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FLOW FIELD ON THE LEE

SIDE OF A DELTA WING

I. Introduction

This study is concerned with the flow field on the

lee side of a flat plate delta wing with supersonic leading

edges. As shown in Fig.1, the wing is placed at an angle

of attack a and at zero yaw.

6Z
Y

X

Figure 1. Coordi~nate System

The vertex of the wing Is placed -t the origin of a rec-

tangular Car'tesian coordinate system. The flow medium Is

assumed to be an inviscid, non-heat-conductipg, nonreacting,

Preceding Page blank

y



ideal gas. Itte free stream is assumed to be uniform and

Ssteady.

The general flow pattern on the expansion side of the

vinz is sy-metrical with respect to the yZ plane and fa

sketch of the flow pattern on the lee side is given in

Fig. 2.

X Intern-a!

Shocks

©I

I JV0 0 cos a

Figure 2. Flow Pattern on Surface

As the free stream. flows over the leading edge, the

component of velocity parallel to the leading edge is not

altered but the component normal to the leading edge must

expanr to become parallel to the surface of the w.ng,.

This results in the total velocity vector on the surface of

the wing immediately downstream of the leading edge having

a corponcont no,:al to the root chord. However, because of

C the symrmetry, t*e total velocity vector at the root chord

nu-t te parpllel to the root chord. Therefore, as indicated

2
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in Fig. 2, the total velocity vector on the surface of the

0 wing must change direction and this condition Is brought

about by the formation of an Internal shock wave which Is

attached to the upper surface.

The flow field for a flat plate delta wing with super-

sonic leading edges is conical as conceived by Busemann

(Ref 5) ard, as such, the flow field in any plane normal to

the root chord has a similar solution. Thus, the entire

C

B

I A

Figure 3. Crossflow Plane

lee side flow field may be represented by any arbitrarily

selected plane which is normal to the root chord. This

plane is called the "crossf low" plane and a qualitative

sketch of the right half of the plane is shown in Fig. 3.

The crossflow plane may be separated into six regions

with distinct characteristics as indicsted in Fig. 3. The

governin. eQv:uations In regions 1, I., and. III are

3
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hyperbolic. T"he governin. equations in regions IN. V. and

SVI are elliptic. Line BD represents a crossrIow sordc line

along whlch the governing equations are parabolic. Line DEG

is an internal shock wave. The segment GE is planar but the

segment DE is curved. Line AB represents the first ray of a

Prandrtl-ieyer expansion fan. IUne BFE is the reflection of

this expansion ray from tne surface of the cone of excita-

tion BC which emanates from the vertex of the wing. Line AF

represents the last ray of the Prandtl-!eyer expansion fan.

Lines OD and OB are crossflow streamlines separating the

rotational flow in region V from the irrotational flow in

regions IV and -1. Line OGA is the wing surface and line 0C

represents the plane of symetry.

Among the arnalytical solutions to this flow fleld are

0those presented by Haslen (Ref 13), Pb~ayev (Ref 1), 3eeman

ar.i Powers (Ref 3), and Kiutler and Lomax (Ref 11). Fowell

(Ref 8) presented an analytical solution along with experi-

mental data for the flow field. Bannink, Rebbling, and

Reyn (Ref 2) conducted an experimental investigation of the

flow field as did Cross arAd Hankey (Ref 7). A compilation

of papers treating the mathematical theory of conical flovs

is presented in the work of Bulekh and Reyn (Ref L).

