C.P. No. 295 C.P. No. 295

(12,181) (18,181)
A.R.C. Technical Report A.R.C. Technical Report

MINISTRY OF SUPPLY

AERONAUTICAL RESEARCH COUNCIL
CURRENT PAPERS

The Direction of Flow in the Laminar Boundary
Layer on an Infinite Yawed Cylinder

By

K. D. P. Sinha, M.Sc.

of the Engineering Laboratory, University of Cambridge

LIBRARY ..
ROYAL A'D >\ T TSTABLISHMENT
BoiosORD.

LONDON . HER MAJESTY'S STATIONERY OFFICE

1956

Price 5s 6d net






¢.,P. No. 295

The Direction of Flow in the Laminmar Boundary Layer
on an Infinite Yawed Cylinder

K, D, ¥, Sinha, M. Sc,
Engineering Laboratory, University of Cembradpge

Communicated by Prof, W, A, Mair

28th Januery, 1956

SUMMARY

In a previous report11 the exact solutions of the
gpanwise laminsr boundary loyer on an infuuite yawed cylinder with
distributed suction, were given for all the lmown exact solutions of
the chordwise boundary layer for the chordwise velocaty distribution,
U = U.xm,

o

In the present report the some class of exact solutions has
been used to investigate the dircction of the velocity vector, and
hence the curvature of the streamlincs and the secondary flow. In the
analysis the curvature of the edge streamline has been teken anto
account, The investigetion includes both positive and negative pressure
gradients and a wide renge of distributed suctions.

It is found that:

(1) The pramary flow profilcs always lie between the chordwise
and gpanwise boundary layer profiles, snd the secondery flow
profiles always have a point of infleoxion.

(2) .Secondary flows are opposite in direction for positive and
negative pressure gradients and are a maximum when the cdge
streamline makes 45° with the chordwise darection.

(3) An sdverse pressure gradicnt produces a more powerful
secondary flow then a favourable prossure gradient of the
same numerical strength,

(4) A pressure gradient of any sign Increases the secondary £low,
anc. dlstributed suctzon decrcases 1t.

Sescondary flow instability has been considered in torma of
the Keynolds number of the secondary flow (Owen's criterion) and
curves of the ratio of the secondary flow Riaynolds number to the
pramory flow Reynolds number sre presented for various inelinations
of the edge streamline to the chordwise direction.
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T1e Introduction

The boundary layer over an infinite yawed cylinder has become
of considerable interest in recent years, because many modern aircraf't
have sweptback wings, The boundary layer on an infinite sweptback wing
18 three-dimensional in nature and presents some special features which
have an important bearing on the realasation of laminar flow, The prosent
investigation wos completed boefore the papers listed in Referenceslos. 1,
2, 3, 4, 5 and 6, were availoble to the author. Some of the conclusions
are similar but the epproach is different, and the work is limitod to a
particular class of solutions.

In 1951 Gray1 observed, in a visual determination of transition
in flight, that sweepback had a profound destabilising effect on a
laminar boundary layer near the nose of a wing. PFurther flaght tests
confirmed that the instabilaty started in tae form of striations with
their axes along the wand, spaced at distinct intervals, and heving
the appesrance of the Glrtler vortices found in flow over a concave
surface,

Theoretical explenations of the alove phconomena were given
indepcondently by Squlrez, by Owon and Randall3, and by Stuerth, They
state that the instability is associated wath a point of inflexion in
the velocaty profile through the boundery layer in a direction normal
to thet of the sdge streamline. This extra {low normal to the main {low
wes called the 'secondary flow', and is caused by the curvature of the
streamlines in the tangent plunes parallel to the swface,

The use of a leading cdge suction slot to reduce thas
instublélty was suggested by Gray”, aud the caloulations of Owen und
Randall” for constant cuction velocitics showed that suction would reduce
the secondary flow and thereby the instability caused by 1t.

For anvestigating this secondery flow instabality, Owen end
Randell3 agsumed, for simplicity, that the edge streamline is stroight
in the dxrection ol the free strcam, slthough they noted that near the
leading edge the streamline outside the boundary layer is highly curved,
The assumption 18 therefore open to criticism because the instability
was investigated near the leadang edge. YThe present troatment is not
restricted by any such assumption, and furthermore also deals with the
case of a positive pressure gradiert, for which there has been no
previous detalled investigation.

To determine both the dircetion of flow and the secondary flow,
in the boundary-layer on an infinite yawed cylinder, 1t 1s necessary
first to fand the velocity corponents at any point of the boundary layer,
The velocity profiles used for this purpose hsve been taken from the
exact solutions of the chordwisc and spanwise boundary-layer equations,
with the velocity distrabution U = bem at the edge of the chordwise

boundary laycr, For zero suction the chordrise and spamrise solutions

with "similar profiles' have been gaven by Hortree! and by Cooke8
respectively, Wath dastributed suction and 'similar profiles', the chordwise
solutions were given by Schlichting and Bussmenn? for the stagnation {low

(m = 1), and by Thwaites'0 for positive pressure gradiemts (m < O).

The corres?ondlng exact solutions for the spanwise flow were obtained by

the author!? in an earlier paper,
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2e Notation

X, ¥, 2

u, v, W

w
o}

W

£(n)

™ K as

K = F

i
1
]

g'(n) = a'(x)

Vs

Vi

- b -

co-orainates measured in the chordwise direction,
spanwlse direction, and normal to the surface
respectively

velocity compeonents in x, ¥y and =
directions respectively

chordwise veclocity at the edge of the
boundary layer

spanwise velocity in the frec stream
normal suctioa velocity on the surface

normal velocity at the edge of the layer

1
. U \2
a non~dimensional quantity = {;é) Z
!
kinematic viscosity = g/p
it}

index i1n the rclation U

U x
o)

(v Ux)%(n)

non-dimensionel chordwise velocity

a function defined by

Il

1
a non-dimensional parameter = [z(m+1)]%n

semi-wedge angle = 2n

m+]
(1) 122 (n)

value of I(Y) on the boundary

non-d1mensional spanwise velocity

angle of sweep

inclination of the plane of resultant flow
with the chordwise direction

inclination of the resultant velocity
with the Z-axas

inclination of the cdge-streamline with the
chordwise direction

boundary-layer thickness

velocity component of the primery flow in
the direction of the edge streamline

velocity component of the secondary flow in
the plane normal to the direction of the
edge-streamline

resultant velocity at the edge of the
boundary layex

Uq

A

Uz
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Uy
o non-dimensioral velocity of the primery flow
1
V4 .
- non-dimonsional velocity of the seccondary {low
Uy
lvilmax 6
X & memm—memee = Reynolds number for the secondary flow
V.
Uy 6
Xg = —- = Reynolds number for the primary f{low

N Darection of Flow

Bcfore determining the actual dircction of flow in the
boundary layer, let us suppose that the y-axis 1s the axas of the
cylinder, the x-darectlon at any point 1s tangential to the boundar
and normuel to the axis of the cylwder, and the z-direction at any
point is normal to the boundary. Then, u, v and w, arc the velocity
components parallel to x, y and 2 respcctively., The axis of the
cylinder 1s supposed to be infinite in length, so all boundary-layer
quaniities will be independent of the y-co-ordinate, and the flow
pattern across all scctions of the cylinder normal to the awxzs will be
the samec,

If © 1s the angle which the vertical plune through the
resultant velocity vector makes with the x-darection, ond ¢ 12 tue
inclination of the resultont velocity witn the z-direction then

1]
1

tan O s ennses (1)

______ veiees (2)

tan ¢

u
‘iT“E*
g +

<

-

and the direction-cosines of the velocity vector are given by
cos B sin 9, sin © san ¢, and cos ¢ ceevea(3)
The value of w at the edge of the layer is usually small,
so that ¢ 15 nearly 90°, and the rcsultant flow at the edge of the
layer 13 almost parallel 1o the boundary.

3.1 Directicn of flow with 'samilar profales' U = U x .

Por zero suction the solutions of this class of velocaty
dastributions were cblained by Hartree (chordwise solutions) and
Cooke (spanwise solutions), The stagnstion fiow with suction was
investigated by Schlichting and Bussmann9, and the corresponding
spanwisc solution was obtained by the author!l. TFor positive pressurc
gradaents Twaxtes'¥ has obtained a large number of solutiong with
different suctzons for the chordwise layer, and the cor¥espond1ng solutions
for the spanwise layer hove been obtained by the author 1 These solutions
wi1ll provide the velocity components to determine the direction-cosanes
of’ the velocity vector by the relation (3).

The direction peramcter 'O' can be calculated from the
relation

'tane = g'/f'tan ee » -lcoco("‘-l-)

vhers/



v u Vb
where g'(n) = -, £'(n) = =~, and tan 6, = -=
U U
o
g"(0)
On the boundary, tan B = -———-- tan Ge ’ cecees(B)
f“(O)
and at the edge of the layer ten © = tan Ge eeensalB)

Since the varzables an the expression for tan O oare functions
of ithe prossure gradicnt, the suction, and the direction of flow at the
edge of the layer (6 ), the calculation of © can be considersd as
follows, €

(1) Zero pressure gradient (m = 0), In this case the
chordwise and spenwise veloclty profiles are identizal for all suctions,
and 6, 1s always equal to the angle of yaw (1.€., ¥), hence at all

poants in the boundary layer 0 iz cqgiel to vy.

