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OF DETACHED SHOUE WAVED ABEAD OF FLARE OR
AXIALLY SYMMETEIC BODIES
By W. E. Moeckel

EOMMARY

An approximate wethod, based on a gimplified form of the con-
timity relation, is developed to predioct the location of detached
shock waves ahead of two-dimenalopal snd axially symmetric bodiea.
In order to rednce the problem to an eqmivalent one-dimensional
farm, 1t wag apsumed that: (1) The form of the abook between 1ta
foremost point and its soniec polot la edequately represented by
an luperbo]a aamptotio to the free-utrecm Mach 11ma, and (2) the
sonis 1ins bovwesn the sbook ool the boly 15 stvralpght and inoliosd
at an angle thet depends only on the free-gtream Mech muber, With
thase asenmptions, the looation of the shook reletive to the hody
gondo poimt i= Independsnt of the form of the nose o leading edge
ahead of the sonic point and baccmes a single-yalped function of
the Mach musbar. A slmple geometric method for estimabing shook
looetion 18 almo presented, but this methol agrees less olosely
with experiment than the contimnity method.

When tha location of the detached wave and the sonfc line
relative to the body axe known, the drag of the portion of the
body npstresm of ite sonic point oan be estimated from the momen-
tum ohangs of the fluid that crosses the sonic line. Compariscn
with ayailable experimental results indicates theat the estimated
drag cceffiolents are gool approximations except for very hlunt

The simplified ooutimity method ia mlzc applled to unaym~
etric two-dimensional bodies at angls of attack and to two-
dimeusional apd axially symmetrioc supersonlo inlete with detached
waves Gue to spillaga over the oowl. For eupersonic inlets, the
relation between apillage and shook location 1¢ presentsd end the
sditive drag due to splllage is estimeted.
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DFrRCIUCTION

When & region of aubsonic flow occurs in a srpersonic flow
field, wany giaplifying aspmptlons are ganerally required to make
theorotical enalysis feasibla, Without snch asmmyptions, the flow
can be oonstructed only by masna of lengthy nomerical methods
based an differential squations of flnid mschanica. Sach compu-
tations differ for each confipuration investigated; peneral trends
and Importent parsmeters are thersfores not easily disosemible.

A reagsonable sob of assamptiomns for simplifying tha analyais
of seperacnie flow with detached shook wawves shonld be conslstent
with the following chermoteristios of anch flow fields; Tha eantxropy
varioa from the free-streem value to the wvalue behind & normal
shook, emfl the velocity varios from the free-streem value to zexo
at the stagnation point. Thas, 1f the free-~sireem Mach nuwher is
conalierably greatsr than wnity and if the aobaonic reglon ie a
eignificant pert of the entire distwrbed flow field, analymes based
on euch asmmaptions as irrotaticnel flow, small differences between
Jooal and free-stream veloalty, or incumpressible flow in the subsonio
regimn can no longer be expeciad to yleld walid reenlte. For sach
problesd, other simplifying assmptione must thereforw be formlated.

An snalysis based on asmmptions comcerning the form of the
boundayies of the snbamnic region rather then on the natnre of tha
flow veriables is presented horein. In this amalysla, which was

tion 1s then appliod to this simplifisd ploturs to obtain the looca-
tion of the shock relative to ths sonio polnt for plane and axlally
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S]BOLS

The following gymbols ars noed, same of which are 1lluetrated
in figare 1:

A area

b z-ooordinate of foremowt poimt of body

o e(sfmma- «Jaztm%s-l)

(:D drag coofficient of partion of body aheed of theoretival sonlo
point (bssed on area indicated hy subsoript)

P\ P
k= —1—2 l:l.as'rs (Pi) if’- - 1]
My 3 0/4 F0

L distanoe betwsen vertex of detachsd sbock wave and b

M Iree-stream Hach nomber
P ptagpnation prossure
statio pressure
v locel veloolity
x  coordipate In stream direction

E distance from foremost point of detached shock to intercept
of ita asymptots on x-axia

b2 ooordinate perpmdiecnlar to stream direction

B '\)uz-l

7  vatio of spocifioc heats (1.4 for air)
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5 Jooal angle of bedy contour relative to x-axis