In Maslen's tieatment of the problem, it was assumed

there were no internal shock waves In the flow fiela and a

solution was obtained by using Prandtl-Meyer relations in

regions I and II and a relaxation method in the remainder of

the flow f'1c6. Fo;well experimentally detcrninei the

exstcrce of an !nt~rral shock wave and then ass-=e-l the

4



shock wav.e was plarar and used an ap._roz•!ate metýhc to

Clocate the shock wave and solve for the flow adjacent to

the wing surface. The solution r.resented by aBeayev also

Included an Internal plamr shock wave but the flow field

In reglons ii6, IV• V, and VI was determrined frc- irrota-

tional •otential flow theory using the method of successive

approxinations. Bee2ann and Powers assumed the existence of

an intern-al shock wave and attem.yted to solve the problez 1y

usilng a modified metehod of c'aracterlstlcs szaeme. Soweeer,

as a result of diffic-uIltles with the internal shock cal-

culat-io.s, only shoek-free results were reDorted. In- the

experinental work of Ban.irL, Nebbeling, and aeyn, the

existeivc'e of an Internal shock wave was reconfirmed but the

shock wave was found to be curved.

In all of the analytical studies cited above it is

assumed that flow in region III is devenient on the flow in

regions IV, V, and VI. The approach taken in this study

is to sclve the flow field in region III by reducing the

inviscid flow governing equations using conical flow con-

ditions and then applying the method of characteristics to

the resulting hyperbolic equations. The results of this

study may then be applied to the solution of the flow field

in the elliptic region.

5
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C
II. The -Develon-ent of oua~tons

The crcss'low plane =ay be taken as any YZ plane that

Intersects the positive X-axis. This plane Is nor•iien-

sionalized by using the dimernsionless coordinates and

z
where - (1)

v

and (2)
X

The overn-i.,; equations are transforned to the crossflow

"plane by =eans of these dimensionless ccirdinates.

Line BC - Cone of Dxcltation

The cone of excitation which is generated by the apex

of the delta wing is given by,

•!2 )2
Y+ (-X sin a + Z cos a)

- (X cos a + Z sin a) tan = 0 (3)

In terms of k and n this becomes

.2 + (cos a)2 (cos a+ 'sin a) tan 0 (4)

i + c G sin a) (o

2
or, since, tan u = (Mf- 1)-
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12 22
(1-Y~ ir + )(cos ~+ sir.) (a

Rexion I P rarr-21-1'ever Exasor. Far.

The de-.elocenI,, of the e~uatticms i-n this section

follow~s closely thiat. off Ba'cay -..

Frxom the classic~al Prandtl.I-H~eyer relation-chiv. as

given int lieumarn and1 ?.osh'Žo (Ref 12:5P3-103), Vite localI flowi

defllecti.1on %I- Irn a rplane normal to Ithe 'Leadling edge is

tan * (a4- ) - F
n

or, by-. leUtt~ng

-1 F22

a ni4 tan Y. (3)

eq1uatiorn(6 re~iuces to

6 -t-an (fE' an ~ j +()



T'ne dimensionless velocity componn-ts In region I are

0 17en as flrm't'o.1s of 6 by

u = b cos (el-6) cosx + cos • sinx (10)

v = -b cos (el-5) sin x + cos . cos• (x)

w = b sin (,i-.-) (12)

Vhere al = tan-1 .( a (13)

S= cos-1 (cosa sin%.) (14)

.2 [2 1 Y-1  2 1ad0 =Ijj -"-+- (lCos

+ - -+ si -(15)

Equations (10), (ii), ani (12) are developed in detail In

Appendix A.

In the plane noral to the leading edge the angle

between a Prandtl-Pleyer expansicn ray ar.- the surface of the

wing Is given by

e.= -V +--0 o+al 00)
2

By rotir, that tar c =% (17)

cos ' - ' sin x



the slope of the ecm-r-sion r-ay In the ZE ', plane =ay be

0 ~obotairned b7 substitusing, e~ration (17) Into eauation (6

aAdifferentiating. TMs results In

-1- sI& tan( 1,- 4,+ - + -a) (8
7 ;ezp ray 2 1

settiiig Ir = 0 In eqzation (17) gives the rf-value or' t-he

Intersection of all expansion rays wit~h the * -azis as

Vt = ot X (19)

dete'minre the dinensiondless velocity distribut-ion through--

out re-gion 1. Ofther :low propertics may be deter~i "-i ?fromm

0t~he isom-tropic relation-ships.

iRezl~m 111 - Pullyv Exnanded Area

Th~e flow oropeerties in region Il are determin~ed com.-

pletely b.7 the values along the last' expansion ray. This

Is a result of the fazt t~hat the flow properties are eon-

start throughout the region.

