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THEY EFFECT OF THE SLIPSTREAM ON AN AIRPLANE WING*

By A. Franke and F. Weinig
SUMMARY

The present report is in some respects a continuation
g tamt iamtiiie et lon ibhe, subiject entiitled “WIindlaenlcie:of ‘the
Propeller on other Parts of the Airplane Structures," by
C. EKoning, published in Aerodynamic Theory (1935) ., wods. %A,
Ps 8612 fhiis article has heen simplifed through .the pres=
ent one in the case of a wing spanning the slipstrecam and
extended to include slipstream rotation and propecller in
yaw.

The conditions which must be met at the slipstream
boundary are developed; after which it is shown with the
ald of the reflection method how these limiting conditions
may ‘be complied with for the ‘case 0f jan. airfoil ‘dn lapro~
peller slipstrecam in horizontal flow as well as for the
propeller iin yaw and with allowance for the slipstream ro-
tatione. In connection hercwith, it is  -shown how the ef-
Peet ive langle of attack and sthe cireulatidon “distribut o
with due regard to slipstream effect can be predicted and
whaot inferences may be drawn therefrom for the distribu-
bion of lift, drag, and pitkehing moment across the spans

I. INTRODUCTION

A considerable portion of the wing and usually also
of the tonll of 81 airplanc are directly affected by the
propeller slipstream. The larger the proportion of these
surtfagees aud ithe higher the propellér leading, its ceeffi—
cient of advance and angle-of-attack range, the greater
the slipstream effect on . the alrplanc. Howewmer, this ef-=
fect i1s not confined to parts within the slipstream but
o parts outside of it as well, according to.recent find-
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ingss« In the folllowing, the gffect of propeller slip=-
streanm with consideration to oxial Supplementary ve1001ty,
slipstrcam rotation, and yaw on an airplane is described.

II, THE LIMITING CONDITIONS OF THE PROPELLER SLIPSTREAM

18

DISTURBED BY AN AIRPLANE WING AND THEIR COMPLIANCE

1. General Form of Limiting Conditions for the Slipstream*

Visualize, for the present,; thec propeller slipstrean
replaced by a Jjet with constant jet velocity at 502 b Labes
behind the propeller, without rotation or with constant
Bwiiet ; V. ehpg cthe £lkow Yo We raapo tent ol flow widhin, Hnd
without the jete The jet boundary is formed by a vorticity
layer. Apart from this singular bchavior of the flow at
the jet boundary, there are other singularities in the
flows they are,; particularilys bthe VOTthoS formed by the
vortex band behind the airplane wing. Now we shall at-
tempt to define the flow within and without the jet. Aside
from the singularities within these regions, the flow is
determined by the behavior at the jet boundary.

At the jet boundary, the pressure of the outside flow
(region I) must for reasons of equilibrium equal the pres~
surc of the inside flow (region II). Hence the first lin-
iting condition:

Py (2) ¢

Otherwise, no stationary flow would be possible. The Jjet
consists, in addition, always of the same particles of
air: hence the Jjet boundary must consist of strea nmlinese
The jet interferences are assumed to be small. Hence the
jet mays, although it is a little deformed, in first ap-
proximation be looked upon as round. The noznal compos
nents of the velocities disappear at the Jjet Dboundary;
then the following equations are applicable (fig. 1):

T 0

H

= Vp gac" Y ot VZI gin A

1 I

v

il

v cos Y + V sin. Y =0
LT il N

*Sections 1 to %, which are largely contained in Koning's
report, are repeated here for the sake of CLaritye
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Here AY:agithe angle ofrtlhie normal - "n - to the jetb
surface and a plane perpendicular to the propeller slip=-
stroan axis 2. This yields the second limiting condi-
B ion at:

Tl e (2)

v
b 3T

2. Restatement of Limiting Conditions

Let - V3 and VII presefte the.-mean parallel wveloeclty
ide and outside of the jet, the deviations therefron,
vt is, the interference velocities, induced by the wing,
or iastance, to have the conponents vX, L LR Accord-
Z

v

ing o the pressure equatiom, it is:

P | (% 3 2 =
o g [(VI,II *Vapopp)t t V¥Rt VxI,IIJ 3. 4%, ¥

With P, denoting the pressure at the point of van-
ishing dnterference velocity, it issg

If the interference velocities can be assuned to be
so snmall that their squares can be neglected, the pressure
equation becomes

v =
Po oy T Pty 15 Taginy ™ oy 332

Since Vg disappears at infinity and p. = p
Tee I°L I I &
at the bouandary, we have Yoy ¥ Pipy B Owing to the

pressure equality at the boundary, it follows that

. % =7 v
Sl 5 e

the mean parallel velocities in di-

=i
o
L]
©

T and
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ler H£iorcey
o be coiancident

which in first approxinma-
wibhs the  direction

of dheapmopelledt axises nlick oF and @77 indicate the
potentiasl of the interference flow. On account of
° o5 @ g1
vZI = ee—— vz R e
0z 2l o zZ
the first liniting condition then talkeg the form
R - ©1 m S0P 1
VI - = VII
dz oz
Since VI and VII are constant, the multipliecatdion
by dz followed by integration affords
Voo = Vool
1% & Ta@ar (3)
for
s S
(9 q,-r -
CPT o= /’ _....._.:_:__I_l dz + (‘p(_co)
e T / S
5
The coanstant @(-m) has the samne value in every point of

the Jjet boundary at i
condition, we have:

1l

Yr/voundary Ve/n *

and
Ve gt Vo
Z V + vy
On @eeount " of
Vo
the sccond limiting ¢

0
nfinidine [ For: thelsecond’ ldniting

Ve/R = Vr/Ri Vz/boundary = VZ/R+'VZ/R

= \f_r {’/l - lr_—_g-:too-\ o —:_:—r-
7 N v 7 v
At -
= .....___I_Li_l:.
i b O r

ondition recads hercwith.
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5 3 Q1 — 9
.oy o Tl (4)
2 r I 3 »r
Putting
VII=VI+ a! VI’ VII—- SVI

B =29 ¥ g

the two limiting conditions assume the form

D1 = 8% (5a)
d 3 ¢
S CPI = CPII (5‘0)
i oy o r

3. The Conditions Far Downstream from Wing and Propeller

In order to be able to study the effect of the slip-
strean on the airplane wing, it is rccommended, for the
sake of SlxDllflOd COJulthﬂS, tiol-fipgt dcfine the flow
far downstream from the wing and propeller with consider-
ation to tho liniting éonditions. It nay be presuned that
the disturbances at that distance arc of vanishing effect
on the shape of the slipstream and of the vortex sheet
induced by the wing, hence, specifically assumed that the
interference component in the direction =z disappears.

