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SUMNARY -- 

b a prenous report" the exam so&.&Ions of the 
spanwme 1smns.r boundary layer on sn mf-udte yawed cyluder with 
dmtrlbutd mctlon, were given for all the kr~o~m exam solutlom of 
the chotimse boundary layer for the chordwme veloczty distrlbut1on, 
u = uox% 

In the present report thti smr class of exact solutions has 
been used to mvestlgate the dzrcotion of the velocik vector, and 
hence the cm-vature of the strcsdmcs an& the secondary flow. In the 
analysm the curvature of the e@e streamlme has been taken mto 
a0c0m.t. !Phe mvedzgation mcludes both posi.tivc m-d negative pressure 
gradTents and a wide range of Sutributed suctions. 

It is found that: 
(I) The p-may flow profiles d+fays lie between the chordwise 

and spsnwise boundary layer profilee, and the secondary flow 
profiles always have a pomt of itilcaon. 

(2) .Secondmy flows sre opposite in direction for positive and 
negatme pressure ggxdumts and am a rn.caim~ when the edge 
streemlme makes I+5O with the chordwse dxrectzon. 

(3) An adverse pressure gz-aiuont produces a more powerful 
secondary flow thsn a favourable pressure gradumt of the 
ssme numrical atrength. 

(4) A pressme grdlent of ar?y sign mcreases the secondary flow, 
e.nCi distributed suction decreases It. 

Seconua-y flow mstabdlty has been constierd in terms of 
the Reynolds number of the secm%ry floyf (&en's criterion) and 
curves of the ratio of the secondary flow Rqnolds number to the 
prmaqy flow Reynolds nmbcr ore presented. for vsrlous indmations 
of the edge stresmlme to the chordwise au-ection. 
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1. Introduction 

T&- bmday layer over an mfinite yawed cylinder has bemme 
of considerable interest in recent yews, because many modern airorc*t 
have sweptback wings. The boundary layer on sn infinite sweptback wmg 
is three-dimensional in nature and presents some special frature~ which 
have sn imports& bearing on the realisation of 1snmna.r flow. The present 
investigation was completed before the papers listed in ReferencesIIos. I, 
2, 3, 4, 5 and 6, were available to the author. &me of the conolusions 
are similar but the approach is different, and the work is limited to a 
particular olass of solutions. 

In 1951 Grey' observed, in a visual determmation of tr&nsition 
a.n flight, that sweepback had a profound destabilising effeot on a 
laminar boundary layer near the nose of a wing. Further flight tests 
confirmed that the instability started in tne form of striatzons with 

their axes along the wind, spaced at distinct intervals, and having 
the qpearance of the G&tler vortices found in flov~ over a concave 
surface. 

Theoretical e~xplsnations of the above phenomena were given 
independently by Squire*, by Gwen and Randsll3, and by Stuarl?~. mv 
state that the instability is associated with a point of inflexion in 
the velooity profile through the boundary layer in a direction normal 
to that of the edge ,streemlino. lhs extra flow normal to the man flow 
was called the 'secondary flow', a.112 is caused by the ourvature of the 
stresmlines in the tangent planes parallel to the surfaoo. 

The use of a leading edge suction slot to reduce this 
instabi'ity was suggested by GrayJ, and the caloulations of Gwen and 
Randall for constant auction velocities showed that suction wonld reduce 
the secondary flow and thereby the instability caused by it. 

For znvestqatq this secondery flow instability, Owen snd 
FLandsll3 assumed, for simplicity, that the edge otresmline is straight 
in the direction of the free stresm, <although they noted that nesr the 
leading edge the str~?amline outside the boundeuy layer is highlyc~uved. 
The assumption is therefore open to criticism because the instability 
was investigated. near the leading edge. 'The present treatment is not 
restricted by any such assumption, and furthermore also deals with the 
case of a positive pressure gradient, for which there has been no 
previous detailed investigation. 

To determine both thz direction of flow and. the secondary flow, 
in the boundary-layer on an i&'i.nitc yawed cylinder, it is necessary 
first to find the velocity components at any point of the boundary layer. 
The vdoc1t.Y profiles used for this purpose hsvc been taken from the 
exact solutions of the chordwise and spLmiso boundary-layer equations, 
with ths velocity distribution U z Uoxm at the edge of the chordwise 
boundary layer. For zero suotzon the chordvzse and spar&se solut,ions 
with 'similar profiles' have been given by I-Iartree-7 and by Gookeg 
respectively. With distributed. suction and 'sznilar profiles', the chordwise 
solutions were gAven by Schlichting and ~1ssmnn9 for the stagnation flow 
b = 11, en3 b,y Thwaites'" for positive prossure gradients (m < 0). 
The Oorres~yh.ng exW2t solutions for the spanwise flow were obtained by 
the author in an earlier paper. 
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2. Notation 

x, Y, = co-orG.nates measu-ea ln the c110dw1se d.l.rect1on, 
spamace drectlon, md nomal to the surface 
respectively 

u, v, VI velocity components ln x, y and z 
dxrectlons respectxvel;- 

U chordmse velocity at the edge of' the 
boundmy layer 

vO 
spamnse velocity m the free strem 

w 
0 

normal suctlo~ velocity on the surface 

WI normal veloc1t.y at the edge of the layer 

? a non-dmens~onal quantity = 
u& 

0 ,E .z 

V kinemstx vmcoslty = p/p 

In m&x m the rclatloc U = Uoxm 

fhl a functxon defmed by $f = cv Ux)+fm 

fl(lJ) = ; non-duncns~onal choxdmse velocity 

Y s. non-clmens~onal parameter = [+(m+l)]'q 

D sem-wedge angle = ;pT 

P(Y) = [&n+l)]%(~) 

K = PO value of F(Y) on the boundary 

g’(n) = G’(Y) = ; non-?lmens~onal sp<anmse velcxlty 
0 

Y sngle of sweep 

0 mclmatmn of the plane of resultant flow 
vnth the chordwme d.wect~on 

6 udmatlon of the results& velomty 
with the Z-axu 

e 
VO 

e z tan-t -r mclmatlon of the dge-stresmlme with the 
chom%vue &.rectlon 

6 boundary-layer thxdmxs 

u velocity component of the prmary flow II-I 
the due&Ion of the edge streamlme 

VI velocxty component of the secondary flow m 
the plane nomd to the du-e&Ion of the 
edge-stresmlme 

resultant velomty at the edge of tie 
boun&ry layer 
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Ul -- 
h 

non-dmens1onal VelocYLty of the prlxIery flow 

VI -- non-dimcns~onal velocity of the seoon&ry flow 
Ui 

1% lmm 6 
x = ---- - ---- = Reynolds number for the secoxlary flow 

V.' 
UlS 

Xl = --- = Re<ynolds number for the ~rxmary flow 
L> 

3. kre&10n of Flow -- 
E&ore dxtermnmg the actual d~cct~on of flo~# x.n the 

boundary layer, let us suppose that the y-ZXIS :s the .ZXI.S of the 
cylinder, the x-dzrection at any point 1s tangenta& to the boundqr 
cand normal to the axis of the cl-lxndcr, and tlhe z-dxect~on at any 
point 1s norme. to the boun&ar.y. Then, u, v X-ICI w, arc the velocity 
compownts parallel to x, y and z respcctlvely. The axr~s of the 
cyl~nd.er LS supposed to be dlnlte ln l??gth, 30 all bowdary-layer 
quantztxs ~~11 be wxlcpendent of the y-co-~or&nate, ana ihe flow 
pattern across all x&Ions of the cylx~Ier normal to the azs ~111 bc 
the saw. 

If 0 1s the angle which the vertxcal plaw through the 
resultant veloolty vector m~&es with ihe x-duectlon> an3 ~4 1s Le 
x~lxx~t~on of the resultant veloc1t.y wltn the z-&ire&an then 

v 
tane = -, . . . ...(I) 

ll 
l-~-----5 

J 

+V 
tcail$4 zz ------- , . . . . . . (2) 

VI 

and the duect~on-cos%nes of the wloclty vector a?~ g~va~ by 

cos 0 s%n $, sul e sm $4, and cos $ . . . . . . (3) 

The value of w at the edge of the layer 1s usually small, 
so that # x nearly 90°, &TX?. the xsultant flow ,lt the edge of the 
layer 1s almost p<a-tile1 to the boundary. 

For zero suction the solutions of this class of velocity 
dxtr1butxons were obiamcd by Hcrtree (chor&wxc zolutxons) and 
Cooke (spanwlso solutions). !Lne stqymtmn flaw 142th stictlon war 
~nvezL~gatcd by Schlxhtlng and Busswnn 

obt>xxd by the au:;orjl. For posltxvc pro%wrc 
and the corresponding 

spanw1so s01ut10n was 
gradxnts l'hwa~tcs'" has obtaxncd a large nuaxber of soPAxons vath 
cItifLrent suctions for the chordwxe layer, ‘and the co~~spond~ng solutxons 
for the spanwIse layer have been obtaned by the wthor . These solutions 
~111 prow&? the velocity components to detcnn3ne the dxectxon-cosmcs 
of the velocity vector by the relation (3). 