Settirm 6 =, In equation (9) results In the

expression for tie value of e along the last expansion ray

* as

Y-1 YA-1



0Poin~t 3 - n*ei -ecti on of Con~e of" __ Ltation a--A ?Irrt

The cone of ezcItat-ion Intersects th, first ex.,en.sion

ray at the %iflt •rere the slopes of these lines are enual.

From equation (13) the slope of the first expansion ray Is

"sin
= - . (21)

d ;ezo _ay i tan ( - a)

amn dif.erentiat•on of equation (5) re.sults in

(I-

-= .... , - (22)
d )cone (I sin a (Cos -- + Z- sin c.

Equating equations (21) arA (22) results in the " inter-

section value ofint

(- -) sln v cos al• Lsin- tan X I

m t = ... .... -C , ..1

(1 -- 1 1 + s• 2 -s a
F'.•sin )L

The I•tersection value jInt may be obtained from equatici

(5).

r1
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The e elopmment ec the euati.ons r r.,igon III

closely follows that of Or!miu ard iajier (R--f 6) Who

present. a detailed derivatlon of t•he go-erni.S equatioms for

no0n-IsentroplIc flor.

The conti nuity, =_oent1_, ani energy eq1t•aions can be

written in vector form as

v- (p U) =o (21)

Sx U = x v S (25)

U vSI= 0 (26)

Using the conical flow coniltions, the equations •ay bee

rewritten for the Z., -, plane as

2A (z-- + %: - - - )

- (ru- v) (u•2 + v2 + *2

-(u u- w) (u2 + v2 + 12 = (27)

vy 3vy au a)• 3w 3)u

v ('•-+ 4 - +-) +, (, 0 + . - + - )

( -= - A ( - + ( ) (26)

7I



u (.. + - + - ) + V -) = - A-- (30)

u - ÷ -- ,-) + T•(•. .-- )= A-- (30)

(Ilu-v) - + Qu-W) - = 0 (31)

Where A Is --iven by

A = I +" (-U21-V2_W2 (32)

T0 2

Equation (28) is a linear combination of equations

0 (29), (30), ani (31) and it may then be discarded. By

manipulatin3 equations (27), (29), (30), and (31) and using

the definition of a total derivative the following set of

elvations may be written in matrix form as

•v
a a2 a a (L) G
1 2 3 1)

1 0 0 -1 (0)

df dn 0 0 (-) dv

0 0 do d17 (d) (33)

/-1

L 12



)wh'ere a, = A1i- (',u-v) (tu-w) (34)

a2 = A ( 21 - (lu-v)2 (35)

a3 = A (1+t2) - (fu-w) 2  (36)

Ads + u (iu + ndv + Edw) ()
(iiU-v) dt - (tu-w) d'i

A (u - nw)(du + ndv + 0dw)
and G = (38)(iju-v) c%• - (Hu-w) d'i

Setting_ the coefficient matrix of equation (33) equal

to zero gives the slope of the characteristics as0

1 - 2 3 (39)
d1 +c a 2

The compatibility equations for these characteristics

are obtained by setting the determinant

a a 2 a3 G

0 0 Q

=0

dt dn 0 dv

0 0 d01 dw (40)

13



GAM/AE/72-6

Substituting equations (37) and (38) into equation (40)

0 results in

b1du + b2 dv + b 3 dw + b 4 ds = 0 (4O-)

where b= -A (Ev-'iw) - [ai-a 2 ( u (42)

rad~
b2 ="-A-q(v-'qw) - Ial1a2(-)C+ 1-

÷a 2 [UU-W) (nu-v) (-)c± (43)

b 3 =-At(tv-nw)- al-a2(-)±] zu

d17

a 3 (uU-w) - (u-v) (--)c±

+ (44)

