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AERODYNAMICS OF WING-SLIPSTREAM INTERACTION
ESPECIALLY FOR V/STOL CONFIGURATIONS

B, Stridter
Institut fiir Flugtechnik, Technische Hochschule Darmstadt

Abstract

A method for calculating the wing loading of propeller-
wing-~configurations 1s presented. The non-uniform velocity field
within a slipstream is taken into account as well as displacement
effects of an inclined slipstream occurring in the transition flicht
of a tilt wing V/STOL aircraft. A semiempirical procedure,
describing the wing loading allows sclutions even in the stalled
region.

In calculating the aerodynamic characteristics of a
propeller~slipstream configuration, the slipstream boundary
conditions and the wing tangency flow condition are fulfilled.

Some results, showing the influence of the non-uniform
slipstream velocity distribution are presented. In addition some
predicted results are compared with test results.

l. Notation

a,b,c,d coefficients of infinite series solution for velocity
"potential

Ch drag coefficient

Cr, 1ift coefficient

Ch pitching moment coefficient

Cy normal force coefficient

CT thrust coefficient

CTr resultant thrust coefficient

1 chord length

P static pressure

Ry propeller radius

R fully contracted slipstream radius

U,v,w velocity components in cartesian coordinates

v, free stream velocity

V@ swirl velocity

X,V,2 cartesian coordinates

X, L9 c¢ylindrical coordinates

X5 ' control point location

X, vortex point location B

X, T:Y dimensionless coordinates x=x/R; r=r/R; y=Y/R

r circulation :

] velocity potential

o angle of attack

§ slipstream inclination angle in the Trefftz-plane
€ downwash angle

A advance ratio

¥ dimensionless circulation

v effective turbulent viscosity



2. introduction

The aerodynamic problem of the interaction between a wing
and a propeller slipstream in which the wing is partially immersed
is one of the prime considerations in the development of propelleyr-
driven tilt-wing V/STOL aircraft. In contrast to conventional
aircraft, the propulsion system of V/STQL aircraft is an integral
part of the lifting system and wing-propeller interactions are
uged to achieve efficient and contrellable transition flight.

Tn this flight region between hover and cruise, the large
incluinution of slipstreams and the high angle of attack of the wing
are remarkable. Figuvre 1 shows the predicted curves cof the tilt
angle and the wing angle of attack within the slipstreams over
take~off and landing speed respectively. Furthermore, the propeller
diameters are very large and most parts of the wings are immersed
in the slipstreams. In the determination of the induced flowfield
on the immersed wing parts, cone has to care for the non-uniformity
of the slipstream velocity distribution,

The present investigation reported herein was undertaken
to define more exactly the effect of slipstream distribution on
wing performance and to give a further insight into the stall
charakteristics of the slipstream immersed wing.

At first, an actuator disc analysis for an inclined non-
uniform slipstream is developad, then a non-linear semiempirical
lifting line procedure is introduced. This method is valid for
wings of moderate to high aspect ratioc to which lifting line theory
may be applied, but it is possible to obtain results in the
separated flow region until and beyond maximum lift. At last, a
superposition of these methods, both based on potential theory,
will be realized, in order to cbtain a tool for describing wing-
slipstream interaction.

3. Propeller Analysis

The application of a propeller-gslipstream procedure in a
wing-slipstream interaction calculation for V/STCL aircrafts
regquires certain preconditions. Firstly, the model should describe
the most important influencescaused by the slipstream on the
flowfield of the wing. The non-uniform axial slipstream velocity
produces an increase in local velogity over the glipstream=-
immersed portion of the wing, while propeller swirl and displacement
effect of the slipstream inclination change the wing local angle
of attack. Secondly,the procedure should not be too difficult
because the analytical and numerical problems in obtaining a wing-
slipstream interaction solution are great enough. Therefore,
complex vortex methods, as used in rotor dynamics, are out of
question.

Here, an inclined actuator disc theory is combined with a
twodimensional potential formulation.