Thenthe potential is:

3% o 3% o

. I g g 1

A® - 5 . = 2 = () (6)
Iyll 3 ‘xR & g2

The disturbances at the jet boundary perpendicular
to axis =z "are assumed to be small enough so that the
slipstrean nay be figured as not being deformed, i.e., as
belng eipeular- eyldndrdcals —The tadiwg~of ~ther civele=is

to be R = 1l. In view of the potential reflection on a

cirelke, the golution of -the problen: = to defifne CPI’II

as a real part of a function X; II(z) - is then conmpara-
2 s

tively sinple. The following chapters therefore contain
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first the reflection of a vortex, a doublet, and a parallel
flow on a circle in such a manner that it becomes the po-
tential line.

4. Reflection of Vortex on the Circle*

Ve analyze the flow K of a vortex of circulation
dFy ot o polnt @, = %, % i¥, = T, el® outside of the
unit circle and the flow }Qi‘ of a vortex with the same
circulation 4Ty in the reflection point 24 = X3 + ¥5.°=
L Xoq + i : : :

—_— 22 7 298 on the unit eirecle (figs 2)¢ Then
T s 19
B La\
d o
Ly & =3 T . Za)
<t 2 ar = ==
7 . S & (7)
T-‘-
X! : d iy S
T L Loy o (g = Bid
x ) 4
o T
J
Furthermore, the flow Xo induced by circulation
4 Ee rethegugh @ ovorsbex dogated dn ) 2= O, jiis
ds &R
, o
% F e o e AR B
2 LT

We find, if .z passes through the .points of the unit
circle: ’

i ¥ ¥ o
S rocl o 7. = — @ 0
—cl -1 r
o
Z = %, = COS & - Tg COS ap + Slsin o =‘Bf sln ay)%
1l ; : :
g = 23 = COX @ - —— COS Qg + i{sin ag - - sin ag )
2 255 o) \ o )
(B \ To

*In contrast to Koning's mcthod of presentation, we cm-
ployed the functions of complex variables, because they
make the result easier to obtain.

4




W.A,C.Ase Technical Memorandum.No. 920 /i
, sin o = .Pg .Sin . ag
Faare Han
Z =g, =T'o0 Cos @& = Ty cB8 Gy
. 3 ;
gin o - — sin ag
- ro
1 are tan
z = s = Pl e :
; Z3 COB O ~ == CO08 Qg
T
o
=
rd = VG.+ £y = 8T, tos (e = @)
; 1 o b
rt = JT 4 - 2 — cos (o - ag)
r 2 8
With
sin o - Ta
In (g ~ g} = 1n v + 1 are %an
O COS = X,
sin - s
. i
In {(z ~235) = 1n 2" + i are tan
cos v Xi

the poteatial and
tices on the unit

P, = —= arc tan

QO n

sin

tream function
irele

ares:

coOs

sin

a

cos

of the individual vor-

st e (R
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| . d P,‘_:, 1 r—L 2 Ll D o . E
vV, = 5 Loty 27435 2 x 008 0= 2 ¥, sin ol -
il
P o 10 2 : 7
ey = el ___+_ < 2_.-,‘ ot 5
Vet = | 1n - 11(l+x“ ¥, 2 xpc08 a=27, 51qa)J>(8b
‘*"I’O g
-
: L o®
it r ds.tbhe.amount. of any point 2z, then =
or
o W :
’ On the wnit clircilie; r = R = 1, hence the normal
r O o
conponents of the velocity at that pointh read:
7 13 - ¥ )
A d 1 z, sin a Ya CO8s «
e a
on 2 e 2 o .
& T ] Xg~ + ¥a~ = 2 X5 €08 a4 = 2 ¥, Sin Q@
'3
= ! - X sdn e = YL eoisT e
WD A (&) el
l'l _ (0% -I-l 8 <L > (9) 5
c DT 2 B 2 s
cn i Ro gk Mg o= 2 X, COs a = 2 ¥q sin o
o o
o 1
-~/
W) d o
with — written for —. The normal conponents o
on o B
sdentically great eguivalent vortices in reflected points
are ideatically great and in identical direction on the
metillectilonle ircie For
3. I(Qe +
4 = ol o oilao + 8)
it further affords with a4 I'y = a Ty = 4 i
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g ¥
Yo d ¥a' el gpinde r 2a) la- 2y
ar T o il i(2ap+ ; Fl
= = 1i—1n el(“ao BRY_ é ey >o o B)+cl g
o N0 Ty
J l""- . . l . 7
= - i E_E-ln " T él 2p -/ro + ——->015 + 1>
i \ 0 J
e
5 @ 1 T 1n[(cos 2 a, + 1 sin 2 ay)
/co 2B+i'n’>5-—r+—l—( 5+i'n5)+1\
L s sin 2 5 T cos si /
2
which, howewver, because cos 2 B + 1l = 2 cos B and
sHan2BR =2 isiin @ cos B, .chapges §o
% s arl
ORI R | =
a it N
al
2Nshin' B¥clac Bl (ro-f?—->sin5
AP eI ban 1 5
a0 ¥ An gW g B 8 = [Ty %ot Ldalsr B
0 ro

Tty givies for “thie potential

r 1
r' sin | 2cos B —<r04-;—->J
oy ¥ 0
w0, + @i‘ =l e==v 'Y oy & ot tah
< e m r 1
ecols Bl 2 eos B —<ro4-—— >J
I e
= E—E 12 o, + arc tan tan B'
2 m [ J
ar al’
_—2_11- (2&0 e 3) = 5(2 Ay + a = G’O)
and
Slalsh
C‘{)a + (:Pl' = — (a, S a,o) ...... (10)
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Hence o, + ®;' = @ up to one constants - When reflecting
a vortex on a circle through an identically great and equiv-
alent vortex, the potential ©, + ®3' + P on the circle, 3
in whose center an 1dbnulcally great contrary vortex 4 I’y
~d 'y = =-d T', 1s placcd, becomes constant, that is, the

flecting circle becomes o potential line. As reflection
of vortex on the outside a vortex in the reflcction point
qnd in the center and vice versa must be considereds In

other words, *if nig is to be the reflection of flow X%
thcn X1 mnmust De

1

‘th

4]

al
Yence
Qo + @3 = conste
d Q‘)a, . Cp i v ‘
i d n

5. Reflection of Vortex Doublet on a Cireclec*

The vortex band in the wake of a wing can also be
visualized as being due to a doublet. The density

d

of this superposed doublet is equal to the circula-
d s
tign I' existing in the accompanying part of the winge

We shall analyze the reflection of a doublet on the circle
for which the normal components of the velocity of the in=
sides.and. ocutsidewdoubletean the refleching circle ‘become
qual and the potential is constant, as in the case of the
single vortecxe.

