody,

It is characterictic of superegonic flight thet preceding
every body or attaciied to its noce i1s r shock wave., Here a
differentiation should e mede betweer nointed and rlunt-nosed
bediee, In the cas2? of blunt-nose Ybodles, the tovw wave
alvaye rcaaine detached sluilar to tiiet shown in figure 1.
However, for any given sharply poirnted body, there is a liach
numbcr below which the choek wave 1e detached but above which
it 1s attached in tlic charseterirtlie fashicn of a liach wave,
ee chown in refercace 1., For pointed bodies thie lMMach number
is tiie dctachzment llacl number, and, es notcd before, reprecents
the urper limit of the traneornle rerion, For blurt-noce
bodiee, cn the other harnd, there 18 nc upper limit defined.

The solutinn of the »regent provtles in tranceonie flow
ie somevhat eimplified einec there 1le nc interaction between
the eheek and boundary laycr. The visecoelty effcets are

alzoct all relcgatod to the rogiorn ¢f the veke er.d for the

rresert preblea ere reiatively uniuportant, loreover, certein

of the reeults froz lineer perturtation thcory mey be used
~hich pt firet glence might nct gecz pprliceble.

Lirear perturtaticn theory Las in the peast found wide
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usee in the etudy of subsonic and eguperecnic flow fielde. It
ie beeed uporn the sesumption that the disturbance ereated by
the vrecence ef the bYoldy 1e emall; that 1s, the perturbation
velecslties cCue tn the Ledy are sarll compared to the free—~
etream velocity, Vitli these esporoximations for subsonic
flows, perturbation thcory shews thot, for very slender

bodles cf rcvoluticn, the preseure eoefficiente along the

becy are indcpendent of Mach nuaber; whereas for tvo-
dinenslonal flow they arc not. The development and diecussion

of these poirte are glven in references 2, 3, 4, sna 5,

SLECLS

Thie followine ie a list of the more important synmools

uecd in this report, gilven La order of their introdvction:
M ilach nuzber
Yo free-rtreen llech nuater
iy nch nusier cn do'metreen face of eghoek wave
5 anglo rhock vweve makes with normal tn frec-streom
direction
devinticn angle of flov et eheck veve
oxcese cf free-strcaxz linch nuaber over l, esmall
cozprroed tc 1

changze in entropy

Dreecure

derelty
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ratio of speoific heat at oonstoant preesure to speoifio

hest et oonstant volume (op/oy)

velocity

fres-stream Veiocity

veloclty on downctrean face of shook wave

spesd of saund

distancs from nogse or boay

Daxioun thlckness of body

distanoce alnng stes:ation llne from the ehook wave to
nose of tie body

lengtl. of body

THEORY

The flow fisld to be oornisidcred 1s shown in figure 1,

The bsdy of maximzunm thickness T is symactrical about the
XX'-axie and at zsro incidence to the free stream, It has

@ strgnation point at ¢ and the etrcam line X0 leading up
t2 this point 18 called the steenation line.

This body 13 moving st a suncrsanic spced such as to
produce the dotached shock weve AA! which extezds to infinity
in botk directisns, The shook wove intcrscete the stagnation
line &t the pnint S, At this P7int, the shock vave ig noromnl
to the etream lilncs, At ttier paints in the ficld, such ng
P, the shock is nat norcel to the free-streap direction but
makes 2n angle § with this normal. The angle § varies

fron zero at 8 to the conplement of tre Mach angle at
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infinity, for the shock wave has en asymptote whoee angle
srith the horizontal is the lnch anglc.

The shock wave diviZes the field into twec parts.

Everyvhere upstrean of the shook wsve, the flow ie unifora
and the total-head zr stranation preasure 1if conrtant.
Devnsircan of the shock vave, the flov verics throughout
the field and each streemlinc har o ‘Aifferent stagnotion
pressurc. ZThir enrinticn in stagnation pressure or totel
hesd is duec to the varistion in ontrony change turough the
ghock *»eve. The entropy chsnge i prinmerily a function of
the free-stroam .rch number cnd the nngle &, being grentest
when § = O3 that e, on the stagnation line.

The deviation in direction of the Tlow upon prssing
through the shoci: -.r%. ip B8& 08 ehoma in figure 1. This
deviation varies froz zers ot the ¢trznrtion linc to &
mexirum engle A49%mgx SOKE p=int r finite 3istonce out on
the shock wave snd spprocches zero rgaln ps tlie shock wave
enaoreaclhics 1te poymptote.

