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S UMMARY

A method is developed for calculating the profile
drag of a yawed wing of infinite span, bH yed on the
assumption that the form of the spanwise distribution
of velocity in the boundary layer; whether laminar or
turbulent, is insensitive to the chordwise pressure
distribution. The form is assumed to bs the same as
that accepted for the boundary layer on an unyawed
plate with zero external pressure gradient. Exveri-
mental evidence indicates that these ascsumptions are
reasonable in this context. The method is applied to
a flat plate and the NASA 64-012 section at zZero_inci-
dence for a range of Reynolds numbsrs between 10° and
108 angles of yaw up to MSO, and a range of transition
point positions. It is shown that the¢ drag coefficient
of a flat plate varies with yaw as Cos® A\(where Als the
angle of yaw) if the boundary layer is completely
laminar; and it varies as p0°4/Jn if the boundaory
layer is completely turbulent. The drag cocfficient
of the NACA 64=012 section, however, varies very
clogely as Cos<A\for transition point pesitions be-
tween O and 0*5 c. Mirther calculations on wing
sections of other shapes and thicknesses and mors
detailed experimental checks cff the baaie assumphtions
at higher Reyuolds numbers are degirable,

¥
Part of this paper appearea in the Thesis presented
by T.B. Booth for the College Diploma, 1949,
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NOTATION

curvilinear orthogonal coordinates on the) See

surface of a body (y is in spanwise 3 para.
direction for yawed infinite span wing). ) 2.1,and
) Pig.h.

e

normal distance from the body

velocity components in the boundary layer
in the Xx,y,z directions, respectively.

velocity components just outside the
boundary layer in x,y directions, respectively.

velocity vector = (u,v.w).
curl v.
undisturbed stream velocity.

components of @ _ in direction of chord and
span resnectively, of yawed infinite wing.

angle of yaw of wing.

turbulent fluctuation components of velocity
in x,y.,2 directions respectively.

chord of wing, measured normal to span.
pressure.

density.

coefficient of viscosity.

kinematic viscosity = u/p.

drag of unit span of the wing.
component of D in chordwise direction.
component of D in spanwise direction.

drag coefficient at a Reynolds nuuber
and an .angle of yaw B.

Reynolds number = Qoo/v.

boundary layer thickness.
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1. Introduction and Review.

The increasing use of sweepback to delay
compressibility troubles has aroused interest in the
behaviour of boundary layers on yawed and swept back
wings, for we require an understanding of this
behaviour if we are to predict and control satisfac-
torily the characteristics of swept back wings.

This paper is concerned only with a limited and
relatively simple aspect of the problem, viz. the
profile drag of a yawed wing of infinite span. It
is hoped; however, that apart from the intrinsic
interest of the results;,; the discussion will add to
the basic store of data and ideas needed to tackle
the more general problem.

The treatment begins with the development
of the boundary layer egquations and the momentum
integral eguations for laminar and turbulent flow.
The development of the laminar boundary layer equa-
tions is n?trngwf having in essentials been given
elsewhsre, '#<*3s4s it ig however included here for
completeness. It is shown that the chordwise flow
is independent of the spanwise flow and hence the
corresponding boundary layer equation can be solved
by any of the accepted methods. A method for
solving the spanwise flow equation is suggested
which is approximate but sufficiently accurate for
the purpose in mind. For a flat plate at zero
incidence it is found that the spanwise velocity
profile is strictly similar at all points to that in
the chordwice direction, and the resultant direction
of flow is everywhere that of the free stream. The
skin friction cosefficient at any point, as well as
theioverall drag coefficient,; is reduced by the factor
Cos*A due to yaw, end thus the skin friction at a
noint is the same as that on an unyawed plate at the
same distance measured parallel to the undisturbed
stream direction downstream from the leading edge.
This result is peculiar to laminar flow in the
boundary laver.

