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SUMMARY

A procedure for estimating the wing lift coefficient for and the
spanwise location of the first occurrence of section stall on a swept
wing is presented. The procedure is based on an existing method appli-—
cable to unswept wings. This existing method is extended and modified
as necessary to account for the effects of sweep. Simplified lifting—
surface theory and two—dimensional section data are utilized, with due
consideration given to the concepts of simple sweep theory. The pro—
cedure is applied to a swept—wing model with and without trailing—edge
split flaps, and with several modifications made to the wing leading
edge. Comparison of the various predicted and experimental values of
wing 1lift coefficient for and spanwise location of the first occurrence
of section maximum 1ift showed the following: The predictions of abso—
lute wing 1lift coefficient were from 0.1 to 0.2 low in most cases; the
predictions of the increments in wing 1lift coefficient attributable to
the various leading—edge modifications were usually quite accurate; the
predictions of the spanwise location could not be rigorously checked but
appeared to be approximately correct. A brief application of the method
to other wing plan forms gave results that were comparable to the results
of the model described and tested in this report.

INTRODUCTION

It has been well established that for swept wings, as for straight
wings, noticeable changes in some or all of the aerodynamic character—
istics occur when the flow separates from some part of the wing. In the
case of straight wings, this occurs at, or very near, wing maximum 1ift.
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In the case of swept wings, however, the flow separatlon generally occurs
well below wing maximum 1lift, The separation generally results in unde—
sirable changes in aerodynemic characteristics of sufficient magnitude

to restrict the usable 1lift to values below maximum 1ift. A method which
relates the stalling of a swept wing to the maximum 1lift of its airfoil
sections would be useful in devising means for improving the high 1ift
characteristice of swept wings. References 1 and 2 present a method
which utilizes airfoil section data to predict the first occurrence of
section stall on straight wings. It is the purpose of this report to
account for the effects of wing sweep so as to extend the applicability
of the method to swept wings, and to evaluate the revised method with
the aid of experimental results obtained from study of a particular
model with several wing modifications.

NOTATTION

The test data are presented as standard NACA coefficients of forces
and moments. Moments on the swept—wing model are referred to a point
1 inch above the fuselage center line and to a fore—and—aft position
corresponding to the quarter—chord point of the mean aerodynamic chord.

A aspect ratio < bs_2>

b wing span, measured perpendicular to the plane of symmetry of the
swept—wing model, feet

c wing chord, measured in the free—stream direction, feet

c mean aerodynamic chord, measured in the free—gtream direction

b/2 \\
fo c24dy

, Teet
i?/a c dy
Cec chord~force coefficient <Eh—01%5f£r—(£>
Cp drag coefficient of the swept—wing model <Q-§%ﬂ>
CD increment of drag coefficient of the swept—wing model due to
5 wind—tunnel—wall interference

cy section 1lift coefficient sﬁﬂi%.lﬁ&)
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clb

section 1lift coefficient due to basic loading on the wing at zero
wing 1ift

section lift coefficient due to flap deflection at constant angle
of attack

section 1lift coefficient due to camber measured at the ideal
angle of attack of the section

1ift coefficient of the swept—wing model <lcll§t>

pitching—moment coefficient of the swept—wing model
< pitching moment >
asc

normal—force coefficient < nOI'ma-gl.cforCe>

local pressure coefficient
[(1ocal static pressure)—(free—stream static pressure)}

q
free—stream dynamic pressure, pounds per square foot

Reynolds number <¥?>

wing area, square feet
free—stream velocity, feet per second

distance from original airfoil leading edge, measured parallel to
chord line, feet

spanwise distance from the wing center line, feet

free—stream angle of attack of the swept—wing model, with refer—
ence to the wing—chord plane, degrees

angle of attack of the two—dimensional model, degrees

increment of angle of attack due to wind—tunnel-wall interfer—
ence, degrees

flap deflection, measured perpendicular to the hinge line,
degrees
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) spanwise station <gg>
tip chord
A taper ratio( ————
root chord
A angle of sweepback of the quarter—chord line, degrees
Vv kinematic viscosity, square feet per second
METHOD

The method proposed in this report is essentially the same as that
given in references 1 and 2 for unswept wings. In common with these
methods, it is assumed that when section maximum 1lift is exceeded at a
section of the wing, separation with its attendant effects will be
evident. The major difference lies in the fact that the concepts of
simple sweep theory (reference 3) are also incorporated to establish the
maximum section 1ift coefficients across the wing. This theory shows
that the significant airfoil section is that one lying normal to a swept
reference line, It follows that the effective velocity is that compon—
ent of free—stream velocity which is parallel to the significant airfoil
section. When the effective velocity is used as a reference velocity,
maximum 1lift coefficients of such swept sections can be taken directly
from two—dimensional values. Since the free—stream velocity is used in
deriving the force characteristics of swept wings, these two—dimensional
maximum 1ift coefficients are also referred to this larger velocity when
applied to a swept wing. Thus the resulting two—dimensional values are
considerably reduced, accounting in large part for the low wing 1lift
coefficients at which section stall first occurs on swept wings.