The brcct~on parameter '0' cm be calculated from the 
relation 

tan8 = g'/f'tanee, .*....(4) 

Trhere/ 
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where 

On the boundary, tan 0 z ----- tan e 
P(0) C?' . . . ...(5) 

and at the? edge of the layer tan 0 = tan ee . . . ...(6) 

Smce the variables in the expression for tan 0 are fwXtiOn3 
of the pressure gradient, the w&ion, ma the clxet~on of flow at the 
edge of the layer (ee), the calculation of 8 cCan be consLdered as 
follows&. 

(I) Zero premare ,gradient (m = O),In this case tne 
chord-Jmsc and spe~-v,~se velocity profiles are idcntxal for ~111 suctions, 
and ee 18 almys equal to the angle of yaw (me., y), hence at all 
points in the bounkaxy layer 0 is cqlal to y. 

(II) Positive nrossui-12 0xdient A In this case g' 1s m<o. 
always greater thCan f' for all values of TJ except at the boundary 
and at the edge of the boundary layer. At the boundary g"(0) is 
greater than f"(O), for all euct~ons, as will be clear from the 
Fi&wc 11 of Reference 11 . Therefo~fron~ (4) and (5), 

tme > tarL(3e . . . . . (?I 

for all suctions and for all valws of fl in the boundary layer. The 
maxmum value of 0 2s 99 attained at the bound-y, end the min-mum 
value is 8 e' at the edge of the bound-J layer. ThUS, 

93 > e k c$ . . . ...(8) 

(lix) Xegativc pressure kr-$ient I& >a In this case g' 
1s less than f', for e-111 suctions< and for%i-l values of n cxccgt 
on the boundary and at the edge of the boundary layer, where the 
boundwy conditions give g' = I". 
less than f"(O), 

At the boundary g"(O) is Sways 
as ~111 be clew from Pig.1 3 ofReference II. 

Therefore from (4) ma (5), 

% < e < tie ..*...(P) 

It is seen that the maximum vsluc of 6 is attained at the edge of the 
boundary layer and the minimum value on the boundary. 

These results*obtaincd for the variation of 0 are very 
izmportznt, because they determIne the l&era1 curvatures of the 
strwmlines in the boundxy layer and thereby the socondLwy flora md 
the instability caused by thLm on sweptbook vmng~. 

The other parameter o 1s only of theoretical interest and is 
not so xmportant for practical applications. 

(a) Flat plate (m = 01. h this cas‘ @ us always ecual 
b.J Y, and the direction of flow at all pomts .in the boundml layer 
is the ssme as t1ls.t of the free stream. Values of ~,5 have been 
calo-ulatcd and the results are given m Tables 1, 2 and J* 



(b) Flow near the 
Cl 1s cdculateErm the 

The parameter 
"wJ.de r-e of 

suctions, 8e and 0, q3. the results are given in Table 4. - 

The parameter $ can be oalculat~d from the relations 

and . . . . ..(lO) 

It is clear from (IO) that the w-component is always negative throughout 
the boundary layer, even if it has the initial value sero on the 
boundary 11~ the case of zero suction. Table (a) below gives the extreme 
values of the w-oomponent, w on the bounkry and ~2 at the edge of 
the layer. 0 

M-mP.v-w 
{. K 

"*.-gs2+L-~.-~.~ ? 

I 

wJ(uolp ; , 
woJo4 , 

~-~ ---- -. y-- ------- ~- --.--- --.-- ----- ~ .' 

0 , 
1 0.5 -0.; 

-3.222 1 

1 I.095 -1.095 
-3.058 1 

I.9265 -1.9265 
-3.500 ] 

1 
-4.0 , 

2.664 -2.664 -4.50 L-- - -..-.,.--. -,- -~,-- I .." - 

Thus wi 1s always numericeJly greater than w . Therefore, since 0 
1s always acute, $ ~111 always be in the seco$ cue&vwt (90' < $ < 1600). 

(0) The ease (3 z -1, TJ z uos, The value of 8 wa,2 
cahiLatqd for a number of wlues of the psrametcrs and the rewlts are 
preccnted m Table 5. The value of $ may be caloukted from the 
relations 

11 8 
tan$6 = ------ 

;cose , 

and 

where 

Equation (11) does not show directly whether w will be 
positive or negative in the boundsry layer. The values w. and WI 
respectively on the boundary anA at the end of the boundary-layer sre 
shown below 

Tablo(bv 
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kble (b) 
--- ---. 
k & 1 
I Ic Wo/lJ"/3X)~ m/W/%) ‘ i 

1 

--~~~~ ---,.. --- =,~-~~,~ - .- . - --.-- ~.-. ---- ~ 

1.421 -I"421 -0,14 ; 
I.437 -1.437 -0.25 1 
1.500 -1.50 -0.50 1 

, I.554 -1.55L -0.64 i 
~-....~~~~ ---- - - -2 

Thus $ always lxes u> the seccmd quadrant (90" to IEO'), 
smce ten $ is always nogatlve exe& m tiic scsavakon case 
(I< = 1.1+11+), Wh<?X iml $5 = cm at the edge of the bom%.ry layer. 

4. strf?ml~~s In the Fs0w~u-y Layr ~ 

'ihe flow m the bcxmi~$ layer 02 an mfxxte ymed c lmder 
1s three-dimensxonal 3.n nature, as x3 eviZ5mt from relations (1 7 (2) and 
(3). !b LbTOauCtlon of dzstrlbutcd ~uotlon Only :iLters On,? bOkdP.Xy 
condition (at the will) Lo.nd does not chap the gcmord character of the 
flDN. Each stresklme may 3e consxdcred as hmmg two kmds of mrv~turc 
at any pomt,vu., (1) the lateral curvature due to the v~ariat~on zn 0 
from pant to ?oint and (2) the normal curvatwe d~c to the varm.t~ 9 of 
ti in the boundwy layer. There 13 an exception Ln the ease of the 
flat plate, whe?o the streamlmes are plan+our~w 12 the p?sne 
(3 = y (angle of yaw), and have onl.y nomad curvature. 

In prmxple, Lt 1s posslbl<z to construct skemlmes v.%th 
soft mres or cmy other smular solid material z.f the values of e arid @ 
are glvcn at all points m the bounda?? layer at a partloular level, but 
It 1s dtifxult to represent the three-dmensi nal curves on two-dmenslonal 
pa.per. Several authors, e.g., Sears,'5 Wlcl, IZ an3 Z?ott zid Crcbtree 17 
have consxdered the stre‘mlmes on yawed mTmzte cylmdem mth zero 
suction, but they have only z~ven the wtual strxmlmm of the flow newest 
to 'the 3oundary where the w-cm~oncnt w.mshes. l'hoy found that the 
remau?.1ng proJectzd strc<%&ux?s lze between the two extremes, the strea~lue 
nearest to the 3oundary, and the streamline at the edge of the bouniialy layer. 

When dlstrlbutcd suctxon ~.s apiAled, the strewlmes ch‘angs ?n 
curvature. On the porous boundaT, $ = ISO and the streamlxxs are the 
normals dweoted towards the boundaT. In the nvl?hbourhood of the porox 
boundary, the strcxmluxs are cur-gcd ~1 three dzncnsxxx;, stice the 
w-component dots not vanAl. The stroazknes are of the s,a??e general nature 
at the edge of the boundary layer, If the w-oomponcnt 1s not nc&gAle 
there. It 1s always true tiiat the remaxn~g streamlInes lu? beixoen the 
two extrene ones =n plan view, suxze all values of 0 for cosltlve or 
negative pressure gradxfits lx bctwen the cxtrcme values % and ee 
(Tables 4 and. 5). 

The proJect1on of tk strcamlu+- La 011 a plaw parallel to the 
wall 1s given by the equation 

dy v 
-- = -, . . . . ..(12) 
dx u 

vihloh/ 



2”(O) 
y z b ----- tan y log YJE, 

?"((I) 



Effect of 3uction oi tke ratlo dye. Since the pres3u.w gradlent i3 fxxd, 
?.hl3 ratio 13 affect& only by 3uCtxn; and it mcro~ses lath the 3uctlon 
paxmeter K. Moreover, thu ratlo 13 always less than un~tjj, and tends 
to approach unity for veq 1argC suctions, as shcvm below. 



1.414 
1 421 

1 ?I437 
! 1.50 
b j.554 

It ZLS clear from the above results that yb ~5 al%ys @-eater 

than ye and the strmnlme nearest the boundary rsoves ahead of the 
qtrmnlme at the edge of the bounduy layer. *Also, the suction reduces 
$he lateral spread of the strcamlmes, and brwgs them closer to each 
other xn plan view. 

5. Secondary Flow m the Baundary La.wr 

It has been mentIoned boforc that u the prcscnoe of a 

IQ1 ti nmx, 
x = ---------- > 

L 

and the critical value for thx nmber with zero sucl,lon has been found, 
m agreement with wind tunnel and flzght observations, to bc of the 
order of 125 by Gwen and &nd~~ll3. The crxtxal value 1s St111 to be 
determued for a porous bow&q. : 

the chord5 

where Ui = resultant velocity at the edge of' the lvfer and hence 
U = Ui cos. @e, V. = UI su Oe end 0e = tan-'.+ 

The/ 
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The prxnary flows 1~111 bo gavon by the ui - profiles and the secondery 
flovs by the vi - prof'aks. Those profllos have been obtmned for 
wde ranges of pressure gradients and suctaons and have been presented 
m Tables 7 - 24 and. ri.n Yigures 1 - 18. 