The following assumptions have to be made:

- the flowfield is incompressible

~ the slipstream cross section remains circular, even in a large

- distance downstream

- on the propeller disc the resultant force is the thrust also
with inclination. The in-plane force which is usually small
compared with the normal force is neglected

- the number of propeller-blades is infinite, then the locading
of the propeller is a function of the radius r only and not of
the angle of rotation .

If the radial loading is descretized concentric tubes with constant

loading will be formed, as to be seen in the figure bhelow.

~
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Slipstream Model

In a further simplification, the induced flowfield of an
inclined propeller is only considered far behind the propeller
disc, in the so-called Trefftz-plane. Then the problem becomes
two-dimensional. In this plane, the radius of the greatest tube
is taken as that of the fully contracted slipstream,

A slipstream coordinate system x,r, 1is introduced, as to
be seen in the next figure. The x-axis 1s coincident with the
tube axis. The propeller axis i1s inclined to the free-stream
direction by an angle o _, while the slipstream axis in the Trefftz-
plane ig inclined by an“angle §,.

z

G

Section AmA
Trefftz-plane

Coordinate System and Slipstream Geometry

On the slipstream boundary, two boundary conditions have
to be fulfilled, the pressure and the flow angle condition. On the
boundaries separating the different zones between j=1l and j=n
(see figure above) the pressure and the flow angle condition have
to be fulfilled, too. If the flowfield within each tube as well
as outside the slipstream is inviscid and irrotational a velocity
potential exist. Then the flowfleld in each tube may be described
by the La-place-equation

1 1

frey TF frg 02 ey 7 0 3=0secim
The general solution of this equation is given by
o
p. (r,9) = § (a_ cos mo+ b m, sin ny) (C ™ ea. ™
J & m. 3 M. m.
m=0 3 3 J
< < s
for rj+l -r = rj and j=0,...,n ,
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The special solution of the velocity potential ¢. ig obtained

by satisfying the two boundary cond.tions on eacﬁ boundary
surface mentioned above, and in addition the ceonditiocon, that ¢
outside tir: slipstream tends to zero as r tends to infinity an
the condition that in the central tube ¢, is finite on the
slipstream centerline. The symmetric flow character with respect
to the y- and z-planc simplifies the sclution.

The velocity potential is a function of the Trefftz-plane-
rharacteristics, the propeller induced axial velocities uy, the
inclination angle § and the fully contracted slipstream radius R.
Normally, the propeller radius Rp, the tilt angle o, and the thrust
distribution Cp(r) are known. The combination of thése variables
is possible because of the conservation laws of mass, energy, and
momentum (see [1]).

To calculate the wing loading of a propeller-wing-
configuraticon, it is important to know the induced downwash due
to the slipstream. In the aerodynamic coordinate system, the
downwash angle is defined as

(wj+lvm!sin5)-cosé—uj siné

Er = -arc tan = — - .
(z.9) - (wj+§vm§51no)-31n6+uj cosé

Figure 2 shows predicted downwash angles on the lateral axis of

the slipstreamn with different thruvst loadings C.{r). Within the
slipstreamn downwash cxists, while outside upwash can be

recognized, The downwash angle cguation ghows that mainly the
velocity components w. arnd us influence the downwash angle. The
thrust distributions %ay be expressed by the velocity distributions
w4, therefore, the great influcnce of the thrust loading is in
reality the influenco of the different velocity distributions uy.
The constant loading (curve a) agrees with a homcoenergetic
description of the glivstream as done by Levinsky e.a, [2].

In the slipstream centerline wp, is identical zero, therefor
the downwash is only impressed by the axial velocity u,. The
results are shown in figure 3, In the past, except by Levinsky [2],
authors often used a soliid cylinder approximation in treating
inclined slipstreams. This appreximation lg identical with the
results of the thrust Cp. =, Especially the comparison with
measurcements in figure 4 shows that this approximation cannot
be applied for small thrust valunes in the region of high angles
of attack, while the present procedure gives a good agreement with
the experimental data.

