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buckling load (provided the resultant compressive forces act
at the ring centerline) with

In = xr8 (27)
J = 2qrt (28)
Then, from Eqs. (23), (5), (25), and (26),

9xErd(pr + G.)(pr + 2G,)
R (pr + G,) (4pr 4+ 8G, + E) + 9Er2(pr + 2G,)

If the skirt tension resultant does not pass through the center
of the ring cross section (as in Fig. 1), uniformly distributed
couples exist around the ring, which result in a bending mo-
ment that affects the critical buckling load. A combined
bending-compression buckling is, however, beyond the scope
of this paper. The equations for buckling of cones or non-
circular toroids are different, but the approach is similar.

N.R +

(29)
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Airfoils in Two-Dimensional Nonuniformly Sheared Slipstreams
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A theoretical and experimental program has been conducted to investigate the aerody-
namics of an airfoil in a two-dimensional nonuniformly sheared slipstream. A mathematical
model has been developed to predict airfoil pressure distributions in such a slipstream and has
been used successfully for slipstreams with moderate shear. Pressure distributions over a
wide angle-of-attack range have been measured experimentally on an airfoil at each of seven
different locations in a highly sheared two-dimensional slipstream. Study of the pressure
distributions obtained on the airfoil at a location slightly above the flow centerline and also
at a location slightly below the flow centerline indicates that the large effects on stalling char-
acteristics are due to differences in the upper surface pressure distributions. These pressure
distributions are affected by the freestream shear. Moreover, in the data obtained for airfoils
located near the flow centerline, the differences in the lift appear to be caused primarily by
differences in the stagnation pressure of the streamline which intersects the airfoil. This
stagnation pressure is a funection not only of airfoil location relative to the slipstream, but also

of the angle of attack of the airfoil.

Nomenclature
c = airfoil chord, Fig. 1a
Cy = sectional lift coefficient
C, = pressure coefficient
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h = vertical height of airfoil midchord above tunnel center-
line, Fig. 1

L = vertical distance from tunnel centerline to tunnel floor or
ceiling, Fig. la )

r = vertical distance from tunnel centerline to point of maxi-

mum velocity in undisturbed nonuniformly sheared
slipstream profile, Fig. 1b .
= coordinate along axis parallel to tunnel floor and ceiling,

z —
positive downstream; « = 0 at airfoil leading edge

y = coordinate perpendicular to z axis, positive upward; ¥
= 0 at tunnel centerline )

a = airfoil angle of attack, positive leading edge up, Fig. 1

¥ = gtream function, Eq. (1) ) .

( e = coefficient referred to freestream velocity at airfoil mid-
chord position ) o

( )s = coefficient referred to freestream velocity along airfoil

stagnation streamline
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Introduction z ;
HE majority of aerodynamic problems are concerned with . u.i' ] *
the determination of forces on bodies immersed in a uni- " o
form stream. There are, however, situations in which the _ 2
flow approaching the body cannot be considered uniform. ——— i

For example, the flow in propeller or jet slipstreams, in the
wakes of bodies, and in boundary layers (including that gener-
ated in the atmosphere near the ground) fall into the category
of sheared flows. Each of these flows has velocity gradients
or shears which vary in magnitude depending on the particu-
lar configuration. The theory of sheared or rotational flows
is a much more difficult discipline than that of irrotational
flows. Useful results have been obtained in only a few very
special cases. However, the importance of some of the prob-
lems in which sheared flows occur has led to a continued interest
in this subject.

The present investigation is the most recent in a systematic
study!~® of the aerodynamics of airfoils in sheared flows.
The studies were initiated as part of a general examination of
problems associated with low-speed flight. Attention was
focused subsequently on sheared flows because of their im-
portance to rotor or propeller slipstream interaction with the
wings of V/STOL aircraft. The investigations have included
both theoretical and experimental investigations of airfoils in
various types of sheared flows in which the shear exists in a
plane perpendicular to the span of the wing.