(11) Posative pressure grodient {m < 0). In this case g' 18
always greater than ' for all values of n except at the boundary
and at the edge of the boundary layer. At the boundary g"(0) as
greater then £"(0), for all suctzons, as wall be clesr from the
Figme 11 of Reference 11. ThereloreTrom (4) and (5),

tan 6 > tan @e car e (.7)

for all suctions and for all values of 7 ir the boundary layer. The
meximum value of O 1is Gb, attained at the boundery, and the minimum

value 1s Ge, at the edge of the boundsry layer. Thus,

> 6 > 8 ceeeea(8)

(1i1) Negative pressure gradient (m > 0). In this case g'
1s less than {7, for all suctions, and for all valuss of 71 cxcept
on the boundary and at the edge of the boundary laycr, where the
boundary conditions give g' = {'. At the boundery g"(0) 18 eiways
less than f£9(0)}, as will be clesy from Fag,13 of Reference 11,
Therefore from (4) and (5),

6 < 6 < 0 )

It 1s seen thet the maximum veluec of 6 13 attoined at the edge of the
boundery layer and the minimum value on the boundary,

These results obtained for the variation of 6  are very
1portent, beecause they determine the latercl curvatures of the
streamlines in the boundary layer and thoreby the sccondary flove: and
the instability caused by them or sweptbaok wings.

The other parameter < 21s only of theoreticel interest and is
not so important for practical applications,

3.2 Ixamples

(a) TFlat plate (m = 0). In this casc 0 is always ecunl
to vy, s=nd the direction of flow at all points in the boundary layer
is the same as that of the free stream, Valucs of ¢ have been
calculated and the results are given in Tables 1, 2 and 3.

(»)/
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(b) Flow near the stagnation Jaine (U = U x). The peremeter
8 i1s calculated Irom the relations (4) and (5) for e wide range of
suctions, Ge and n, &ond the results are given in Table 4,

The parameter ¢ can be calculatcd from the relations

fl
t&n ¢ = mem—— 3
w
ﬁcoue
W hi
&nd - = "'""“'.3.."‘_:"' .-0000(10)

It is clear from (10) that the w-component 1s always negative throughout
the boundary layer, even 1f 1t has the initinl valuc zero ou the
boundary in the case of zero suction. Tablc (a) below gives the extrems
valucs of the w-component, W, on the boundary and wy at the edge of
the layer,

- Table §a!

ol m -

¢ i 1
2 2
E K wb/(Uov) u&/(Uov)
o 0 ~3.2,2
0.5 -0, 5 -5.058 |
1.085 -1.095 -3, 500 }
1.9265 ~1,.9265 -4, 0
2.664 -2, 66l -4, 50

- s

Thus wy 1s always numericelly greater than W e Therefore, since ©O

18 always acute, ¢ will always be 1n the second quadrant (90° < ¢ <

i
() Thecease B = ~1,U = U x 3. The value of 0 was

calculated for a number of values of the perameters and the results are
prescnted in Table 5, The value of ¢ mey be calculated from the
relations

Iﬂl
TN T
¥
ﬁ cos O s
w i 1
and - = --:_R_z (F"'ZL"), -o'ooc(11)
U Vi ¥
1 [
where F oz ~f,F' = ' and Y = --1,
v3 V3

Bquation (11) does not show directly whether w will be
positive or negative in the boundary laycr. The values W and wi

respectively on the boundary and at the end of the boundery-layer are
shown below

Tab]o!bz/
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Table (b)
b 1 1)
E K wO/Uv/5x)2 W /Uu/5x)% !
TR~ Bk N X o
1.4 ~4o 424 ~0,14 3§
1,437 -1.437 -0.25
| 1. 500 -1.50 -0, 50 3
i 1.554 -1, 550 ~0. 64 |

——ad e s s -

Thus ¢ olways lies in the second quadrant (90° to 180°),
since tan ¢ is always negative excent in the scparation cose
(K = 1.414), where 1an ¢ = o at the edge of the boundary layer.

4o  Stresmlanes in the Bourdary Layer

The flow in the boundary layer on an infinite yaed c llnder

1s three-dimensional in nature, as 1s evident frem relations (1% and
(3)s The introduction of distributed suction only alters one boundﬁny
condition (at the wall} and does not change the general character of the
flow, ZFach streamline may be considcred as hoving two kinds of curveture
at any point,viz., (1) the latersl curvature due to the varietion in ©
from point to point and (2) the normal curvature due to the variabti - of
¢ in the boundary layer., Therc 13 an exception in the case of the

flat plate, where the streamlines are plans-curves in the plane

8 = vy (angle of yaw), and have only normal curvature,

In principle, 1t 1s possible bo construct streonlines with
soft vares or any other similar solid material if the values of O and ¢
are given at all points in the boundary layer at a particular level, but
1t 18 diffacult to represent the thfec-dlmenQLgnal curves on two—dlme?31onal
paper. Several authors, e.g., Sears, Wlld and Rott and Crobiree
have considered the streamlines on yaw&d 1nf;n1te cylinders with zero
suction, but they have only ziven the actual strcomlines of the flow nearest
to the boundary where the w-conponcnt vanishes. They fourd that the
remaining projectad streamlines lie between the two extremes, the streamline
nearest to the boundary, and the streamlinc at the edge of the boundary layer.

When distributed suction 1s applied, the streamlines change in
curvature., On the porous boundary, ¢ = 130° and the streamlines are the
normals dirzcted towards the boundary. In the neighbourhood of the porous
boundary, the strcamlines are curved in three dimensions, gince the
w-component docs not vanish. The strcamlines ares of the same gencral nature
at the edge of the boundary layer, 1f the w-componcnt i1s not ncglagible
there, It 1s always true that the remaining streamlines lic between the
two extreme ones i1n plan view, since all values of © for positive or
negative pressure gradients lic between the extrome values Gb and Se
(Tables 4 and 5).

The progjection of the strcamlines on 2 plance parallel to the
wall 15 given by the equation

dy v
bad = '-', o-lcol(12)
dx u

whach/
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dy g -m

which becomes -~ = == t&n y x cereaa(13)
dx !

for ‘similar profiles' U = onm at the edge of the chordwise

boundary~-layer,

For the boundary streamline the equation {(13) becones

dy g"(0) -
- E e mem—— tan y « x .....-(J”J-)
dx £"(0)

— = tanyx-m -..---(15)

If y. and y_ ore tha values of y at the two oxtremc
b e

streamlines, for o« given value of x, thea

B _ 80 e (16)
¥, £(0)

As already mentioned, the valuss of ¥y on the remaznang streamlines,
for the same value of x, must all be bebween ¥y, and Ve

e 1 Strecamlincs in some special cases

() TFlat plate.- In this case » = 0, and g"(0) becomes

equal to £"(0), Hence, ¥ = ¥ = y, for all values of x and

all the sireanlines of a porticulor sccotion along the stream, projecued
can a plone parallel to the boundary, lie an the same straight line in
thet planc,

{11} Tlow ncer the stamation linc,- In this case m = 1,
end the extreme strcamlines ia plan vicw wall be given hy
g"(0) ,
Yy = == tan vy log z/e,
) !(O)
aad verrea{17)
y, = Gany log x/e,

respectively, on the houndary and at the edge of the boundary loyer.

e 1s o constant of zero order but as not exanctly zoro. This constant €
has becn introduced %o avoid a singuleraty at the leading edge (x = 0)
tnd the streamlines wall e gaven from x = €, which 1o extremely necar
the lecding edge,

Any othsr strcamline between the two cxtreme streamlines in
plan view will be given by

y = & ton vy log x/e, creeas (18)
0

n
where A 13 a concbtent between g

Therefore/
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Therefore, the projections of the gtreamlinez on the boundary
for the stagnation flow, are legarithmic curves, both for the solid aend for
the porous boundaries, This is in agreement with the {inding of Rott end
Crabtree17, who considered only the case of zero suction,

Effect of suction on the ratio ypn/y.. Since the pressure gradient is fixed,
this ratic i1s affected only by suction; and 1t incrcases with the suction
parameter K, Moreover, this ratio ig always lcss than unity, and tonds

to approach unaity for very large suctions, as shovn below.

ﬂ&legcz

| ¥ 8"(0)

| & A (0}

! - ]
I © 0.4628

£ 0.5 \ 0. 5584

L 1,095 0.7188
vo1.9265 0, 8221 }
,i Za 66’-}- Qe 8714.5 ]

TR AR Idion 4 e = L R LT B AT N b e s R b Y s e e -

Thus the suctior reduces the ranve of lateral variation of
the strcamlines, and an the limat tends to make them approzamately
rlane curves, when yb/ye approzches uniby.