7 angle between eonio line and normel to free-stream firsctiom

8 half-angle of wedge or cone

83 ocone baif-angle for widoh shook beoomes detached

A angle of sireamline relative to x-exis

hqa wedge mif-engle for which shook beoomea detacbed

p density

g igentropic contraction ratic from frae stream to sonic welocity

T fraction of meximom possible inlet meass flow that passes
ogteide cowl

] local inolination of dstached ahock relative to x-axis

Sobaoriptm:
0 froe-gtrean conditions

1,2 upper and lower portion of unsymmetrio body conbour,
respoctively

]

coentrold of stresm tube passing souio line
oritical conditions

sonic point of detached shock

8 @« g

aonic point of body

-] oonﬂitims along sonic line

ANALYHIS

Ths representation of flow with detached shock vaves to be ueed
in the presant analyeis ie shown In figors 1, The reglon of snbsonlo
flow 18 bounded by the partion of the detaohsd wave below ite mcnic
polnt 8, by the portlon of the body contour upatresm of its scmic

114
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point SB, and by the sonlo curve between 3 and 8B, If the form
of the detached vave is Jmoim, the location of 5 on the shook can
imediately ba determined, because for & glven Mg the angle ¢

for which sonloc velocity exista behind the shook 1s kmown from shook
thecry. The flow dirsction Jg at this point 1s then aleo knosm.

The sonic curve ip shown In figare 1 as & straight lins, ZThia
approdwation 18 nned throughont the amalysis, althongh more exact
computations, as wnll as experimental results, indicate that the
form way depand considerebly on the shape of the none or lsading
sAgs {refersncss 1 and 2). To ihs dogres of approximstion of ths
prosent methodl, however, such wvarlationa appear to be unimportant.
With the aimplified pictors shcwn in figure 1, apmroximate sxprea-
glazs can be derlved for the shook locatlce relative to the body
sonlo point and for the drag of the portion of the body in tho
snbeonio-flow reglm.

Looation of Body Sonie Point

Evidence is avallable to show that, for bodies with shearp or
woll-defined shonlders (fig. 2(a)), the sonic point is located at
tha shonlder (reforence 2). For more gradually curved bodies, such
as oglvea, the location of tho sonic point cen be ostimmted by
an extension of & msthod suggested by Busemann (reference 3). Thia
msthol looatss ths shooldar =t ths polnt shors the sombour of ths
boly is inclined at the wedge angle or cono mngle owrroaponding to
ghook detactment (fig. 2{b)). If the sonioc line is approximated by
a gtreight 1ine, the location of the shonlder amd the sonio point
oolncide. Thede results are analogous, In some ways, with the
flow past the throat sestion of a supersonic norzls, forr whloh the
location of the maxrimm constriction (shoulder) mand the scnic point
colneide if the throat im sharp or if the flow is treated as oo
dinensional .

Ths choloe of the point of tangsmoy of the body with a line
inclined at the detastment angle as the approxrimate location of the
gonic point hae some theoretioal jnatifioation for two-dimensicnal
flow. W. Perl has pointed out to the anthor that for flow near
sonic welocity end for small perturbation wvelocitles, the deriwa-

e 2 IAF talen alemo $ha normsl £n a abrasmlinae . vanishas tn A
wAVY ul’u‘ VEALLIEL CRALMLE WARE ANSL s W we SWASSESSSSSTy  sse——Semes T

first spproximation st the intorsection of the salc llne with the
ghock wave. This result implies that A is relatively counstant
alang the sonic line and henos, that the inclination of the body
at its sanic polut is approximatoly equal to Ag. Inammuch as Ag
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is alightly emaller than Ay, the sonlo polnt would be located
slightly downatresm of the shoulder of the body; vhervas the dis-
oussion given in raferemce 3 ghows that the sonic point lles ahead
of the shonlder. Thoas differsnces, howsvar, are lnelgnificant for
ine present anaiyais, bDecauss the somic point and the abowider are
asgmmed to coincida.

Although the theoretical basis for locating the scnic point
by meens of the detachment angle 1s far from complete, particularly
for arially symetric bodies, the procedure appears reascushls if,
as assmed in the present analysis, the form of the nose ar leading
edgs ahaad of the shonlder (or sonic polut) has only a secondary
affact oo the form and the location of the sonic line, Thim saxic line
shonld thersfore have almost the same form for all bodles as, for
axanple, for 6 wedge or a cons with half-angls only slightly greeter
than the dstachment engle. Becanses the smio point for thsse bodies
is Imown to bs loosmted mt the point of tangency with the detachwent
mg].o the procadnre shonld be valid for all bodles at the same

Mach rumber within the degree of uppm::lmtim of the proaant wothod.
Thip grooednre will thorefure be nsed to determine boly swnis poimis
Tor ocomparison of theoretical smd exparimental reosulta.