The lrch nuzbcr on the Govnsircen side of the shock
wave varics alec itk the sngle & »#6 well ns the free-
stroew lack aumter. The lowest Mach auzber is less thanl
and cccure ~hcre the shoci: is rormul rt +he point §, OCoing
out rlsng thé ehocz veve, the lirch nucber increrscs with
increesing fngio 8, approeching the frec-etreas Mreh
rumber as & nporooches the ccaplement of tne Yach angle.

The verintion then 18 froc subsonic in the vieinity of B8
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t~ tuverronic frap out an the shock weve,

The methed or e21lution developed ip this report covers
only free-strena velocities slightly grcater than 87nic, being
2% £11 tizes st 2 frec—ctrean Yaeh numbep of 1 + €, vwhere ¢
is sznln C2anured to 1, It then Will be shown that the
onximun eLtrony chirnge and Jaeximan ceviatian anzle Aemax
are of higher order than ¢ and forsequently Regligible, To
furtrer Bluplify tle prablern, enly the dZst~nee (g is
deter:iued, whien ig sufiiclent to deternine the shoek wove
ia the viciaity ar the body 3irce, for free-strean Yach numbers
27 the nrdep of 1 + €, the ghoeyx wave ig aetrly plane, It
will then only bte neceasary to ¢ansider a norpel shnck and the
varistion of velocity nls- the stagnetiasn llne, since it will
be shan that trese are fuffleient to deternine the disteance
C3. The €rtripy change throuzh a gheey weve ic piven by

(1)
where the subseript o rcfc?a ?9 tre free-strean conditisng,
Exprrdins this in bewers nr x°° ~ 1, vhere r% i the free.
€trcazm Mach rumter, by meeng of thc relations 2T conservation
of case, memeatur, ang ewrsgy given 1irn rerereace 1, the

f21lswine CXpreaning 1ga Jbtained fop nerarl ghack Wnveg:

/

Ar:cvi‘:f!—'r;%_). \‘;,5’..1\3 *.6 5a

{y+1]3
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Then einee I, =1 4+ ¢, the maximud pcesible lncrcace
entrepy le given by

A : 7‘1__¢3+
(v+1)? S
Therefore, the catrony le eoproxinrtely coastent and
cencequontiy oo te tie total heald or stognation pressure,
T4 cen be chown aleo that the maximun flew deflection
8 of ﬁi;hrr ordces then €. Von Kirudu has shown
{cquation(d.9}ar vefererce S) that the winimum lUach nunber

for r piven fliow duflectlna is given Tty

g )

“ar. G423
+3(EHT e

and elnec 1 is a womotvnlenlly incrersing functiorn of A0
the eame eguation veflnec the meximus flow devintion for an
rrbitrary lack number. Tren peplecing ¥ by 1 + e the

savipum flow Gevietlon if gilven by

g 2 ca/::

Als PO S
FaX T a(ysl) 4 3

end 1t con be scen thot tre mayimua Gevietlon of flow in of
ri~her orfer thell €.

Fro:i the conservetlon lavse referred to proviourly, the

tiech rumver 1, rfter (downstreez) a noruel chcek ile given

« scrzs of the lach nusver I, bvefere (upstress) the ghock

ty

ox{o=1)142
Bl ded Y s > WO
YT -._1)

“iiy

(6)
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The retio cf the veleelty; VW ofter o chock to the veloclty
Vs tefare the ehacl (tiu

~

froe-gtonrrs veleclty) is given by

: S
— _1
S + v )

(7

+ennd ¥ = 7/5 'n equrtione (5) end (7) and

ond Rigler power, the cjuntlons beeconme

(8)

(9)
Then X; rnd Y, /Y L » Iroo frec-gtrenn conditions by
the erder €,
Since the entropy
the