In the earliest work, Sowyrda! extended Tsien's theory® for
a symmetric Joukowski airfoil in a two-dimensional uniformly
sheared stream (i.e., with constant shear throughout the flow)
to the case of a cambered Joukowski airfoil. Next, an experi-
mental study was undertaken? in which measurements were
made on a symmetric two-dimensional Joukowski airfoil. A
Joukowski airfoil section was chosen so that the results could
be compared to the predictions of the theories available at the
time. %%  One particularly notable result was obtained?
when the airfoil was immersed in a nonuniformly sheared flow
similar to a section through a propeller slipstream. It was
found that the location of the airfoil in this flow had a marked
effect on both the maximum lift available and on the stalling
characteristics of the airfoil. Indeed, it was observed that a
small change in the vertical location of the airfoil relative to
the flow centerline, say, of approximately one airfoil thickness,
produced about a 1009 change in maximum lift available.
The theories available at the time did not provide a satisfac-
tory explanation for the flow mechanism invelved in produe-
ing such a marked effect.

A symmetrical Joukowski airfoil was also tested experi-
mentally in an axisymmetric nonuniformly sheared slip-
stream.?=*  The results suggested that the sectional aero-
dynamic moment and lift characteristics inside an axially
symmetric slipstream are similar to those obtained in a two-
dimensional flow with a similar sheared freestream velocity
distribution, provided that the portion of the wing outside the
slipstream remains unstalled. This suggested that knowledge
of the aerodynamic properties of airfoil sections in two-dimen-
sional flow is of principal importance for the solution of the
three-dimensional problem. Therefore, in subsequent studies
attention has been concentrated on two-dimensional sheared
flows.

An investigation was undertaken next to examine the reason
for the sensitivity of airfoil aerodynamic behavior to its loca-
tion in a nonuniformly sheared slipstream. This was carried
out by Brady and Ludwig® who treated the symmetric
Joukowski airfoil in a nonuniformly sheared flow profile which
was kept as simple as possible, see Fig. 1a. The pressure dis-
tributions on the airfoil were measured experimentally and
compared to the predictions of a theory which was also de-
veloped during the program. In principle, the theory is
applicable to a freestream velocity profile which can be repre-
sented by piecewise linear segments such as those shown in
Fig. 1. The theory requires the use of a digital computer to
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Fig. 1 Schematic of flow models for computer programs.

obtain solutions. It is not limited to small values of shear or
of airfoil thickness and it can be used for any profile shape in-
cluding airfoils with flaps. Comparison between the experi-
mental and theoretical results for the simple nonuniformly
sheared flow showed the same type of agreement as is nor-
mally obtained in similar comparisons between exact potential
flow theory and experiment for uniform flow cases.

The investigation reported in this paper continues the line
of approach begun in Ref. 5 by extending the theory and the
pressure measurements to the nonuniformly sheared slip-
stream profile of Fig. 1b. In succeeding sections the theoreti-
cal approach and its results are described first followed by the
experimental approach and its results. Finally, concluding
remarks are presented.

Theoretical Investigation

The investigation of Ref. 5 was undertaken to explain the
unusual maximum lift and stalling characteristics that had
been observed? in the two-dimensional flow simulating a non-
uniformly sheared slipsteam. The existing theories for air-
foils in nonuniformly sheared flows”™8 were generally limited
to small disturbances, i.e., small shear and/or low angles of
attack of thin airfoils. It was decided, therefore, to develop
a theory, implemented by a digital computer program, which
would eliminate these restrictions and be applicable to arbi-
trary airfoil shapes in large shear at angles of attack near stall.
This theory has been described elsewhere.?? A review of its
basic features and the extension to the nonuniform slipstream
of the present investigation are presented below.

The main characteristic of a sheared flow which distin-
guishes it from a nonsheared flow is its rotationality. The
powerful techniques of potential theory that can be used in
two-dimensional uniform flow problems are generally not
applicable to rotational flows. The governing equation for
the stream function in two-dimensional, incompressible,
inviseid shear flow is no longer Laplace’s equation, but is