I (--)c±
dn

b4 = -A +a1-a2(d) c (45)

Since the flow properties in the free stream are taken as

uniform and there are no rotation producing effects in

regions I, II, and III, it is reasonable to assume the flow

in the region III is isentropic. Equation (41) then reduces

to

bk b 1 du + b 2 dv + b3 dw = 0 (46)

1 1
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For any streamline

U n= 0  (47)

A

where n is a unit vector normal to the streamline. In the

crossflow plane this results in the slope of the streamline

being given as

= -- (48)
dal/s 'lu-v

A compatability equation for the streamline may be obtained

by multiplying equation (29) by (nu-v) and equation (30) by

(tu-w) and adding them. This results in

3 •u 3v +w•\ - (w

(pU-v)- -+i1 +t77- + Qu - +,n; + E = 0 (49)

Substituting equation (48) and using the definition of a

total derivative reduces equation (49) to

du +ndv + Zdw = 0 (50)

which is valid only along a streamline.

Line BD - Crossflow Sonic Line

Since the governing eqaations are parabolic along the

sonic line, the term underthe radical in equation (39) must

be zero at a sonic point. This results in both character-

istics having the same slope at a sonic point and the two

compatability equations represented by equation (39)

becomes

15



m~e loss af ae of tk Ii7n1rzi is

11 WM~t b* ~MM-ty at the~ !ocise. MM crOSSflc'A iMc~h

m ~~Is I'Tem b7

I[
j,7 (52)

•; he e•_w•l"1o.= obltý-Ine 17 writingr. eniz.tion (,)for

both-caateLtc and ecia`% on (50) for Une streanlir-e

prarldle a set of Ithree ord-;Anay dif~ferential equations for

ui, 7. area w which, witnr suit~able bound-aryj conditions. ma-,

be used to solve for n.e diier-sionless velocity distribution

In region III. L set of sultable boundary conditions for

this area consis's of the A.iz-enslonless velocity distribu-

tion alons lire BE and the condition that the crossflow

\7eloclty is sonic along lire BD

16



S ~rt~o~ srse~rseazattIm (20) ts

SCI~ed - Ser. '-% of' ex3:MIG, rae-s Is

In the range to S ra- w-_:with evaW611a (19) to

e.stablh thre IFOC=- 0:0 thze ez~a_-SionC, rzs. MThe rellclty

eca-Ziarens alzm-S eaen ra -'a--efz-,- byemai

(9) W-~ 15. USIrs th~e reszestA7e Ofte S, e aml smb-.

St~tZtI-Ig h resultz. 1--tr4 egzt-Ion (010), (11), an! (12).

0 ~ ~ ~ ~ ~~ _ -i~ - .lezto ___ ]is £ýa~- ~

Li ne

The lozus of the -reflectl .or. of Ithe frs exppenslon -my

is fo-r -.1 an iteration techninvie In ichichi t~he inItE.al

assuimt-Iorn is thalt th.e refl-ection has a 7erticea L.slope -be-

tween. the intls B anid A1I whichn are on t~he suc.ýessive explan-

sion rays i and 1+! as showin In Fig. 4. Mhe position of

poin't B is knownm since it ir the intersection of ray I an-d

the first' reflection. Point A Iis the intersection of ex-

pansion ray jl-j arni the first ref lection ani is determinedi

by equations (43). (5). (i8). an-i (19).

The reflection of the first expansion ray is a charac-

II

17



obae 17 V n the weac11c7

."Gr aye (I-.2 tnca a-tinrs MYflection ms

talne of SIoPe ara t 1 is passed abstmr. Point L,

Slare r than s. C Cfe iis, this e arocedure is forart. Te

Succeessive
Dpar-s ion j

assumirZ the value of dt at A I for the slope of the

1+

first ref~lection at point B and determini,.ig point A2 as the

new Intersection of ray !+1 and the first reflection.