As mentioned bb?fore, x has been takeu as a Reynolds number 
for the secondary flow, and of another Reynolds number for the prm~ 

'Ji 6 
flow is defmed as G = --- , the two Reymolcls numbers are related by 

v 

1% I 
Thm is the maxmum value of ---- ma not the ~al.ue at the poant of 

u: 
tilenon of' the secondary flow prof'ale. lk msta'ml~ti~ caused by the 
secondsq flow 1s assocxated with this retxo of the Reynolds numbers. 
For practxal calculations at ~~11 be neoessery to fand. sxperamentally 
the ma~amum value of x whxh leads to secondwf flow anstabxlaty an 
the presence of dxtrabuted suction. 

Thx ratlo has been plotted agamst the mclanation of the 
edge stresmlxY.3 (Le., Be) u-, Fxg. 19 for all the cases for whach 

the Q-and vi-profxles have been oalculated, 

6. Dxscusslon of Results 

(a) %r6amlines, It has been foumi In (3.0) that tine dT~rectlon 
of the v~loclty vector ILs a funotYLon or two parameters f3 and. $5, whxch 
depend only on the vel.oca.ty components u, v and VI ut the pox& 
considered. Also, lt has been shown ln 4.0 that an the presence of a 
pressure gradvont, the streamlines are curved u three dknons~ons and 
reduce to plane curves for zero pressure gradient as in the ease of a 
flat pla%e. Further, It has been shown that these streamlanes can be 
constructed (e.g., with solid w-ares) as a three-dxxnsxonal model ti 
the clarectaon cosmes of the veloolty vector are known at we-T pomt, 
In terms of the parameters 0 end #. Alternatively the proJectxons of 
the stresml~es on any given plane c‘an be drawn. Thus, the effect of 
suckon on the streamlines wn be considered by ~nvestx.gating separately 
its effects on the streamlane proJectaons on the xy and xs planes. 
The proJections or the xy plane, pareJ.lel to the boundary, ~111 xdioate 
the lateral curvatwcs, and the proJectIons on the xs plane, normal 
to the boundary, ~11 show the normal curvatures of' the streamlanes. 

The most amportent effect of suctaon on the stresml~os is the 
reductaon Of the lateral spread between the two cdmme streamAmes 
(on the boundary and at the edge of the boundary layer). The way thas 
effect occws depends on the pressure gradlent. \Yhen there as a 
negatave pressure gradlent, the value of % mm-eases with suotlon and, 
sznce the value of 9 ranams ukxi'fwtetl, the resultant value of 

j@b - eel is great~yereduced., as ~111 be evxIent from Tables 4 and. 6. 

When there as a posltlve pressure gradlent, the value of f3b decreases 
with increasang suotaon and, since @b > @ e the resultant value of 

1% - eel is re&xed, as is evident from Tables 5 ami 6. 

!heref ore/ 
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Therefore, smce ~111 the other strcsmlxxxx lie between these 
two extreme stresml?Aes xn plan vxw, mcreasmg suction brags thfzn 
closer together untd with vwy large suctxons they <arc qproxUnate?y 
plaac curvC5. 

There 1s another xnportsnt effect of suction on the normal 
cdrvatwc of the stresmllnes. With xncrcas~~~ suctzon tine value of 
$+ uxreases, (Tables 1 , 2 and 3) and the stresmllnes become more 
mchnecl towards the boundary. Thx effect may occur throughout the 
boundsxy layer, or only ln a part of the layer near the wall, .an& st 
the edge of the boudwy layer the stresmlmcs msy be &.reoted outwards 
m the case of very small suctions, us 1s show for K = 0*707 III 
Tables 1, 2 snd 30 

(b) Cornbmx? cffcct of prcssurc glxax?nt and suction to pr0awO 

source or sink-cffcct 

IL 1s found that a strong negative ?ressurc-grdzent (m = +I) 
produces a sink-effect (l-c-, w negative) i,hroughout the boundwy layer, 
cvcn wzthout swtlon, as IS endent from Table (a) =n SCC’hOn (3.1). FOr 
K = 0, the suction velocity 1s zero, but at the edge of the 
boundary layer the velocity component w 13 negative cand appreciable. 
kkzm the pressure grdxnt 1s wro, not only 1s the szd<-effect absent, 
bttit there ~.a a. sou-m-effect (l-o., w positwc) In the bourdary la,yer, 
a.s ~~11 bti clesr from Tables 1, 2 and 3 for K = 0, where the vzluc 
of 6 are always less than YO" throughcat the boundary layer* Wdh a 
posltlve pressure grdxnt, the cf'fcct &s stdl more pror~odnc~d, snd fo.? 
suffx1cntly large pressure gradxnts there 1s a sep9.-atlon of the flow. 

Table (a) show that suoLlon and negative pressup gradxcnt 
both tend to pro&uce .a sink-effect. For rcgxons of constant presswz; 
even smell suctions xeduce the source-effect, sncl mo&xately lzr&e 
suctions ~~111 pro&ce a swk-effect, us dwvm by TcbLcs I, 2 an& 3. But 
for pos1txve pressure gradxents, the effect3 of suction become smaller 
xith Lncreasx~ dxtanco from the boundary, ss shown by 'Id& (b). Bren 
a vcdue of K as large as I.!+14 1s not suffxxnt to produce a. sink-effect 
3.t thc2 edge of the boundary lCljX?r, whcrcss for zero pressure gradient thxs 
a??ount of suction dots product a small sink-cffcct (Tabjcs I, 2 an15 3). 

(c) S::condxq flow (vi-profdcs) 

A pressure gradLent, whether ncgctzve or poszt,Lve, pro&~c~s CI 
secondary flow whxch Increases with the pressure &r&lent, as 1s sho~,x 
by Tables 7 - 24 and Figs. I - 18, Rxther, Lt 1s 1ntercst.xg to note 
th2t the secondary flow ncpr the sc?aratlcn pomt (0 = -O-1968j 1s 
more powerful than that near the lcadmg edge CL3 = I), and the two 
are m opposite clz?ectlons as can bc seen from Tables 7 and IO znd from 
FxgsU I and. 4, for zero suction. 

(11) EYfcct of suction 

The secodwy flow dccreasos with x.ncreasmg suction, 8s shown 
by Tables 7 to 24 and Figs. 1 - 18. (The vl-profdes nave been given 
for different suctions, and ddfcrcnt possum gradients for each suctxon,) 

(iii),/ 



Equation (21) shms that the secom3.w~ flow 1s zero wiien 
e e 3s o" or 900, ca.nd that the velocity profdcs for thus flew are 
Gienticsl at ccmplementsry values of Oe. The maxmwm sf2condaFy flow 

1s obtamed when the edge-strsmkne 1s mclmed at 45' to the x-axis, 
as shown by equation (Zl), Tables 7 - 24, and Figs. 1 - 18. 

(d) ui-profIles (prmmy flow) 

These profIles have hcen g=ven m Tables 7 - 24 and 
Fq.s. 1 - 18. It can bc seen from these tables and f&m-es that the 
velomty profile u&Ii for any value of e. lees between u/U and 

dvo, whxh are the chor&mse wd tipmwxe velocity profiles. When 

the pressure-gradxnt 1s large2 the range bdxecn these extreme prof~lea 
1.3 large, and for a mall pres3ure-grxl~ent th range 1s very small, 2s 
seen f-kom Fq+ 6 for @ = 412 and K = 002. 

Vhen suction 1s applied, the rage bekeen u/U snd v/V0 
1s recluced and the prof3.les for ckfferent ee r~pproach one snother zxs 
shown by Fxgs. 1 - 18. 

(e) The rat20 dq of the Reynolds numbers of the txo flows 

For any given suctxoy md pressure grsdlent thx ratlo 

decreases aga3.n to zero at Cl = 9o". Thx vwxat~on xz shown m e 
Fig. d 9, where all the curves are gzven. It 1s also clear from kg. 19 
that the pressure gxdlent mcresses thm ratio, and that suctmn 
decreases It, at sny value of Oc except 0" and 90'. 

Moreover, Fig. 39 shows that the effect of a poslt?ve pressure 
gradlent on the varxatlon of thm ratlo ~.s more pro~~oun~ed tlmn that of a 
negatxve pmsswx-gradxznt. It 1s mterestmg here to pomt out 'z#o 
examples from Fig. 19 to vemfy the above statement. The fxst 1s that 
Fr=zey suctxon the curw for ,9 = -0.1938 LS abow the curve for 

even though 1 1s xnuch greater than 0.1988. Secondly, the 
curve f& K = 0 ad f? = 1 
/3 = -1, although jp[ = 

18 below the curve for K = 1.554 an3 
1 m both cases? and the lattm case has s. 

very large suction, whereas the former hss zero suction, These results 
suggest that a&verse pressure gxdxnts produce more powerful secon?wzy 
flows than favourable pressure grad.~~enl,s of the ssme skength. 

7. conclusions. For a chordwxse ve1ocxt.y dxtxdct~on u = uo& 

(1) For zero pressure gradxest, the strmdznes are plane curves, 
zm.3 have no lateral curvature. 

(2) In the presence of a pressure gradlent (posltzve or negative) 
the stremlmes are curved XI thme dmc~s~ons, ~..e-, they 
home both lateral and normal curvature. 