Vi = f(§) ey

instead. Thus V3¢ is a constant along each streamline (along
which the stream function, ¥, is also a constant). It can be
shown that this constant is the vorticity. Except for the case
of uniform shear (f(y) = const), or the exceptional case f()
= ay, a = const, Eq. (1) is a nonlinear partial differential
equation. However, if the freestream velocity profile can be
represented by piecewise linear segments, as in Fig. 1, then
regions of constant vorticity are separated by the streamlines
that pass through those points at which the velocity gradient
changes. This representation reduces the problem of solving
a nonlinear partial differential equation with known boundary
conditions to a problem with a linear equation (V2 = const)
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Fig. 2. Comparison of computed and experimental pres-
sure distributions in simple nonuniform shear.

that holds within regions which have free (and, hence, initially
unknown) boundaries. It is necessary to adopt an iteration
procedure in order to determine the location of these bound-
aries. In the present theory the free-boundary problem is
mechanically implemented for a digital computer in the fol-
lowing way.

The geometrical configurations under consideration are
shown in Fig. 1. The airfoil is not limited in thickness and
can have an arbitrary profile shape. In the mathematical
model the airfoil is represented by a vortex distribution along
its actual surface. The wind-tunnel floor and ceiling are
incorporated in the model so that the computed results are
directly comparable to the experimental ones. These solid
boundaries are also represented by surface distributions of
vorticity. In its original form,® the computer program
treated the simple nonuniform shear of Fig. 1a. In this flow
the undisturbed velocity distribution is symmetrical above
and below the tunnel centerline. Thus, there is a single free
streamline which divides regions of vorticity which are of
equal magnitude but opposite sign. The extended form of
the computer program in the present study treats the non-
uniformly sheared slipstream of Fig. 1b with five free stream-
lines. The undisturbed velocity distribution here is also
symmetrical about the centerline. However, the absolute
magnitude of the vorticity in the regions near the centerline
can be different from that near the outer edges. In prineiple
the two flow problems are the same, but the extra free stream-
lines complicate the iteration in a practical computational
sense.
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Fig. 3 Comparison of computed and experimental pres-
sure distributions in simple nonuniform shear.
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The computation is begun by assuming initial locations of
the free streamlines. These should be as close as possible to
their final positions, but undistorted straight streamlines are
adequate in many cases. With these free streamline bound-
aries fixed, the vortex distributions representing the airfoil
and tunnel boundaries can be found. These distributions are
broken up into small segments, each of which has a constant
singularity strength. Beyond a specified distance from the
airfoil both upstream and downstream, the tunnel boundary
vortex distributions are taken to be of constant strength, cor-
responding to the adjacent undisturbed slipstream velocities.
The velocity components induced at any field point by each
segment are given by closed form algebraic expressions for the
Biot-Savart integrals.? Total velocity components due to the
tunnel boundaries and the airfoil are then found by summing
the contributions of all the segments. To these components
are added the contributions induced by the constant vorticity
that is distributed over the area between each adjacent pair of
free streamlines. Each free streamline is represented in the
model by a connected series of straight line segments and the
resulting Biot-Savart integrations can again be expressed
algebraically and summed over all the regions of the flow.
The streamlines are also assumed to be undistorted beyond a
specified distance from the airfoil.

The strength of each small vortex segment is found by
satisfying the boundary condition of no normal flow across
the floor, ceiling, and airfoil surfaces as well as the Kutta-
Joukowski condition at the airfoil trailing edge. The normal
flow boundary condition is applied at the center of each seg-
ment. For N vortex segments, N equations result from the
boundary condition and one more from the Kutta~Joukowski
condition. Hence a total of N + 1 equations is obtained.
However, as shown by von Mises,!® only N — 1 of the
boundary condition equations are linearly independent and so
the set can be made determinate. The resulting set of N
linear algebraic equations in N unknown vortex strengths is
solved simultaneously using a smoothing technique.!!?

The iteration procedure is begun by using these vortex dis-
tributions and the flow vorticity to compute velocities from
which the mass flow between the tunnel floor and each stream-
line is determined by integration. This is carried out at each
straight line segment that represents the free streamlines.
These computed mass flows are compared with their required
values which are determined by continuity considerations
from the known mass flow between streamlines in the undis-
turbed slipstream. Corrected streamline locations are then
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Fig. 4 Comparison of computed pressure distributions in
uniform flow, simple nonuniform shear and nonuniformly
sheared slipstream.
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determined froimn differences between the computed and re-
quired mass flows. Using these corrected streamlines, the
airfoil and tunnel boundary vortex distributions can be found
again. The iteration process can thus be continued until
convergent streamline locations are achieved. Once a con-
vergent solution is obtained in this way, the velocities and
pressures anywhere within the field, in particular on the air-
foil, can be evaluated.