Another interesting point shown by the above table 1s thad
¥y, 18 alvays less than Vos and the sbreumiine nea. the boundary 1-3g

behind the strcamline at the elge of the boundary-layer, This result is
1 agreement with the cbservation of Rott and Crdbtreel7 for zero suction.

1
(121) The case B = =i: U = U x 3, The projections of all
*

the streamlines on & plone parsllel to the wzll will be given by

dy g' :
-~ = -- tan y x7.
dx !
as found by putting m = -3 in equetion (13), The extrome strsamlines

tn plan view arec obtained as

, £"(0) a
V. = F - tan vy x3
ks £1(0) ’
and RN $1°))
4
¥, = 7 tan v x9,
the constant of antegration being made zero by choosing the origin at
x = 0 eand y = 0. Aoy other intormedzete streamlaine will be given
by
3 4
y = I'La.n y. B}:B, ...-..(20)

" p\
where B 1s an arbitrary constant betwoen g—(éi and unaty,

hZ 1
The ratic EE then becomes equal to %ﬂ%g%r and 1l wall be

shown below that the rétio decreases with 1ncreaszng suction and tends
to approach unity for very large suctions, but is always greater than
unitiye.

The/
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The table 1s given below:

Tablc ( )

PR e ) o e s o e

? NG £"(0)

' K .-}..-). S

i v, £"(0) |
: i
E 1. 414 oo i
{ 1.421 '10.786 5
i 1,437 6e 262 ‘
1,50 3,291 |
v 1. 55k 2,640 f

i | AR AN kbl e T LD OREAR AR Il ot ML DU o 16 WAL i MY ol mne St

It 28 clear from the above resulis that ¥, 18 alvays greater
than Ve and the streamline nearest the boundary moves ahead of the

gtreamline at the edge of the boundary layer, Also, the suction reduces
the lateral spread of the strcamlines, and brings them closer to cach
other in plan view,

5. Secondary Flow in the Boundary laycr

1%t has bcen menticned beforc that 2n the prescnce of a
pressure gradient the strcamlines in the boundary laycr over an 1nf1nite
yvawed cylinder have lateral curvature, This curvature produces a kind
of seoonda?g flow 1n the boundary laycr, and 1t has already been observed
by Prandtl’ =, Squlre Gray1 Owen and Ranicllj, and Stuart® as the cause
ol instebility in the boundary layer on o swoptback wang, If has also
been found that the velocity profile of this secondary flow, measured
in & planc normal to the streamiine of the outer leW'and,normal to the
wing surface, has a point of inflexion, The existence of this point of
inflexion indicates that sbove a certain Reynolds number a dynmemic
instability of the secondary flow may be expected to develop. Powerlful
vortices will thon be formed with their axes nearly porallel to the
darection of the outer flow. A Reynolds numbor for the scecondary flow
may be defined by

and the critical value for this number with zero suclion has been found,
in agreement with wind tunnel and {light observations, to he of the
order of 125 by Owen and Randall?, The critical valuec 1s st1ll to be
determained for a porous boundary.

el Sucondary_flow Lor '51mflqr prof iles

e d N
T’f{ -

If?gu and v are “Lhe ve1001tv compenents at any point 1n
the chordmlseeandﬁspanw1ﬂe dlvoctlong respectivaely; and w and Wi
are the componunts at the same. p01nt paralicl to and normel to the
direction of thd edgb qtrcamllne,]thun

- .,,, —-
e

' ‘p‘i {
. = f' COS* 8 + g' sin® 6
. Uy .o
vi { l.l.l.(21)
and -— = F (g'-f') s 26
U 2
1
where Ui = vresultant velocity at the cdge of the l%ybr and hcnco
U=Uicosee, VO=U15m8 ande = tan” U'

The/
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The primary flows will be given by the ug = profiles and the secondary
flows by the vi - profiles, These profiles have been obtained for
wide ranges of pressure gradients and suctions and have been presented
in Tables 7 - 24 and in Yigures 1 ~ 18,

As mentioned bufore, <y has been taken as a Reynolds number
for the secondary flow, and 1f enother Beynolds number for the primary

Ui &
flow is defined as y, = ==-, the two Reynolds numbers are rclated by
v
vz |
§ 5 me—— !?— -a-':x .oll‘!(22)
X, U
|74 |
This is the maxaimum value of ---- and not the value at the point of
Us

inflexion of the secondary flow profile., The instability caused by the
secondary flow 1s associated with this ratio of' the Reynolds numbers,
Por practical calculations 1t will be necessary to find experimentally
the maxaymum value of ¥ which leads to secondary flow instability in
the presence of dastributed suction.

Thig ratio has bcen plotted against the inelination of the
edge streamline (1.e., @e) in Fig. 19 for all the cases for which

the ug-and vi-profales have becn calculated,

6. Daiscussion of Results

(a) Stresmlines, It has been found an (3.0) that the direction
of the vclocity vector is a function of two paramcters O and ¢, whach
depend only on the velocaty components u, v and w at the point
considered. Also, 1t has been shown in 4.0 that in the presence of a
pressure gradient, the streamlines arc curved in thrce dimensions and
reduce to plane curves [or zero pressure gradient as in the case of a
flat plate. Further, i1t has been shown that these streamlines can be
constructed (e.g., with solid wires) as a three-dimensional medel af
the direction cosines of the velocity wvector are known at cvery point,
in terms of the parameters € and ¢. Alternmatavely the projectiong of
the stresmlines on any given plane can be drawn, Thus, the effect of
suction on the streamlines can be considered by investigating separately
its effects on the streamline projections on the xy and xz planes.
The projections or the =xy plane, perallel to the boundary, will indicate
the lateral curvatures, snd the projections on the xz plene, normal
to the boundary, will show the normal curvatures of the streamlines,

The most important effect of suction on the streamlincs is the
reduction of the lateral sprcad between the two extreme streamlines
(on the boundary and at the edge of the boundary layer)., The way this
effect occurs depends on the pressure gradient. When there is a
negative pressure gradient, the value of ab lnereases with suction and,

since the value of 68 remains uhaffected, the resultant value of

]ab - eel is greatly reduced, as will be evadent from Tables 4 and 6,
When thers 1s a positive pressure gradient, the value of Bb decreases
with increasing suction and, since @b > 6@ the resultant value of

]Gb - Oe| is reduced, as is cvident from Tables 5 and 6.

Therefore/
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Therefore, since all the other strecamlines lie between these
two extreme streamlines in plan view, increasing suction brangs them
closer together until with very large suctions they arc approximately
plane curves.

There 13 another important cffect of suction on the normal
curvaturc of the streamlines, With increasing suction the value of
$ 1ncreases, (Tables 1, 2 and 3) and the sireamlines become more
inclined towards the boundary. This effect mey occur throughout the
boundary leyer, or only in a part of the layor near the wall, and at
the edge of the boundary layer the streamlines may be darected outwards
in the case of very small suctions, as 1s shown for K = 0.707 in
Tables 1, 2 and 3.

(b) Combincd effcet of pressure gradient end suction to producc
source or sank-cffect

It 15 found that a strong negative pressurg-gradient (m = +1)
produces a sink-effect (1.c¢., w negative) throughout the boundary layer,
even without suction, as is evadent from Table {a) an Scetion (3.1). For
K = 0, the suction velocity is zoro, but at the edge of the
boundary layer the veleocity camponent w 13 negative and appreciable,
Vhen thc pressure gradient s =mcro, not only is the sink-effect absent,
but there 1s a source-effect (1.,c., w positive) in the boundary layer,
as will be clear from Tables 1, 2 and 3 for K = 0, where the valuc
of ¢ are always less than 90° througheout the boundary layer, Wath 2
rositive pressurc gradient, the effect g stall more proncanced, and for
sufficicntly large pressure gradaents therc 1s a separation of the flow.

Table {a) shows that suclion and negative presswe gradient
both tend to produce a sink-effect. For regions of constant pressure,
even smell suctions reduce the source-effecl, and moderately large
suctions will produce & sink-effect, ws shown by Tables 1, 2 and 3. But
for positive pressure gradrents, the effects of suction become smaller
with increasing distance from the boundary, as shown by Table (b). Even
a value of K as large as 1.414 1s not sufficicnt to produce a sink—-effect
at the edge of the boundary laycr, whercas for zero pressure gradient thas
amount of suction docs producc a small sink-cff'cct (Tablcs 1, 2 and 3).