The turbulent boundary layer equations
also lead to the conclusion that the chordwise com-
vonent of flow in the boundary layer can be treated
as independent of the spanwise component, The
momentum integral equation of the former component
can be solved on accented lines to yield the compo-
nent of the drag per unit sman in the chordwise

direction. The drag of unit span of the wing is
the resultant of this component and the spanwise .
component. To obtain the latter it is assumed that

the form of the snanwise velocity distribution in
the boundary layer is indeonendent of the chordwise
pressure distribution and evertvhere satisfies a
power law, of the type normally assumed to hold in
the turbulent boundasry layer on an unyawed flat
plate in a zero external pressure gradient. This
assumption, which might be based somewhat loosely if
intuitively on the argument that the spanwise condi-
tions of flow correspond in some resnects to the
simplifying conditions usually assumed in the theory
from which the power law is derived; 1s shown by

experimentes to be reasonable. For the calculations
discussed in this paper the law assumed is the 1/7th.
power law. The sgpanwise momentum thickness at the

trailing edge is then derived in terms of the

/chordwise,....
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chordwise momentum thickness and readily yields the

snpanwise component of the drag. An exXxpression for
the resultant drag coefficient is then presented in
2 simple and concise form. For a fully turbulent

boundary layer on a flat plate at zero incidence,
with the velocity distributions in both spanwise and
chordwise directions satisfying the 1/7th. power law,
the drag coefficient is reduced by yaw by the factor
Cos P ¥ Here we may note that although the flow
is everywhere parallel to the undisturbed stream
direction the skin friction at a point is not the
same ag that on an unyawed plate at the same distance
measured varallel to that direciion frow tlie lcading
edge. ere it so, the drag coefficient would change
with yaw as the factor Cos!/SA.

The method has been applied to calculate
the drag coeflicient of a flat plate and of the
NACA 64-U12 section at zero incidence for various
transition positions; Reynolds numbers and angles
of yaw. In the casec of the flat plate (Fig. 1b)
the factor describing the variation of the drag co-
efficient with yaw changes steadily from Cos14 J A
to Cos’ 2fﬁ 88 the transition point moves back from
the leading to the trailing edge, and there is no
noticeable effect og Eeynolds number on this factor
within the range 10~ to 10". In the case of the
12 percent thick wing seg}gon (Fig. 1a) the factor
remaing very closely Cos'/“/\for transition positions
from the leading edge to 0.5 ¢, and the effect of
Reynolds number on this factor is very slight.

Preliminary experiments made on a flgt
vlate at afairly low Reynolds number (about 10°)
tend to confirm the assumptions and conclusions of
the theory for angles of yaw up to 45°9, but further
experimental work at higher Reynolds numbers is
desirable,

/2. Boundary....




"

2 Boundary Layer Equations.

2.1. Laminar boundary layer

The equations of motion of a steady viscous,
incompressible fluid with negligible body forces are
in the vector notation of Ref. B,

-V Xw= - grad (? + %5 3¥°) - v curl . 5% 4 geiw L1

The equation of continuity is

div ¥ = U, TEE R

Consider the flow past a surface and take

X,¥s2 28 orthogonal curvilinear coordinates, such

that z is the normal distance from the surface and

the lines x = const.s y = const., define an orthogonal
network on the surface, We will now make the usual
assumptions for the flow inside the boundary layer,
viz. that the rates of change of the velocity compo-
nents normal to the surface are large compared with
the corresponding rates of change parallel to the
surface and that the boundary layer thickness is small
compared with a T&hruoﬁntﬁtLVu linear dimension of

the surface, We will further acssume that, 1f’“ and
ﬁ& are the curvatures of the llncb il — const an
X = const., then the quantities f' ﬁ o agx
jfr ) .:"{ - ;-\J"- 3 (‘}X
85y 55, B Ty B _L-"'ix
oy ay 5] 8y2
3 %K 3 3K 3 3% __
5! ¥ op & x 4« and ¥ k& _ K )
) = %0y are dl1 small coapared
Ax X3y -

with unity, where & is the boundary layer thickness.