The validity of this basic theoretical approach can be ex-
amined by comparing computed and measured pressure dis-
tributions on a symmetrical 179 thickness-to-chord ratio
Joukowski airfoil in the simple nonuniform shear of Fig. 1a.
Typical comparisons with the airfoil located one-half chord
(h/e = %) above the flow centerline at two angles of attack,
a, are given in Fig. 2 for & = 0.7° and in Fig. 3 for a = 5.7°.
The pressure differences are given in a coefficient form
(Cp)r that is referred to the undisturbed slipstream velo-
city at the airfoil midchord. The agreement between the
theory and experiment is excellent in both examples and is
typical of the agreement that is achieved for comparable cases
in uniform flow. Figures 2 and 3 also show clearly the sig-
nificant differences in the pressure distribution between uni-
form flow and simple nonuniform shear. Although it is not
presented here, a similar comparison at « = 0° has the
same general features and demonstrates the positive lift that
is generated at « = 0° when the airfoil is above the flow
centerline. As « approaches stall, however, viscous effects
neglected in the theory become more important and the agree-
ment between predicted and measured pressures deteriorates
just as it does in uniform flow. Nevertheless, it can be con-
cluded that, in the simple nonuniformly sheared flow, the
theoretical approach successfully predicts the important fea-
tures of the airfoil aerodynamics prior to stall.

Extension of the theoretical approach to the nonuniformly
sheared simulated slipstream of Fig. 1b with its five free
streamlines is complicated by the necessity to iterate the addi-
tional four streamlines. Nevertheless, the five free stream-
line program has been run to successful convergence for the
same airfoil at two different locations in a nonuniformly
sheared slipstream. The magnitude of the shear near the
center of the slipstream is the same as that used in the previ-
ous experimental and theoretical single streamline investiga-
tion. Hence, direct comparisons can be made to assess the
effects of the slipstream edges. Such a comparison is made
in Fig. 4. The computed pressure distributions with the air-
foil located one-sixth chord above the flow centerline (h/¢ =

+), at an angle of attack @ = —9.9° are given for the following
40 b
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Fig. 5 Comparison of computed pressure distributions on
airfoil at two locations in nonuniformly sheared slip-
stream.
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WIND TUNNEL --10
STREAMLINES | BOUNDARIES

L/C = +1.95
L/C=+3.90

Fig. 6 Free streamline pattern in nonuniformly sheared
slipstream for two locations of wind-tunnel floor and ceil-
ing, h/c = &, a = 9.9°.

three cases: uniform flow, simple nonuniform shear and the
nonuniformly sheared slipstream. The comparison shows
that the simple nonuniform shear and the nonuniformly
sheared slipstream generate pressure distributions which differ
from that obtained in uniform flow. Inspection of the pres-
sure distributions indicates that for this airfoil location and
angle of attack, the two sheared flows should provide almost
identical stalling characteristics. However, the lift generated
(here of negative sign) in the simple nonuniformly sheared
flow will be slightly higher than that generated in the non-
uniformly sheared slipstream. On the other hand, the lift
generated in the uniform flow will be lower than for both of
the other cases. These results are consistent with the avail-
able experimental data. Hence, one can conclude that the
slipstream edges influence the lift generated in the two non-
uniformly sheared flows but should not noticeably change the
stalling characteristics if the same shear magnitude is re-
tained. Both the lift and stalling characteristics will differ
from those obtained in uniform flow.

The shear used in the above comparison is about one-fifth
the magnitude of the shear used in the current experimental
program, so that a direct comparison between the five-stream-
line theory and experiment is not possible at this time. How-
ever, the good agreement between theory and experiment ob-
tained with the single free streamline flow illustrates the basic
validity of the concepts used for both flow patterns. More-
over, computed pressure distributions such as those illustrated
in Fig. 5 for the airfoil located slightly above and slightly be-
low the centerline (h/c = +3%) of the moderately sheared non-
uniform slipstream show trends which are similar to those
observed experimentally in the highly sheared nonuniform
slipstream.