(3) For negative pressure gradxnts, the lateral dx3plscement 
of the vall~stresmlme lags behmd that of the smcamlme at 
the edge of the boundary layer, -snd the reverse 1s the cast 
for posiixve pressure pad1ents. 

CW 
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(5) l-he seca-ldary flrJw3 are OpposLte In d.1rectz-on for pos1tLLve 
and for negative pressure gradients. 

(6) The greatest secondary flow 1s obtaxxd when the edge 
strcamlxne 1s incluxd at 45' to the chordwxse du-ectlon. 

(7) A pressure gradlent whether posltxvc or ncgatlve xncreases 
the lateral curvature of the stre~l~nes, and thereby the 
secondary flm, whereas suction reduces the lateral spread of 
the stremllncs and thus decreases the secondary flow. 

(8) Suct>on and ncgatlve pressure gi-advents tend to produce 
a suk-effect, whereas zero or pos2t2ve pressure gradzents 
tend to produce a source-effect XL the boundary layer. 

(9) Secondary flows at complementary angles to the dxrectxon of 
the edge-stresmlux we eq@, 

(IO) Adverse pressure gradlent produce more powerful zecondzu'y 
flows than favourable pressure gradients of the same 
numcrxal strength. 
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lxEl~ 1 

Results of the calculatmn of $ SOI- the flat plaL& -- 

Y c sweep ) = 15: 

(a) K = 0 
- - -..~ .-..- .-- . ..- .---- ~-.-~. .-- - - . ..-. - -.- ---- ~- . . . 
+ 

Rx 10 1 oa I o4 2x105 ! 
i-- .-: -.. -..-- .,-- -.-- ..- -.- -.-...- - ..-~ -.-- -- 

i T $ $ @ $ ! 
r ---... ~---. - - ~- ..- -- . - ---.~-.. .-.. - --...... . --- -.-- . . ~ 

i Q 90° 90° 9Q0 90' i -. -- -.--.-- -- ---.- ---~ ---- ..--- -.--- --. - --- . ~ 

$1 85O39' 88'37' 89'52' 89='53'! 
(---- -- --.-- - .------. -- ------- . ----.- --. -.-- -- : 

!3 7lPZZ' 867 fi ' FI9O38' 89?5' 
- ~-- -- --.. - ---,- -- .-- ----~- .- - - t 

85'=20! 89'32' 89O54' 
f-. . -. - ----.. -.- -. . .--,.-.-. ~-- ~.- ...--,-. -- ." 

2.L .s20'7' 85='15' 8Y=31' 890541: - -~ ,-. - . .- - -..-~ A e-s- - .- ~. 3 

(b) K = 0.7070 
-- --.-. ~-- .-~ -- .- 

; Rx-' IO lOa 1 o4 zx105 !07 6x107, 
' -. --.- +....-----.- .------ -.-. ---. -- -~ -.--- --~.- - -.. - ; 

! 7j $ # $ # $ #i +-+- .-.- - ..--- -~ ---- ---- -~...-~~-~~~~~ -.--- ---. < 

i Q 180° 180° 1 80° 180' 180@ l8O0 
:. --,-- ----.--.--.- ~ -.-- -. - .-.-.-.- - --.- ~.-----------. 

1' lol"20' 90'38' 90°22' 90*5' 90° 9o": 
$---+ -- ---...-----.-----.. - -- ---.-...,--- ..--. - ---.- -. b --. 

i2 93Ol7' 9102' 90%' 90°2' 
L---.-.--~ 

9o" 9oy 
- ---..-- ------.--.. -----.--- .- 

703' 700 9oa 900: 
a --." ---. - .-------- ------.--- . . ..a-.--- ---- -- -----. . i 

yo" + 
---.-.- - ---.--- ---~- .--- --~------------ s 

-YO i 

89'53' 90' 5w YOO 9x= 
*. -v-s.. ~.-~ ..- .Tmu- .-.-.. .." . ,,---. - -.-.. "- ~. . ~ . ---.,- "?:.-.. , . . . 

(c) K = 20414 
-~ ~~ .,-, ".~---.-~ -~ .-~-~- ----, ~-.. - - .-- .-- -- - - 

~.- -,... --..*- 

-.--- ----~, 

. -~. *".#" ‘"*-.~ -.,. ",,~ L.&,- * . ~ ."..- -. "-..~ ,. . .~- ., -~ ~ 

Cdl/ 
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WiBE I (cont.) 

cd) K = 3.535 

I o4 2x1$ 5xlOO Ido 1 
:-.-b -----, ----w-j 

6 6 fi ti 
-,--v--f---- ---. -- .--- -.--. - 

180' l8O0 180' 180' 
.---- ----- e-d--.--mw-+-. --.., 

93'23' 9o045* 90° 9oq 
--u--e--- -w.-.-.--~* ---------- 

9: '29' 90'20' 900 : 9o" 
---..----.--a ---- -. -.- - 

i2,O 102%2 Y1°17' Y0°17' ?OO YOOj 
, ~------------~.-----~ ---.- 1 

i%-~?~ ---,- - -.----------- 91°17' 90°17 YOO 9001 -V.-o. 

(e) K = 7.070 

b -e-M----.-~ --.--- --e--..-q-T 
k&T 1oa Id 2x105 Iti 2x1 d i! 
-=-.b-.-~-~-~-...~ - --------. ..-- ----~..----- -e-w, 

11 4 $ + $ ---.~-- ----------L-- 5 
0 1800 180' 18P 180° 180°f 

--- ----- 

0.1 140030' 96055' 
----------- i 

91°33' yo" 90°/ 
----&- -- --.-- -.-- --- ‘ 

0.4 118'45' 93'8' YO"42' 90° go0 1 
--- --.--~ --- -- ---+ 

I.0 115'28' 92O43' 30°37' V@ 90' 1 - ---..e--.d-----~---* ---. ----.--- --.--.+-- . . . . 

(f) K = 14.+4 
- --.----.-vm.. 

-+ 
% IO I oa IO4 --~~~---~~-~~~~~ 2x10S 

,+.---.a---- --------- 

0 ~ 180" 1.31~ 180° l&l0 180' <80° I 
~- ------.--.--------.---- I 

0.1 16aw+f 146'3?' 90'38' 91°57' yo” 9o" 
----- .--- -.--- .---- - ,v.-..--~ --.....--..-.-- 

0.2 1 &?I’ : 13P4' YiG021' 91'26' 90~ 900 j 
-- ~--.-“...-.Jv-.-----~- ..-- - -- ---- -.?-a.-.+------ 1 
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lY&Jl< 2 --- 

Results of the cslculatux~ of $ for the flat plate 

&eep) = 45O 

(a) K = 0 
I~~~-"~~~.~--,,,....-~~~ .-.,.-.--.. -- -.....-- 
1 Rx-+ IO I oa IO4 2x105 ; 
r -.--~~.---~----.- ~--.-- ----- - ---+. - - --- 

:v ti 6 4 
1 

* 4 
*-. -~--------- 

1 

-- ---. ----. .---...---, -.-.-- mj 

i-y0 
90’ TO0 9o" .~------.--.-.- -..-- - 9@ 1 - - --. -- 
L3G049' 

1 ..---. .-- ~-- 
68"53' 89'54l 

i3 

89'58' ! -~--------- -..-.. --- . -. 
81~26' 

i 
@“I 6 ’ 89q‘!&' 09O56 f 

-e-- .---- -.--.- ,.... --~ .--.. -.- --- --~ 
79Ojc3' a6035* 89 "40 ' e9O55' ; -----., ------- .---.--. - --- . -. . -.--.--- ~ -.-- -- .- --- -- - 5 
79"6' t3s”<j 1 4 B9°39' jjT"55, 1 

--.+ad-.e., -- -,-- ~~-.~%~-~~~~~--~.. *a,. ->-",ww..-,---e .-.. -.mc. 

(b) K = 0.7070 
--.---...-- - -- --- -- e- - 
; Rx+ 

-w....---~ 
10 I@ IO4 2xios IO7 6x10'~ ------.-- --~---------- -. .-.. .-. . 

* 6 ,$ s+ --.-.-------. --“...---..-s--- -- 
180" 1 80° 180° 180° 

;I 
----.----- - ---- ---.-"" -..---.--- . . b-e ~ - 

9B021 ' 92'39' 90°16' 90°4' 90" 90” ;.-- .--. +--. --~----.--- -..--,..--es .---” . -.~ --.- --. -..--- . .- -.. 
!2 92'24' : 90'4.G TO"5' pool' vo" 9oa \ 
t ------------ - ----- ..----- *-+.-- ~, 

90°24' 90"7 ' 90" 90" 9oa , 90" i 
----~-- -+---- ---- - --..-- ~- .-i 

i 3.4 go09 ' TO"3 1 9P 900 900 1 900 i 
* t .--- ------ ---- ~-..------~.----- --.. -.--- -----... 

i j.6 90' 90' TO' 
t 

90' 
! 

8905%' vo" 
---- - .--.-- ----.j . ..--.- ~ ----.- ------ ----- -- --... -..- --~- .--- -; 

i I+.4 @JOl,l~’ I W55' 9o" 90° 9o" 9o" i ~.~~-~J.~~~~"~ -..-. .A--- -,-. - . ..."*- *. --.-- -- --~ ~ .e....--.e,,* .---. "-..-.. --- 

(c) K = 1.414 
r------- d.,.. --------7 
lRx4 . loa IO4 

d/--+--~~~~~ 
2x10S &I 07 5x107 

--- ---- --- : 
in . y. Cd!, q3 4 * ! 