¥With these assumptions the equations of
motion yield the boundary layer #qaqtlonu:—

A A1 odu _ 1 3p ,a, b i
v TVey TV e T "tV - seeees (3)
13 3°
AV AV a7 an v
1 S——— R W o= I el e W - LT
J Ax S oy gk 3z 0 ay azd (M)

The equation of motion in the z direction leads to
the result that the pressure may be taken as con-
stant across the boundary layer, The equation of
continuity is

u BAY W i
.,}&+15§+BZQO ......(_;)
For the case of the yawed wing of infinite
span, we will adopt the notation illustrated in Fig.l,
viz., x is measured along a sec tlon profile from the
leading edge in a plane normal to the span and y is
measured along the span. In this case the rate of
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chance of any quantity with respect to y is zero,
and hence equations (3), (4) and (5) bocome

2
du 1 2p 3 u
u QE + W s = - = 5= Y 5 i b paeiks)
X 02 p 9X 3z
1 .a...z + W j’..Y. S ﬂzv 3 (?)
9x 0z 322
and
E:‘U. Clﬁn" i n
5;-!-3:5-—0. ......(u)
At the surface u = v = w = 0.
Just outside the boundary layer u = U15V = V1s
a1 AV A i " x .
% =~ 58 °© 0, and the flow is irrotational, consequently
aU
s o4 28 ¢
U1 HX —""Q_’X 3 l.!l!l(}) '
and '
3?!U,.| QVJ]
'.-__-':'--_:O- ‘--10-("0)
oy 5, =
U, v,
Sincey however, 37 =0 it follows that g Qs
1.8 V1 = egonst. = Voy where Vo is the component

of the undisturbed stream velocity along the y axis.

Equations (6), (8) and (9) and the cor-
responding boundary conditions are identical with
those for the boundary layer over the wing in an
unyawed flow and with a main stream velocity = UO = .
Q_ Cos A. Hence, the chordwise flow in the
boundary layer is independent of the spanwise flow ;
and may be derived by any of the well-established
methods. An approximate method for solving for the
spanwise flow will be discussed in para. 3.

& 2 Turbulent Boundary Layer.

With the usual boundary layer assumptions
the equations of motion for the turbulent boundary
layer in three dimensions become

u%i— + v%-—é— + w%% = s ?; "’].-2. + ,J’ig N %}E (E.—Q’l %?{:ﬁ"'?}""‘}
-E—J(\WL ceeess (11)
o ). e 5 2 002

/where ....




where undashed letters now refer to time means, the
dasres denote turbulent fluctuations and a bar denotes
a time mean. The third equation of motion may again
be interpreted as indicating that the variation of
oressure across the boundary layer can be neglected.
The equation of continuity 1is

A av oW
L e st = el
AX Ay ¥ 3 0. (13)

RPor the yawed wing of infinite span, these equations
reduce to

2 El . {l
au au 1 3p a1 A 12' o 4=% r\} y
Uee + Wim = = — 2= + vy - —\u' - o' e (L
X A% p X N5 X oz N i ;
. . 82 5 # - '
av _av v [ _T_T) /2 O et e 4| -
—— A (Te— — —_-——i VW « vosoEoe @ 1
1w v 3% W (jzz 3% u'v T\, #U ( 5)
ou AW
T —_— s e » s s & 8 w5
and = e 0 (16)

Again we note from eguations (14), (15) and (16) that
the chordwise flow is independent of the spanwise flow
and can be calculated as for the unyawed wing in the
stream component normel to its span.

2. Momentum Integral Equations.

It is usual to assume that the rates of
change of the mean turbulent stresses in directions
parallel to the surface can be neglected compared
with the rates of change normal to the surface. Both
the laminar and turbulent boundary layer equations
for general three-dimensional flow can then be

written
o'T
X%
au I A 1 9D ]
— T — P = e — m— e e o 8w
Bes dvae ¥ = B IS TRy (17)
and
3T
AV AV DV 1 8p 1 7 7
S— . e i e e LB e 8 s 8w
W v RN o Rl Sor Tt (18)
/3u av\ . .
i = U = T = ui=— mina N, an
where e 1 azjg 'yz L 3z)° in laminar flow, and
T :::Lig-}}-j._n L‘ITWT. T o 'i(l\l) -0 .‘}EW‘ in
RE [T * ‘yz {02 - ?