1079
l‘-c

pné totnl nosl g
to the

conctent throughout
order of gpproxliantlion
streni of

A
+5C vound

uced, the flew down-
thie choex wunve 1 derivetle fron e veioclty potentinl,
iy condltlione necessrry to epcelfy thire velcclty
poteniial

are th'r.;pc of the body ord the veleclity vector

distribtuticrn ower pny curfece which enclosce the body,
2% NCCEBsNLY

" It le
to conanléer veriatione fn the
chance 4in beundary

conéiticns,

hl
flowu,

flow flcld with

ar s.-" eanire

the chape »f the body cad the flow
2t infinity pre evfflclient boundery condlticre; vhile for

gugercen ndition upetreaw et infinity is
Azunatrexn fece of the shinck wave,
ec Qitione 1a e¢ltier eudecnic or
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suncrzonic fiow arc o continuous furctiion of lsch nuxmber, tho
velocity potential s » continuous function of Hach number

inaide the bourdary liaits. low if the two potentiel flelds

{suteoalc and superscale) arc to opproach a common limit at

a lach nuzber of 1 end conesmently be cortlnuous from sib-
gonle through to supersonic frec—aircen velocitica, it ie
oaly neccesary thnt the boundrry conditione spproach a
cozxmen linit.

as the Iree-strenm iiech nunder sporoachee 1 froxm cbove,
the shoek wove reecdes “»netrcam to infinity and tho flow
deviation venlehes eince 1t 1f of higher order than €, the
Mach nuzber inercuent; snd furtherucre the Moch nutber on the
dowrnetrean face of the sheek weve rn-rosches 1. The linit
then 18 a unifeorm, perallel free ctreom at infinity the came
£8 for the morc otwvicus suvbsonic case,

Henee, the velocity potentiel, velocity, and pressure
coefficlent for any given roint in the subsonic reglon between
£ and 0O 18 a coatinuoue functlon of the kach nuwber, If
ir this rcpion the voristion of pressure coefficlent with
¥ach nuzber can te deterained for sutronlc frec etrcaxe, then,
a £ood spvroxinmction te the prescure cocfrlicieants for froe-
strean lineh nusbers elightly grecter than 1, of the order of

b ctrined by a mathenctlicensl continuastion of tho
rerlasion of rressure cocfficient with linch nuzoer,
virtee of the veloelity poteaticl being & ccntinuous

£ Maczh ruwsder.
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The velocity variation elong the etagnption line can be

civen by an cguction of the forn

ar

== 1 (x/7, ) (10)
Yo
vhere ncndimenslonal terz ie used for convenlience, V being the
veloelty at ory zoint x  oleng the C¥-axis and ¥ the loceal
lineh rucber 2t the point x, At tho point 5 where the chock

is lncrted V =Y, x =S, ond M = ! the equatien then becomee

%:-u T (S8/7, i) {11)
and S/T irp doteruined einee 1li; and V,/V, are given by
cqueticne {6) and (7) or approximptely from equations (3) end
(5) vy

2-x (12)

and

=&_35
el 31.o (13)

rith thcece approximntione equetion (11) becomecs

ye

o]
,f-—-.o

vhich defince 5/7 ng n functlon of I,

APFLICATICIS
In ordcr to cw¥nluatc the functions defined by equation (14)

1t 15 neccecrry %o resort to line-~r zerturbaticn theory., VUith

thie purpcse in zind the voristion in the veloclity ratic V/V,
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elong the stapgnotic: 1ine has been obteincd for a number of
etandrrd {wo- pnd tlrce-dicencicnal chepes in incompreesitle

flewr, the results of vhich rre preecnted in table I, The

o

cese c¢f thres Aizennicr todler of revolution will be

eoasléered first,

2t coi: te ghewn from the wotholds of reference 2 thaut for

elender onaler of reovolution thc veloeity retio V/V, elong

=

the stagnation line is indcpendent of linch nuuber, Thet is,

I '
- .—.(—d—\
Vo "\&,/

=0

Using this in equrtiona {(11) and (1) jroe
v P -

o - (15)

Vo ¥=0 2 3 ® ?

Fer L1lustintive purposee, the method ie srpplied to the

tiirce-dimencional eource and an erperimental coxporison made,

Referring to table I,

1
if

thie in equation (15} the point S 1is detcrmined

A
< .0
..,.nl-{-,s ™\
+v—)
“+

\7
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The eurves oresented in figure 2 wepe obtoined in this menner

under the £80uuption that t¥en In the errce of & sphere the

Erecsure coofficiente on the stegnation lire are independent
of Hoeh numsop, It e worthy of nste tant the curve for the
Eource enuroxincter verr elosely the values for 2ny Renkine
Cvolid or thisincss ratio lees then c,10.