-..- --- -.-- -. 

---- - 1 
180' 1 

9o" 4 ..--...-- 
1 vo" ! -- --.-- 1 

90° . ----. 1 
:-, iJ.4 92'34' 90'15' 90'3' go" go0 1 .- ----- .~ ----. -d-b-- .~...~..w~..~~~ ., 



0.2 11 j"21f 92028' Y0°33' YOO YOO 
- --.-- ----.- ----------- -.-- ~-- - -A---- --.- -~-.--- 

0. a lC0°47' 91 O5 ’ 90?5 9o" YOO 
..- -------- -- -,--. -- -----.-- ---.--~- L ..-- -- 
2.0 99'22' 90°57' 90°13' 90' YOO 

.--L------- - -.--. --.-- ---- - - 

(e) K = 7.070 
.~-- -.--- ---.~~ m...mee. -,---.--. .-.-VT. ~. -m-,--p m.,..-e...--- 
j Rx-+ lOa IO4 2x1 OS lOi 
I---- -------- -.------~ -.-.- ---- --" - ..- ..--A---.---.- 2AO'l[ -- 
! 7J $ P ti ; ---- -L---...--.-~---.--~~-~- Pi -----~-----.--.- 

Ia00 Ia00 4aiP Ia00 ! 
- >----- -,.-- ~-.- .-- -.-.---- -- 

jO~esLe 131'36' 95'='4' 91%' 90' 01 90 ei --ed-.-p+-.e- -.--.-..- 

90~27~ 900 
---.-- ----.-- --- - .- --~ ----- .----. --~ --: 

90027' 900 
-.---*-- . . . ..-.-a -.-+ . . . . --.-..- eM-d..-.oe-e*--.-.." ,*v 

-- --.---------. ~- .-.-.--- +.---- .--. --.- ------ 
i 

7 6 G 
--- ----.- .-!~--..-- 

$ fi : Fi -~$.~-~~~-~~-- - --- p-e.- @ i -. -..--. - 
0 iaoo 1aoo : lao" Ia00 Ia00 Ia00 \ 

--.-~---.-- -----.-vm-.l- -----. -.L- ---~ ------.. -, 

0.1 164'9' IjF'Y 96'56' 91025f ! C,(JO 9o" ! 
---.'--.---~.L- ---- ----...--.~--~~~ --..---A 
0.2 I 5a%7 1 12y"il' Y4°3Y' Yj03' : yo" yo" i 

..-- ---~ ~ ----, ---- -y-.--.-.-L- -- .j 

0.4 1560151 : 125%1* 94071 90055' i 900 900 : 
--~-~~~--~~-..~~ -------T.------ ---.+ 
0.a i 55%af I 25oa 1 94? 90°54 yo" -,.*, ~ ~.-~--- -.."~.".--- -..- ----.~--~---~~~..~--- yes t ~.ew -.."-">--. 
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3 lKEm 

@aiLts of the calculatxon of 6 for the flat plate 

Y ( sl,Fee 1 ) zz Go0 

0 1800 : 180' . la00 180' i Ia00 1800 -.--- --T------ -- 
I 95O55’ : 91°53’ y-oli’ 9003’ 90. yo” i 

-.. ----1 

2 / 91'42' : 90'32' ! 90°3' : yCf”t ; go0 Y@ 1 

3 { Ycm7 , Yo”5’ : yo” YOO Yz---Gd 
-4.--~~~---’ 

3.4 1 90’6’ f- 90°2’ i?o* t you 
y------y----j 
: 900 900 i 

----~ -----. . . -. ---~ 

3.6 i 89’59’ i 90~ : go0 yp : 900 : 900 1 
- - --.+---~~--~ 

i 
3 Y1°51' yo"ll' 1 ye3 yo" YP ----.-.d- 

p.- 1 91 049-~------ 
-.-A-.--- - 

yo"ll ' go"j' 900 yp ---i....--~A -4 
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TABLE 3 (cont.) 

(e) K = 7.070 - --- 
2x10$ Iti0 2x1@* 

# v+ ti 
--- -*--- ~-- 

1800 1800 180' 
-e~-s-.---e--e4 ------ p.- ---- " 

9Ow3' 9o" Y@ 
~-. 

90'23' 90" YOO -- ..--...--. 

91'25' 90'19' 90' YOO 

- ------ YO9Y yo" 9o" x----- --..,-eL-------. ..~- 

(f) K = 14.14 
-- ~-".--"..". 

+ 
RX IO lo= : IO4 2x105 I@0 2xlP 
---- +--------+--- -+. --- .-- ~~--- -- .-.., - .---. e*u..- ---. 

77 # # 6 + * # ~ --"---- ,- -----b-~-L-~- --.-~-.. 
0 t&?o" 180° 1300 180“ 180" 180° -.-.+ ---.----- ~ ----.-----+ ---- -.-- -- ~.-- .-. 

0.1 15a06' 12Pll 94O30' Y1° yo" yo" --.-- -~ --*---- --.---- .-. - --...--."-..-- 
0.2 151?5 llY057' 93'18' YOwt' YOO yo" 

------- -~-----------~- -------. . 
0.4 148%' 116056' 92'54' Y0°3V 9o" YOO 

0.8 147O34' 116O28' y2°51' V0°38' 9o" yo" -- --- 
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TABTX 4 -- 

Remits of the calculation of 0 for the stamat~on flow 

(a) K = 0, /3 = I 

, -  - - . . - - - . - -  - - - - - -  -  - - -  - - . .  -F..-*..~.y 

~22.-~~.~-- --,. --------.--.-----~ -- ..-+ - .-.- ---- .--.-- -- i 
0 24'50' 7%' ~ : 90’ ~ 59'56' oy 

---~ --------.---- +.-.- . ..-..----- - 
0.4 PO0 

t- 

63'59' 2a0461 p22v Qd 
--- L :------. 

0.a PO0 67'37' 33='3' -.-- ---+-----~-~~~~~~~ 

.-Ad--.---- -.----------- ----- ----- .-. 

---------~----~-----.--L-..---. -- ---- 

~* .----- .- --f---...-- ----- - 

2.8 ; $300 74=%6' ~ 11,!+~32' 14O46' O0 
. .- ---- - ---- ..--. .~.---.----.- .-.---. . 

3.2 vo” i 74O55' ; 44°50' : 14055' o” 
- -- --.- --4..b----w---w ----..- - -- 

3.6 PO” 74'50.5 44'57' ; 14'59' 0’ 
h- ------- I.--.- ~--~-.-..-- 

t 4.0 PO0 : 74O59' : ub05P' 15O o” 
t -----~ -- - ----- -.------ -- ----.---“-- .- 
14.3 PO0 : 75O 45O l5O 1 
-L- O0 I --m- “d 

(b) K = 0.5, /3 q 1 
-- T 

-- ------- --’ 
0 PO0 i 650531 3Q054' 9'6' 0' ~-----~-- ---- ~-~d.-..-~- \ .------F 

0.4 vo" 1 68'39' * 34'26' 10°25' 0' ? -- - -- .------- -----..-' 
0.8 VQO 7103' 38'58' 1 11049' 00 , VP--*- 4--r---.-~--.- ..-- -e-e--.T 
1.2 PO0 72% 40°53' 1303' 00 1 

u-.....--~- -~--- -- * 
1.6 1 PO0 : 73054' 42053' : 13058' 00 1 --- ..-..*---- --+-----.....- w.s-&--- -..- 
2.0 YOO 74'32' &Yhf 1 14~321 o" 
--~-.-.~~~~~-----y.- ------ A.\---. I ------ ----- 
2.4 ~ 90° ! 74'50' 44.o3Y' 1 

----. +.-.-. ---- ~--- 
14O50' : o" i 

---.~..-..-"~--.-, . ..- .----. ~---.- 

---~2°~~~~ 
2.a 74O57' 41k054' : 11+057' 00 

-------.- - - --.-.--- --.- ~-. -. 
2.2 YQO 74O59' IA059 : 150 i 00 
----.. --.-.- ---.--- .-y---.-e .-....-----s.v-..4- -- -- 
3.3 vo" 75O 45O :I50 ,oa 

- ~..,--A&--.-~ . ..-s ...Mwpe-d -~ -- v- --,- " . . - 



- 

0 90 peg ’ 41°10' 13?1 0 

- -+.- A--- I 

-+- --- -M-b -- -. 
0.326 9o" 73O54' 42O46' 13O55' 0 

-~ -- --A--- 
0.726 yo" 74O32' 44O4' 14033' 0 

~- .--.- -- 
1.126 90' 74O51 ' i 44O42' 14O51' 0 

- --.- 

1.526 90' 74O58' ,G055' 1405a' 0 

--. 
-----... - -- 

1.926 90° &'5?3' 44O59' 15O .h--..s-A-w---e-. 01 
- -------?-- -~ - 

2.326 90' 75" 45O 15O 0 I - 

mBLE5 

Results of the calculation of 0 for the case U = Uoxk 

(a) K = 1.414, @ = -1 
M----w 

I- --,-- 
1 0 o" 900 900 -;oo 

I 
9Q0 I 

0.5 

r 

----- - +-.m-- ----.-( 
00 55O20' 79O30' 87O9 ' 9o"! 