turbulent flow.
OQutside the boundary layer

ATT 3
6[}1 _111

U Lo B A
1 BX + v_1 g’r;y_ — ol D qx ).} I T I T A (Ig)
and
av av

1 Y - aviiae .
U1 3% -‘(—V,1 5y - " o ay SRR (-2
If we now integrate equations (17) and (18)

with respect to z from z = 0 to z = 5, and make use

of equations (13), (19) and (20) we get eventually

'-[: 2 0 0 b
/ X2,




%J
AX gp Uﬁjy)

e 8 S

GRY

ARSI T i 3 AR : 1( JE
T e § ¢ ma—— T E R i
( yz)o Ay kp Y ﬂyy)+ ax --(p vy Jyx} 3 p vy Oy )
' av
" 1(0U6~) cowns {22)
/ 4 5

where(FXZ> and(FYZH% are the values of L and Tyz,
respectively, at the surface, and

o [?1 5 )d Sl ) {1 - Z)a

{ = - 0Z s &) = : - = (02

X : !

Vot U—1 ¥ O \ V'|‘}

[/a_) . ) / %
B = -,i’l-.—)rlz 5 =/§i ] - )dz
XX 'JO mq( e '3 r1k Y./
§,-.~r‘:)
0. =|{ K('z_ )dz 6. = '—l.(ﬁ-z)dz
H T 5 o .
Xy njg J1 TH VX V1 V4

(

(

For the case of the yawed wing of infinite span, these
equations reduce to

-~

- g B ¢ 2 = i ww
<UXZ)O 3y '—‘JX (o Ll,] ax}: # :1X (p »-’13?: )y v s e (23)

and

9_ f 2, ~
(”:yz)oz {73‘-3{- {p V,} ny) . seos e (CZ.[.)

Writing H, = 5° ion (2 i
riting H = jx/axx’ equation (23) can be cast in the

familiar forn

Xz anX 1 A 51 1 ]
el s ST P! D E A
3 2 —_ 4}{ + ]_]-4| /)X .H.X e C—( GXXQ ] (:_3 )
0 J'T 1 ~ -t
3. The Calculation of thc Profile Drag of a Yawed Wing.

5. 1. The drag components

‘e can resolve the drag (D) of unit span
of the wing into components along the X and y axis,
X and Y. Prom the above it follows that X is the
drag of unit span of the wing when unyawed but with
the same transition position in a stream of velocity
UO % ﬂo cos A\, where QO ig the resultant undisturbed

/ stream ....
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stream velocity (see Fig.l). Hence X can be calculated
by any of the established methods (see for examnle,
Refs. 6,7 and 8). It remains then to determine the
spanwise component of the drag, Y. To do this, we
note that, since the undisturbed stream is uniform
and the wing section is constant along its infinite
span, Y has no form drag component but _is solely the
resultant of the frictional othSSQ yz) . Thus; per

‘0
unit span of wing, and for each surface

arEC
! k8
Y =] {1 V. oy GX
J ¥
0
fc & .
= g o (ayx), dx, from (24),
W0
5 I "’Tt Eo
= e Vo j@yxg
- -'I.HE
2 k. 3
= ‘a g v e e (25)
"o [23]
= *"‘ La-
where L.E. and T.E. refer to the leading edge and
trailing e¢dge, respectively. Here we have assumed

that the momentum thickness evx is zero at the
leading edge and is continuous at the transition

point, it being accepted that the *ffboblﬁﬁz
o ‘10
could not become infinite. Qur problem then re-
duces to the determination ofi 1 .
*E.B,
Now
7 f}O . Vv )
2 = = {1 - = jdz
T
W U{O V1 h ‘L’i
e gre
= -:-1— f 2 {{'i - K\\, dz.
Vy I Vil
W0 o '
U1 p
o ‘\?1' K Ogx B88Y J
!
#'?‘- .. 26)
f ] ) % ,'{ﬂj ; E
where [ - E = E—.. 1 7 ’ .,u; f i E 7
here K =/ U4( %22 B[ U1>d“}
Y L8 . =