4, Lifting Line Analysisg

Figure 1 has shown that especially in the landing phase the
local geometric wing angle of attack within the slipstream may be
in a region where flow separation occurs. The wing parts, not
immersed in the slipstream have a local geometric angle of attack
similar to the tilt angle, these parts are stalled during most of
the period of transition. For predicting the aerodynamic
characteristics of a V/STOL~aircraft, a method is necessary which
also in the stalled region forces results,

Sivells (5] has first developed a non-linear lifting line
procedure based on Prandtl's lifting line analysis using non-
linear section lift data. It is an iterative procedure calculating
the effective angle of attack with lifting line theory and comparing
it with the given two-~dimensiocnal data for the airfoil sections
incorporated in the wing,

For the calculation of wing-slipstream configurations
Prandtl's lifting line theory has too many limitations for there is
no fulfillment of the tangency flow condition, the restriction
to high aspect ratio wings, and others.
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Therefore a method was developed also using non-linear
section data, but going out from an extended lifting line theory,
published.by Weissinger [4]. Here the wing loading is replaced
by a single lifting line lccated in the guarter-chord line. The
flow tangency condition is fulfilled in the three quarter-chord
line. This method is also applicable to gwept wings and wings of
moderate aspect ratios.

In the following swept wing are not considered because
the use cf section profile data only describes the local stall
behaviour for rectangular wings of moderate or high aspect ratiocs.

considering the local downwash in the sense ¢f the three-
quarter—-chord theorem, Biot~Savart-law gives the following
equation

c. 1

p 47 tanc t Ay

If the angle of attack is small and Cp, is equal to 27,
the distance between the bound vortex T and the control point
is a half chord (as in Weissinger's theory). In the stalling region,
the lift gradient C;, becomes smalier than 27 and the distance
Xp = Xy will vary as to be sea=n in the eguation above.

In the linear theory the bound vortex T is placed in the
aerodynamic center, which is defiined by the following eguation

X de
ac m

1 c_iE_l\;
In attached flow the aerodynamic center on profileg is near the
guarter chord point. With the onset ¢of sgeparation the pressure
distribution changes significantly. An aerodynamic center with a
definition as above is no more well-defined. The crigin of force
moves backwards. Therefore, in this c¢ase, the bound vortex is
placed in a so-called vortex point. This point ig under all flow
conditions the origion of the resultant normal force, its position
is defined by the equilibrium of pitching moment. The vortex
point definition follows than to be

v _ _ “m®mo |

1 Cy
If the two-dimensional aerodynamic characteristics and the local
effective angle of attack are known the local vortex point may
be calculated. In the linear angle of attack range aerodynamic
center and vortex point location are identical. In the limiting
case of high angles of attack with complete flow separation, the
origin of the normal force is nearly at a half chord. For ¢ is
usually much smaller than ¢p in this case, the vortex point is
situated in the center of pressure

ep . in |

1 Sy

The position of the vortex point depends on the local lift
coefficient and the local circulation respectively, therefore the
lifting line integral equation becomes non-linear. To obtain a
solution, a discrete horseshoe vortex representation is used for
the wing. The sclution is performed numerically in an iterative
manner. The following non-linear set of equation is obtained., For
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the flow tangency condition winich is fulfilled just between the
two free vorstices ofa hor"esboL vortex

wl m
tano = - o= o= § 0 Ty e
h=1

The downwash on the location i is obtained hy summing over the

downwash elemecents of the m horseshoe vortices., Tha correlation
function Jy 3 describing the gecmetric assignment of vortex and

control points depends on the dimcnsionless circulation vy,
herefore the couaticns are non-linecar.

To handle the eguation, a sgoluition in the linear rance is
calculated at first, Then tho location of the local bound vortices
and the control pcints are corrected using the two-dimensional
airfoil data at an cfinctive angle of attack cgual te the local
geometric angle of attack la the induced angle of attack.