The above discussion cf source and sank-cffect 1s of antercst,
becouse the source-cffect might be cxpected to luad to instability of the
Pollmien=3chlachting type. On this basis, favourable pressure gradients
and sucticn tend to have St&blllsl?% c$£§cts, and adverse pressure gradientis
tend to heve destabilising effects’'r 'Y,

(e) Sceondary flow (vy-profilcs)

(1) Effcet of a pressurc gradient

For zero pressure gradienl there as no sccondary {flow in the
boundary loayer on an mmfinite yawed cylinder,

A pressure gradient, whethor negetive or positive, produces a
secondary flow which increasecs with the pressure gradient, as 1z showm
by Tables 7 - 24 and Fags. 1 - 18, Turther, a1t 1s intercsiing to note
that the secondary flow ncar the sevaration point (8 = ~0,1988) 1s
more powerful than that near the leading ¢dge (B = 1), and thc two
are in opposite directions as can be seen from Tables 7 and 10 and from
Fags., 1 and 4, for zero suction,

(11) Effcct of suction

The seccndary flow decreasces with increasing suction, as shown
by Tables 7 to 24 and Fags, 1 ~ 18, (The vy-profiles nave been miven
for dafferent suctions, and diffcrcnt pressurc gradients for cach suction, )

(13i)/
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(211) Vsriation of the secondary flow with the direction
of the edge stresmline

Equation (21) shows that the secondary flow is zero when

6, 2s 0° or 90°, and that the velocity profiles for this flow are

identical at complementary values of Ge. The maxurum secondaery flow
1s obtained when the edge-streamline i1s inclined at 45° to the x-axis,
as shown by eguation (21), Tables 7 - 2k, and Figs., 1t ~ 18,

(&) wi-profiles (primary flow)

These profiles have been given in Tables 7 - 24 and
Faigs., 1 - 18, It can be seen from these tables and figures that the
velocity profile u:/U; for any value of 80 lies between /U and

V/Vb, which are the chordwise and spanwise velocity profiles., Wien

the pressure-gradzent is large, the range hctween these cxtreme profiles
is large, and for a =small pressure-gradient the range 1s very amall, es
seen from Fag, 6 for B = ~0,12 and KX = 0,2,

Vhen suction is applied, ihe range betieen u/U  end VVVB

1s reduced and the prefiles for dafferent ©

A approach onc another as
shown by Figs, 1 - 18,

(e) The ratio X/x,__of the Reynolds numbers of the two flows

For any given suction and pressure gradient thas ratio

X _ lvqmax.a / U:8

-—- 1ncreases with GC urp to 60 = 45°, and then
X, v Y

—_— ——— — - e

decreases again to zero at Ge = 90° This varzation ic showm in

fig., 19, where all the curves are given. It 1s also clear from Fog. 19
that the pressure gradient increases this ratio, and that suction
decreazes 1t, at any value of Gc except CY and 90°,

Moreover, Firg, 49 shows that thc effect of a positive preossure
gradient on the veriation of this ratio is more pronocunced than that of a
negative pressure~gradient. It 1s initeresting here to point out two
cxamples from Fag., 19 to verify the above statement, The first is that
for zero suction the curve for 2 = =-0,1938 1s sbove the curve for
A = 1, even though 1 1s much greater than 0,1988, Secondly, the
curve for K = 0 and B = 1 1s below the curve for K = 1.554 and
f = =1, =although |ﬁ| = 1 2an both cases, and the latter case has a
very large suction, whereas the former has zero suction., These resulis
suggest that adverse pressure gradients produce meore powerful secondary
flows than favourable pressure gradienis of the same strength.

7. Conclusions. Yor a chordwise velocity daistribution U = Ux,

(1) TFor zero pressure gradient, the streamlaines are plane curves,
and heve no lateral curvature.

(2) In the presence of a pressurc gradient (positive or negative)
the streamlines are curved in three dimensions, z.€., they
have both latersl and normal curvature,

(3) TFor negative pressure gradients, the lateral displecement
of the wallwstreamline lags behand that of the streamline at

the cdge of the boundary layer, and the reverse i1s the case
for positive vressure gradients.

b3/
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{4) Secondary flow iz produced in the boundary-layer due to the
lateral curvature of the streanlines.

(5) The secondary flows are opposite in direction for positive
and for negetive pressure gradients.

(6) The greatcst secondary flow is obtaxned when the edge
streamline 18 inclined ot 45° to the chordwise darection,

(7) A pressure gradient whether positive or negative increases
the lateral curvature of the sireamiines, and thereby the
secondary flow, whereas suction reduces the lateral spread of
the streamlines and thus decreases the seccondary {low,

(8) Suction and ncgative pressure gradients tend to produce
a sink-effect, whereas gero or positrve pressure gradients
tend to produce a source~effect in the boundary layer.

(9) Secondary flows at complementary angles to the direetion of
the edge-streamline ave equal,

(10) Adverse pressure gradients produce more powerful secondary
flows than {avourable pressure gradients of the same
rumeracal strength.
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TABLE 1

Results of the calculation of ¢ for the flat plate

y (sweep) = 15°
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TABLE 1 (cont. )

() X = 3.5%5
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TABIR 2

lesilts of the calculation of

¢ for the flat plate

y (sweep) = 45°
() K = 0
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TABLE 2 {(conb. )

(4} ¥ = 3.535
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TAELE 3

Resulta of the calculation of ¢ for the flat plate

v (sween) = 60°
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TABLE 3 (cont. )

(4) K = 3.535
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TABTE L

Recults of the calculation of 6 for the stagnation flow

(a}) X = 0, /4 = 1
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TABLE L (cont. )

(e¢) X = 2,664, 0 = 1
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TLBLE 5 (cont, )

(b) K = 1,554, B -4
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TABLE 6

Results of the calculation of the differences oi the
two extreme values of 6 (on the boundary and the
edge of the boundary-layer).
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TABLE 7

Pramery and secondary Flow profiles for the
stagnation flow ond zerc suction

K = 0, 8 = 1

H ee-->3 90° 750 60° 459 ..300 150 0° '750,150 30a GEshwzggmm
vy @ ‘ Ug Ug Uy Uy ' uy ‘ui 1t 8, Iy ‘ 13; }
TR, W i A iy . 0,0 U i A
o o0 0 o o o . 0 o T o
0.1 0.0611 0,0723 0,0876 O, 1030 0,1142 | -0,0153  ~0,0265 =0, 0306 |
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Ok 0.2400 0.2742 0,3209 0,3677 0.L019 -0,0467 -0,0809 -0,093L
0.5 0. 59%"6'”6“53%3 5_3596 0.118 0.4805  -0,0528 -0,091k =0,4055
0.6 0.3540 0.5956 0,h525 O. 5053‘5 5510 ~0.0568 =0,0985 =0.1137
0.7 0,4080 0,4515 0,5109 0. 57 )704 0“6733”“ 0,059 :6:'1'629" -0,1188
0.6 W%é 4622 0,5060 0,5660 O, 6259 0.6698.  ~0.0599 ~0,1038 ~0,1199
0.9 0.5133 0.5568 0,6162 0.6756 07191 -0,059% =0,1029 -0, 1188
1.0 T 0,5623 0.60L5 06623 0.7200 0,762 oy -0,0377 -0,1000 0,115 !
1.2 ‘; 0.6526 0.6907 0.7427 07947 0.8328 : ~0,0520 ~0,0901 ~0,1040
ek 80,7317 0,761 0,8085 0,8526 0, 8849 £ -0,0L42 -0,0766 -0, 088k
1.6 c§ 0.7987 0.82L9 0O, 8607 O, BoGE 0. 9228 5‘_3‘ ~0,0358 :5"0%2“53_“':6 .0¢ ._ci_
1.8 p%’ 0.8535 0,8738 0,015 O, 9292 ) 995 & =-0.0277 =-0,0480 =0.,055k
‘2".”6'?" T T0.8967 0,917 0.9322 0.9527 0.9677 -0,0205 =0,0355 =0,0410
2.2 0,9295 0,9402 0.9548 O, 9695 0,9802  -0,0146 -C.0253 -0, 0292
2.k 0.9535 0.9607 0.9706 O, . 9806 0,9878 T 000099 ~0,0172  ~0,0198 |
EN4 0. 970270, 9750. 0, 9815 0, 9881 0,9928  ~0.0065 ~0,0115 ~0.0130
2.8 770, 9817 0,5847 0,588 0,9930 0,960 -0,00h1 -0, 0071 -0,0082
‘5"”6' 0.9891 0,5909 0,993 0.9960 0.9970  -0,0025 -0,00k4 =0,0050 |
52 om9§70”§§4%" 0.9962 0, 9577 0.9988  =0.0015 ~0.0025 -0,0029
3.k 0.99€5 0,5971 0, 9979 0, 9988 0, 999i “"""-'6"66“0’55““1’5'80% 20,0016 |
5.6 0. 598270, 9585 0.9969 0.999% 0.9997  ~0.000h =0, 0007 ~0,0008 |
3.8 0. 9991 0,9992 0,999 0,9997 0.9998 20,0002 —0,000k =0, 000k |
5.0 0,9995 0.9996 0.9997 0,9999 1.0 =0.0001 ~0.0002 -0.0002
. 0,9998 0.9998 0.9999 0.9999 1.0 '20.00005 -0, 0001 -0,0001
bk 0. 9999 0.9999 0.9999 1,0 1,0 ~0,00002 -0, 00004 =0, 00005
I 2 T R I T T S - R - S S
Note: @4 1s zero for Ge = 0° and 90°,