The inclusion of the wind-tunnel floor and ceiling in the
theoretical model permits a theoretical investigation to deter-
mine the effect of these solid boundaries. A limited study
was performed wherein the distance L/c¢ between the floor
and ceiling for the 2/c = %, « = 9.9° configuration was
doubled. The largest effect appears in the locations of the
free streamlines for the two cases as shown in Fig. 6. How-
ever, the effect on the computed airfoil pressure distributions
is not large, see Fig. 7, and the lift is almost identical for the
two cases. 'This indicates that the presence of the wind-tun-
nel floor and ceiling had only a minor effect on the experi-
ments.

Therefore, although direct comparisons between predicted
and measured results have not been possible for the highly
sheared slipstream, those theoretical results obtained for
moderate shear seem to be in qualitative agreement with the
experimental trends. Morecver the theory provides a means
of examining parameters such as the amount of shear, the
tunnel floor and ceiling locations, and airfoil shape. Such
‘studies could not be carried out easily in the experiments.
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Fig.7 Computed pressure distributions on airfoil in non-

uniformly sheared slipstream for two loecations of wind-
tunnel floor and ceiling, h/c = %, a = 9.9°.

Experimental Investigation

The experimental program consisted of measuring the
chordwise pressure distributions on a two-dimensional airfoil
located in a nonuniformly sheared flow which simulates a sec-
tion through a propeller slipstream. The experimental con-
figuration is sketched in Fig. 8. The wind tunnel used is the
subsonic leg of the CAL One-Foot High-Speed Wind Tunnel.
This leg of the wind tunnel has a test section with a cross sec-
tion of 17 in. by 24 in. and is operated as a closed-throat non-
return tunnel. The two-dimensional airfoil used in this re-
search has a symmetric Joukowski profile with a thickness-to-
chord ratio of 179 and a chord of 6 in. The airfoil was
mounted spanning the wind-tunnel test section. It was sup-
ported by a structure which permitted independent change in
geometric angle of attack and vertical location.

The sheared flow in the wind-tunnel test section was pro-
duced by a sereen placed slightly more than 3 ft (between 6
and 7 chords) upstream of the airfoil. This screen consisted
of an array of circular rods spanning the wind-tunnel section
horizontally and secured by & frame which was clamped be-
tween two sections of the wind-tunnel circuit. The spacings
between rods and the rod diameters were varied so as to intro-
duce variable losses across the flow. By proper spacing and
rod size variation, the vertical distribution of losses in the
flow at the screen can be such that the desired sheared flow
velocity contour is obtained in the test section. The splitter
plates shown in the sketch were inserted to prevent excessive
decay of the slipstream before it reached the airfoil location.

Flow velocity in the wind-tunnel test section was measured
with a conventional {%-in.-diam pitot-static probe at the axial
location of the airfoil midchord. The results are shown in
Fig. 9. Two sets of data are shown, one obtained prior to the
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Fig. 8 Sketch of layout for experiments on an airfoil in a
two-dimensional highly sheared nonuniform slipstream.
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tributions at model midchord station in nonuniformly
sheared slipstream.

airfoil pressure tests and one obtained after these tests. As
can be seen, the repeatability of the data is excellent. The
flow angularity distribution in the slipstream was measured
with a crossed hot-wire probe. Initial attempts to obtain a
repeatable calibration of a standard yaw probe at various posi-
tions in the sheared flow were not successful. However, no
difficulties were encountered with the crossed hot-wire. The
angularity measurements were made prior to the airfoil pres-
sure tests only and are also shown in Fig. 9. The airfoil
geometric angle of attack at each vertical location in the slip-
stream was corrected to include the measured flow angle at
that location.

Pressure distributions on the airfoil were obtained through
thirty-seven static pressure taps distributed along a chord
over the upper and lower airfoil surfaces. These taps were
connected to an inclined manometer bank and the resulting
pressures were recorded photographically. Pressure distri-
butions were measured over a wide range of angle of attack at
each of seven different vertical locations in the slipstream.
Separation of the boundary layer on the wind-tunnel walls at
the intersection with the airfoil was controlled through the use
of sidewall suction. Flow visualization studies using lamp-
black and kerosene on the wing surface were used to adjust
the amount of suction and also as a general tool to study the
flow patterns over the wing.