Let us suppose for the moment that we know the value
of K at the trailing edge of the wing. From egua-
tions (25) and (26)

Y=pUpng Vo%pm O

# Bk wuws
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But (see Ref.6)

: ! 1N
axx X Uo '
2 4 gty 2 "' T "l s
0 Uo g N TeRy
where n = E{Hx) + 5] S2.
!\' Ta Eo E
Hence i3 : 3
/g \n-1
Sins\ ) }
Y = seeee K e} o A
Cos 1 .
08 /A T‘E'QST.B.?J

The resultant drag D is given by
D=2X Coe/\N+ Y SinA\,
and therefore

D X ¥

C [R,.«"\H} & iR & etk OB et GO N + 54
D J —10 Q, < 4 7 2 o i) U £
e 0 ot 2F s '.—p 0
gl 3 g B
u 5=4Cos M\ + CosA.SInAKy n ‘
1 e A » Ldd m
'Q“p U.O e L% El (

1 a
" i i
H

v Lda

I e

! £ 1]
3 CD ’E? COSH:"’O'!' COS/\TOS%’M! Bin%’\ KT FE . )
. ; /

"]-‘l El

v s )

Here C {q,ﬂ} denotes the drag coefficient of the
wing a% 4 Reynolds number - and an angle of yaw B.
Equation (27) enables us to calculate the drag co-
efficient of the yawed wing in terms of the existing
results for the drag coefficient of the unyawed wing,
the angle of yaw, the chordwise component of velocity
Just outside the boundary layer at the trailing edge
and the quantities n and K at the traiiing eage.

The quantity n is known from the chordwise calcula-
tions, our problem is therefore solved when we have
determined KH >

s
Lo B

3. 2. The Spanwise Flow in the Laminar Boundary
: Layer.

For our purpose it is sufficiently accurate
to treat the chordwise flow in the boundary layer by
the Karman-Pohlhausen method or by one of the variants

based on it (see, for example, Ref.9),. Thus we
assume
; HE pl e S It
- A a3 1 A (2 )
7. = a5} b‘iks,) +oilg) +als) o

1 1

L and 18 siasss

n/\

n-1




and if we satisfy the boundary conditions

7% 1 2p 3u _ 2w
¥e TP ah T Ee QA aeln e e

where
3 1 D
e 2y ol2) z Z\_ 2z Z\
A(5) = 2(3)- 2(3) “(8) ’G(“,}"%‘hI T
and
Lo B
LU, ox
It then follows that 9 9
% |
o s S selh 4y
XX [3ﬁ5 b 9072 ¢
If we likewise assume that
2 3 il
e (2 Z Y 2z 1z
v, = 22(3 > Po(s) + 02(,5} hlalg) ¢
2
and we satisfy the boundary conditions v ﬂw% = O
at z = 03 and 0z
»)
-4 v _ 3%v _ e :
Vo= V1; S 5 = 0, 8t 3 = 8, we find

YV _ mfZ
?1_“Fk6)9

i.e. the form of the spanwise velocity distribution
is independent of the chordwise pressure distribution.
Hence, from (26)

K = 6} [F(W) +AG ()]
0

ke
I
tx]
R
&
~
La)]

- R
/__ QME
NETTET | AR CORR SRR
315 © 302l / 1315 ~ 945 ~ S072]
= K(A ), s8y, R
STHS w3454

L)

Sears” has calculated by a more accurate method
the spanwise velocity profiles for a simple case of
an external chordwise pressure gradient leading to
chordwise separation. The spanwise profiles show
small changes of form up to a point near the separa-
tion; after which the change of form becomes more
marked,; however these changes are much less severe
than the corresponding changes of form undergone by
the chordwise profiles.
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The value of HX is given by

v ' b
.Ei ir"f:l’? 4>‘1 .;\12 j (29)

O}f;\§15-9u5-9072; t s s s e e u

The usual methods of solution for the chordwise

flow yield A as a function of x, and hence we can

determine the value of K and Hy (and therefore n)

at the trailing edge from equations (28) and (29),

gassuming that the flow remained laminar to the

trailing edge and was not too near separation any-

where for the above method to be seriously in error.