=y

O

Since the vortices f

T and condrary, the o

finity requires no addi
il

is to have the nom

ng the doublet arc identically
ion of a doublet located

al doublets The outer doub-

and ah axial direetion

©
B
o
‘
>
)

ffering from axis §y Dby an angle Ww,, and located at

¢, igs not con-
elf advantage=
tting not

*The reflection of the doublets practiced her
tained in Koaing's report. 3ut it proves it
ous and indicates the way to the propeller s
treated by Koning, as shown in fig. 6.
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Bt ngves Yo y(rthge G iglilhe lnner deublet b bo have
the moment d Ai and an azEial directiliondiffering by
angle w3  from the axis ¥, and located in the reflec~

: 3 L Yo :
¥ide point %o z,, that|g, at z4.= = o e ¥ ¥hp unit

o
gpipele acein serves a8 reflection eircles, The  flow poten-~
el " ofl both wvoertices: on the unilt cirecle avest

iW =
o= ow Blg g ! . 3
£ \ & T 2
= - 1 @VRTEES - 1
. ,\1(&0"" B) - rO 01 76
i(w,=-a 1
:___1@‘7\:10(@ 0) iB
e -
o)
. 1 f."...(ll)
g = - 1 a4 Ay ™1
L5 By
: 1
ERE L T o
i : :
el(C’vo ¢ B) _r_];_ Cl Qg
)
= = 3 d A l(wl—-a’O) 1
= LAy et
o> Pl f;
: J

The potentials therefore are:

o e 4 d Aal.cos (wa ~ @d)

cog B = P,
+ sin (wa - Oo) 2 J
Tpt o 1 = 3 %, o084 8
‘ ; - sin B
®; = + a4 A;j| cos (W3 - ag) 3 A
+ 1 2 ~= B80S B
ro2 s =
1
cos B - —
To
+ 1 - 2 cos B
I'OB lo
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To iansure @, + ¢@f{ = const, .on the unit circle, it

necessary to write

1

3 e = e et 3 = ‘: - t = <
a Ay d Ay i (w; = ag) (w, = ap) (12)
mg = Wj ‘an@l Wa = Qg =* Ba aré the aongles betwegw Mne
of the double vortices and the perpendiculars to the
i toward the doublets (figs 4lel The result dg
R
T = sin B
+ d Ay Lcos B 2
Fot % b8 2 7, 6l% B
cos B - 7
+ sin 3, E = S |
et #l™e 'S R, tos B |
r - sin B S E s o (13)
= Af By Lcos g,
reRRiAiwE ¥y 848 R
cos B = L
T
z 0
= sin &
Dgleknglloss 13" "B, Hos B
S
conscquently:
sin @
@, & Py = 4 Ad st = eonsh. (14)
a i a T,

hug @, = -@y on the wnit circle up to the cons

stbant at the rights The st¥ean funetlon on the unit eir-

cle

Va

[N

is : W
. . Sin B
- d Ay | sin 9,
e Too It elivns o cOB B
i cgs B .84
HC OB Digy = - |
TeFiur L =~ BTpg g0 B | |
" . pr » (s}
| p sin B
L L~ gdn 92 :
Py F & =8 Ty 008 B
il
cos e
B Ty
+ cos 8P >
1 o& @@, eod B
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and, after subtraction?

3
e eonsi. (16)

o

and as far as the constant VY =VY; on the right. Be-

3 ® 3 V¥ :
cause = y, we have on the unit cirecle, with n
S e r e o
indicating the direction of the normals:
o Vv AV
g ® 1...........(173‘)
9 a rd a
0 © 3 3
& - e A R e .
dn o n

Equation (17a) follows from equation (16), (17b) fronm
(17a). In contrast, eguation (14) gives the resultant of
the interfercence wvelocity, because

a on e -
57 (on + @) = v

If the doublect distribution extends over an element d 2z
starting from 3z, and the axis perpendicular to it, the
reflected doublet is distributed over an clement d zj.

a

Suppose sdsg w@andsidsy, that is, dz, | = ds, and

(=3 (=5 .
’dgi = dsy are the longths of these elenents. Then the
noments of the vortex distributions are d A, = Igdsgy

and dAj =Tgdsi," and

il
Ijdsy = - "= Dofis o Fa et o 09 . (18)
0
1 BT
according %o eguation (12): Bub with “gi " ="wS'= 5y 1t
, Zg ‘o
is =
o
L : /d ¥ 278 4 -
a z; = d Eg + 1 > 5 - 0
ro? g8 \ rg To

and
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i

[ N 0L = 2 d 2 2 4 % = 2 2
d &y il (dxy » E0¥, ) + e (xa & o Yed 154
0
4
- = (%, 4%y + ¥, 4¥,) 4 T,
)
it 4 il
2 2 2 2
= 1 _ "
ry: 4 _Bagp it $7a d 8 P d r, e d Eg
0 ) 0 0
Hence
1
e X G it
(8 bl 2 5 (65 Sa
o

and equation (18) becomnes

T adh s = + 4 s & & « 'w = LESY

& a

BsReflection of Paralilel Flow on_.a Circle

If the direction of the slipstream does not coincide
with the direction of flight, the wvelocity of the cutside
flow has a component transverse to the slipstream. If this
igs small, the assunptions for the derivation of the limit=
ing conditions are applicable. Supposec the parallel flow
on the outside is:

Xg = 1 Vg2 « 0 0 L (20)
3 ®

Then, putting —— = vy, the y axis is opposite to the
o s

transverse flow conmponent, and

N e o= WY y o= 0
¢, Vo 75 v, vy X
The refleetion isy as s Enown,! “addouble
vortex source with axes direcfion parallel to the trans-
verse.flow.direction if ther cirele is te.be.a potential,

linees The complex potential for it reads

- 1
Xl = & Vy ; . G G (21)
With x = o gl o = 3 " and = la
vigh X = T 08 O and ¥y = I sTi @ Qnc Z = Tr e 3

we [

H
1)
<
o
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Po T % Ty T sdias o Wa = Vy T COS a
sin fe gOE @ (22)
Py 3 Fair Yy = v, -
< J T 1 b/ r
Hence the conbined flow on the unit eirecle (r = 1) Dbe-
cones:
C{)ﬁ $ @y = 0
#i - B s ey s w DR
Wa z Wi =0 :
From equations (22) and (23) follows:
) 3
S 1.—:-vysina,........-(24)
ek &n

g wesult 'which ean egualXy be obtained direct.

