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ON THE LIPT OF A BLOWING WING IN A PARALLEL STREAH
by H.B. Helmbold

1. G@eperal relationshins.

When a jJet is issued through a blowing slot in the
downstream direction tangentially to the surface or at the
trailing-cdge of the wing an additional 1ift will result,
Let p denote the air density, d the span of wing and jJet,

h the thickness of the Jet at the tralling edge, V the
undisturbed velocity, v the excess velocity in the Jet,

wy the downwash velocity of the jJet at infinity and w the
downwash velocity of the flow adjacent to the Jet at

infinity. Furthermore assume that no mixing occurs between
Jet and surrounding flow, that thicknesses are small in
comparison with the span and chord dimensions of the wing

and do not vary appreciably from trailing edge to infinity
{approximately constant pressure), and that the downwash angle
at infinity 1is spanwise constant and small, i.e,

!'_.L.y.. '
V+v v (1)

Then the 1ift will be equal to the change of downward mom-
entum flux imparted by the co-operation of jet and wing

L = pbh(v*v)w3+p°%b2V°w (2)
or, by eq. 1,
L = pbh(V+v)wyrp-To -L wyaly + Lg (3)

The first term on the rlght-hand side (Ly) represents the
downward momentum flux of the Jet itself and the second term
(Lg) represents the 1lift produced by the wing under the in-
fluence of the jet. Physically, the two components can be
distinguished by the fact that the first term implies only
transversal vortices on the Jjet surface whereas the second
term implies only longitudinal vortices on the jet surface
which must be closed by the circulation of the wing. There-~
fore the terms Ly and Lg may be ocalled momentum 1ift and
eiroulation lift, respectively,

¥hen the velocity V of thg basig flow vapishes, the
1ALt produced by the let is purely momeptum 1ift, in the above
sense, viz,

L = Ly = pbhvwy = pbhvZsin 8; Lo = O (%)
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since wy =V 8in 8, where 8 denotes the angle between the jet

and the’vanishing velooity v.

The downwash velocity of the Jjet at infinity 1is, by
oq. 1, :

'J- _AL‘* ¢

(s)
b[h(V+v)+ % b‘-vyf-; 5

When b = ,

Wy - L__ -4—-0, it & and V are frinite. (6)
4 V+v

This means that in the two-dimensiopnal flow the jet finally As
turned in the direction of the undisturbed velocity V.

L)

The ratio of momentum 1ift to circulation lift is

L ,
2L kb, 2 - ‘

when b »o ,

Ly .
T¢ 0 L=Lc (8)
and L ‘
-;,1—0, 1f £ 15 finite. (8a)

In other words,
girculation J1ift, aooording to the ubove sense,

2, The two-dimensional flow around a blowing wing.

Experience shows that the addltional 1ift of a blowing
wing is considerably higher, say $ times, than the vertical
component

Iy = pbh(V'+v)2 sin Sqp

of the momentum flux of the jet at the trailing edge. This

fact in itself says that the additional 1ift must be essentially
a circulation 1lift. As can be concluded from the above con-
siderations a circulation must be produced by the turning action
of the basic flow on the jet, Thia will now be studied in detail,

The pressure gradient dp/dn normal to a curved stream-
line is in equilibrium with the centrifugal acoceleration times

the density o or,
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where q denotes the local velocity and r the radius of
ocurvature. Integrating across the thin sheet of jet we get
as a first approximation for the pressure increase across
the Jet

- 2
bpy p(V+v) % . (9)

Because the ourvature 1s identical for the jJet and the adjacent
basic flow it makes sense to compare this pressure increase with
the pressure increase across a thin sheet of the basic flow with
the same geometrical shape. Neglecting the velocity variation
in the basic flow (q = V) we get as a first approximation to the
p{n:luro inorease across an identical streamtube of the basic
flow

8py = oV2 L | (10)
Since really in the streamtube under consideration the jet is

moving and not the basic flow, an additional pressure increase
is produced by the greater centrifugal acceleration of the Jet

8py - 8p, = p [(V+v)2 - v2]¥ . (11)
r
h \
\
T

In other words, the jet sugporta a pressure discontinuity in
the basic flow (Pig. 1), If V; and V, denote the basic~flow

velocities at opposite points of the jet boundaries, by
Bernoulli's law

VeV Vy+V

since the total pressure in the basic flow is constant. To a
first approximation (Vy - Vo&V), - =

Apj - Apa = pV¢, (13)
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?‘uh.r. ¢ s vi»vz. Thus a disoontinuity in the velocity rield
" ‘gorresponds to the pressurs aiscontinuity supported by the