TABLE 8
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TABLE 8

Pramary and secondary flow profiles for the
stagnation flow with suction

K = &5, =1

;_Oe—’ 90°  75°  60°  45°  30°  15°  0° 15°,75° 30° 60° 15° ;
i w_ 9 r s U1 W, i Uy Uy 4111 u 191 izl s ;
¢ gy TV, - g Us Uy i Uy U0 Of Uy ﬁ: ;
to o o o o o’ 0 o o ”f
! 0l 0.0957 0.1039 0.1177 0.1316 0.8 —0.0139 -0. 0240 :o 0977 E
10,2 0,1821 0,2002'0,2248 0.2h95 0.2676. 0,027 -, 0427 -0,0493 |
10,5 0,265% 0,2893 0,3220 O, 3547 0.5786  -0,0327 -0,0566 ~0.065k
{0 0,3L35 0.3715 0.4097 O,4479 O.4759 0,082 -0,0662 ~0.076k |
[ O o e B B
E C.6 ... 0846 0.5161 0.5551 0,602 O, E?E?., ... 0. 0430 -0.0745 0. 0860
§ 0‘_7 N _9_5_1*_73 0.5789 0.6219 0.6649 0,6964 ~0.0450 -0,074k -0,0859
i 0.8 0. 6053 0.6359 0.6776 0. 7194 0, 7500 ~0.0118 ~0,0723 0. 0835
oy 6 CLC580 0,670 07267 0.7665 0.7 -0:0598 0.0887 5,015 |
£ 1.0 7059 0.7329'0.7697 0.8066 0.8336 -0.0369 ~0.0639 -0.0737
Hj 0. 7&88 0.7735 0.8072 0, 84090, 8656 00357 -0, 0584Wo_ 65/4 !
[ 1.2 = 0.78/2 0.80%. 0,839 0. 8699 0.8921 ~  ~0,0303 -0,0524 ~0,06C5
1.3 ™ 0,821 0.8L07 08675 083k 0,910 ~ o 0268 -0 .Oiéifé'éﬁiﬁ
‘1.h B 0.B508 0.8679 O, 8915 0.9148 09319 &  =0.023h -0  0LOG =0, 0168
1.5 § 0, 8766 0. 8914 0. 91%5 0.9317 0. 9465 80,0202 -0,0349 -0.0403
; 1.6 & o 8988 O, 5. 9113 0, 9285 o. 9456 0,9582° # =-0,0171 ~0,0297 ~0,0343
T S 8 0T G G ol o0 i
g 1.8 0.9357 0,92k 0,95l 0.96€3 0,975 ~0,0119 -0,0207 -o_ozg_g_
| 1:9 0971 0,953 0,561 0,979 0.5811  _ -0.0098'0.0170 =0.01%%.
L 2,0 0.9582 0.96L0 0,979 0,979 0, 9857 ~0,0079 ~0.0137 =0, 0158
P21 0.9675 0.9719 0,9783 0,986 0,989 -0,0763 ~0.0110 -0.0127
2,27 0.9745 0,9783 0.9333 0,988k 0.9920  -0.0050 '“——6*66?3‘7‘:5# 0100
.23 70,9806 0.9835 0,967 09913 3,99k ~ 20,0039 -0,0067 -0,0078
24k '0.9854 0,9876 0.9905 O, 59;5 0.9957  -0,0030 ~0. 0054 ~0,0059
(25 0.98910,9508'0,9930 0.9955 0,570 0,025 0003 ~0,0045
£ 2,6 10,9920 0,9933 0,9949 0.9966 0, 9978 ~0,0017 -0, 0029 ~0, 0033
12,7 10,9943 0.9952 0. 9964 0.9977 0. 9986 20,0012 -0, 0021 ~0. 002}
12,8 10,9960 0,9967 0.9975 0.998% 0,9891  ~0,0009 ~0. 0015 ~0.0017
2.5 70,9974 0.9976 0,998k 0.9990 0.999h -0.0006 -C. 0010 -0, 0012
3.0 T0.9963 0, 9986 0. 9990 0. 959 0.9997 0,000k -0, 0007 -0, 0008
3.1 0.9991 0.9992 0, 999k 0,9997 09998 -0,0002 0. 000k -0, 000k
3.2 03596 0,9997 0,996 0,9999.1.0 . ~0,0001 0,002 ~0, 0007
T35 1.0 1o 1.0 1.5""_*1'.E)m“w"m:mb"m'"-mo“""“-"”o”"f
Note: & 1s zero for ee = 0° and 90°.
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TABIE 9

-

Primary and sccondary flow profiles for the
stagnation flow with suction

K = 2,664, £ = 1
) 6 90° . 75° 60° 450 300 150 0° 15°,75° 30°,60° 459 f
W gowow owowow o owu % B by
Ui-VQL Us Us Us Us U UG U i Uy i

o T 0o o 0 0 o 0 0
omcfé o 46"3?;5#0*0—7_2”7— NSMO‘?E{_OME)'};E; 0.0770 ,-o 0016 -0,0027 -0,0031 |
0.7126 0,3053 0,311k 0.3157 0,526 0.3342  -0,0083 -0.01kh -0,0166 ,
0.226 0.4835, 0,4920 0.5035 0,5151 O .5236  0.0116 -0,0200 -0,025i 1
0. 396 0. 64 87 0. 6278 0,6403 0.6527 0. 661 9 ~0,0124 T-—B“SE’IG_ ~0,0249 |
0.426 0,727 0,729k 0,6963 0.7553 0.7620 _ -0,0119 -0.0206 -0,0238 |
0.5%  0.7570/0.3018 0.515L, 0.8261 0,853 -0.0106_-0,018L 10,0212
0.626 0-8557 0,8603 0.8695 0.8784 0.8850 -0.0090 '-0,0156 -0.0180 3
0.726  0.8956 0.3009 0, 9083 0,9156 0.9210 -0,0073 -0,0127 -0,0147 |
GO 605 0,551 .90 G50 = 0,0050 0,0101 0,086
0,926 0, ‘:9_4_8l 0.9514 0.9559 0,960k 0,9637 ~ -0.0045 -0,0078 -0.0090 j
12026 80,9659 0, 966k 0,9695 09732 0,9757 § -0.003h -0,0059 -0,0063 '
10126 §  0.9752 0,9770 0,9795 0,9820 0,9838 § =~0,0025 =0,0043 -0 0050 |
11,226 0,983 0,9845 0.9003 0.9661 0.589, B 0.0018 ~0.0031 -0, 0036 !
H. 326 0.9886 0,9836 0,9908 0,9921 0.9930  -0.0013 -0,0022 -0,0025 |
: 1.526 0,592L70,5531 0,990 0.5949 0. 9955 ~0,0009 -0,0015 =0,0018 |
1-576 0.99500, 595k 6,9540 0,9967 0,557 "0.0806 0,001 “0.0017
1,626 0.9567: 0,970 0, 597k 0, 9979 0. 5982 =0.0004_=0,0007 _ -0,0008_]
t1.726 0.9580; 0, 9962 0, 9984 0. 9987 O, 9989 -0,0003 =0,0%05 -0.0005 !
1,826 0.9989 0.9990 0.9991 0,9995 0,999k -0,000i -0,0002 -0 0002_|
.526 10,9992, 0,9995 0.999% 0.9995 0,999 -0,00010 -0.0002 -0,0002 |
2,026 0.9995 0,9996 0,9996 0,9997 0. 9998 -0, 00007 =0, 00010 ~0, 00015 |
15,926 0.9997 0.9997 0.9998 0. 9998 0. 9999 ~0.00005 ~0,00009" ~0,00010 |
2.226 0,999 09993 O, 9995.1,0 1,0 0.00002 -0, 6000 -, 00005 !
R O N RRON