Before considering the pressure distributions, it is of inter-
est to inspect the section lift coefficients obtained by numeri-
cal integration of the pressure. Figure 10 shows the section
lift coefficients (C'y)x referenced to the local dynamic pressure
in the undisturbed slipstream at the location of the airfoﬂ
midchord. This dynamic pressure varies with the vertical
position, h/r (see Fig. 8), of the airfoil. These data compare
well with balance data obtained previously by Vidal? in this
same flow. Note the large differences in lift coefficient ob-
tained for airfoil locations slightly above the slipstream center-
line (k/r = 40.158) and slightly below the slipstream center-
line (h/r = —0.092). The maximum lift available at these
two locations differs by a factor of more than two. Note also
the unusual upward curvature of the data for negative alrfqll
locations and the nonzero lift coefficients for the symmetric
airfoil at zero angle of attack. The latter effect is predicted
by Tsien’ss theory for airfoils in uniformly shgared flows and
by the present theory for airfoils in nonuniformly sheared
flows.



NOVEMBER 1971

-0.
4.0 {-0.092)
s AIRFOIL
3 LOCATION
w hir
[+
2= 3.2
=Y
ou
s
[ 28}
ZQ
5 g o> (-0.467)
E 2 24
o
o
© g (+0.033)
=g 20
- I
=0
z 2
o = 1.6 - A (+0.158)
=z
E 5]
g irp
2 _ (-0841)
@ © (+0.533)
9 (+0.908)
-12
12 20 24
ANGLE OF ATTACK
~0.4 & DEGREES
F-08
L -1.2

Fig. 10 Section lift coefficient based on midchord dy-
namic pressure, highly sheared nonuniform slipstream.

Sample pressure distributions corresponding to the airfoil
location A/r = —0.092 are shown in Fig. 11. These pressure
coeflicients have been referenced to the same local dynamic
pressure as the lift coefficients of the previous figure. The
most notable feature of these pressure distributions is that the
maximum positive pressure coefficient, (Cp)z mex, differs from
a value of unity and varies significantly with angle of attack.
For this particular airfoil location, values of (C,)r wmax a8 high
as 3 were recorded just before stall. These effects were also
obtained at the other airfoil locations in the slipstream and
are similar, although substantially greater in magnitude, to
those observed in the simple nonuniformly sheared flow experi-
ments.® They suggest that a majority of the variation in lift
coeflicient with airfoil Jocation is due to a change in the stag-
nation pressure of the streamline which intersects the airfoil
(stagnation streamline) as angle of attack is varied. For a
given position of the airfoil midehord, a change in angle of
attack changes the circulation about the airfoil and, hence,
changes the position in the flow upstream from which the
stagnation streamline originated. Of course the same is true
for an airfoil in uniform flow. However, the change in up-
stream position of the stagnation streamline in a sheared flow
results in a change in stagnation pressure of the flow which
encounters the airfoil as the airfoil’s angle of attack is varied.
Since the lift on the airfoil is a funetion of the stagnation pres-
sure of the flow as well as the angle of attack, the variation of
lift with angle of attack in a sheared flow will be different from
that in a uniform flow.

The dynamic pressure associated with the stagnation
streamline is given by the pressure at the positive pressure
peak on the airfoil. Hence, it should be possible to reduce
the variations in the lift data by using this stagnation pressure
as a reference dynamic pressure to compute lift coefficients.
This has been done for the lift coefficient data shown previ-
ously (Fig. 10), and the results are plotted in Fig. 12 for three
airfoil locations near the slipstream centerline. The angle of
attack for zero lift has been subtracted from the usual angle of
attack in this figure in order to facilitate direct comparison of
the shapes of the lift coefficient curves,

‘One can conclude from the very much smaller differences in
Fig. 12 that the displacement of the stagnation streamline
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Fig. 11 Experimental pressure distributions on airfoil in
two-dimensional, highly sheared nonuniform slipstream.

with changes in angle of attack is largely responsible for the
unusual lift behavior found originally by Vidal? for airfoil loca-
tions near the slipstream centerline. This finding is in agree-
ment with the work® on the simple nonuniformly sheared flow.
For airfoil locations farther removed from the slipstream
centerline, this method of data reduction considerably reduced
the differences between the lift eurves for the various airfoil
locations. However, the degree of correlation is not as high
as that obtained for the airfoil located near the centerline. It
would appear that proximity of the airfoil to the slipstream
edges has an effect on the lift which is not completely ex-
plained by the stagnation streamline argument. Inspection
of the theoretical pressure distributions shown in Fig. 4 leads
to a similar conclusion.