7. The Supplementary Flow Created by the Coordination
0f Vortices on.Pounblets with the ;Slhilpstrean®
Suppose that @, 1s the _potenbtial ;0f the initial
a

interference flow, caused by the single or double vortices
located outside of the slipstream, and o, that caused
D

by ithose located on the“imsides "As the liniting conditions
cannot be satisfied with theso potentials; the existing
singulorities are for the present reflected on the assumed-
Ly eiPeular. jet boundarys The potentials created by the
reflections are @Ai and @Ba. Phen, 4f the @¢iFels

i8 posed as potential liney, it is -0n the civele up 1o com-
stants

*The trcatment of the combined flow quotas here is some-
what nere general than Koning's which seencd advisable on
aecount of the dissinmilarity of the vortex doublets and
the parallel flow iantroduced as elements of disturbance
aside from the single vorticess
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3 3
Pa; Ry
@Ai ="@Aa; B 4 S n

+ - - (25
3 mBi o ®y V)

a

it

1l

® n o m

The ultinate solution satisfying the limiting condi-
tieon ds whHittern In The foEn

P Pa1 @ Poy (outside)
T r - (26)
®11 = Par1 + Pzr1 (inside)

whereby the sunmands on the right-hand side require further
¢rentnents The physically proven fFact of the limiting
conditions indicates that only the singularities contained
in @Aq arc present. In consequence, @ is buwilt up

only fron the potentials of the outside singularities,
their reflections, the inside singularities and certain
terns ‘necessary to'satisfy the Iimiting conditions. The
reflections of the inside singularities are disregardeds
The supplenentary terms can only be proportions of the al-
ready cxisting potential, and specifically, they can only
be formed with the singularities located on the inside,
because the potential is definitely prescribed to one part
through thc externally existing singularities. TFor the
inside flow the corresponding considerations are applica-
bles  With. n..as proportional factor, we writes

2u8e% B, 17 MadBng a8 = ¥88y v Rag ey

(27)

i
I

CaE2 ¢ U, * BE TR PEiL = BE, ¢ U3 VB,

Since @ and © are unrelated, the liniting
Aa 34

conditions ‘nust be satisfied for every part @, and Pge

Equations (5a) and (5b) therefore split into four equa-
tions:

1
1]

S P11 e

Pa1 §®gry s

AL R L T g Bpop. @ Gaay
on 9 n o n 9 n
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With equations (25) and (27), it then affords

1l - n

1}

B+ ngd)§ Lo+ mgliue@l8(1 s

n
T a, 4 Ba)

A
S(l 2 nxli) = (l =R nAa); S(l i nBi) = (l - nBa)

The solution gives

2

iits (B2 sl s 8" =18
Rp = — ng = —

= o TN = =

- e

dpeti B5.e7 1, , bl Lgis 1)
S N ARNS o WR A

& 82 41 ¥ g% 7%

uning now that s' is so small that squared terms
s of higher order can be neglected, it is

SR T L SR B

s l= 248 a't phar gl o)

8% w ]
8% + 1

The factors of the supplementary potential finally arec:

I i~ b4 ¥ = i
ﬂAa 0; ABa 8 [

YrORtEe e SywLl 8 i MR e, R B9 E )
g =4

42}
o)
ct
(=
2
)
&
[
=
2
g )
Ho
(6]
'_J
(=N
=}
e
c*-
=N
]
fo1e)
Q
(8]
13
ol
l.l.
ct
[ 5
(@]
B
0n
o1
(0]
o)
jah
n
..

and the solution

g. PP SRS &
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85 tReldabdlity s and ) Practicability | of
Introducing (Vortex) Doublets*

Althoush this reflection of doublets may secn at
firﬁt to be sonething superfluous, it is found that it
in fact clarifies the determination of the supplenentary
flow due to the interaction of wing and propeller slip-
strears The outline of o wing with dihedral on the cir-
cular boundary of a propeller slipstrean is illustrated
in figure 5. Let the 1ift distribution be elliptiec,

The the flow outside the slipstream is prescnted:

1) By the flow A, i.c., the distribution of doub=
lets outside the propeller slipstreamn corre-
sponding to the circulation distribution T

(fig. 5, Ag); 3

2) By the flow 3B;, i.e., the distribution of the
doublets inside the propeller slipstream cor-
respbding $o0 "Is 1fis: B4 DBy)s

3) By the flow Ay, i.c., the s' tines reflection
of the externmal distribution of doublets on
the eircular boundary of the propeller slip-
streanm (fige Bz &4i)s

The flow on the inside of the propeller slipstrean
is prescated:s

1) 3y the flow A
outside the slipstrean corresponding to T
Lfizs By Apld

o 18w, the distributien of doublets

0

2) By the flow Bys Y4Bsy the dfstribution of ‘the
doublets inside the slipstrecan corresponding
to Po (Figl™5; Bi); A

%) By the flow 3,, i.e., the s!' times reflection
of the inner distribution of doublets inside the

slipstrean (fize Gs By)-

gs g . .

tonias, opitting th
cult, %o satisfy the

gongept of doublets found it diffi-
e J
spaunings the Jjet, an

c
boundary eonditions for the airfoil
il

was conpelled to treat it differcntlye.
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Since the ecireulatlon dilstribubion taffords the wortex
distribution of the vortex shecet in the wake of the wing
by differentiation, the vortex distributions corresponding
to the enunerated proportions of the flow may also be pre=-
sented. The prescnted distributions of doublets of these
proportions all terminate, however, at the slipstrean

boundary with a finite wvaluec Iy and *g I'y» respective=

e To "these "Finite 'wagltes of "the distribution of doublots
correspond one isolated vortex =*I'y and =s Lo efchy To=
spectively, of the Vvortex distributionse he wortex distri-~
butions correspond to the enunerated flow proportions are
illustrated in figure 6.

For qualitative studies of the conbined action of a

wing and a propeller slipstresan, it obviously suffices to

disregard the span effects, the chord distribution, and

the twist, leaving a non-twisted wing of coanstant chord and
infinite span in the propeller slipstrean. In the absence
of slipstrean the spanwise circulation distribution of this
wing would be constant. The corresponding distribution

of "doubleitls witth sliipstroan are 'shown in fizure 7. "The
resultant vortex distribution is contained in figure 8.

It consists of one single vortex each at the point of pene=-
tration of wing into the slipstrean.