Fhe reasoning nsed in the preoeding paragraph leads to & very
simple gomsetrlic method for predicting the location of detached
shock waves. A wolge or a oons with included angle large emocugh to
cause ahock detachwent and with well-dofined shoulders is consldered
(fig. 2(a)). It b-Io is the distence frow the vertex of the cane

or wedgs to the foremost point of the dotached wave, them
b-
.1 e (1}
Ysp Yo
If 6 i now sot equal to the detachueat mgls, then b-¥, bocames
zero, and the expresaions for ehock location beocwe:

Lo oeot (2)
J=
and Tor axially symmatric flow,

. (3)
Isp
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Becaunse, by the presont aseumptions, L/yqy 1s constant for & given
K, and independent of the farm of the noss, equaticns (2) and (3)

reprosent estimates of tho locetion of the detached shock wave for
all bodiss at rero angle of attack. This estimete should ha paw-
tionlarly velid for bodles only elightly blunter thean the wedgs or
cone for which detachment occurs. The following derivation, how-
over, which 1s hased an the comtinuity relation, should provide a
batter estimate of the averags shock location for more gemeral
blont bodies.

Looastin of Detached Shook Wave
(Continuity Method)

Assumed form of detached shock wave. - FThe most typloal. char-
acteristics of dstached waves are that: (1) They are normal to the
fres stream at their foremost point; and (2) they are asymptotic to
the froe-strecm Mach lines at large distances from their foremoat
toint. A simple curve that bas thess characteristics is sm hyperhola

roproganted by

By = xa-xoz {¢)

where 0 ia the cotemgent of the Mach angle and X, 1@ the dim-

tance from the verter of the wave to the intersectiom of 1ts .
agymptotes. For the purposs of the analymia, the hypothesls 1o mede
that to the degres of approximation required, all dotached waves in
the region bstysen the axle and the sonic point S8 may he
representsd by squation (4).

With this form of detached wave, the angle betwesn the stresm
direction and the tangent to the shock at any point is obhained

from (fig. 1)
1’ 2,02 2
P = I - IO +: 7 (5)
54’13_%2 By

RiE
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The locatiom of 3 is them

5" Yoty _ (6)
ﬂ'Jﬂz - cot? g
8
xg = 2 (6a)
‘\jpz _ "“zq’s

If the y-coordinete of the body scnic polnt 1s used as the refar-
ence dimension, then the form of the shock wave 1s given by
(oquation {4))

(7

Whero, from equation (6),

...I'L..giel,\’az tanztps-l (8)
/) I

From equation (6a) the dimensionless locetion of the shook smie
point 1s

p—2
.
<1:) BZ - ootz ¥g

The d{mtance from the foremost point of the ahock %o tho x-coordinate
of the body sonie point ia

._]"_-__xmi-.xl (10)

Ysg Yo Y@

ISB xB .."S T tan w {11}
- ()

———  —— <« wan i
B

¥gp J¥SB JSB

If equations (8), (8), and {11) Ars oowbinsd to aliminate all
unknovn coori-inates cxcepl yy end L, oquation (10) beccmes

¥
Lw 2 (c+tenn) - tann (22)
3 T=

vhare .
. K 2 2 B
l= B(B tm Pg - fdﬂ ban EPs-l). (13)

Inagmuch ae B amd Qg are known for any glven froe-streom
Mach nusber, coly the quantiiies /5, aod 1 remaln to be

determined to predict the relation betwean the somic point on a
body and the looatlon of ite detached wave,
Applicatim of cemtluulty squaticm. = I order %o dstermine

the quantlty Ygjygn, the contluulty relatlon s applisd to the

£lnid that pasees the sonic line. The Integral form of thie rela-
tion is ueelesn for the present wethod, inasmuch as the distribu-
tion of the flow veriables along the scuic 1line is unknown. The
digtribution of gtegnatica pressure immedimtely behind the shock,
howaver, 18 known. An appropriats average valus of this quantity