In apolying equation (27) we are implicitly assuming

that the solution of the momentum integral equation

for the wake developing from completely laminar

boundary layers follows exactly the lines of the

solution for the case when the boundary layers are

turbulent at the trailing edgse. On the face of

it this assumption seems plausible enough, but in

any case the problem of the wing with completely

laminar boundary layers is at present of little

more than academic interest.

We note that for a flat plate at zero
incidence with comovletely laminar boundary layers

the above leads to v _ u or K = -, Since Upnn=U_;
B L, O
v U
0 0
it follows from (27) that
CpiR:N = CosA. C[R Cos 0]
= Cos* A Cp [R,0] ST -

Cp E?./COS A ,o

These results also follow directly from exact
solutions of the boundary layer equations as can
be seen from the following argument. The equa-
tions of motion are now

2 \
Au .oAua i a3
1N = 4+ W e— =y - g
AxX NEZ Z
Az
&
AV AV 1V
1] = _}.\i'l,r-—--z\}' R S S T B 1)
AX _)‘Z 2 3 (3
2z

and the sguation of continuity is

Proceeding along classic lines, we infer from the
equation of continuity the,K existence of a stream

function . such that y = %% s W o= e %% , and
B L 1 e
assuming that % :J;XUO.f(ﬁ)s where « = 2JU_/vx,

we derive the Blasius equation for f£(,) from the
first equation of (31), viz.

N e 28T =0, RSP Nl <))
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w
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We now write v = =y and assume ¢ is of the form
@= uxla gy ). Thé sscond equation of (31) then
redueces to

B

fgt- pre 2g?iT = 0, ( )
s el

PR
%

5 PR i
with v = Uog :

From (32) and (33) we see that

£ /fw: E—I'H /g?i "
' + eonst.
v/U,s and since u = 0O,

v = Vgys; When z = @9,

and hence f' = const.
But £' = W/U,, and g'
¥ om0 WHED = o8 B, angd 8 = U
we obtain finally

o
e

O:"

As already noted, it follows that in this
case the resultant flow in the boundary layer is
everywhere narallel to the undisturbed flow. Equa-
tion (30) indicauiss that the drag coefficient is the
same as that of an unyawed wing with chord equal to I
the distance from leading edge to trailing edge
measured parallel to the direction of the undisturbed
flow (i.e. ¢/CosA) in a stream of velocity Q.

This result is peculiar to laminar flow in the

boundary layer and follows from the fact that for

an unvawed CD:cﬂ/ﬁf. Any other C)SR relation
would not lead to this result even with the flow
in the boundary layver everywhere narallel to the
undisturbed stream flow,

3. 3. The Spanwisc Flow in the Turbulent
Boundary Layer.

m When the

e L

ﬁrﬁulent the

N
boundary layer is partly or wholly
following assumptiions will be made: -

Tec obtain the wvalue of (X)
b
LV

(1) The distribution of v/V_ is the same for
all x where the boundaery layer is turbulent and is
independent of the chordwise pressure gradient and
therefore of the distribution of u/Uﬂ,

(2) The distribution of v/V, is then given by
v/Vo = (2/6)", where m will be taken to be 1/7.

It is highly unlizely that these assump-
tions describe exactly what havppens in practice,
but exverimental evidence tencding to indicate that
they are sufficiently close to the truth for our
purposes will be discussed in a subsequent para-
graph (para. 5). e may note, however, that in
the usual argument underlying the dsrivation of the
nower or 'log' laws for the velocity distribution
in the turbulent boundary layer on z flat plate the
develonment of the boundary layer with distance
from the leading edge pliays no direct part.

V41 1T R



From this point of view, the argument might be
expected to apply rather more readily to the span-
wise flow in the boundiry layer of a yawed wing
than in the accepted case of the chordwise flow

in the boundary layer of an unyawed wing.