This result could not have been obtained directly
when proceceding from the vortex distribution corresponding
to the circulation distribution without slipstrean. Only
by wvisualizing the 1lift distribution at the point of pene-~
tration of the wings with the slipstrean interrupted for
a very snall piece can the above rTesult be obtained in
correspondence with the single vortices, which then would
have to be wisualized as shedding inside and outside fron
the point of interruption. Since they have opposite scuse
of rotation inside and outside, possess finite strength,
and arc closely adjacent, they would cancel in the abscuce
of slipstrearn, hence it is adnissible to .visualize the
wing as beiag interrupted at the place of penetration.
But, that this nust be done in order to be able to satisfy
the liniting conditions with the help of the reflection
pmethodydsnonly ascertainable in the roundsbout way of The
distribution of '‘doublets.
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9.:Yawed Slipstrean®

A slipstrean in yaw undergoes a charnge in direction.
The original direction, substantially eoincident with the
propeller axis, is termed the virtual slipstrcam direction.
The potential of the'interfierence 'shape,. of the flow ar-

riving obliquely at the virtual slipstrean direction is
® ', the velocity-component parallel to. the virtual slip-

23 A

strean direetion. is VI' This notation VI is legitimate

and indicates the weloecity introduced elsewhere; for, as
seen shortly, the virtual jet direction coincides with the
direction of the propeller force.

odating the evordinate eyeten in the plane perpendic~
ular 4o the virtual skipstredn direction ag befiorey the
potentinll of the éxternal "iwitial dnterference flow is

g Vi o)t Jiem e p leonp siblh
a ik e J ik

The pertinent potential of ‘the ‘Feflectlion is

s1nt @

isas
o R

© =

i

Wo other singularities being present, cquations (29)

; ; ki) a\
L S0 W AR SRR P TPV Pl PP AT i
« !
R T )
g virt
® == (D = ey V-
TT 5 Aa g
o

*The analysis of Koming! ing conditions sunmarily

discloses that the supplencantary flow due t: a yawed slip-
strean imbedded in the outside flow must be as if the slip-
stream were frozen in a solid cylinder. Decause this flow
satisfies .sunmarily the continuity equation (2) and the
conditions equations (1) and (3)

, respectively. 3But, sus-
pecting difficulties with the effect of the yawed flow,
the derivation was here carried out exactly, in confornity
with.the general results.
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ow, some predictions can be made regarding the proc-
esses within and without the slipstream. The axial veloc-
ity within the virtual propeller slipstream is VII' It

is superposed by the interference velocity vy % suib pel=
.

pendicular to it, as a result of the potential @;; (figs

9). Both velocities, vectorially added, give the result-

ant velocity lres andiwitlh it “the-.achtual dipection -of

the propeller slipstream.

If ¥,4s i#% the change in flying speed ¥, 'with

respect to ¥,..4, that 1ls, 1if

NMreg = ¥o = Mgus
it is seen that the direction of the propeller force must

fall din The dirxeesion: of R A because, according to the

momentum theory, the acting force is proportional to the
change in speed. Since Vyyes 18 parallel to the virtual

jet direction, the direction of the propecller force coin-
cides with the virtual propeller slipstream direction. If
the direction of fthe propeller force, that is, in first
approximation, the propeller axis, forms the angle v
with the flight divection; then

vyvirt v, Sin v
JeiEny i's smalkl, ‘then Voo™ Feivk Vouus The actual
jet slopes at Ot v - ! toward the flight direction.
Since
1]' V_' .
Yvirt , Ivirt
D= iy R A g e
Ty 0 Vzus
we have » " o
Yvirt Yvirt Ivirt Vzus
a’i b a5 o
Str Vo Vg~ Vigus Vo (vo + Vzus)
Then, however,
v g Foo o B, o ¥ + 8. » ¥, = 9%
—zUus ELI = = =1 == =
(,Lnd
Zus
- = g!
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With VI = Vg cos plagdr si= siMdeosgepasithe ;aetual

dircction of tho propeller slipstrcam then slopses at an-
gle

v ~ 87D (31)

o =
1str Vg ot BTV

towadrd “tHeGPpcction o Fligh®y ¥Thig result holds ‘far be-
hind wing and propeller for a particle lying on thec inside
of the Jets Ouftside of theljet, the veloelty

&t
1 e is supcrposed beccause ( is erpeundic—-
< =% JVivirt perposed P1 perp

I Then, according to figure 103

L3}

!
D AR )

BN
)

tan (—“ia +p) =
If the anglcs are small, we have

S .‘"—;‘71 .
—a]ir‘ + D :<1+—-——\_.__£_1.££

rz ";;'O
and
Var s I Vs . S
Jvirt SN Jvirt
. G"i =T + \/l + —""/\ = —'—:; b}
Q T b o
v, i g i)
FPor thce slope of tho particles in theyoutsidec zone
boward the flighitidirmeetion, 1t gives

Cig | &0 ek P (32)

the propeller radius scrving as length unit,.
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105 ¢Bffeet of Joit Robvation¥

It is assumed that the axial supplemcntary velocities
in the jet arc accompanied by a coanstant twist

r Vy = const

Let vy = 0 on the outside. Then the pressurc condition
is summarily complied with, because the pressurc in the
jet regulates itself accordingly. Since the radial come
poncnts disappear on the inside as on thc boundary and the
outside flow itself is without radial componcnts, the sec-
ond limiding‘econdition is alsc isatisfied,. The jet rota=
tion has therefore no cffect on the behavior at the Jjet
boundarye. This compliance with the limiting conditions
can be proved equally well with cquation (29). PFor the
easic indpeint, HES1g:

o TR 1)

i@ L B 4 BB s node nil OGE
y = -+ (9
Vil @5y, 7 0,

According to the assumptions @1 must: be zero or
constants Since r Vy is to be constant, it must be

28
—g—%l = const on the inside. As the ject boundary reprc-
) 19

scnts a surface of discontinuity, Pp, contains a compo=
i

nent duc to the potential of a vortex distribution.  The
vortices are uniformly distributed over the jet boundary

with constant vortex density
d sl : : 4 ;

12 . I1f _T*d0. s the clreulation oT,a singlc veriex
& T

distributed over the circumferential clement do, the com—

Plex potentinl of the total vortex distrbution rcads:

*Concerning tha Jjet rototion,- it ie also .ebwious that it
does not disturd the limiting conditions, hence has no
supplcmentary flows. The slipstrcam rotation is treated
as rotation with constant twist, which corrcsponds more
closcly to the behavior of the propellers than Koning's
rotation with constant angular velocity. 3But in view of
originally suspected difficulties with Jjot rotation also,
the discussed results were again used for an exact anale
ysis of the effect of slipstream rotation.




P D o o

24 ¥.A.C.A. Technical Memorandum F¥o. 920

ll 3
X(_&):—ir ‘Q‘.lﬂ(g-Z)dO‘

2T
whore 2z is the starting point and Z the current point
along the circle. With 2 = R ¢*® and do = Rda, we
have do =-iR 4z and conscquently
! dZ
S P g 1 T R
217 Z
Both cases |g lz iZi are analyzed. If ’_g >i Z’,
iteds !
I agin ZNdz', ¢ iz |
X{a,) = = R} $ 1n <l - — )22 ¢+ 9 1ln z — |
o 2m L 2/ 2 2 ]

The first integral disappears, as can be proved by
S

seéries expansion, loaving
I*ll
X (zg) = - R:2 msivln 2
' 2T
But, sinece I' = 2 R w I'" represents the total eip-
oulat s on e R
WY
#(zy) = =4 in z
_ 2 @