Lise t D- Croe flo-e .aonic isane

A sketch indicating3 the weotetre p used In solving for

Vie first point do-.u n the d onac A rt s o In Fl. t.

18



0 -e fto i ars;1J eza-lan ---7 Uis al n M ~ fir-t mI I

C~r~cer~tis;ant BGi mxe s 5 r , at-T 1 1 r~

klthT~om* the~c~ c skret I mi 5 is " to

01
Figure 5. Locatinz Scr-e PAnt

solution of the first sonic point, the procedure provided

below Is valid for all sonic points.

The streamline Flope based on the properties at B Is

computed usinc equation (48) and a line with thi-s slope is

passed through B. The slope of the first family character-

istic based on the plow conditions at D is computed
i) c+D

from eauation (]9) and a line with this slope is passed

throug-h D to intersect the streamline at F.

19



ine t~elf ie*1

tic-- 06) &!e- (5a) to solwe far Te eloclt7 cc~pvmerts

at ?.

rhe Slope O'rO the Streaa1i'e at ? is th-en c=td '-=

equatIo- (43) ant aTerag v : the s lope of' the st-e2•li• me

at B. A strea-1!ne wIth "'-As aerage slope Is pssed

throAs to '.tre'rsect - inhareseterristeii D1 at G. Wi"th the

value of tne slhe os lopeo SG substituted into e ualtion

(5i), eqiJatiors (46), (50), arj• (51) ar slved for the

velocity co-ponents at G. The Selope o the streoýlne at Gh

Is o aen cosueiuted from.) equation (8 niith the

sloce of 1-iwr:E A strea-allne ulcthi this averaged slopes Is

passedi therouh 3r to ieect nuaeracterlstc D1 at H. Wit

the value of the slope of itne ine substituted Into eduation

(51). equaziorzs (46), (M), are. (51) are solved for t-he

velocity components at H. these velocity coponeents ar: tie

coordinat-es of --- are t-hen substituted int-o equation (52) to

"determine the crossfl- d tach number cume.at ..

If the crossfiLow Xach num-ber Is not sufficiently clocse

to unity, a new point H', -Which is located at a small

distance from -H arnd on the streamline BH, Is select-ed.

Using the slope of the line Dii', 'the velocity comrponents at

H' are determin~red and the crossf low M~ach nuinber computed.

ThiF procedure is repeated until a position on the line B:;

is found where t?:e cros:'f'lo-,-; 1Ech rbmber i-. wit:hn ±".0r-I

off unity.
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11'.e a=s1e I ozti-' eauattois(4 rprsnt t~o arda lct .eri wic:-

compatability relations ani these relations are used with

equation 1,50 to solve for t'ne velocity componer~ts ac D.

The cor~ltions at D are t~hen u-ced to cozm'tc-,, the slone
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*!rt11me~ for V,- olwI~

sets Of im _ta -ielth :lws=r r~ in~ -r a I.-

This daaset- vias used t7 E~amnlik, a~~eiz nd

as th~e Corr--!t, 4rs for an ezeiet1 -.st"Iatilor of the

C !ox Afpi-,'%A of t-he cnsracteristiC Int ori is

1 andt Ill11 as conyulted by the rpo.,edzres outflined C~hapter

III is given ir im 7. Only. e7ery twIen~tleth may w~as Pliot;-

tq.ed for cl~arity t-reasoMS, Zxperizent~al dapta takern from~

Banftk Lebbeli rz, andc- are Inlue In this iu2

This data Indicates "the loCation of t~he Internal shock- wa~ie,

as d~eter:A!:e-- týv Dit-ol r-ressl~re n.asraements, in. the cross-

flow plane at. varlotS di.1starnces f~ro= the aljex.