Note: & 1s zero Ffor 6, = 0° ana 90°

TABLE 10/
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TABLE 10

Pramary and secondary flow profiles for the
separation case with zero suction

TAELE 12

K = 0, £ = -0,1988
. Be_’_ 0° 150 309 ¢ L5° 60° 75° 90° 150’750 300,600_ 45° i
povau oug cowouw o ow o ST R N L '
U0 U U, iry oo Us Ui Vg TUa Us [ER
o —'"“5""“ o o °c__ o o Ug_m_ 0|
Ol 0.0257 0.0LL6 0.0731 0.0981 0.1226 0,0286 0. 0695 0,051
0.8 0.0772°0.1151-0.1622 0.2114 O. w73 o 0497*5"0'8575_655:2”
1.2, '0,1586 0,2039 0.2658.0,3277 03730 *0,0619 10,1072 0,1238 |
1.6 0.2678 0, 316k.0, 3828 0.4493,0,4949 10,0665 0, 1150 0.1328 |
2.0 10,3971 0,437 0,5075,0.5112 0.6179 __ 0,0637 0,114 10,1275
2. O 5.5377°0.5778,0.6327 0.6875 0.7277 =  0.0548 0,0950 0,1097 |
2.8, 8 0.6753 0.7061 0.74B2 0.7903 0.8211° §  0.0k21 Q. 07290,0842
320 & 0.7937.0.81470, 8435 0,8722 ”"o.“é'é“i b 5“63?549’_@%%_15 0575
3.6 4 0.88360.6962.0.9135 0,9305 0.9431° 8  0,01720,0297 00343
5.0 0. 9424 0, 9489 0. 9578'"6 9667 0.9732 0.0089 0,015k 0,0178
Lk 0,9751°0,9780.0,9820 0.5860 0.9889  0,0040 '0.0069 0, 0080
b8 -0.9904-0,9916 €,9932 0.9949 0,9961 " 0.0016 0, 0C28 0,0032
5.5 0.99710.9875 0.9979 0,998k O 9"'9‘55{3"“ 775,005 ©.0008 00009
506 .0.9990,0.9992 0.9993 0.9995 0.9996" 0.0002 0,0003 0, 0003
.0 1.0 .0 o, 99§§"0 .9999 5"59”95 770 T 0 o !
6.4 1.0 1.0 1.0 1.0 1.0 00 0 1
Note: # 18 zero for €, = 0° and 90°
TABLE 11
Pramary and secondary {low profllea with a positive
pressure gradient end suction (sepavation case).
K = 02, 0 = ~-0,28
(667 0° 15°  30°  hS5°  60° . 75°  90° 15°,75°130°,60° L5
vouu ow o w oo ow ow Cow w @0 8 & 8
= Us U Ua U1 o Us U Us  Ta ¥V, Us U1 _ A
0 0 o o 0 o o o o0 N
0. 5 0,047k 0,0815 0,1280 0.1745 O,2085" 0,065 0,0805 -0.0930
140 0.1522 0.2048 O, 2765 0.3483 04001 % "697?%15%07&-3?
1.5 0.3049 0.3619 0.4398 0,5178 0,578 0,079 0.1350 {0 [0.1558
2.0 S O.4B73 0.5375.0.6059 0w67hls 07255 =  0.0685 o.f 186 0.1 369
EE ~ 0.669L 0. 7058707557 O. 86_55"?53155' “:': '"o_51:98 0_9_8§_3 0. 0997
13,0 2 10,8199 0.8416 0,871 0,9007 0_9*2_23_ g 10,0296 0,0512 0, 0591
20 ; 3'_?127,._9:2:7’00 0. 9440 0.9580 0,9682' & 0. 20140 0,0242  0,0280
5.0 & 0,971k 0,9752,0,9805 0.9857 0,989, & o 0052 :0.0091 :0,0105
1.5 0,992k 0,99%4.0,9948 0,9965-0.9973 0,001k 0,0025 10,0028 |
g.m”""5555?5551‘6?935345:'9"9?4 0,999  0,0001 .0,0003 0,0003 |
55 1.0 1.0 1.0 1.0 1.0 0 0 0
Note: @1 is zero for 6, = 0° and 90°
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TABLE 12

Primary and secondary flow profiles with a positive
pressure gradient and suction

K = 0,2, 8 = - 0,12
FogT 00 15° T 30° . 45°  60°  75°  90° 15°,75° 30°,60° 45°
i g G ¥ ug Cuww w ow ou G Ja, 23
0.0 O U1 Uy Uy U 00V, U |iA U,
o 0 0 0 0 0 o o o
0.5 0, 2352 0.2441 0.2562 0,268 0.2772 O o121 6 021Erv6—5gé2
1,0, 0.4653 0.4772 0,193 0.5096 0,5215 10,0162 0,0281 O, o;zzi
F1.5 S 0.6707 o 6810 0,6950 0,7090 0.7192 = 70,0140 0.0243 0.0280
2,0 0,827l 0.8341 0.8432 0.8523 0.8590 = @__66*5{:“:0'_'@"{5“@?5'6_‘1"8;
{ 2.5 % 0,9252 0,9285 0,9331 0.9376 0.9510 & 0,005 0.0079 0.0091
3.0 § 0.9735 0,57k 0,9766 0,9785 0.9798 & 0.0018 0,003 o, 0036
55 & 0.9931 0,993k 0,9938 0.9942 0.9945 0,0004 0,0007 0,0008
W0 0.9990 0,9989 0.9988 O.9986 0.9987 o o o
(b5 1.0 0.9999 0.9998 0,9997 0.9996 )
15,00 1.0 0,9999 0,9999 0,999 0.9996 O 0 0
£ 5.5 4.0 1.0 14,0 1.0 1.0 0 0 0
Note: ¥ 18 zero for B = 0° and 90°,
TABLE 13
Pramary and secondary flow profiles with a positive
pPressure gradient and suction (separation case).
K = Qbh, B = = 0,37
ee"’ O;' 150 300 450 éo;‘q— 7;0 900 I50,?50 300’600 1+5U 1
y S %l ow o ow ow ow w8 8% % 8
0.0 TUf i U4_ Uy Uy, U Vg U1 Us Uy
0 o 0 0 0 o oo ol
0.5  0.0597 0,1026 0,1612 0.2198 10,2627 0.0586 0,105 0.1172 |
1.0 0.1850 0.2478 0.3335 0.1193 0.4821 0,088 0.1hB6 0.1715 |
1.5 £ 0,359 O. 4233 0.5105 05978 o 6617 T 0.0873 0.1512 0.1745
55 g DA oG G oy g a0 o 6T
2.5 § 0.7364 0.7705 0.8169 O, 863:+ 0.8975 £ '0,0462 0,0801 0.0924
3.0 5 08715 0.8895 0.9135 0,9378 0.9556 & 0,02k3 0,0420 0,0485
3,5 50, 9487 0.9562 0.9665 0,9767 0,98L2 ™ 10,0102 0,0177_0.0205 |
5.0 0.9839 0.9863 0.9897 0.9930 0.9955  0.0033  0.0058 0'50%7
b5 70,9955 0.9551 0.9971.0,9982 6,5990 0,001 .0,0019 0, 0021
F5.0 1.0 1.0 0.9999 0.9999 0.9999 0 o o
5.5 1.0 1.0 1,0 4.0 1.0 o o o
Note: 1 28 zero for 6, = 0° and 90°.
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TATLE 1L

Pramery and secondary flow profiles with a positive
pressure gradient and suction

B L VS L

K = Oh, A = - G35
‘iee-f 0° ‘ 150 300 ' 15° ' 6230 . 759 90° 150’750 300 60° 45°
i up U oug U Uy w ouw ou 9§ B 2 oy
| YT 6 0 O U 0 GV 0 U G
Lg_ 0o o 0 o oo o
im.g_ _ ::(1129?0 1630 0.2089 0.2549 0. 2886 0.0460 0.0796 0. g’93:9'
| 1,0 0.3061 0,3527 0,416k 0.4802 0.5268  0.0637 0,110k 0,127k
RENERS ko o e
12,0 ™ 0,6957 0.7279 0,7717 0.8156 0.8577 = 0.0439 0.0760 0.0877
2.5 lé 0. 8438 0,8623 0. 8875 6_51:'83 9315 § 0.0253 0.0h38 0.0505
5§ SEEeI GBT ARG G | Ny woik oo
{35 & o.9781 o, 9611.- 0. L9851 ‘6'. 9892 0. 9922 E "9 _?9&1:9:,992?_ 0, 0081
| 40 0. 9953 0.9950 0. 9960 0. 9970 0.9977 0,0010 0,0017 0,0020
L5 0.9990 0.9991 0,9991 0,9992 0, 9993 0.0001  0.0001 0,000
5.0 1.0 1.0 1.0 1.0 1.0 T 0 "o T o

e - B LT AL

‘w

Note: & is zero for 66 = 0° and 90°,

TADLE 15

Primary and secondary flow profiles with a positive
pressure gradient and suciion (separation case)

K = 0,6, p = - 0,474

A0 N T b S T o b, Mo g 1 I | S Y - o

87, 0° T 15° | 30°  45° | 60°  75°  90° 15°,75° 30°,60° 45°

y B oM ou o ouw D ow ouw w # 8 P
U0 U Us Ja T U U1 Vo i} i7) Uy
o 6 o ) o o U T S
0.5 00,0729 0,124k 0.1948 0.2652 03167 0,070k 0,1219 0,1408
1.0 0, 2210 0. 2919 638&58*6— ﬂé_sﬁ 0.5566  0.0969 0.1678 0.1938
1.5 S 04156 04830 0,5750 06667 0.73k5 = 0,0920 0,1 593  0,1840

YT,

0. 6204 0. 6706 0.7392 0.8078 0. 8580 ~  0.0686 0,1183 O, 1572

2.5 & 07939 % 0.0406 0,070k 0,0813
k?:o" 0.9091 0.9230 0.9420 0,9610 0.9749 fﬁ "0,0190 o0, .0329  0,0380
5.5 & T0.9588 0,9757 0. 9805 0,9675 0.9922 & 0.0067 ©.0117 10,0135
5.6 0.9915 0.9929 0.9947 0,9966 0,9980 00019 :0.0032 0,007
55 0,9981 0.5984 0.9988 0,993 0.9996 0,000k 0,0007 0,0008
;5:“““&”1“0"*“176""5 5995 09999 09399 o o 0
5.5 1.0 1.0 1.0 1.6 1,0 . o c o |
Note: &, 1s zero for Be = 0° and 20°

TABLE 46
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TABLE 16

Pramary and secondary flow profiles with a positive
pressure gradient and suction