-- v-..----. 

I.0 O0 

1 
33O39' 68'4' 83°51' 90 0-1 - .---.- ----- ---- - ------ -- .-.--- --.-- -- 

' 1.5 O0 230141 5aQ2f 80°3c)' 9Q0 1 
t 

-------- ---- - -- ~ -- ..-.. -.-... --.--..---.-: 

2.0 

1 

O0 : 18022' 51'6' 77O4.a' 9o": 
- ~-------------------- 

2.5 O0 16'11' 47O47.5' 76'6' 

1; 00 

9Q0 1 ------- 
15Q21' 45O41' 75'20' YO', 

!--- 
e-e--~.-+-.--- -A- ---. 1 

13.5 00 15O5' 45OlO' 75O5' yo" I 
, ~.-- : ----.--.-- ----- ---..we-m+---- 
14.0 O0 15? 45'2' 75?' 

1 

9o" 1 

; 4.25 - 0' 
--- -.-.+--- --- -7 

15' 45O 75O 900 ! 
L. be- w-m-~--- . ..-... .-r..-. j 
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lT.cF 
-~ " ----- ,.--- ---+ ---- ----. ..-,.--. -~ .-.- -- -... 
0.9990 0.9991 0.9993 0.99y4~0.yyy6 

..-. --.~ .,-e--P 
0.0001 ,0.0003 o.mo3 , ~ .-&---.~---..---- ~~---------.---------+--- - 

2L--L--- :I.0 1.0 1.0 1.0 1.0 0 : 0 
-- 

Note: ~9% is zero for C& = 0' and 90'. 

TAET.8 12/ 
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?xt%El2 

Frmary and seccndary flow p-ofkies vnth a posltlve 
prcss*e @-aamlt and. suction 

I< = 0.2, /3 = - 0.12 
- --...------- w* 

30' ~ 45O 6o" 75' 90' 15',75O 30°,600 45' 

0.0162 0.0281 

.-- ---- ~--- 
0.0018 0.0032 0.0036 -------- - -.--..- 

--.----- --- ----- -------- 
0.9999 0.9998 0.9997 0.9996 -- -.-- +.---.-- -.------------ --.--- --.-.-. 
0.9999 0.3999 0.999a 0.999a .--- ----------------------~ 

TABUl3 

Prmaq anti secondsxy flow prof’des vnth a positive 
pressure grabxt and FmwJlal (m?p8.&10?? case). 

K = 0.4, p = - 0.371 
~---~--~, -----.--- -.- -.-~---------~ --w-w----- 
e+ o" t? 15" 3o" 45' 60' 75' 90~ 15',75' 3o",Goo 45' 

1 
y $z; ul Y!c ' 

2 -..~~-.....-.a. ----- - ----- ~ 
0 0 0 - --.-. ~ ---- - 

0.5 0.0597 0.10~0.1612.0.21y8 0.2627 0.0586 0.1015 0.1172 - ..-w-w-.----- ------.- -----~-----------, -.-. - .- -.------ ~ .-~ . . . .~- 
1.0 0.1850 0.2478 O.j3j5 O.&i93 0.4821 0.085a 0.1486 0.1715 --.- z-- A- +e--e--d ,-. ! -~------ 
1.5 l- - 0.3594 0.4233 0.5105 0.5978 0.6617 Z 0.0873 0.1512 0.1745 --..- ---- - .---- --- ..--...- --~ .--.- u ------ -- ---. -4 .---- - 
2.0 s 0.5550 0.6069 0.6777 0.7486 0.8005 E '0.0709 0.1227 0.1417 . . ..-~ 
2.5 8 x7364 0.7705 0.816~~~~~; fj ';:i~"~%c%--i;i~ - --~-------. 
75 g 0.8715 0.8893 0.9135 O.Vj78Gk 4 

e.-m-.d-+ --.. ~- ----- 

:i5- 2 
0.0243 O.OL+20 0.04E5 

~ - ---- .---A---- ----.---- -.. 
0.9487 0.9562 0.9665 0.9767 0.9842 ' ~0.0102 0.0177 0.0205 .--- .--------.--~--"..-. -------- ----- --.--- -.----...-...-.. ~ ..--- 

4.. 0 0.9839 0.9863 0.9897 0.9930 0.9955 0.0033 0.0058 0.0067 .-- ---.- -- ~---~-- ..-. ---i .---.- -- ---- -----.--.----+~~~l~ .~~~~~ y 
0.9953 0.9Ytd 0.9971.0.9982 0.9390 

o oo21 

---~---------- ------ --....-.-- -----~. L---i2 .~ --..-.T --.- 
5.0 1.0 1.0 0.9399 0.9993 0.9999 0 0 0 ~..--v-s.-. ----- --------- ---- --- ----- -- 
5.5~--- 1.0 1.0 I-0 1.0 1.0 0 0 0 

- -------- .- -.. -- 
Kotc?: 791 2-s 2x3.-0 for ec z 00 ana 9o". 
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TAPS8 IL --- 
-Bxmry and secondary flow profAx with a positive. ' 

pressure g-ralumt sad suctxon 
K = O.& 9 = - 0.35 

.- - -w--- ..---~..--T-~.,~.s. --..- ~-.- --"-..-.~ ..----...-.---."-v -w*- 
e+ 00 e I50 300 450 -----ii' 75' 90' 15',75O 30°,600 45' 

I- 
0 0 0 ,o 0 0 0 0 0 -~-----.-.-y- --.-.------. - --.---- ...k..---~~“-- .-.-----.. - -------- ---- ” - 

0.5 0.1293 0.1630 0.2089 0.254y o.ze66 0.0460 0.07YG 0.0919 -- -.----- --------- -----.-------.- ..--, ..--.-- +-------.----"-"-.---. ----- 
I.0 0.3061 @.3527 0.)+164 0.@02 0.52% O.oG37 0.1104 0.?274 " - --., ---- ,- .--. - ---------.- -.- ------- .* -"~---- .,A.- - - .- .- -- 
1.5' .-.-- 

z 0.5061 0.5501 0.6101 O.G702 0.7142' G 0.0601 ,O.lObO 0.1201 
T- ..-- ---~---.-.------- - ------ ~ +---" --+ ---. - - ..-- ---- .-~ 

2.0 - 0.6957 0.7279 0.7717 0.8156 0.8477 CL 0.043~ 0.0760 0.0a77 ..-- .----.-.- --- .--.- -.- ---.----.--.--.. -~---.-. 
2.5 

g 
G o.a43a 0. a623 0.ea75~0.912a.0.931~ -.- -- 
t --- 

--- --.-. ~ ----.-- 
3.0 a, 0.9350'0.9471 0.9547 
--- 
3.5 2 ~~~~~-~~9~~~~~~~~~~~~0.9922' 

-- -.-.. 

.-- -.~--------- ----! ---- --+----+- - -- 
4.0, 0.9943 0.9950 0.9960 0.9970 0.?977 o.oolo 0.0017 0.0020 
.-- - -.-- ---~--- ~-- .-.--..-- ~----- - -A -..w---- --- 
4*5 0.9990 0.9991 0.9991 0.9992 0.9993 0.0001 0.0001 0.0001 ----- - ------.------. --.j ----- ----- --- -..- --.- -.--- -. 
5.0 1.0 1.0 1.0 1.0 1.0 0 cl 0 
* ~~...~..~---..-*~~~-*~~~ ---- ‘....... ..*.w-w.. -,. --- ,-.-- - -" -~ -.. -.a.> 

xote: 81 is zero for i3 e = o" and go". 

h ?& 

K 

LJi - -.----2 .-- -.-- 
0 0 - .--. -- -.--- ---. ---~- ---- ---.- 

0.5 0.0729 0.1244 0.1948 0.2652 0.3167 0.0704 0.1219 0.1408 -a..--.------..... ----- - --.- .-. -----.- .-- -~---- ---.... ~-- ---,- .--. ~- ---- -- 
I.0 0.2210 0.2919 0.3t?88 0.4857 0.5566 0.0969 0.1678 0.1938 .--.- - ---~---- ---- ---- ---.---- -.-- -- .------- -- .-- --. - - - - 
1.5 0 0.4156 0.4830 0.5750 0.6667 0.7345 z 0.0920 0.1593 0.'1840 ..--2 z &-.----.L----~~-~~:--~-~-~-~ .---. ----- ..- -.-. -~~- - - 
2.0 0.6204 0.6706 0.7392 0.807i3 0.8580 CL 0.0686 0.1188 o.ljp 

- -- -" -.. .- ---. --.-- -. -. 
0.0406 0.0704 0.0813 

----- ----., - ------- -.- -----.-. 
O.PW 0.9230 o.%?o CLPGIO 0.~749 c! 