15 that sxisting along the streamline vhich representa the mags

centroid of ihe flnid pasalng the sonic line. Thia cemtrold
stresmline enters the ahock wave at y,=yg/2 for plens flow and st
¥o=23g/3 for axially symmetric flow. The shock angle oorreanopd-
ing to these values of y oan be cbtained from equations (5) and
(gﬁ. Because the stegnation pressure remains constent along each
streemline behind the shock, the value of Ps,c will remain

unobangsd betwesn the shock wave and the scnic line. Becaums the
total temperaturs is comstant, the slmplified continuity equetion
may be written as :
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AO (pavs)n Ps r(p v-)1::1' Ps 1
—_— e = | — al—=] = (14)
&~ Po% 2o/, [ Pa¥o 0/, @

vhere ¢ 1a tho contractiocn ratio required to decelerate tho free

otream t¢ sic velocity lsentroplomlly. In terms of the coordi-

B
2

of the smmic points, equation (14) beocmes, fur plane flow

87 %0\
= O¥yg = By,
coa 1) ({E)n 378

o

0

g

¥ ' =1 .
-;;=(1-ch1|) (]5)

and Tor axially symetrio flow

’gz"mz Co)o 2 2
cos N \Pg, Y5 =Byg
°
or
-1
I3 2
T (L -8 aos ) (16)

The appropriats valunes of 3 to be used in each case remain
to be satablighed, On the basiajof the previously cited epalogy .
between one-dimensional chamnal flow and flow with detached shock
waves, the sonlo line ia assumsd to be nommal to the average flow
directlon in its vioinity. At 8 the Inolinmtion of the flow is
known to be Ag both For plane and axizlly symmetripo flow;

vhereaeg et S8 the inoclination is asgmsd to be ?‘d for plens
flov and 6, for axielly syemetrio flow, Tf the arithmetio

mean 0f the inolinations at the two extremities 1s noed, the
appropriate expresslons for 1§ become:
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for plane flow,

=g (g + g an

amd for axially symetric flow,

1] (18}
AV Ao ndF

+ 3
8 + Ag)

Ll

Bocause g differs only alightly from A, the inclination of
the scnic lins for plape flow will be assumed to be aimply N = g
Values of Jyg/y., obtained from equationa (15) and (1) are shown
s functicne of M, In figrs 3. The variation of xofrm with
My, as computed from ageation (8), 1s also shown. The values of

Ag emd 6; required to dotermine ya/yaB were obtainsd from the
shock charte aof rafsrence 4 and are plotted against My in figure 4.

Yhe shook angle at the samic polut g and the ghock angles at the

masa centroid for two-dimmmaional and arially symetric flow ars algo
shown in figure 4. In figure 5, the reanlting total-prossnre ratios
(P,f]?o)o are glven together with the values of ¢ and C used in

squations (13) through (18).

Compariscm of Thoaretical and Expsrimental Shook Locatiom

A comparison of the shock form and locatiom estimated by the
continulty method with the experimental rwsults of reference 2 :ls
shown in figure 6. The data of reference 2 were obtained vith"a
free jet with an outlet Mach mmber of 1.7. The flow fisld in the
vicinity of the models way reommstuncted from lnterferograms. For
ocomparigon of theory and sxperiment, the foresmost point of the
detached wave vas nsad ag the oommcn point, The theoretlcal con-
figpration 18 independent of the body form amd is therefore the
game for sach of the thres bodies showm. For the sphere amd the
cons, exparimental sonic pointa ars given in reference £ and the

wennordinate of thapa nn‘ln'hn wvag need gz tha reafarsmos dimenaion,

JO00rCInate o Weke val USSt 88 Tae refsrants

For the projectils, hmvar, tha actual sonlc point was not deter-
mined In refarence 2 and the theoretloally estimated location of
this point wae used as the refersnce dimenslon. The assmmed schook
form and the estivated diatance from the vertex of the shock to the
body sopie point are shown to be approxinmately in sgresment with




experimental results for all three hodisa, Increasing bluntness of rm 2
tha noas Annasra o ahift tha ogomaw nowkion oF tha }':E-n\n.ﬂ wam (p-p }aA sin 6 = DGVGZAG_('JEYE ) AG cof ‘l"(ps C-DG)AE aoce 7

L prUA W um R WY O = 0"
mmmwy,mmuwwmmem@dnmrm Jb © ’ ° ’
this effect appears to be small. Tho shock farm for the projactile (13)
may bo somewhat in error in figure 6 dns to the rélatively cmall

BoRle of o muibsonio portion of the diagram santed Tor thi
boly (reference 2). e ¢ -7 fpom which the dxag oosfficient based on A, booomsa