Ls notez' by E.anrl.-2, !ebbelinrg, an~d Rleyni the first

Frar'ritl-M'eyer expan Ior ray l'Aes just, downstream_ of the ex--

t-)-ation of a 1eadirng edge shoek arni the fiisal

ex~x~~i iray Is ,er-. n~ear the lxe5~.~a oca~tion of t~ie

'Fie sisfk~:oric lirxc is very rmc-,iry rtra.iz;i1 in ',-.e
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area of the I:--teret-lon ef t~he 26-ch core ard che first

0 exa.i.on. ray. ve'rer, t.he .•cunt of cur•.zture of the

sonic 1ine ir.1creases in she region rear t~he ;;!an-- of syin-

mt. It was ezpected- that the sonic line would te`rrnate

azt the last _oint on the excer-me.tal shcck cur-e. As

i.-TIlcated In .tg. 7, this is not the case. Two possible

causes of this difference are Vhe inviscid flow assunption

ard error In the numerical technique.

It Is noted that the first family characteristics curve

upward as region I!I is traversed in the iroard direction.

This is In orposition to the cualitative sketch of the cross-

flow plane prop.osed by Bannirk, Nebbelirg, and Reyn and sup-

ports the views of Says and Probstein (Ref 9:532).

The computed static and pLtot pressure ratios, P/Pm

and Ppp/Frp respectively, at t = 0.266 are given in Fig. 8.

This figure also includes experimental data for P p/P P taken

from Bannirnk, !.ebbeling, and Heyn. The calculated and

experimental pressure ratios agree well up to the point just

prior to the shock wave where the experimental data indi-

cates recompression begins.

Figure 9 is a plot of the slope of the streamline

traces in the crossfiow plane. The point for which the

streamline slope is computed ts at the center of each trace.

It is noted that the streamline traces along the sonic line

are nearly parallel to the soric line. However, computa-

tions show that the slope of the sonic line is slightly

Freater than the slope of the streamline traces.
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zn tvoal Mac ==ze -Is~trbtbion at 3 .2"6 is

J,ýt~~eM If' I_.:5 e .a~h nzt~er I= reases uinif-ral~y

Mm S re--- Tal~e of 2.96 to a value of 3.79 at the

erazzsrlcr 11-e.

Dat Se t1 2

7be e~ha_ýterlstic network in region I and III is

pletteiA in ?1;5. 11 for this data set. 'This data set is also

ome of the set-s of coni~tions for wrhich aBacye-1 presented a

solton.The solution c~f the flow field in region I as

xiient here anx thvat. Dresented by Babayev are In complete

How~eer, 4there 'Ls considCera~ble difference be-

:ween thse twco Scl-Ltions for region III. The crossf low sonic

line Sk7entb Ba'bayev is also plotted in Fig. 11. The

differenme In t'he losation of this line is a result of the

vla.-ýr- shock ass'up-tiorn. Direrimental data is not available

for this data set but, In an analogous study, Bannink,

1elblelln3, and iHeyn did not confirm the existence of a

plartrr shock wave.

The ccmpu.ted static and pitot pressure ratios at

f= 0.2066 for- tnis input data are given In Fig. 12. Figure

13 Is a plot of the streamline traces and Fig. 14 gives the

Mac-h number diStribution at' k = 0.266.

TYhe progr~am was run with this set of inpi~t data and

with ten Prandtl-Meyer expansion rays in region I. The

most siznilciant difference was that the terminal position

of V~ie sonlc line, was shifted slightly inboard and lowcr.
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The erticnetwork for tis :late set Is glwen

In Fig. 15. 3?1i:;e 10 Is a plot oil the static and pitot

Pressure ratlas ait G ~.266 av: 'Figs. 17 anid 18 are plozts

of the sltrea~llmi tr-aces azzd the ftc'n rmeer distribution

at t = 0.266, resjetively. This data set w~as used by.

Maslen ieno asswzed that no shcen existed In the f low frield.

Additions! Cases

,Ln attemot, was mpA~e to obtain solutions. for Y. = 6.0,

S7.0O andA x= 60.00 wilth 10C rntl3ee expansion

rays andA fo=r 1.1 = 2.906, CE = 14.2 0 and X=45.00 (Data set 1)

with ten Pram- *.1-Yeyer ezDarssion rays. TEhe :procedure used

to determine -the location of reflection of the first

expansion -ra~y diverged anid no results were obtained.
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Con MlUs ionS

1%e following conclusions are made fror this study.