Thereby the corr Liatiﬁn I3 is cha rurd and & new solutiop
vecktor y is obtained. Th itﬂ_ation procediore ends 1f either

convergance? la obtained or if 2 maximum number of iterations has
been parlicorned,

JF” g
the positicn o
reLt$h““1:; 1o
gttached Flow

ras 5 and 6 show sone of the wesults. In figure 5

the bound vo:octices and the control points of a

£ an aszpueot votio of 5 are to ke seen., In the
P to 109 angle of attack the locations of
bound wvortices ay trold wbe are in the well-known position
of guoarter-chord and Lty er chord line rosgpectively. With
inornwuing flow gseparation at highcr angles of attack the control
peints x, move forward while the positions of the kound vertices

O

nove roairward., With 1w*;@351ng angle

£ attack the stall progression
from the inncr part of the wing to the ocuter part is noticabhle.

In figuce 6 predicited and measured 1ift and drag curves
are gompored. The :c*1n'”iﬁyjr=kift oven iLn the stall region is
very well, Ag far asg drag chavactevistics are concerned, the
profile drag from the two—dimensional profile data is taken into
account too, therefore the conformity in drag 1s also very well.

5. Wing-Slingtream~Interaction

With the slipstream model presented in chapter 3 and the
wing theory introduced in chapter 4 tocls arce prepared for
claculating the loading of a wing partly or fully immersed in a
slips LlOum-

calculatlon is 1mp0501ble. Thu w1ng vortcx system lnduce° a
flowfield, violatine the boundary conditions of the slipstream
surfaces; on the other hand the slipstream vortex system breaks
the tangency flow conditicon on che wing. In the interaction
calculation the uslipstream as well as the wing boundary conditions
have to be considered once more.
The condition that the flow 1ncllnatlon adjacent to the tube

boundaries must be the same on both sides, may be written

o >

Vj—l ® Vj-eP (Rj,@,x) = 0
With the assumption that the perturbation velocity in x~-direction
is small compared with the axial slipstream component (5¢/3X << uj};
this equation leads to

9¢ . u, ad . .
1. 3 il . o .sin ] -
o= oo. P ( - 13 for r=R, .
3xr uj~l ar uj_l 3



The interference of the wing vortex system results in a radial
velocity jump on each surface. This velocity jump can be produceg
by a distribution of sources and sinks on the boundaries (see [lJ}.

Secondly, the pressure must be the same on both sides of
a slipstream boundary surface

Py-1 7By

With the neglect of the second order perturbation elements the
pressure condition leads to

3¢, R od .
7 %=1 i-1

% . 5X
3

) for r=R.
J

This axial velocity jump on each boundary surface can be produced
by a distribution of lifting elements e.g. horseshoe vortices.

The additional distributions of sources and vortices on the
tube surfaces fulfilling the boundary ccnditions are nothing but
a great wasting of time. With the following definition of a new
perturbation potential the scurce distribution can be eliminated
and the numerical treatment of the interference problem can be
simplified

~ _ uo U.G . < <
Qj e éj * I Y, siner for Rj+l -~ r - Rj .

3 3
For the special case of an axial flow this transformation changes
over into a formula defined by Ribner (6) for anuniform slipstream.

With the foregoing transformation deliminating the source
distribution an augmented axial velocity jump arises. This
poctential jump can be produced by a distribution of horseshoe
vortices with the_bound vortex situated in the propeller plane.
The circulation ©'" matches with the potential jump over the
boundary surface

P
l":] ¢j“‘l ¢j .

Futhermore, the resultant flow field of the wing including
slipstream can be represented entirely in terms of this vortex
distribution together with another vortex distribution over the
wing and wake. Therefore the following eguivalent singularity
model for a wing-slipstream~configuration is obtained.
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For the sake of clarity only one horseshoe vortex of each vortex
system 1s shown.

Besides the slipstream boundary condition the flow tangency
condition on the wing has to be fulfilled, too. With the neglect
of the velccity components in y-~direction this condition leads
to the following equation “bl

— i

Wy cos(a=6) - U, sin(e=6) = |V_| sina .