~-- --- ------- -- - 

3:5- 8 ~~~~~-~~~~3~~~9~~~~~~~72 0.9922 &! 
0.0190 0.0329 0.0380 

--,- ---- - ----.- -..---.-.-- 
0.0067~.01~~7 0.0135 ~~~+..--..~.- .-.. - -.---- -.- --"--- ----- - - --.- -----.- .~ ..-.- -."- -- 

4.0 0.9915 0.9Y29 0.9947 0.9966 0.9980 0.0019 '0.0032 0.0057 ,--.-------.. ----- ------ - --.-.----- -----.- .-.- --."-------..-*2---- - --"--.---" 

!-2.L--2. -... -- .L.- -- L- --.- .z.~.-~~ .:mevve ~-~~-s!%-...2:~oo7 CI 9981 0 9Y84 0 yY88 0 @993 0 9996 
o*oooa -. . - . ~ . 

5.0 .I.0 1.0 CL9999 0.9999 0.9TYY 0 0 0 iiYz- 1.0 
iv- ~-,- 

1.0 ----- 1.0 l.r-Y~~------- ---.--- - 
0 0 . . -~ ~.- ~ -------- ------.--.- -..~..-..-.~~~~~ ----..-~..-.--"----.- 0 

Rote: 0% 1s zero for ee = o" anfi 300. 

TABLE lG/ 



b--.,.- ------ --.- .---- A-- ~. --.-, - .-.-- 
0 0 0 0 0 .- --~---.---- - .---- --ti.-- -be -.-.. 

0.2568 0.2808 0.3136 0,3)+65 0.3705 -- ---. --.-~----.-------.--- --- 
0.5045 0.5332 0.5724 0.6116 0.61+03 ---.--*-- -- -..,.~--.~~-~.. 
0.7151,0.7373 0.7677 O.-/Y60 0.8203 -- 
~~7+.8939 ;;~~0:9:~- 

--- 
T.7471 0.9527 0.9604 O.Y68T&:?' 

v--- -..-- ~ --.----.- ---- -.---- --- 

------. ---- -- --- - 
: 0.03Y2 0.067Y 0.0784; .-- - -.- .-~---- ---- -.-. .-a 

; - 0.0303 --..------ 0.0526 o.oGo71 -... --.~ 
2 0.0175 0.0303 

ii ---.- 0.0077 .-.. 0.0133 meA--m.dB- 0.0154 GA - --..- --~. ----- --.-- 
13.0 i+ 0.9828 0.9848 0.9877 O.g905 0.9926 $ 0.0028 0.004Y 0.0057j 

----- ----- ~-~ --~.--.- - 
0.9952 0.9959 o.YT68 0.9977 0.9984 o.ooog 0.0015 0.0018 

----. -~ --------.- -.--- ----- .--- --.--- ----.-.- 
i 4.0 'o.YYPO O.PTY2 o.TYP4 0.9996 o.Y997 0 0 0 

!-4.5 l.ti---i-~~~--~ 1.0 -~ 
- - - -  -..-+--mw- 

0 0 
-. B--..- o I A- 

Note: 191 1s zero for Oe = o" and yo" 

--~.- ,---- -...z+-~~-.-...--- .---.. --- 
0 0 ---0 0 0 0 0 0 0 ..-~----L------+-~--- --..- ------- - . . . . - - 

0.5 0.0868 0.146~,o.zz~~ 0.309f 0.3687 0.0814 0.1409 0.1627 
------ --.. ~ -------,- ---- -- ---. . --- --. - 
1.0 0.2563 0.3336 0.43Yl 0.5447 0.6220 0.1056 0.1828 0.2111 
---a z 

- . ...+.--- -.-- - ---. 
I.5 - b:tiKy366 0.6301 0.7237 0.7P22 = '~0:~9~:-~~%- 0.1871 

z-5 
-...----.---. J-- -- 

; 0.6772=2-k 0.7881 0.8521 0.8990 
--~.-- - 

: 
0.0640 0.1109 0.1281 

i8401 O-%51 0 8992 OEc9;r3 $ '0.0341 <i$i-$--<%-ii --A 2-----~-c-~~---...-. -- ---- .--- ---.. 
3.0 E --.- a 0.9368 0.9471 0.9613 0.9754 0.9858 i 0.0141 0.0245 0.028j -.-- ..-....- -+-- 

0.9802 0.983G.O.9881 0.9927 0.9961 L? 
-- ---.---. 

3.5 lrl 0.0046 0.0079 0.0091 ---- -.-.-. .---- ~-- .------ ---....- ---- .- .-.- -.-- .--. .--~- --.---- - .-~ 
4.0 o.YT53 0.9Y61 0.YY72 0.9983 o.Y991 ~0.0011 C.OOlY 0.0022 

x-5 
. ..+.-.-..--.-.- ---------- --.-+ --.---. --- ------- ---- 

0.9991 0.YT92 0.9994 0.9997 CL9995 ,0,00025 0.0004 0,0004! 
.--.---- -- ------- -- ..----- - - .--.- -A-...- -- --- ---.. .- 
5.0 1.0 1.0 1.0 1.0 I.0 0 0 0 
.~ ---- ~~.~~-~-... ~~"~~~~- --...m--- 

WAC?: I91 k zero f0r e e = 00 ana 900. 

TABLE 181 
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I3mmx-y ad 0fx.orda.r~ flow pmfLles mih a positIn? 

pmsmre <~Eldmlt anii suot1on 
K = 0.8, ,3 = - 0.50 .-..-,- - .-,- ~-- ---“---- .- ---..- --.--.“. .,-----~-.--“..---.---.-“...--, 1 ee+ CI’ 15' 3o" 60" 75O w’ 45' , : , 45; . L ~1~~,75~~3o~,6o'= 

,.. .-~---"--~-----~----~---.------,-.--.------------ 
! eo*' o" 15" 3v L&5O Goa 75O YOO 15°,75f jo' 60' 45O 
8 ; > ! 

i5-;? - - - - - - -  A -  - -  ~-----. ---. -, .-. .-~ .d. ..---.- --.--. - - - -  - -  .-.---- .i 

0.1015 0.1684 0.2597,Os3y11 0 4180 
1 . .:- -.-- ..--.... "-.. ---- -- . .-.-~- -- - --- 2 .----.-- -.- - - --. . ~~.L...LJ~ 0.0914 0 IQ' 0 1827 .-*- - 

0.2919 0.3737 0.4853 0.5970 o.67&3 
1 

0.1117 &195)+ 0.2233 : --... --~ --.-.-- - ---.---.--- ~---.- ---- ~--~~~~-~---~-,.~~l-.-~~~~~.~ 
0.5196 0.5868 omb787.0.77Q5 0.8378 , . ~ ----.-. A .---- -.-- --+-- . - ---- , 

0.7294 0.7-n L 0. a2aa 0. aa 0.9282 5 
- -----------.- - .-.--.. 
0.0574 0.0991~ 0.114a i .---- ---- + ---. - --------- --- 

8 0.3733 0.39-i% 0.9257 0*9531 0.973% ; 
--.- ---.---. - -- . ..--. -..-; 
OS0274 '0.0474 0.0347 i -.----. -- -------.--.. ,--- --. ------.. --- .--.. -- 

-." -.-.-- -L.--L!~.-.t.,2- --- -2 --.- 0 9576 0 9648 0 9717 0 Y&45 0 9918 1 -&oya r1.0171 o 0197 

k 0.9887 0.9906 0.9932 O.T959 0.9978. $ 
,----. ---. ---. 2--..&2.--~ 

c-----T 6s .--- -.--- -.A---- 0.0026 0.0045 oeoo52 
;400 

-- .---. --. -."~ 
0.9981 0.9984 0.9987 0.99% 0.9994 

~ 
'~,~~~--~~o~~-.~~~~~~--~ 

! 1;;y-- 
-~~ -........ ------.- - -.-.. ---.. .--.- --.. ---- A- .-- -. - 

I~-~--- 
0.9999 0.999a CL9993 0.9997 

o- ~. ..-.-. ~---~ .- .~- : -1 , 

20/ TATA?3 



---m.” 

75O 90" 15O,75' 30=',60'~ 45T! 

; ut 3 
: $; 8; ,i?;=v;, uj. ut : 

o-. 0 0 0 0 0 : ----- ---. -- -- ---- --+--- ---.. --------~ ------- ~ -3 -.-. 
0.3265'0v3761 .0.4256 0.~619, ,0,0495 0.0358 o.oy91 ! 

----- ---. 

z 0.557 ---. ~ ~----...-.--- .--- .- 

..--------- --- -.- 

--.- ~ ----- - -----.-. .+-- -- ~------,~--~~~~o~~-.~~ 6&F ----. 
OcYY31 0.9985:O.YYSO 0.9995 OaYYYY 

o. m; os; 
-~-~---.~~~ -----.. 
4.0 

,..----.. ~ +e--e-...- 
lo0 lcO 1.0 ,I.0 

------------ --.-- --. --- 4 

-..,--...- <-.- .I,0 0 0 . ..--.+-.- 0 I 
\ 4.5 

,,. l.o l.o -~-----. ---.-----~--"---~-----;--I 
20 1.0 --- 

Note: ~71 2-s zero for Be = o" ‘a-la 900, 

I 
Y.6 - ----- 
'I.25 

--..- > 
0 ---.--.?-? ---. ---~-.~-.~ -- -x--- 

0 
--.-~ 

0 
-~---- --.- -* ---- 
0 0 0 

l-z:%- 

-.---~- ; 
-+-.-z--L ..-.z--.---.--; .----- -.-- -.-- -I+.,, .-. - - 

0.0473 6%02 0,1724:0.2L$,7 0.2975 O-0722 0.1251 ,0.1444{ 

0.1294 0,2099 0.3198 0,4~'97'0.5101 0.1099 0.1903 :0,2ly8j --.------..-- de. ----. ..- ..-- -~-. ----. ~.~ .-...,..------ ~.-- -.---.- ~- .-- - 7 
.0,2~~0’0.~2~2~0.l~8~~0.~~1~ 0.6617. 