1. It Is .ossible to obtain a solution for the flow

field in the pseudo-elliptic region by use of the method of

characteristics.

2. The predicted pressure ratios in the pseudo-

elliptic region were In reasonable ag-reement with the

avalla le ez-erin-ental data.

3. NKlmerical solutions were not obtainc', for two sets

of Input conditioris as a result of a deficiency in the pro-

Q cedure used to locate the reflection of the first expansion

ray.

4. The accuracy of the terminal position of the cross-

flow sonic line was improved with the increase in the number

of expansion rays.

5. Mhe slope of the streamlines along the sonic line is

very near to the slope of the sonic line. This indicates

that most of the fluid in the pseudo-elliptic region exits

thi. region through the curved shock wave. Therefore, a

significant portion of the flow field governed by elliptic

equations is rotational,
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SRecoMmendations
The followirng items are recommended as areas for

further study.

1. An attemDt should be made to improve the accuracy

of the solution by modifying the procedure used to locate

the sonic points.

2. A study should be undertaken to improve the

technique for locating the reflection of the first expansion

ray. This would broaden the usefulness of the procedure and

allow for further characterization of the flow field.

3. An experimental investigation of the flow field

similar to that conducted by Bannink, Nebbeling, and Reyn

but for a wide range of free stream Mach numbers, angles of

0 attack, and sweep angles would provide additional data for

further verification of analytical solutions.

4. A study of the elliptic regions should be conducted

using the procedure developed in this study to determine the

boundary conditions.

5, An analytical study should be undertaken to include

the effects of viscosity and a curved wing.
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Appenlix A

Developent of Velocit BEouation

Mhe develomment of the velocity equations as given

here was sug;esteed by Kitcwski (Ref 10).

Th-e total velocity vector at an-y point in region I

can bee separated Into the components normal and parallel to

Vie lealirg edge of the wing. Resolving ther.: components

into components along the XYZ coordinates and dividing by

V7. results In

Vn
Vn = - cos(a 1 -6) cosx+ -I sinx (A-1)

v in- cos(a 1 -6) sinx+ -- cos x (A-2)

V•

Vnw = -- sin(al-6) (A-3)

where a 1 Is the angle between the surface of the wing and

'he component of the free stream velocity normal to the

leading edge and 6 is the angle through which the normal

component of the free stream is deflected; aI and 6 are

given by equations (13) and (9) respectively.

The component of velocity parallel to the leading edge

( Is unaffected by the expansion process and is given by
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Vt = VW cos 1 (A-4)

where p is the angle between the leading edge of the wing

and the free stream velocity vector and is given by

equation (14).

The component of velocity normal to the leading edge is

Vn =nc (A-5)

Using isentropic flow relationships this becomes

Y-1
1+- 2

Vn = n co , (A-6)

L n J
2

and, since Mno = Isin

1+ 2 M"- 2 WcOs

V n M Mn C "ol L (A--Y1)

2 n

_ [ Y-1 2 -12 2

V.n s n 2 2 (A-8)Thus,_n
V- -• I(
V W M ý. L + -M2

2 n

(4

45



GAM/AE/?2-6

6 r 1 Y-1 Y-1 2
(I + _ X) - OS - cs

or (A-9)
2 1 1y-IJ _~ ( -M2) -j

Y~j 2

From equation (7), M2- is given by

1 i+ 2 tan2 0[~
Mý Y- Y~j(A-10)

and equation (A-9) becomes

2 2

Vr- ( + - Cos2 ]

ni (A-11)

CC

(Y-) (~l tn4_6
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. Substitutlrm eouations (A-4) and (A-12) into equations

(A-i), (A-2), and (A-3) and then using b as defined by

equatio.i (15) results in equations (10), (11), and (12)

respect -vely.

4
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