Jet. With respeot to the action of the thin jet on the bvasic
flow the jet can be thought of as a disoontinuity surface of
free transverse vortices with the vortiocity (otwoulation per
unit length) ¢, Because the static pressure is continuous
through the Jet boundaries the excess of total pressure in the
Jot 18, according to Bernoulli's law

2 \
Pg;“?ut‘vgﬂﬂm!%-’ﬁ" 1 (1“)

spy - ipy = 2py B | (15)

4

_and by eq. (13)

¢ =2 e‘%t %' '(1‘6‘)» g e

The vorticity ¢ must vanish at infinity where the jet is
completely turnmed in the direction of undisturbed velocity
and where the radius of curvature has dbscome infinite, ‘

Now let x and denote the coordinates of a point

of the vortex sheet ¢ “which substitutes for the jet and
assuse that the slope dy J/dx of the sheet is small and of

first order everywhere. In this order of approximation
a2y '

b2

., Apg . 9%y, L

¢ = -p% ? (17)

The slope of the vortex sheet behind the alrfoll (x»c) 1=
§étermined by Biot-Savart's law

and

ax nv °> X~x'

- f}‘o‘ X'l agt . -8 , -md“z (x*) ' I8y
By Joster o2 B0 () o) o

where wJ(x) denotes the local downwash veloolity, o the chord
length Yof the airfoll snd ¥.(x) the 1ifting vortioity withinm
the airfoil (0< x€o). At the airfoil itself the fiow sust
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follow the slope dyp/dx of the lifting surface (airfoll mean

1ine):

dyr(x) , ¢ '
et (S: La L g4z Bs hg‘:“__d_..z_z! (x) _ag' ') (19)

x x p dx. x_.x ]

The compound of the integral equations 18 and 19 determines

the unknown aistributions of 1lifting vortiolty ¥ over the chord
of the airfoll and of free vorticity ¢ downgtream of the airfoil.
Since the turning of the Jet by the basio flow generally starts
right at the tralling edge, the vortioity will not vanish
there (¥ = ¢), except in the case of a symmaetriocal alrfeil with

" & Jet blowing in the direction of the axis of symmetry at zero
- inoldence, when no lift ococurs at all.

The Kutta-Joukowski theorem ogan be applied in two i:{ut
t;x[&i by integration of the local Eutta~Joukowski forces along
the chord :

L o ) ‘

T =\ _ e(Vaav)Y ax, (20)

)

where AV denotes the x-component of the disturbance velocity
induced by the transverse vortices behind the airfoil. These
are situated below the level of the trailing edge and have the
same sense of rotation as the lifting vortices,

ﬂtggng,‘by including the integral of the free transversal vor-
tioity in the effective circulation ‘

Laovr apv |\ @ (21)
S oo P oYt ax) . (21)

)

The expressions 20 and 21 must turn out to bs equal, but the
second one will more easlly be computed. Since the second
integral must be finite the vorticity ¢ msust décay faster

than 1/x with x tending to infinity.

The action of the Jet on the airfoil is to inocrease
the relative velocity by an amgunt AU, to inoreass the angle
of attack by an upwash Aa and to protect the 1lif§ verticity

from dropping to zero at the trailling edge. Rath of the
::nzttonal quantities AV and Ag inoreass toward fhe trailing
LRO. . .
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The physical problem of the 1ift of a blowing wing in
a parallel otroam is discussed and the intégral equations for
the two-dimensional case are derived. In this case no down-
wash 18 left at infinity downstrean of the wing and the
initial downwash momentum of the jet is domplately used to
bulld up an additional ciroulation. Essent 31_-.1{ the jets act
as an extension of the wing chord, raising the lifting
vortioity at the tralling edge to a finite positive walue.




med dervices |echnical Information Hgenc

Because of our limited supply, you are requested to return this copy WHEN IT HAS SERVED
YOUR PURPOSE so that it may be made available to other requesters. Your cooperation
will be appreciated.

D

.

OTICE: WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA
RE USED FOR ANY PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY RELATE]
DVERNMENT PROCUREMENT OPERATION, THE U, S. GOVERNMENT THEREBY INCURS

) RESPONSIBILITY, NOR ANY OBLIGATION WHATSOEVER; AND THE FACT THAT THE
JVERNMENT MAY HAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE

ID DRAWINGS, SPECIFICATIONS, OR OTHER DATA IS NOT-TO BE REGARDED BY
[PLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER
SRSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR.PERMISSION TO MANUFACTUR
E OR SELL ANY PATENTED INVENTION THAT MAY IN ANY WAY BE RELATED THERETO.

Reproduced by

DOCUMENT SERVICE CENTER
- KNOTT BUII.I)ING DAYTON 2 OHIO "

UNCLA

e