On the outside, thec vortex distribution therefore
acts like a vortex placcd in the origin and whose circu-
ITation 1Is cqual to the total ecireculation of the vortex
distributions 4s $Bi is to disappear outside the cir-

cle, this-may be achicved with an oppositely rotating
vortex of the same circulation strength placed in thc ori=
gin. Of course, it then rcmains to be proved whether this
assumptbion corresponds to the conditions stipulated on'MO
insides If I__[> IZI’ then

Rl 7 ¢z az
X(Ei) = = —R| § 1n /1--':\—— $1n 2 +n1ﬁ———f
an | Bdnl 7 Bt i

Th ¢ vfdms folntggral d dsappearsy leaving
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v (s o cBimlenrn W & aah TS siterens B 1y
= 2m L o J 2m

On the inside the potential of the vortex distribu-
tion s constant, tthws' contribubting novhing, o the veloe-
dtye "Tor the vortex placed in, the werigin, it ist

= afal in
X o B Z

ax - I i <
B w = w el vy ey = =i ~——(/——-~ i-z;>
= 2 Teis e re

with ©r2 = x® + y2, As a result we have
'
1% J X
uw = ——-—2-; V:—-—l_—l._-..__..
2 9. T 2 17 r?
and
& I
* il
W =2 el iS5
2 qTiy S

Now it shall be proved that w 1is the amount of the

Clrcumferential velocity wy. From Xo follows
F 5 a ’ ™

ORENEt =0 thencle  Fu. = o = Wl i l. This
2 o' s r d a ST

would satisfy the condition r v, = const; it is satis~

fied through the potential of the vortex distribution and
the oppositely rotating vortex. There rcemains to be shown
that @Ba on the inside is constant or disappears. PB,

is the potential of the reflected singularities located

on the insides The reflection of the single vortex shiffs
to infinity, its potential assumes a constant value at
finity, hence does not contribute to the velocity inside
of the circle. The reflection of the vortex distribution
is the vortex distribution itself,which on the inside has
no effect on the veloeity. The velocity on the inside is
therefore simply caused by the single vortex., In view of
the physically cited fact of wortex distribution; thexre is
no velocity at the boundary on the outside. With it, how-
ever, the conditions are the same as assumed at the begin-
ning of the section.
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III, DISTRIBUTION OF LIFT, DRAG, AND PITCHING MOMENT 2
OVER THE SPAN UNWDER THE EFFECT OF PROPELLER SLIPSTREAM

1. BEffective Angle of Attack

Since cvery airfoil section gives a zero 1irt af &
certain direction of air £lowsy the angle of attack is to
be measured sty this dift-free low direechione  Bub, sineec
on a wing of finite span, the shedding vortex band, creates
interference veclocities perpendicular to the direction of
flow, the cffective flow direction does not coincide with
the direction of#flights, The slipstream effect 2lsa@ypro-~
duces a change in air-flow wvelocity. If @ 1is ‘the angle

of attack with respeet to the flight direction and ;3
its change due to interferences, the effective angle of
attack (fige 11) is:
Ry = O = Oy (34) -

In the chosen coordinate s
ta the flizght direction, axi
axis, and axis =z  is ?
Bop the sake of clapity the bterm

stem, axis x 1s opposite

y falls in the lateral .
»les to both downward.

v replaces now the

solthat the q axis

<5

transverse flow componeat vy_ . 3

Jvirt
lies in the plane. of, the virtual jet direction.and the di=
rection x.

With vy as the axial component of the supplementary
velocity due to the effect of the propeller on the wing,

and vztotal as the total vertical component of the sup-

plementary velocity due to the effect of wing and slip-
stream, we have:
Wir

Ztotal

tan a3y = -
WM bt W 5

are small relative to the flight

4t ofio .
siieptud g 2t AER

Vg 1 i g e I S Vg v

by total i total bobal. lx
3 = LY s

v N %" T hva

4 v
o) 5% 0 o) 0
Yo




X
resorted to. For the inside of the slipstream far down-
stream from the propeller, we find, according to figure
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(35)

I

L Rgalag (1 it l’&)
Vo VO

The problem now is to define vy and Boisiant For

the assumptions employed for slipstream in yaw may be

o

vXi = Vgus €0S VU
oLy wadsth

5 o 1 a
Vgus = S Vg § = §v pgos 1
vxi = B vy eoEt P (36)
ands for small v
v = q
X i s Vv o

At shorter distance from the propeller, the supple-
mentary velocity is smaller.s Hence we write
AR (37)
X4 Yx4 o

Quantity s follows from the coefficient of thrust
loading cg

Sl P gy = 1
S
& =
b o) 7 D®
+ B s
T Ya 4

Outside of the slipstream in thec remote wake of the

propeller it. is,; aececording%tiol 'figure 1La:

S' gl
s e 3~ s -]
V < = Vv I = i
"\E‘, q—‘fil"t r2 S13E .1 rg VO S v

Horusnall angles T s ivees o @ hence negligibles At
=] 8 & ’ = =3

aQ
shorter distance from the propeller, however, its effect
induces further axial veclocities (refercnce 2) which nmust

be written:
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Vxgt= Wwh St

o

Henece cguation (37) is extended in the form of

e E, =g s (38)

to include the total flow region; VY, 1is takcen from fig-
ure l4.

ho contributions to the vertical component v
& Z
o el

1, The vertical componcnt v,, existing as a rosult
of the vaw at angle v . According to figures 12 and e 1es
it is:
vUi = Vyyg Sin v = Vg 8

s ! 3 . L
Yhga £ 2= Vo . cos V = = — Vg 8in VUV = =~ vy S VvV —
= 2 virt o TR
which, written in the form
Ve = 5P s vV, (39)
R.’E
:," T ‘!r = T ol !:" oy - mi—— ==} ine ¥ i _
glve Wy, 1 and Yy, o R 1 Dbeing the slip

stream radius. For small values v, the distance p
from the propeller axis may be used instead of the distance
r of an outside particle of the slipstream center.

Having defined the =z component of the velocity due

to yaw, it may be assumed in the following on account of
the assumed smallness of «ay that the slipstream is

stthr

coincident with the X lirections Then: SIS HIET

2, The vertical component of the radial velocity due
to the slipstrecam. If R is the Jjet radius and @ the
distance of a particle from the Jjet axis and propeller axis,
respectively, the radial velocity is (fig. 14)

2 w)

74 = |
\1, ) VO Wr
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its vertical component (fig. 15) is:

7. B ’
V7 = AV ) (40
Z17 opis Vr )

Wy ds taken from figure 14,

3. The vertical component of the circumferential ve-
locity vy due to the slipstream. The circumferential
velocity caused by a vortex located on the Jjet axis has

I
the value vy = - ;3L-l if Iy 1is the mean slipstream
P RO 1 )
o
twlcsta Its vertical component is Vzrir = Yu % (fige 16).

in accord with propeller theory, it 1se

g NRB
s v, nor

whence the vertical component of the circumferential ve-
loedity reads

5 RBs A7 'R_
AN N y - )
v = 8§ Vg——— =18 ¥ — (41)
2111 e 9. Sa@n ok
whereby,
. : AT .
Wy, = 0(r » R)  and W - B {r < B) respectively
@
(A = coefficient of advance, mn = propeller efficiency).