K = 0.6, 8 = =-0.35

ee—) 0° 450 300 15° 60° 759 ' 90° 150,759 300 66°  45° 2
Y waulow oW ow ow U & g 5 0
o0 0 7 T T S & W

o o6 o o o o . To 0 0
0.5 0. 2568 0. 2808 0. 3136 O. 3465 0.3705 0.0328 0.0568 0.0656
1.0 O o—.Eéﬂl 0. 5332 0. 5724 0.61i6 o—'6"1+63' = 0.0392 0.0679 0,078L
E_:: ~ 0.7151.0, 7575 3 0. 7677 0.7980 0. 8323- “:’ 9':_550“)“ 5.5§§é"5:§@i
2.0 g o, 8637 O. 8765 0.8939 0,914 09242 8 0.0175_0.0303 _0.0349
2.5 & o %71 10,9527 o_g@ou 0, 9681 0,9757 8 o oo7z~_ 3 0133 0,015k
3,0 &£ 0.9828 0,9848 O,9877 0.9905 0.9926 & 0,0028 0,0049 O,0057
3.5 0. 9952 0, 9959 0.9968 0.,9977 0. 998, 0.0009 ©,0015 0.0018
IO '0.9990 0, 9992 0,999 0.9996 0. 9997 o T T o
) 1,0 4,0 1.0 1,0 1.0 o o 0 :

Hote: &+ 18 zero for ee = 0° and 90°
TABLE 1

Pruimary and secondary flow profiles with a positive
pressure gradient and suction (separation case)

K = 0.8, § = - 0,592
o 00 15° 30° 45 60°  75°  90° 115°,75° 30°,60° 45°
wouomowm o owow o ow w90 % & %
IR R R . G
0 o o0 o o ) o 0 ]
[0-5 00368 01464 0.2277 0,301 0.3687  0.081h 0.1409 0.1627
4.0 0.2563 0,3336 o 1391 0.5547 0,6220 0.1056 0.1828 0.2 |
[1.5° 2 04681 0.5366 0.6501 0.7237 0.7922 < 0.0936 0.1621 O, 18?1
2.0 :.; 0.6772 0.7240 07681 0.8521 0.8990 _ 0.0640 0.1109 0,1281
2 .5 § 0.8401 0.8651 0,6992 0.9333 0,9583 § 0,031 0,0591 0.0682
3.0 & 0.9368 0,971 0,9613 0.975h 0.9858 & 0.0141 0,0245 0,0283
5.5 % 0,9802 0.9836.0,9831 0.9927 0,9961 & 0,0045 0,0079 0,009
1.0 0.9953 0.9961 0.9972 0,9983 0.9991 0.00i1_0,0019 0,0022
5 5 0.9991 0,9992 0,999k 0,997 0.9998 .0,00025 0,000k _0,000k5
5.0 1,0 1.0 1.0 1.0 1.0 o T T e

skt i =

Note: &1 ds zero for Be = 0° and 90°,

TABLE 18
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TABLE 18

Pramary ond sccondary flow vrofiles with a positive
pressure gradient and suction

K = 0,8, 8 = = 0,50

g e

| O 0% 15° | 30°  43°  60°  75° . 90° 15°,75° 30°,60° 45°
oy ¥ owomowom ow w9 o & o |
T & T i T nohv, W . O A
o T 0 o 0 o o o o o |
0.5 0. 2495 0. 2838 O, . 3306 0, 3774 04416 0, 0468 9 0810 0.0936 ;
1.0 S 0,L98A 0,5579 0,5917 U, Gh56 0.6850 = .0,0539 0.0953 0,1077 |
iTE = oo 57 0,731 0.7831 0,832 0. 8526 - 0.0401 0,069k 0,0801 1
2.0 0869085 0003 G5 o.M § 0,079 0,690 0,038 ]
25 & o Sk 0,562 6. 9653 0. 575 g‘»_._9h81_2_ $ 0,009z 0.0159 0.0183 |
5,0 & 0.9848 0,9670 0. 9900 0,9930 0,9952 & 0,0030 0,0052 G.,0060 |
1.0 70,9962 0,998 . 9976 O, 9985 .2_.@{, ~0.0008_0,0014 '0,0016 gi
k5 0.9991 0.9992 0.9995 0.9997.0.9999" 0.00025 0,000k  0,0005 | i
5, GO e T T T T Ty T T 1
Note: & 1s zero for do = (° and 90°,
TAELE 19
Pramary and secondary flow profiles with o posaitive
pressure gradient and suction (separation case)
K = 1.0, 8 = - 0,729
B 0° 15°  30°  45°  60° 759 90° 15°,75% 30°,60° 45°
y BB B wow Cowmow o w ' oo % %
0.0 1 i T; i G v o 0, U
o o T T TS "“"“'""""b"“m”b““'"om
0.5 0.1015 O, 168k 0.2597 0,35 1 0.4180 o 051h 0.1565 O.1827
120, 0:2919 0.3757 0,853 05570 0.6765 0,117 0,153 02833
R 931-9 6.49 5868 0.6767.0,7705 0.8578 .~ 0,0918 0,1591 0.1837 |
200 I Q.7294 0,771k 0, 8788 0 8862 0,9282 X 0,C574 0.099% 0,1148 i
2,5 § 0.8763 0,897k 0.9257 0,9531 0.97%2 § 0.027h -0,0h7k 10,0047 |
;}iO E’;; b?gﬁ?§éié Q, 9747 O, ?%}éﬁj}d g 10,0098 0,0171 10,0197 |
3.5 % O. 988? 0.9906 0.9952 0.9959 0.9978 %  0,0026 Q__o_o&g__ Q__O_L’)ij_’_’_
f1,0° ™ 09981 0,998k 0,9987 0.9991 0,999 0,000k 0,0006 0,0007 |
(w5 1.6 68995 0,559 69958 0.5 o o o
15,0 1,0 0.9999 0.9999 0,9998 0,5998 o 0] NG,
s T T T T T T8 ""Td"" Ty T YT T Ty
Note: @ 18 zero for Ge = 0% and 90°,
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Pramary and secondary flov profiles with a positive
pressure gradient and suction

K = 1.0, # = - 0,60
m8;¢~ 0o 150 30° 45° ; 60° 75° -+ 90° 150,750 300,606: 1.5° %
y Wl ouw T owow Cww m IR A i
U U T2 U @ Oz Uz U, W7 U Us Oy !
o I 0 o0 o o o o
0.5 06,2903 0.3265 0,5761:0.4256 04619, 70,0595 0,085  0.099% }
1.0 G 0.5571 0.5955 0,6479 0,700k'0, 7386 — 0,0525 0,0909 0,1049
1.5 = 0,768k 0,79:2°0, B29i, 10, 8647 0.8905° < 0.0352 0. (610 0,070k
2.0 § 70,9026 0,9151 0,9322 0.949% 09619 § 10,01 710,027 0,0342
2.5 L 0.5677 0.9725 0.578610., 9649 0,9095 0,0065_0,0109 0,0126 |
3.0 30,9915 0,9930.0. 9946 0. 9965 0. 9978 E 0.0018 0,0032 O. oo;sej
5.5 0.9981 0,9985, 332?‘97_0 -5995 0.8599 10,0005 0,0005 G.0610 ! %
0 1,0 1.0 1.0 1,0 1.0 o - 0 o |
4.5 1.0 1.0 —*1—.'6#";1 o 1.0 o o TTo
Note: @i 1s gerofor O, = 0° and 90°,

IABLE 21

Primary and secondary flow profiles with a positive
pressure gradient and suction (separation case)

K = 140k, 0 = - 1.0
87 0°15°  30°  45° © 60°  75° ; 90° 15°,75° 30°,60° 45° |
u u w o oug u, g ug :}U-:L 8 8 &y . :
T/ T O U1 i in U v, W U« O 1@
0 K o o o T T -mbmw o ""*‘h:ofw: _i
0. 25 0,0473 0,100% 0.172h:0. 247 0.2975  0.0722 0.1551 014k}
0,50 0. ?55?6?5@ 0.3198 0.5297 '0.5101  0,1099 0,103 0. 21 98 §
075 0,2350 0385270, 85 0,5715 0.6417 0,152 0.7133 10,2463,
1,0 0.3551 0.4428 0, 5626 0, 6825 0. 7702 0.1138 10,2075 G,23961
1.5 0,479k 0.5572 0,6635.0.7695 O, 8472 0,106 0.1839 10,2125 |
1.50 o 0.6003 32555 10,7507 o'éffs"*“é"}“o?“z“f:w“bw 0869 0,1505 '0,1757
1.75 ~— .0.7087 0, 7572 0., 82315. 0. 8897 0, 938¢ = 0,0662 0.1147 O 13)4.
2.0 § 079560 B51 08812 10,9985 0,928 § 0,071 0.0616 0,002
2.25 & 0,870k 0.8952 0,924k 0,9557-0.9735 &  0,0312_ 0,051 10,0624 4
2.50 § '0,9221 09361 0.9552 0. 9743 0_9283 ¥ 0.0191 0,0331 .0,0382 ]
2.75 0,9559 0,963 0.9749 0.9856 0, 5939 0,0109 0,015 10,0219
5.0 '0.5766 0.9809 0.9868'0. 992710, 9970 10,0059 0.0102 0, 0118
5,25 0.9888 0,5908 (3_?23%"6' 5565 10,9986 0.0028 0.00L5 o, 00)7!
) 3, 50 .0, 99440, 99540, 9968 0. 5983 .0, 9993 10,0014 0.0025 .0, ooas%
575 0,9972 0,9977'0, 998410, 9992 0, 5957 0.0007 0,0012 '0,0014
10 10,5591 0,999 0,9995:0,9997 0,9999 ___ 0,0002 0,000k -0,0005
he25. 1.0 1.0 1.0 1.0 1.0 I 0 o |
Note: &1 23 zero for @e = 0° end 90°,
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TABLE 22