The region of greatest interest is the one in which the airfoil
is located near the slipstream centerline. It is in this region
that a change in the vertical location of the airfoil of less than
one airfoil thickness produced a more than twofold change in
maximum lift available. Flow visualization studies with
lampblack and kerosene showed that the airfoil began to stall
near the trailing edge at angles of attack as low as nine degrees
for h/r = +4-0.158, whereas for A/r = —0.092, stall did not
oceur until an angle of attack larger than eighteen degrees was
reached. Several pressure distributions for these two airfoil
locations are shown in Fig. 13 along with an indication of the
boundary-layer separation points observed visually and those
estimated theoretically. The theoretical method for caleu-
lating the separation peint follows the work of Sandborn and
Liu.®* The particular form of the separation criterion is
shown on Fig. 13. This form appeared to give the best engi-
neering estimate of the separation point using the experi-
mental pressure distributions obtained on the airfoil both in
uniform flow and in the sheared slipstream. Note that
separation is neither observed nor predicted for the pressure
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Fig. 12 Section lift coefficient based on stagnation
streamline dynamic pressure, highly sheared nonuniform
: slipstream.
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Fig. 13 Comparison of experimental pressure distribu-
tions for airfoil locations near centerline of highly sheared
nonuniform slipstream.

distribution measured on the airfoil located at h/r = —0.092,
even at an angle of attack of 16.5°.

These results suggest that the unusual airfoil stalling char-
acteristics are due simply to the differences in the upper sur-
face pressure distributions. These pressure distributions in
turn depend on the freestream shear and the location of the
airfoil in the sheared flow. It does not appear to be necessary
to consider the direct action of the freestream shear on the
boundary-layer separation point other than the way in which
the shear influences the pressure. Hence, this work confirms
the suggestion put forth earlier® that if the pressure distribu-
tion on a wing in an inviscid sheared flow is predictable, then
the techniques which are used to prediet stalling character-
isties of airfoils in uniform flow from inviscid pressure distri-
butions should also be applicable here.

As a final observation on the experimental results, it is per-
haps worth mentioning that the combined results of the cur-
rent work and that performed earlier in the simple nonuni-
form shear? show that no generalization can be made regarding
the effect of airfoil location in a sheared flow on the stalling
characteristics of the airfoil. In the earlier work’ it was
found that a location of the airfoil above the flow centerline
(positive shear) delayed separation while the converse was
true for locations below the flow centerline (negative shear).
In the current work, separation was greatly delayed at an air-
foil position just below the flow centerline and was promoted
at an airfoil position just above the centerline. Apparently,
it is necessary to examine pressure distributions for each case
before stalling characteristics can be estimated.

Conclusions

The experimental research on airfoils in two-dimensional
sheared flows has shown that such flows can have very large
effects on airfoil lift and stalling characteristics. The effects
on lift which occur prior to stall appear to be predictable by
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the inviscid theory which has been developed. The experi-
mental studies have shown that airfoil stalling characteristics
in a sheared flow are governed by the shear-dependent upper
surface pressure distributions. However, it is not possible at
this time to arrive at generalizations relating airfoil stalling
characteristics to airfoil location in sheared flows. Never-
theless, since the theory provides the inviscid pressure distri-
butions on the airfoil, it should be possible to use these distri-
butions to estimate stalling characteristics in those situations
where converged solutions can be obtained. Though only a
limited number of converged solutions have been obtained at
the present time, it is believed that further development of
the theoretical model and its implementation on the computer
would allow investigation of a wide variety of airfoils in
sheared flow configurations of practical interest.
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