With these assumptions we can write

"5/8 o
. P2 Y | e T
ng Yy f 1 1. 72 iXT (O x\ ? af_2
mtet ol SR S R o B e
XX 0 J 0 1 X, xx/ N A *x

na

From the evidence marshalled in Ref. 7 we may
assume that ¥ is a function of z/f”jXX and Hys only,

I
] , e : :
whilst © X/o is a function of H
we can witte

% 3 only. Hence

where K is now & function of Hys only, given by

AT s
;‘ o AT IO N
i 1 i L ; [
¥=KE)=\§ b - ] &ix) z‘:d(""‘_-aé T
i 1% i \ xx/ ‘ | Rk
Jg | ' -

The furiction K(Hx) can be readily determined using
the curves of Rel. 7, The valuve of Hy can either
be assumed to be a constant over the wing as in the
method of profile drag calculation described in Ref.
6, or it can be calculated as part of the chordwise
profile drag calculations as discussed in Ref. 7.
Hence the value of Hy at the trailing edge can be
determined; and therefore we can calculate Kp 1o
Sample values of K are as follows: - [

HX = 129y E=13, er1.h, K=0, 9103 HX = 18, E&le 777

Having deterwined X and Hy, (and therefore n=(Hy+2)/5)
at the trailing edge, the drag coefficient can be
determined from equation (27).

for a flat plate at zero incidence it is

reasonable to assume u _ v and hence K = 1. In
e+ Vo
0 o
this case (27) reduces to
U e AL L -
Cy [Rs \| = Op [R Cos A0 | . CusA. < nviensey (350

For a fully turbulent boundary layer on the plate
the 1/7th power law 1cads to

- «;/r—
Cg LP,O} = const. /R '°,
Hence
> o Fod neal s
CD 1\?.5 A:l'[ i k’D [PSO-E» 08 f\ . . T (36}
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To illustrate the remarks made at the end of para. 3.2
we note that in this case the drag coefficient of an
unyawed flat plate with chord = ¢/Cos A would be
{R,Q}.Cosﬂ/BI\

s [R/Cos A,0] = ¢y

£ CD 513 i Ad y

in spite of the fact that the flow is everywhere
parallel to the undisturbed stream direction.

L. Specimen Calculations and Results

The method described above has been used
to calculate the profile drag coefficient of a yawed
wing of section NACA 64-012 at zero incidences for 6
angles of yaw up to 45, for Reynolds numbers of 10

107 and 108 and for various transition positions from
the leading edge to 0.5 c. Similar calculations,

but covering a range of transition positions from the
leading edge to the trailing edge, have also been

made for a flat plate at zero incidence. For the
aerofoil the calculations were made on the assumption
that Hy was constant over the section and equal to 1.l.
The results are shown in Fig. 1 (a) and (b):

It is of interest to note that although the
variation with yaw of the drag cobfflclenf off the flat
plate is described by the factor omh 24 when the
boundary layer is fully turbulent, and changes to the
factor Cos /2 as the transition moves back to the
trailing edge; the corresponding fdctop for the wing
section remains very closely Cog! 24 for transition
positions between O and 0.5 e, The latter factor
shows only slight variation with Reynolds numbers.

It appears that for a wing, where there is usually a
small positive pressure at the trailing c dge helplng
to reduce the chordwise drag, the faotorrq /UT J

in equation (27) weights the svanwise drag component

as compared W1th the ChOPﬂWloE drag component, so

that the resunltant factor ”DiQ A /Culhgoi is somewhat
higher than that for a flat nlatg. iiors extensive
calculations are required, howsver, to throw additional
light on the effect of section shape and thickness.

By Some Exverimental Results

A few preliminary sxperiments have been
made to check some of the a-sumptions of the above
theory and the results. The experiments were made
on a flat plate of 19" chord extending across an
open jet tunnel (jet dimensions 3'6" x 2'6" ) of top
s@eed about 125 f.p.s. glving a Reynolds number of
gbout 1.2 x 10°. It was intended to check (a)
whether the flow in the turbulent boundary layer of
the vawed plate at zero incidence was everywhere
parallel to the undisturbed stream direction,

LB 2 s krenorn
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(b) whether with the plate at incidence the spanwise
velocity distribution was indevnendent of the chord-
wise pressure gradient, and (c) whether the drag
coefficient at zeroc incidence with a fully turbulent
boundary layer obeyed the law given by equation (35).