-- ---.- -. -.-z -.-- - --.. ~-- .-" .-. ----.-- --- 
0.3551 0.44.28.0.5626 o.6825~'0.7702 

.-. - 0.1232 0.2133 !oo2!&63$ .; -- ----. --..~ -.-.,- -.- . .- 
o.ii98 0.2075 0~23y64 ----------------.~----- -- ---, ---- -. -...< 

0.4794 0.5572 0.6633,0.?695 0.8472 
.--.-. ---. --.-- 4 

.- ..A.---- ---- +---- -.--- --. -.I-..- ---- 0.1062 0.?839 :0.2123\ 

22 0~6003~0.6639,0.7507 098376 0.9012. 
--.- -.--.-~----- ---.---- ~--~ .--., ~ 

,-.. 0.0869 0.1505 0.1737 ------ - --.z --.---..-.--.-. ---.. T- -.~-.-" -- ------~.-.--. .- 
I.7087 0.7572 0.823bO.tXy7 G.9382 L O-0662 O~IILJ 'o.Is:?!~ ~., ,- I -..-.".m-. 2.25 2.50 2 6 '0.8704 '0.9221 ---.--------.---.-l-Y". 0.9361 0.8932 0.924& 0.9552 0.9743:0.9883: G.y557,0.9735 ---- . . ~- . . - : f " 0.0312 ------ - 0.0541 .--- 4 .0,0624 --.-- ----I - 

0+019l O.G331 ,0s0582 i 
F - b4 ------------. -----.-L, CG t 

OeP559 0.9639 0.9749 O.Y358ay939' 
--4... -"-.-.-a.-- 

OS9766 0.9809 0.9868'0.992710.9970' 

oaks ~~-.~~~.~~~-~~~~~~~ 

------.--i ---- ~ ~.~,~~~~.~ A------..-- -...+-~--- 

. ..--~-.~--~ -.-&.-. -- -: --.- ~.--~---~.-". --------e- ----, ---- 
0.9888 0.5908 0.9937 0.9965 jO.9986 

0‘0059 0.0102 .0.,0118/ 

L- C.0028 0.0049 0,0057! 

'0.994 
-------.--.-- 

G54.0.9968 0.9983~%~ 
.-..--A +,-L.-&L.4 

0. GO1 Lk O* 0025 00 0028 : 
,F---.----.-..----d p .------ ------- .-.- --A ---L--L--L-d. - ; 
i3.75 ,(A9972 ~.9977'0.9984~0.9?92'0.9997 

~4~---+-- 
---+.--t ----. -'.v-.e-"mm-m.. 0.0007 OoOGl2 'O.GOil, 1 -..-- --.- ----- --.- "-~-.---- 

1 
:O.YYYl 0.9992 0.9995:0.9997 0.9999 ---------~~ ----.L.ew-ue -- ---.-.-- -----. - --.- ---.-- 

14.25. 1.0 1.0 :I,0 I-0 

0~0002 o‘ooo~+ .0"0005 ] 

.I.0 0 G 0 1 



LO.75 0.4aa7 o.j396 0.6092:0.6789 0.729a 0.0696 0.1206 0.1392 
I--- .--- ~~---...4~.~ ---..-.-- ----- -F---b--- 
pL-.~L-+..--....-~&.-..-~ .0 6233 0.6680 0.7290 0.7500 0.8346 0a0610 0.1056 --+--.a-.*-.--- 
p.?L-~ 0 7359 0.7711 0e8191 0.8672 0.5021+ z-..-~------~ --- - -.----.- 
II.50 'i? Oe%262'0.%512,0.8%55 0.9197 0.9448 : 

.- -- 7 
7#75, - 

...-~~+"-.-~-~-~-~--..-.-~ -- ~ 
0.8920 0.9086,Oe9311 0.9537 0.9702 - 0.0226 0.0391 0.0451 i ---- --- w-- 

2eo i 0.9376 0.9476 0.9Gt2 O.Y74% 0.9847 $ -- -- 
;2e25 a~ ' Oa9660 0.9716,~~~,~~~-~~~~5-~ $ 0.0076 0.0132 
i-;;&j ;  

-.-~ 

‘? 0.9830.0~~~~~~~9~~~~~~~~~~~~~~~ 2 

hT----- 

0,@039 0.006% 0.007% ----~-~-.-- . . . ...+- --.-. ---.- 
-----I 

.---.-- .-- 
; . 0.9915 O.9930:0.9950 o.PY70 0.9985 0.2020 O"OO35 o.w40 ~~~-,~~--~ ----- -- 

Oe9962 0.9969 0.997% 0.9987 O.Y994 ---..-- 
o.Y981 0.99%5,0.9Y%9 0.9Y94 0.999% 

p----- 

- -  - - - - .  - - - -  ------a- 

Note: 191 1s zero for ee = o" an.3 yo". 
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Rmn.ty and secondary flow -profIles with mfm~tely 
large positive pressure gmd.~ent and suction 

(separation case) 

K = 2.828, $ = - ca 

0 :o:o.o 0 c 

-0.027 
,--- 
0.05:6,o.o55g 0.0617 ho676 =7?g , -----+- -~-----~- +---- ------- 

O-055 ~0.1029:0.1110 O-1220 0~1330 0.1410: 

-0.086' 
--- : ---p..-..- 

--kl5U Oel665,0.1829 0.1994 O-2115 
---- 

-- --- 
0.234 :0.3590,0.3835 0.4170 0.4505 0.4750. -- -~,---..-.-~--.-~~- 

.p.e-..+ 
.0.5612 0.5919 0.6337.0.6756:0.7063~ 0.0419 .O.G725 0. 337 i ---.--- $4 

0.7267 0.7576 ,$ 
---+----..--+ 
bO.O422 ,0.0731 0aOGG-k~ 

o.600~~--- 
--.-..- 

Oe66?2:0.6917.0.7333 0.7750:0.8055. TGxTQ5zy-sFo3~j 1 

0.695, 
-~------- .------ -----?--~~--..--..-.-~ 

'0.710~~~~-~~~~+0.8199~0.8492~ 
--- 

0.0400 0.0692 .0.0799 1 

0.811 :0.7600 0.z770.8245 i:%-i?E?ii&’ 
----- -3 

--.-.--------.----L 0.0373 0.0646 0.0745 i 

0.954. 

-7Yz--- 

:0~~0~9~0.8~3~~5~0.9238 wde~3~%0574~~~6~q 
-- ------7-- ------.-+-e-s---- 

~Oa8574,O 8776 0.9052 0.9329 0.9531: 0.0276 ,0.0478 ,0.0552 .--&--.-A ---- -A2 ------ -~---- .~ ----- - .--. 'L.- i --. - 
1.414 '0.9055~0.9204 0.9408 0,9613;0.9762' 'O-0204 O.d354 :0.0408 \ 

---. ----~- -------- ..+ --., mwy---p-- ----- -* 
1.889 0.9530.0.9613~0.9726 0.9839 '0.9922' 0aO113 0.0196 0.0226; ~ ~ 

co '1.0 1.0 ~1.~-+-I*0 :I.0 . 0 . 0 
M" o 1 -x 

Note: iii 1s zero for El e = o" and 900. 



I”~..-...----~- -----A- .-----L- --- -.-- --- ! cl 0 0 0 ---&-XL--- 0 0 0 0 0 ---1 

s.-- .----- ---- --- ---- ---- ---.-a-- -..-a.- ----- -- -- -l 
p.016 ,0.0504. 0.0516 0.0533 0.0549 0.0562: : 0.00165 0.00266 0.00330 j 

-%Oo9 a~=-0.1065 0.1097 O.IIZI 
--- --- ---- --.- - .- .* 

----b--,-A---. 
,0.1512,0.1547 0.15<j>~~~;~ 

0.00325 0.00563'0.OOG50 ; -~.- -----.- 
0.00L;6~+&?08~0 0.00935 1 

0.2520'0.2575 0.2649 0.2724 @.277Y 0.00747 0.01295 0.01495 1 ---...-.- - --+- --L..--.-- .~~.--.-+. ---.--~ -.-- --- --.-. 
j 0.113 h3023.0.3057 0.3173 0.3260 0.3324 .0.00867 0.01502.0.01735 .-3 # 

0.137 s '0.3526;0.3599'0.3698 0.3869 0.3797 : 0.00990 0.0~715:0.01980 ! 

-.-- .~.. 0.163 22 ~~~~~~~~~~~O~~~-~.-~. = 0.01077 0.02155 0.01366 i 
-----. 

o. ,9, $ 
,----+.-..-~--- ~~~~~..~~~~. - ..-- -..--.---. - ~.-~----J 

--.-- -. 6 

~0~4531~0.4617 0.4733 0.4850 0.4936, 

&333 

: 0.01167 1 -.~, 0.224' ----+,~-~.-~--~- - ---- -.- x 
0.02022!0.02335 
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