ST

The theoretical variation of L/ym with Mach number is shown

in figure 7 far plane and axially symetric bodiews, together with

availabls exporiwental valnes from refersnces 1, S5, and 6, epd the : . {cp) =

nimarically computed values of yeference 1. The dmta cbtained from Ay Lpy8

refersnce & were converted to the pressnt paremetera from a amall ’ 2 Y

aketoh of the model and mey therefors be smewhat in error. The

valnes obtalned by the continuity method ars ssen to agree more :

closely, in general, with experimental results than the values r r _ -l

obtained by the gecmstric method. As previously stated, howover, tpn'u e \Fo/y "}ﬁ oo
2 Ay

the geomstrlic methol shonld yleld more aoccurate results for boldies =241 -
m;:nli@:tlybhmterthnnﬂmndga or ocae for which shock detach-

mant oconrs. Thie nradiction 1m born oot to gone axrkant for the y
two-dixenaimal bodies, whars the value cbtained in reference 1 for ~

the weldge agrees olossely with the walue cbiained by the gecmstric

method, and the omt‘.l.nnity lat.hnd appears to average the roesulta L r P o
ovtalnsd Tor the wodge and the flAt-nossd body. For the adiaily . 2 {1 42 i IR (341) ‘a (20)
symetrio bodies no such comparison is awailahle, although fig- AD l- KPU)J

ure 6 chows that L/yg tends to increase as the boly becomss leas

blnnt. Thase remita indfoata thet tha oontinnity mathod laada to

an averags walue of I./ym, whereas the gouu.eh-io method ylelds Using the valne of A,/A, from oqutim.\u}, equation (Z0) |

the maximmn value of this guantity for a given Ho bacomas
Dreg Upstream of B P » 'I\
Q )
Bocaiise Wie furm and ths lodation of the shock wave and the (G}, =241 *—'L 2o (\;u, "5 (’"'lj o
sonic line are assmmsd to be independent of the shaps aof the nose L
or the leading sdge, 1t Follows thet the drag ocefficient of the 0

particn of the bedy upstream of its somic point is, by the present .
mothod, also indepsndent of the body Yorm. This portion of the .
drag osn b debermined from the momentum theorem. If the atroeom- whare FE = 0,5283.
lines are assuwed to be normal to the somic line and if average

valiled of tho flow variablea at the sonic line are again used, the

nmomentum equation may be written se (fig. 1) m

s
el
m

m coefficlent baped on ibs area of
o point

ED-
.
X 3

or
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for pleme flow,

(cD)ASB = (cD)Ao C,—;) _ (22)
and for axrially symeetrioc flow, .
¥y 4

o)y = o)y (;{';) (22)

If the apmropriate valves of 1, (PB/PO)G’ and yB/ySB are need,

the expreaslons for the drag coeffliclent bescoms idential for plane
and arially aymwetxio flow:

) =2 1 - KB oos 1 (24)
Am 1l -B ocoan
whore
K= 12 1.2679(;2) ;‘2-1 (25)
"y o M0

These drag coefficients are plotted against Hy 1In figme 8,

togethsr with the axperimental values obtained froa vefersncs 2 by
nmerical integration of the pressnre coefficlents glven therein
and the theorestical wvalues for flat-nossd bodies and for e wedpe
computed in reference L. The thearstical waluse obtalnsd by the
pz-nsaubnotbdmnntu;pochedtobevalidmu Ho-lo,becanne

tho aubm:lo riola beoomes very large relative to the hody
wajya —# ®) end emil variationa in the assumed form and
Inclination of the sonic line bave a largs offect on the computad
drag. ¥quation (24) becomss indeterminate faor My = 1 Dbecause

com, B, and k are all unlty for sanio fres-stream velocity.

The agreement with experimental data for the cane and the sphere
at HO = 1,7 1is meen to be good. The drag coefflolents computed

for the flat-nosed bodles in referencs 1, howswver, fall ocmslderably
above the values cbtalomed by the present methol. Part of this
disagreewent is probably due to the somewhat extrems form of the

1145
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sonic line assumed for theae bodies 1o the computations of refer-
onoo 1, This assumed sonic line msote the face of the body perw
pmodionlarly at the ahoulder, whereas the actusl sonio lipe ia
probably concave dowmstresm. (See Tig. 6.) Some disagreement
shonld probably be expscted, howover, Inasmoch as the momentum
irtegral used to gbtaln the drag coefficient by the present method
is mors penoitive to differences in the streem angle near the
sonio line than the oontinnity eguation uped tc prsdict shock
loontlon. The prsasnt procednre 1s therefore most valid vhen the
streanlines are expacted to be almost nommel to the aonic line and
when the sonic lins 1s not expectsd to have large corvatore,

The maxrimm poasible dreg ooceffliolent, obtained by nssmming
that the stagnation pressmre behind 4 normal shotk acts on ‘the
entire nose, is plotted in figure B for oomparison.