The velocity components w+ and u+4 contain all perturbation increments
occuring in the control pdints. E.g. w4 is summed from the wing
downwash, from the downwash of all slipstream vortex systems, from
the downwash of the slipstream inclination and within the slipstream
of the velocity components in z-~direction of the swirl velocity
caused by the propeller rotation. A simple vortex model of the
slipstream has been used to calculate this swirl velocity. However,
in order to keep the velocity finite near the axis, the central
vortex is softened by introducing viscous core effects in the

following semiempirical manner /r——————g—
Cp +cos*§
=2 r
VO N Tr -r “‘"“Z"“"_:““:w
— = A L - r x
VT2 L-e

Satisfying the two remaining boundary conditions, it is possible to
calculate the unknown vortex distribution representing the tube
surfaces and the wing and wake. The condition that the resultant
flow velocity is tangent to the effective wing surface at the i'th
control point leads to a series of equations of the form
v, ? W 3? P
T = Yo Jp o+ Yo J e .
v, hel h "hi £21 £ "fi
The elements Jy; represent the geometric attribution of the wihg
vortices vV to the i'th wing control point. The elements Jgj represent
the geometric attribution of all tube vortices P to the i'th wing
control point. o, is the resultant number of  all tube vortices
n

o. =K } o, s
r 521 3
K points out of number of propeller.

The pressure condition also leads to a series of eqguations

? e R (N T
y3; = const (1 - ) { Y Qs+ Ye Q -} P
i uj h=1 h *hi £21 £ ¥f1
£ = R.
o3 A ;

Here the elements Qi are describing the geometric relation of the
wing vortices yW to the i'th tube control point, situated in the
middle of the free vortices of a tube horseshoe vortex in the
x-z-plane of the wing control points. Qf; describes the geometric
assignment between the tube vortices and the i'th tube control
point.

The structure of both series of egquations can be seen in
the matrix-notation

(a) (+"1 + (B) (v
(¢} . tv"y + (D) (¥

T
-
1

{f(a)}
0 .

R
—
I



This equation system 1s solved iteratively in the same manner as
shown 1in chapter 3 for wing alone. '

Some results are represented in the figures 7 - 10. Fiqgure 7
shows the calculated influence of different non-uniform propeller
loadings on the local lift curve. The three idealised loadings
Cp = const; Cp = conster and Cp = -const 1 were investigated., The
integral lcoading wag the same in all cases. The slipstream was
divided inte four tubes with uniform loading.

A gsignificant influence of the propeller lcocading and of the
propeller rotation being responsible for the unsymmetrical 1ift
distribution within the slipstream can be recognized. This influence
has been confirmed by experinments, as to be seen in figure 8.
Measured and predicted lift distributions with a uniform disc
loading and a non-uniform loading cobtained from a measured dynamic
pressure distribution within the slipstream are compared, The
mneasured valueg egpecially near the slipstream axls can be better
predicted with the acn-uniform slipstream procedure.

The figurcs 9 and 10 show the compariscn of measured and
predicted integral lift and drag characteristics. In the 1ift and
drag calculation of the wing alone there were some differences in
comparison with the measured values, the reascn was the proneller
nacelle mounted on the wing tip. In crder to obtain comparable
results, the calculated curves were corrected in the following
manner

C, = [CL - CL ] ) +(CL ) .
WepPs wo.p. Caloulation wo.p. Measurement

The subscript w.p. denotes "with propeller” and wo.p. "without
propellex”,

The calculated 1ift and drag increrment due to the slipstrean
was added to the measured values of the clean wing. The corrected
curves are in a good conformity with the experiments even in the
region of maximum lift.

6., Summary

In the present paper a methed for calculating the loading
and the aerodynamic characteristics of propeller~wing-configurations
is presented. The procedure is limited to rectangular wings with
moderate or high aspect ratios. In particular the non-uniform
slipstream velocity field, the displacement effect of inclined
slipstream and the non-linear behaviocur of the wing in the high
angle of attack region are considered.

The knowledge of the sectional profile data and the thrust
distribution or the slipstream velocity distribution respectively
is necessgary.

The wing-propelier-interaction procedure fulfills the
slipstream boundary conditions and the wing tangency flow condition.

Predicted results show a great influence of the non-uniform
slipstream velocity field on the spanwise wing loading. Comparison
with test data has shown that the theory predicts the span loading
and downwash angle of an inclined slipstream reasonably well.
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