Unfortunately, at the low Reynolds numbers
of the tests it was impossible to secure a fully
turbulent boundary layer or a sharp transition with-
out the aid of a turbulence wire of such a size that
its drag coefficient was an appreciable and not
accurately known fraction of that of the plate.

The experiments were made with the plate at zero
incidence and -at 3%° incidence with wvarious angles
of yaw up to uﬁo, and consisted of velocity and
vawmeter traverses through the boundary layer at
various stations aft of the leading edge. From
these traverses the spanwise and chordwise velocity
traverses were deduced as well as the drag coeffi--
cient of the part of the plate ahead of the traverse
station

The yawmeter itraverses made at zero inci-
dence with various angles of yaw showed no measurable
deviation anywhere in flow direction from that of the
undisturbed stream, thus checking the agsumption that
at zero incidence the chordwise and spanwise veloclty
distributions in the boundary layer were gimilar.
Some of the spanwise and chordwise velocity distribu-
tions measured at x/c = 0.855 at U5° yaw and 0° and
3%° incidence are shown in Big. 2, It will be seen
that whilst the chordwise distribution shows a marked
change of shape with change of incidence the gpanwise
distribution shows comparatively little change. The
latter falls between a 1/5th. and 1/7th. power law
for regions in the boundary layer near the surface
but fits a somewhat smaller power than 1/7th. in the
outer nart of the layer. Because of the lack of
measurements very near the surface it is difficult
to estimate the corresponding values of Hy = (6§/wa
with satisfactory accuracy but the value appears vy
to be about 1..4. In this connection we may note
that similar velocity traverses were made in the
turbulent boundary layer of a yawed wing of finite
span and are renorted in Ref. 10. The wing was of
ellipntical plen form and of' aspect ratio about 5.l
it was tested for an angle of yaw of 25Y and at
angles of incidence of 12° and 14°, at which latter
incidence nart of the wing was stalled. Neverthe-
less, even under these extreme conditions the
velocity profiles of the spanwise Tlow showed
themselves to be very nearly independent of the
chordwise pressure gradienta. \n indication of
this is the fact that the value of Hy for the
spanwise profileg rarely deviated from a value
within the range 1.3% to 1.5, whilst the corresponding
values of Hy ranged from sbout 1.7 to 6.7. The
gvidence therefore tends to support the assumption
that the form of the spanwise velocity distribution
is relatively insensitive to the chordwise pressure
gradients.

)
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The measured ratios of the drag coefficients
C [Ryxf]/GDLﬁ,d} are shown in Fig. 1(b) for comparison
with the theory. It will be seen that the exverimental
results show an even greater reduction of drag coeffi-
cient with yaw than is given by the theoretical Cosl/5A
law. This may well have been due to the drag contri-
bution of the transition wire, this drag is almost en-
tirely form drag and would vary as Cos2 A,

It is of interest to note that the theory
as developed in this paper leads to the following result
for the thickness at a given chordwise position of the
fully turbulent boundary layer: -

SIRA) _ ooq=1/5 A,

5 {R,0]

e

where 6[n,”) is the boundary layer thickness at the
specified position for a Reynolds number equal to o

and a yaw of angle 8. This relation is shown in
Pig. 3 for comparison with the meassured values. The

very close agreement between theory and experiment in
this instance ig probably in part fortuitous, but it

1s clear that the assumptions of the theory cannot be
seriously wrong. For comparison the factoruﬁoszuf5fﬂ -
ls also shown, this defines what the ratio o {R,A)/s[R,0)
would be if the development of the boundary layer on
the plate denended solely on the distance from the
leading edge measured in the direction parallel to the
undisturbed stream and was otherwise unaffected by yaw.

These experiments cannot be regarded as
completely conclusive, and further work is reguired
particularly at higher Reynolds numbers, but the
results indicate that the assumptions made in the
theory developed here are unlikely to lead to serious
errors.
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