Unsymwatria Podiea and Effect of Angle of Attack
for Two-Dimensional Flow

If the method uasd for deterwmining the location of 5B for
symeetric bodies 1o appliet to unaymetric bodies cr to bodies
at sogle of attack, the magnitude of the coordinates of the upper
s lower gonlo pointa will, in goneral,differ (fig. 8). It ia
apparent that portions of figure 9 above and below the center line
botween the two lines are each similar to the oconfiguration
ahown In Tlgure 2(b). Smch a repressntation, hcwever, can be con-
aslderad valid only for bodisa that ocan be oampletely described in
tuo dimensions, If the reasoning psed to locats the pomic polnt
for gymmetrio bodies at sero incidence is followed, them varia-
ticns of the portion of the body between SB,1 and 88,2 will not
appraciably alter the location of tho sonlc polnts or the form and
the looatiom of the detached wave and the sonlo line. The comti-
nuity method cen be applied separately to the portions of the flow
f10ld above and below the zero streemline (thet is, the stresmline
that reaches the stagoation point on the body). The loocation of
this stremmline nesd bhe known only in the froe stroam ahead of the
detached wave. The aspamption that this streamline mnst pass
through the intersection of the two tangsnt llnes (fig. 2) is con-
slgtent with the reascning used to locats the sonio pointe. Beoanse
the upper and lower portions can be treated separately, equetiome (15)
and (16) lead to the result

b/
Jsx 782 T8 (28)
Tm,1 YsB,2 TEB
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Therofors, from equationa (8) amd (12),

h g X
e (27)
’sm,1 58,2 B

L L .5 (28)
Y, s,z Tm

The equaticne for the portiona of the shook wave above and
below the y=-axis mre:

Uppar

2 \2
;ES{TI i ’33,1) ) (’%) (#)

x ¥ (% \?
y$,z> - ,—- {29a)

An example of the resulting configureation for an unsymetric
two-dimensicnal body 1s shown in figure 10 for ’SB 2" 0. 5355 1

The -alues of yg/ro =nd "o/’m wore obtained frcm figure 5 end
L/ygy was obtalned from the results of the continuity msthod

(fig. 7). A slight discrepancy appears In the location of the
vertax of the detached wave due to the ssparate construction of the
upper and lower partions of the canfignration, but this discrepency
ls well within tha acouracy of the epproximations. Use of the
geawetric method would looate the origin of the shock at the point
of Intersection of the tangent lines from the momic points, Thia
method would evold the discontinuity at the werbexr of the shock,
but would fail to satiaefy the continulty equation.

From equations (21) and (22), the drag coefficient of the lower
and upper porticns of the body cre seen to be dependent, for a
glven M ., only on Jslym, 80 that the dreg ocefficlent for the
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portion of the unaymretyle body ahead of the sonic polute based
on (yg ) + Tep,g) 1e ldemtlcal to the dreg cosfficlent based cu

AEB for the symmetric body at zero angls of attack. Thie result

1a also evident from the ocnsideration that the momentim change of
the fluid that pasase the sonic line depauds cnly on the Hasch pumber
of the free stream. The total mass flow past the sonio linea
depends only on Agp, but the portions of this mass flow above and

bolow the zero streamline are not egual for unsymmstrioc bodies ar
for bodles at angle of attack.