Primary and secondery flow profiles with a positive
pressure gradient and suctaion

K = .55k, f = - 1,0
‘%ee—’ 0o ;50 30° 459 60° 750 $0° :50,750 500,600 145° a
y vy ow owow low ow w8 % % %
Us U Uy U;]_ Us U1 U:L Us VO Uy Uy Uy ¢
o 0 6o o o S 0 "B“WE
0. 25 06,1738 0,2089 0,2560 0, 5048 0, 5398 0.0479  0.0830 0.09581
0.50 o, 33?}“6 2869 0.4548 0.5228 0, 572"5,7““*5.—0-6-7—9“‘ 0.1176 6.?355‘
{ 0,75 0.4887 0,5396 060920, 6789 0,7298 0,0696 0.1206 “?o".'@'g}
1,0 0,6235 0.6680 0.7290 0,7900 0,8346 0.0610 0.1056 0,1220}
1,25 0,7359 0,771 08191 0,8672 0,902 0,081 0,0833 0,0961
1,50 ©  0.8262 0.8512 0. 8855 O. 9157 o. 914);8- = 0,0342 0,0593 0,0685
175 ™ 0.8920 0,9086,0, 9511 0, 9557 0.9702 f 0,0226 0.0391 0. oa51
2.0 & 0.9576 0.9476 0,9612 0,978 O, 9847 g 0.0136 0.0235 10,0272
1225 & 09660 0.9715:0,5795,0.9669 0.9925 §  0.0076 00132 0.0133]
2.50 & 0.9830.0,9859.0,9696 0,9936 0.9966! &  0,0059 0,0068 0,0078
12,75 0.9915 0.9930,0. 9950 0,9970 0, 9985 0.J020  ©0,0035 O, 040
3.0 0,9962 0,9969 0.9978 0.9987 0.999% 0.0009 0.0015 0.0018]
3,05 0.9981 0,9985.0.9989 0, 9994 0. 9998 0.0005 0,0008 0,0009
3,50 0.9991 0,9992 0.9995 0.9997 059999 0.0002_0.000i _0.0005
375 .0 1.0 1.0 7.0 1.0 0 0 0 |
{10 1.0 10 1.0 4.0 4,0 % T ":3 ‘
Note: @1 1= zero for ee = 0% apd 90°,
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TABLE 23

Pramary and secondary flow profiles with infainitely
large positive pressure gradient and suction

(separation case)

K = 2,828, B = -
ee--?‘ 0° 450 . 30° | L5° : 60° . 750 90° "150,7505300,600: 5,5°
Twou ow ' s : w o ow g uiﬁ: & ., P4 N th
T 0T O Uz U, % 0 Ur Vb_ i U N
0 0 0 0 0 G . 0 . _

0,027 '0.0516 0, 0559 0,0617 00676 0,0719 *0,0059 10,0102 0,0117
| 0,055 15,1029:0,1110 0.4220 O, 1339 0,1410" 0,010 .0.0190 0. 0220
0,086  .0.154k 0,1665 0,1829 0,199% 0, 2115 0.0165 '0,0285 0.0329
0.115.  .0,2057.0,221% 0.2428 0,2643 0, 2800 0,021k ,0,037i 0.0428
70,755 10,256910, 2758 -0, 3015 0. 527510, 3462 10,0258 10,0446 0, 0515
0,192 ‘30 3080 0, 3297 o.gﬁs";b.3892 0,41410" 0,0257 §0.0515 10,0595
0.23L  :0.3590 0,3835 0,4170 0,4505 0.4750: .0,0535 0.0580 0,0670
_o_.__zjg ) 10,4097 0, 436u 0.14728 0,5093 O, 5559§ = 0,036k {0,0631 0.0728
 0,329" ;_(_)*4604 0.488970,5278 0.5667.0.5952° ‘i’ 0.0389 0,067k 00778 |
0,385 § 10.5109°0. 5408 0.5817 0.6225 0,652k, &  0,0,08 :0,0707 O. 0817 |
0, 447 E 10,5612 0,599 0,6337.0.6756 0. 7063 § 0.0412 .0.0725 O. 337 §
0.518. & 0.6113.0. 6422 0,684 0,7267 0.7576. & 0,0422 0,0731 0,08% ]
0. 600 0.6612.0.6917.0, 7333 0. 7750:0. 8055. "0.0417 0.0722 00853
0.655 0, 7107 0.7400'0,7799 0.819910, 8492 0.0400 0.0892 O, 0799
0. 811 +Q, 7600,0.7873 O. 8245 0. 8618'0,8891 0.0373 0.06L6 0.0745 i
0.5k, 0,808970,6332,0. 8663 0.8995:0, 9238 10,0332 0.0574 0.0663 |
1,143, :0.8574.0, 6776 0.9052 0,9329 0. 9531 0.0276 '0,0478 0, 0552“
140k 0,9055.0.920k 09408 0,9613;0,9762' 0,020k 0,035k 0,0k0B |
1,889 0, 9550 .0, 9613 -0, 5726 0. 98390, 9922 '0,0113 06,0196 0.0226 |
L o 1,0 1.0 1,0 1,0 1,0 o 0 o_j

Note: ¢, s zerofor O = 0°and 90°%
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TATLE 24

Pramary und secondary flow profiles with an anfinately
large positive pressure gradient and large suction

K = 3.6, g = = o
g "eé+ 0° * 15° 300 15° £0° . 75° 90° .15°,75° 30°,60°. 45° é
u L W ‘ uy Cw ow . ow g @ By ‘ Dy h {
" nT % % %o, G 6 GV O T T
G 0 o o TTo T o o o o
- 0.016 10,050k 00516 0.0533 0,0549 0, 0562 10.00165 0.00286 O. 00330 |
0,053 0.1009 0,1032 0,1065 0,1097 0. 1121 0. 00325 0,00563 0, 00650 1
0,051 .0, 1512.0,1547 0.1593 016400, 1674 0.00467 0,00810 O, 06555
0,071 0. 2016 0,2061 0.2122 0,218k 0,2229. 1000612 0,01061 0.01225_
0,091 0.25200,2575 0,2649 0,272k 02779 0,00747 0,01295 0, 01495 |
0113 0,3023,0.3087 0.3175 0.3260 0,352, .0,00867 0.01502,0.01755
(0757 5 0.352610.3599 0.3698 0.5797 0.3869 < 0.00990 0.01715:0,01980 |
0,163 = foﬂg”c_)_z_? 02108 0.521510.4325 0.4402. = 0,01077 0,01866 0,02155 |
0,191 & 0,4531 10,4617 0.4735 0, 4850 0,4936. 8 1001167 0.02022]0.,02335 1
0.2t § 10,5033 0,512k 0.5247 0,5371 O, Eué'z“ & 0.01237 0,021 " 0.0075 ¢
(0,256 § 0,5535 0.5629 0.5756,0,5860 0.5562 @ 0.01292 0,02239.0,72585
0. 29 0. 60360, 6133 0. 6265 0.6398 51—5&{35 0.01327 0.02299 0,02655
0.337  .0.6535 O, 6633 0.6766 0.6900 0,6997 0.01332 0,02308 0, 02665
0. 388 10.7035.0. 7151 0.7262 0. 7354 0.7450" "0.01312 0. 02573 0. 02625 1
0.448°  10,753h 0,7626 0.7752 0. 7879 0.7971 0,01262 0,02187 0,02525
0. 521 0.8031:0,8117,0, 8234 0,8352 0,8438:  0,01172 0,02031 0,02345
0,616 0.8528,0.8403 0.B706;0,5610 0. 8869, 0,01032 0.01788 0,02065 |
0.752 0. 9022*'0" 9083 0,916 0,524 0,9310 3, 00830 0. 01437 0.01660 |
0. 985 0. 9)14 0.9553 0.9606-0. 9660 0. 9697 1000532 0,00922 0.01065 |
e 1.0 1.0 1.0 1,0 1.0 o o o
Note: @y 1s zero for Ge = 0° and 90°,
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Primary and -sbcondary Flow profiles for che stagnation flow wth zero suction
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Primary and secondary flow profies with
1_posifive pressure gradient ang suction
(separation case)
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Primary and secendary flow profiles wich ~
an_nfinitely large postne pressure gradient
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