4, The vertical component of the velocity due to the
presence of singularities inside and outside the Jjet. It
consists of

a) The indiced velocity «+ vy (I'g) of the plye
0

ZI vV
istribution unaffected by the slip-

=

culation d
streame. in

the wing may be dealt with as falling in the

b) The vertical component of an additional flow ne-
cessary for compliance with the limiting con-
dition, because a) alonc does not satisfy the
limiting conditions. For a) and b) together
the equations

e axcs of the vortices emanating from
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-
o]
il
=
9]
+
=
(a5}
!_h
+
n
¥e
td

S ineo.« Dy and @Bi are employcd for a), there

remain for b):

w T ) |
AIZ.&S .A.l l
A MR SN |
o ] s i \
Tllgye =~ 7 8 ’B,, |
|

The corrcsponding vertical components of the supple-
mentary flow can be written inm the form v = 8 Vg
v 1

Through the verticoal components defined in 1, 2, 3,
4 b), the downwash conditions have changed in rclation to
the flow undisturved by the slipstream. This change calls
for a new circulation distribution. Since the velocities

creating the new circulation distribution can be written
in the form s v,, the total circulation can be expressed
with

e a1

Lo+ sy

This supplementary circulation s I'; induces in turn a
dowawash velocity. Hence, as added vertical component:

al

+ The supplementary induced velocity

V'ZVI = g 'Vio(:_‘l)

due to the supplementary circulation distribution. f
i
|

But then, compliance with the limiting coaditions
would nececssitate the f ] Ta#ccording ©0
quadd ons -(42)1; thos 0 12 tecntials would

s

now have the fact n accord with

) i

L ’

the assunecd smallness of g, mnmay be negloctcd. The anal-

ysis can theroforc be broken off wit s vy (T ) Hojr, on <
+ 3

a S\Susln es and the

)
ag that through the supplenceantory veloci
therchy necessary reflections, the total circul
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Pis Py 8o Ry waflls & alallyuh v v wee
we find for

b s 1B 8)

o|
with

l_*= PO (1+S+SE ge .-..o) =I-‘o'f—_"—
- s

See, & cirenlation greater than the totel eirculstien I .
The difference between T'* and PO : ik - 8 e is then ap-
proxinately

- -
)

P* - (P, +s,) ~I* ~ (T, +5sT,) :FO‘LT%“EI“ (& i
]
= el 2 e P
i

.The omission caused by the interruption of the series
is of the order of magnitude of s® Tg.

Then the sum of all vertical components gives:

"itotal _ Vio(To) | s[vil(i‘o) , TiofTy)

Vo Vo

]
(o]

2

0]
[

v
Ztotal
e U Uk ol e
x ( s V)

and, when disregarding the terms of higher ordecr:

=l

v v Vo v v v
Z 7, I? Z o Zg LT _ zo>

Vi

J

i . -
Vo Vo - Vo S

which, with the ascertained values, gives:
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™
o) rray () m (T .
Qg = Kl sl + e W ‘
Vo L %y il e
-+ \\;jr + \;ju — \Lr \', ( ‘j)
T e e Vg -

2. The Supplementary Circulation

The circulation developed under the effect of the
slipstream is, according to the foregoing,

N m
4 = i

™
O+S.Ll

dere T'y is the circulation existing without slip-
stream effect, but with the same degree of flow turbulence

as if the slipstream were presents AI' = s I'y is the sup=-
plementary circulation due to the effect of the slipstream.
The solution of I'y is known from airfoil theory and fol- :

lows from

1 Vs (Po) \

= SRR % e .
o =m vy trea \ @ /
N v
0
with
d Ca/d O oo
it = A7
red o
The total cieulationyise
I' = tn,g (vy + v, )(m o) =1 byae T (L + sV¥g)la = oy )
Hence:
I L s Iy
= ik 5 (l & S‘t.i/x)(a: = 0';1)
v oot 1
T Vo btred ™ Vo tred m Vo bYred

5
) s I'y 5 vio‘fo) 3 rvjl(PO) xlo(r )
- :'CL - ;“Si i
m Vo btreg ™ Vo btred L Vo W L Vo e "
z R v R v TEEL) g
) i I lo**o o)
Wl B, o F =y ey . Vx = “ Wx
r r 70 meYioelred
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which lcaves, as supplementary circulation:

o L A '
W) ) A o vy (To)
= ! i

M s .—< v s = >Vx v

0o “red 0 ei="red 0

Vi (Fl) Z R y R
0 1]
ol o g e o B T N ma v
0
In this manner the determination of the circulation
reduces to the circulation distribution of a wing of cqual
ehoerd distribution tred and a gcomectrical angle of at-
tack. distribution
Vo i
lO(J. o) PO ¥
@By = sk \ Wy
X Vo m™ Vo btrea /
vy (P £ g i, y Ry
= U v \+U <2 i rz u
0
& b
3 Vll(lo) . z R & y R |
= % — — v '~ — - LY
x %, \"b 2 Ly T2 u

in homogecneous flow velocity v,

Since the individual flow contributions arc lincarly
superposable, I';, 1tsclf can be obtained by lincar supcr-
position of the contributions to I'; duc to individual
flow contributions. Thus the prediction of I'; and of the
individual parts rcduces to the well-known problem of air-
Toil thooryl for the solutieon of which practical caleulat-
ing mcthods have been developed but which nced not be dis-
cussed herc.*

¥Although the problem of slipstream effect on an airplane
wing has been successfully reduced to the well-known prob-
lem of circulation about a wing in homogeneous flow, it
still appears advisable to try this method on a number of
illustrated examples; but for which we lacked the necessary
times During the preparations for these examples, it was
found that the substantial effects can even be studied on
the exanple of a wing of constant chord and infinite span,
Koning himself reports some results for this case. We suc—
ceeded in presenting some of these results in closed form
and subsequent studies are to be extended to include calcu-
lation of downwash and bechavior of the control surfaces.