In addition to the limitations mentionsd in comnection with
the estimated dreg occefficlents at zero angls of attack, the fact
that regions of negatlve pressura coefficient may occur when the
stagnation streamline falls to intersect the forsmost point of the
body must algo be conslderad. The dreg coeffiolents estlmmted by
the pregent mothod carrespend to the integral of the pressure forces
over the zero streamline and are independent of the shepe of thise

etroamline aheed of the sonlo point. Looal separation reglons near
tha foreanst ndnn hoaravar, may alter ths svhaonic portion of the

S&e 100eanE = ~oweTar, SLRDSCLLC pOIbaCl O

flow wrﬁoiunt.ly to 1nm11da.te estimates of drag based on a pre-
acribed form of the sondc line and an sssumed flow direction, The
mroosdurs for estimating the location of the ahook, however, shonld
not be greatly in exror, bhecauas the continuity relaticn nsed to
mredict this location is relatively insensitlve to variations in

the form of the sonlo line or the lnolinmtlon of the velocity vector,

Shock Looation and Additive Inag for Supérsonic
Inlets with Bpillage over Cowl

The mathod of the preceding sections may be sasily axtended
to the problem of esstimating the shock location &and the additive
drag ag funohiona of tha fractiom of the marimw mass £low that ia

spilled. over the oowl of two-dimensional or arlally symmetrio
inleta, The simplified ploturs corresponding to this problem is
shown in figure 11, vhere the y-cocrdinats is now msasured from the
axia of symmetry of the inlet. The ccardinate y, denotes the

fres-strasm location of the atreamlive that saparates the mass
sntering the inlet from that passing outside the inlet, The inter-
section of this streamline with the detached shook wave 1s assumed
to he tha arigin of the hyperbolic portion of tbhat shock wymve. In
terms of the coordinates shown In fignre 11, the spillage T is
defined by the following expressions:
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Two-dimenaicnal inlsta
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T =1 T ] (30)
Axially aymeetric inleta
Tal- (-——) {50n}
\'53/

The drag dus to spllliage 1n defined as the intagral of (p-po)

along the piresiine that bounds the entering fluid. This drag is
¢lnilar to the additive drag defined by Ferri for ncas iniets with
projecting centrnl bodien, for which the strsmmiines may be deflscted
& consldarable distencs ahead of the oowl.

The sonlc point SB  can be sstimated by the procsdure used
far ¢loeed bodles. For most cages of Interest, the 1lp of the oowl
will be sharp or very thin zelstive to the inlet croms ssotlon, oo
that & will be wery close to the foremost point af the lip. Hare
the fiocw rapidly expands to supersonic velocities. Separation
roglimms remlting from this expmsicn are n.gnin noglec‘bod. and way
considerably reduce the additive dieg dus io spillags. The relatica
to be derived between spillage and shook looatlon, however, should
not be groatly affected by local eseparation regions.

Othsr oanplisations uaelly enccuntered with supersonic inletn
have algo bean ignored. Obliqus shocke from a protruding ceotral
bholy, fox sxampls, are aasmsed to have negligible effect on the
relation hetweon mmea-fiow spillage end drag and on the form of the
shock wavs abore Ty Thoee l:i-pli.tic-ﬂimﬂ sbould ylsld walld

ostismtes vhen open-nosed bodies without central boliss are con-
aidered or vhen the effeoct of the central body is felt anly below
the origin of the hyperbolic portion of the detechsad shock, The
anelypin is independent of the natuve of ths ahock below thie

orlgin,
The hyperbolle portian of the shook wave 1s now representsd by

IR EYRE B

=
-
T

i
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Bquationa (9), (10), and (11) for the x-coordinatea of the eonic
polota and for the shook location remain onehengsd by translatlon
of ths arigin. When equation (32) is nead in place of equation (8),
the expressicn for the shock looation (sguation {10)) beoomes

..E..-(C«-tanq)-c - tan 1) (33)
Y 8B T

Two»dii:lliaiounl inlsts. -~ For twe-dimensionnl ﬂw, the ratio

of tke sonlc-line flow arve o thé free-stresn area of the struem
tube Is (fig. 11}

A -
. T e L] C--O-)C’ =B {34}
Ay Ggry) oos by \Fg A

8o that .
. (I‘t)
. 1-—’!-]3003?\

By Tm ° (35)

g l-BooaAB

If this velne is pubstitutsd 1o equation (33), the expression for
ths location of the vertexr of the detached wave hooames

1 Yn G+Bain2:ﬁ
};g ('_;;) 1 -Boos Ag (38)

Whett no alr paaasa through the Inlet (yn = 0), thia expreswion 1a
found to reduce to the value obtained for closed aymmatric bodies.