In figure 3 aro ghown £oue cxperinenteal drta for a 20—
m1llireter ehel? vhieh were ootrined fro-: the U,S, aroy firing
ronge ot the abordecn Froving Grounds, The theoreticsl eurve
shown for ecinarison is Top - fcurce, since tho shell which
woe ueed hed fairls 1l:ree nose radliug tking 1t aprroxinetely
2 threc-dincasion-l ourec shape. The agreesent with the theory
1s rather soogq €ven thourh the cthell %nd econtinuelly deereps—
ing ite epe d; for due to the deceleration of thre chell, the
8horl: weve 13 1ikely to be o2t r different loention then would
te found nt ¢ stecdy valoeity,

In the ease or bodics orf revolution txhe reeult wep
glzrle. For two-iizensionel bodlee, however, the preesure
eoelrielont vapice with i-~n nuzber, ~nd here n elight
lirf‘ﬁulty cRderre, It ig Reécessary to ronlize that in eanl-
culating the vcloeity Tield, linenp Derturtrtion theory in

nd of itself ckes No distinetion hetweon leerl rnd free-
Etream lNaech nusbeyr, In Tret, they ere tesucd to differ by a
negligitle uentity. That this 28zunption 18 not valiq in
the »reeens e [ ¥: ’clf-cvident; however, it erp b¢ shown 1n

unidisensionsd flow, vhere ¢n excet golution 1ig Poscible, that
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there 1s less err-r i- calculating the velocities In a
deersazing velocity fisld in using the local Mach nunber
rather than the freo-stream Macl nuriber, Using this eviberien

nd eguaticn (13) 1e vealocity ratfo at tre point S 18
L o

¢ erd negleciing €2 and higher nowers

ST = LT o= SO0

=0

wvhere (V/V,),._, c€on be obinined from table I. The curves
stown 1n figure b wexe ohiained in thid manner, whers it has
beon aszswied that over in the case of the circuler cylinder

3 andtl-Glasert rule holds on the stagnation lino,

Aros Aeronautical Labcretory,
utioral Advisors Corviittee for Aeronavties,
Yoffott Fleld, Califl,

Zdtand ¥ Laitore,
toroneutical Ingineor,

Lliiny O [Gactea
Ctway/C'K,. Furcee,
Electrical Znzireer,
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TABLE I.- THE VELOOIYY PARAEYER V/¥, ALONG THE NTAGNATION LINE
FOR VARIOUS BODIES IN ucoxhuum LoV

Bodise of revolution

Three-disensional source, 1 - <'—1L1%:
Fod)

1/8
Sphere, 1 - (?fI)T
§F 2
Rankine Ovoid, T/L = 0.10, 1 - O.628%

[(.’,l + OTESOG)' i (;— . ;mt)']

9. 9"99 | 9 9749
Prolate Sphero1d, I/L = 0,10, 1 - 0.005181 | -3
( 5) - o, 7so -0 o. ozsx

Two-dimensional eymaetrioal bodies

0,1592
(, + 0.1592)

Ciroular cylinder, 1 - —!—1L
G+v

Two-dimeneional aource,

Rankine Ovel, T/L = 0.05, 1 - F——ip——
ok 2k = (G+10) -96.11

Rankine Oval, T/L = 0,10, 1 - Z=
G+ -2

Rankine Ovel, WL = 0,16, 1 - je——belil—nu
BTk 5 (G229 -smb

Elliptic eylinder, T/L = 0.05, 1 - 21

ptie eylinde ["G’ 10 - 399 + 2(;0 10) ,u(; % 105'- ”9]

Klliptic cylinder, T/L = 0.10, 1 - —_—_u__ﬁFT:_
P.ccl or [(;'05).'”*2(5"5) !.5._”]

NATIONAL ADVISORY
COMMTTEE FOR AERONAUTICS
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g It is showvn that for velocitiss slightly ansxcess of sonic, the position of dstached
shock wave located in front of a given body at zero angle of attack may be estimated
theoretically to a ressonabls degree of sccuracy. In case of bodies of revolution ths
result was simple, but for two-dimensional bodies, pressure coefficient variss with Mach
mumber, and slight difficulty appears. Theory developed compares favorably with
availabls experimental data. :
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