34 HoA.CuA, Technical Memorandum Noe 920

3. The Supplementary Lift Distribution
The 1ift proportion of a wing element is:
d A= p I ve dy
wvhere vV, 1s the flow velocity

Vo = Vo + Vg = Vo(l +78 Vx)

e
et
o)
Sl
]
.|
©)
L

s I'y, it then affords
d A= p(Ty ¥eTy )V W (1" ¥ Yy )dy
or, neglcecting terms of higher order:
. ' N 3 -5
& A ="[p Ty ¥y + 4 p voll'y + Yy FO)J ay

Since the lift without slipstrcam effect is given by
J

d AL & p 1y ¥o 4F

o
tho change in lift distribution due to slipstream cffect
LS

d A~ d dg=id.d d =t p vy Yo Tp) dy

H
i

Putting d A A = s d &,, wc have:
d 4y = p voll¥x To + T,)dy (45)
The proportionate change of 1ift is given through

i

'l A gA i
el N gy L P SR o4 i34
w Ly X 0 }
= = = VK +
E -
s
s — A — A 0 0
ol 0 0o
Ay dy

4, The Supplementary Drag Distribution

The drag of an clcoment of a wing is

o)

i 2

d W=9pTlay Ve dy + 5 Vs G dy cwP
L]
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With
Vg Vi (1,
e total ( R0 TR S e
Ly Ve = ——— = v = ) = Vv s ¥
. = vy ¥ We x Zztotal 0 [ i

Py AT BV AG m Y
+s{—1-1 B 4 wil l'+D\llD+ZR\L'r+L;E\‘,/u}]
Vo Vo r i
1 affords
Vg G 4 peaty M DA w3 ()
1p 1 10
el = pd T+ sPl)( Bt o B Tt § Lo+ vy,
L A Vo
z R l v R ik ¢ 2
+ 3 Yy * - uu}] ¥y Q¥ % 5 (vo + vx) t dy cwp
er, neglecting terms of higher order:
b ~ { \ =
; VT 1
& W =ip Dy vy —220 sy + £ v, t dy oy, |
% 2 P |
- o)
10(Po) r vll(FO' ’10(P1>
Vo A Vo
z R vy R i "
- higes bp + e wu}vo-+ Vip, ¢ iMp T cwp dy

As
would be given by:

d Wy = p PO Vio(ro) gy +
the

supplenentary drag amounts to

=
& e d ¥ =4 4 %= 8 Lpfovo dy

5 ™
vig(Ty) , g Mpar N S
+ oY+ —— W, 4

0

0]

[Ty T1,(To) |

0 Vo

% Ay e
wp

the drag of the wing without slipstream effect

Vo

2
Wu}’* PV Vg ¥ Cuy dy]
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RPutting

d A W=4d4Aa Wi sty A WP & 8 Qv i,

where the subscripts 1 and p present the induced and

the profile drag, respectively,'we have:

rr, vy (ls) vi, (Do) vy (T'y)
ckv.fl=provodytr—l 2 i PR A

. Vo Vo Yo
R P &
+ 0l M) e T By S iy +pv02\bxtcwpdy (46)
i i 2l

and for the proportionate change in induced drag

a X

A W T
dy * gy . Vo
s Loy — Wi, 1,4(To)

dy o ay
_'Tl Vio(Fo) Vil(ro) Vio(Pl) , z R vy R |
L + + + v Uy + =3 Yy — Vu | =
L o Yo Vg Yo .
3 vil(lo) " vio(rl) . 7o /v'y o al Uhae 4 vy R i > r'y
= - i v T 1 —
vio(PO) x’lo(r‘o) b8 B e FO

The proportionate change in profile drag is

4 AW _.’l.. 7
dy “p dy Pi
= ‘ =2 \VX
d
s W :
ay Po iy b{po

The change in drag accordingly consists of three con=
tributions the causes of which are:

1. The increment s Yy, v, of the flow velocity
(change of profile drag).
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2. The change s I’; of the circulation (last pro-
portions to the change in induced drag).

3« The change s v, in the downward component of
the effective flow velocity (the remaining
parts of the change in induced drag).

5, The Distribution of the Supplementary Pitching Moment

Every airfoil section has one reference point F,
for which the moment coeéefficicnt Cop s constant in

at least onc certain angle of attack range. The pitch-
ing moment of a wing particle is referred to this point
F:

; 2

a M, =L v2 t2 ay ¢
F g '@ ¥ Cny
In view of Ve = v (1 + s Yr)s  the —omission of

terms of higher order leaves

e 4 Shen P el
d MF =9 Vo t° dy cmF + s E Vo P cmF 2 Yy
= = %* H3 (L + 2 )
o k1 a7 Cng + s Vg
Without slipstream effect, the pitching moment would
be

P 2 .2
d M = = v o A e
¥ 2 e ¢ np

hence¢ the change in pitching moment is:

ate

a8y =L v, 4y ey 2 s Vg = s 4 My (47)

F

and the proportionate change in pitching moment becomes:

d d

== NoMp === Mop
dy E dy 1
= g = 2 ‘\I‘/X
d (0%
Bt o Ty
s e MFO - I'-L"o
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But, according to thig,thc determination of ‘thie total
pitching moment is contingent upon the reference points F
being located on a straight line perpendicular to the di-
rection of flight. Suppose this is not the case and F
lies by g behind a fixed reference point. Then

d M =x,4d A+ d M
S F

is referred to this new point, and with the moment of the
undisturbed wing

d My = xp d 45 + d MFo
the change due to the slipstream

dAM=3sdM; =s(xpday +d MFI)

Translation by J. Vanier,
National Advisory Committee
for Aeronautics.

Lo o Kon iingsi G Influence of the Propeller on Other Parts
of the Airplane Structure. Aerodynamic Theory (1935)
vol. 4, pp. 361-430; Editor, W. F. Durand; Julius
Springer, Berlin.

2. Weinig, F.: Dic Str8mungsverhfltnisse im Schrauben-
strahl. Jahrbuch 19356 der Lilienthal-Gesellschaft
fur Iumftfahrtforschung, ppe 29=56,
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Figs.

Figure 1.- The vanishing normal component of the velocity
at the jet boundary.
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Pigure 2.- Reflection of a vortex on tne circle,
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Pigure 3.~ Roflection of a doublet on the circle.
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Figure 4.- Slope of axis of doublet towards positive axis
X , positive slope in counter-clockwise
dimection.
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Fig. 5
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Figure 5.- Reflection of the outline of & wing with dihedral on the cir-
cle, and the interference contributions given by limiting con-
ditions for elliptic 1ift distribution.
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Figure 6.- The vortex distributions corresponding to the flow contribu-
4 tions for elliptic 1lift distribution.
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Figure 7.- Reflection of outline of a wing of constant chord and infin-

ite span,ani the flow contributions given by the limiting

conditions.
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Figure 8.- Tae vortex distributions corresponding to the flow contri-
butions for constant 1ift distribution.
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Figure 9.~ The velocities within a yawed slipstream.
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Figure 11.- The effective angle of attack.
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Figure 12,- The supplementary velocities inside
and outside of the slipstream.
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Pigure 13.- The supplementary velocities inside and outside of the slip-
Stream.

Figure 14.- Lines of equal axial components v, and of the r-times rad-
ial component vy, of the interference due to a propeller at
cunstant thrust grading.
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Figure 15.- The vertical component of the raiial velocity.
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Figure 16.- The vertical component of the velocities for constant
slipstream twist.