The drag cosfflolent based mn A, (equation (21)) 1= inde-
pendent of the coordinatea, so that the drag coefficient for the

inlet 1s obtained by mmltipiying (C,) by the ratio a./a
inlet is ohiainsd maltiplying (Op) ratlo Apfdom,

and bhecomes
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- T Fm) s
(%)Am (cD)AO Tm ISB) (CD)AO (J-EB' =14 'r) (37)

Equations (35) and (36) indicate that the distance of the shock
from the Inlet 1ip and the drag coefficient for a given M,

inorease linearly with the smount of air that passes outsida the
Inlat.

Axinlly aymetric inlets. - The ratio of sonlc area to free-
ptresm area for axially symmetric inlets becomes

Ay 782"52
i e .
8 ""n coa 1

2

mn
Y5 _1-!,@!300511
—_— (39)

Y® - 1-Booany

Fur axially symretric inleta, however, the value of 1 %o be

used may bo expectod to vary with the value of yu/yqp. When this
ratio 1o olomse to unity, phenomsna near the cowl 1ip should be
almogt two dimensional; wvhereas for large aplllags the flow becomen
gimilar to that obtained with closed bodisa of revolution. Inas-
much as the sases of rolatively amall spillage are probably of
greetor interest, 1t will be asesumed that the flow near the oowl
1ip is two diwensional &0 that 1 = Ag. Siailarly, the two-
dimemslonal walue of total-preamnrs reatio at the meass centroid will
be uped. By subatituting equation (39) into equation (33), the
ashock locatiom ia found to be

' 2
Im
L 1- (_ySB) B oos Ag T
—~ = (C + tan Ag) - C == - tan A4
T3 1-B cos Ag Y58

{40)
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Equation (21) far (Cp) o ™ again be mwnltiplisd by the ratlo

AgfAg, to obtain the dreg coefficient based on the inlet eres,
Thue,

2 2 2
) % ¥ w1, sV,
(e, _ = (), Cﬂ) (y@) )y, (,BB) 1a

(41)

 where 1 inaquatimi (21) is, replaced by Ag T J, = Tgp-

~

The variationg of shock location and drag coefficient with T
are ghown in figure 12 for two-dimensional and axially symsetrio
inlets st M, = 2.0. For axlally symmetric lalets, the velues

I

obtained uaihg 1 s-%‘- (84 +Ag) are also plotted for comparison.

The valne assuasd for § evidently hag little effeoct cn the eatl-
mated drag or the shock locatica.

SUMMARY OF METHOD

Au approxrimatse method has been developed for predicting the
location of datached shook waves ahesd of plane or axially
symetric bodles aml for estimating the drag of the portion of
the body upatresm of the theoretical sonic point. The wethod is

" baped on the continuity relatlon, which is applisd to the alr that
. passes the sooic line. The main Assumptione wers that: (1) The

form of the detached wave Irom the axis to 1ts aonlc point is ade-
gquately represented by an hyperbola asymptotic to the free-stream
Mach lines; and {(2) that the sonic ourve betwsen the shock and the -
body 18 & sbtraight lina. These assumptions imply that the form and
the locatlon of the shock and the sonlc lipe are anly ssconfarily
infinenced by the form of the body abead of Its soni¢ point and that
the shook looation relative to the body wonlc point ia primarily a
funoticn only of the fres-stream Msoch nuaber. The drag of the body
to the sonip point vas sstimated from the changs of momeatum of the
air that passes the sonic line and was consequently also independenmt
of ‘the form of the nose or the leading edgs in the present approxl-
matica.
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Comparison with experimental resulis indjioates that tho assump-
ons xade are valld to guod approximation for predieting the fom
looatim of detached wavoa, but may be oversimplifioations
15 desired 1o predict the drag of extremely blunt bodies.

The thnd aleo fails in the vicinity of amic frée-stresm valoolty.
affacta of anola of attank and mi-w‘n 'I-\Mw Aontem sy

Eﬂg

?

diacunnd for two-dimensional flow, I:ut no o:;per:lmbal results are
available to check the thesoretical predictions.

Extension of the method to the problem of estimating the mddi-
tive drag and the shock looation for superscnle inlets with mpillage
over ths ocowl Indicated that the dreg, both for two-dimensional and
axially eymeetrio inleta, increasea linearly with the peroentege
of the marimum inlet mase that passes cutside the cowl. Ths dis-

for axially aymmetric inlats,
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Figire ), - Represantation of flow with detached shock wave
and notation used ln mnalysis.

{a) Well-defined rhoulders (plane or xxinlly symmeirio).
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(v} Graduslly-curved bodies. taca

Pigure 2. - Appraximate losation of body sonlc point.
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