Three assumptions are involved in this use of simple sweep theory.
First, although strictly applicable only to infinite—span yawed wings,
the theory is herein assumed valid on finite—span swept wings to within
a negligible distance of the root and tip sections. Second, the sweep
of the quarter—chord line is assumed to be representative of the angle
of sweep of tapered wings. These two assumptions are reasonable at wing
lifts prior to the appearance of flow separation on the wing except for
wings of low aspect ratio or taper ratio. Third, the simple cos A
relation between free—stream velocity and the normal velocity component
(which holds true when the pitching axis is parallel to the quarter—
chord line) is used rather than the exact equations for a swept—back
wing.

As in references 1 and 2, two—dimensional data are used to define
the maximum 1ift of the significant airfoil sections., Data obtaired
at comparable Reynolds numbers are used, and this becomes of considerable
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importance in the case of the swept wing where the reduced velocity
often brings the operating Reynolds numbers of the sections into a
critical range, even at full scale.

With the spanwise distribution of maximum section 1lift determined,
references 4 and 5 are then used to define the span lift—coefficient
distribution on the wing. As was done in references 1 and 2, this 1lift—
coefficient distribution is adjusted until it becomes tangent to the
line of maximum section 1lift coefficients. This point of tangency is
taken to be the point of the first occurrence of section maximum 1ift on
the wing, and the area under the curve of lift—coefficient distribution
represents the wing 1ift coefficient above which the aerodynamic charac—
teristics will show marked changes.

Example applications of this method will be given in another
section of this report.

MODELS AND APPARATUS

The investigation of the swept—wing model was made in the Ames
LOo— by 80—foot wind tunnel. A three—view drawing of the model with its
principal dimensions is given in figure 1; additional dimensional data
are listed in table I. A view of the model mounted for testing in the
wind tunnel is shown in figure 2.

The wing had an aspect ratio of 6, a taper ratio of 0.4, and an
angle of sweepback of the 25—-percent—chord line of 45°. The wing
thickness distribution was that of an NACA 65-009 section modified by
fairing straight lines from 66—percent chord to the trailing edge. This
modified profile (table II) was applied normal to the wing 25—-percent—
chord line. The wing was attached in a high midwing position to a
fuselage of fineness ratio 10.9. The wing was equipped with trailing—
edge split flaps of 30—percent chord extending from the wing—fuselage
Juncture to 40-percent semispan. (See fig. 3(a).)

The stall—control devices and modifications to the wing consisted
of upper—surface boundary—-layer—control fences, a leading—edge flap, and
an increased leading—edge radius. Details of these devices and modifi—
cations are given in figures 3, 4, and 5. The leading—edge flaps of
4.75-percent chord had a fixed deflection of 42°. The increased leading—
edge radius was equal to that of the NACA 0012 airfoil section. It was
fitted to the wing such that the upper wing surface remained essentially
unchanged, and the added thickness was gradually faired into the lower
wing surface; this introduced 0.42—percent camber into the modified
profile.

Two—dimensional models of 2—foot chord of the three wing sections
were made of mahogany and shellacked and sanded. They were equipped
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with from 37 to 39 pressure orifices. The models completely spanned the
width of a 2- by 5—foot open circuit wind tunnel in which they were
tested.

TESTS

The test results presented for the swept—wing model are for a
Reynolds number of approximately 9 X 106, based on the mean aerodynamic
chord. This was at a dynamic pressure of approximately 48 pounds per
square foot and at a Mach number of 0.2. Three—component force data
were taken on all configurations, and tuft studies on several.

No 1lift, drag, or pitching-moment tares were applied to the data
because the interference effects between the fuselage and the support
fittings were unknown. A correction for stream—angle inclination was
made. The tunnel-wall—interference corrections to the measured angles
of attack and the drag coefficients were as follows:

]

A 0.60 Ct, .

Cpp = 0.010 Cr2

The two—dimensional tests were made at a Reynolds number of 2 X 106
and were comprised of pressure—distribution measurements and tuft
studies. Section 1lift coefficients were determined from the pressure
distributions according to the expression

Cy = Cp COS Qg — Cg¢ sin ag

Corrections for wind—tunnel-wall interference were not applied to the
results.

DISCUSSION

Basic Model

A study was first made of the model without modifications in
order to determine the validity of the procedure and to indicate what
direction any geometric model changes should take to bring desired
improvements. Two—dimensional tests of the original airfoil section
showed a maximum 1ift coefficient of 0.92. Since the section was
constant across the swept wing, this value was taken as the maximum |
attainable at any point on the wing. (It must be remembered that a
difference in Reynolds number existed between two— and three—dimensional
cases.) Referring this to free—stream velocity showed that when any N
section of the wing reached a 1ift coefficient of 0.46, that section
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would be at its maximum 1ift and any further increase in wing 1lift would
produce sudden changes in wing characteristics. The theoretical span
lift—coefficient distribution (fig. 6) showed that the maximum section
1ift should be reached first at 73—percent semispan at a wing 1lift
coefficient of 0.38; considering the longitudinal location of this
section with respect to the moment center, a strong nose—up tendency
would be anticipated above the wing lift coefficient of 0.38.

Force tests of the model showed, as anticipated, that noticeable
force and moment changes occurred at a low wing 1lift coefficient
(fig. 7). The drag rise increased abruptly at about 0.5 lift coeffi-
cient; the pitching moment increased negatively between 0.50 and 0.55
1lift coefficient before giving evidence of a strong nose—up moment. It
could be concluded from conservativeness of the predicted value (0.38)
either that maximum 1ift must be exceeded over an apprecisble wing area
before large changes in forces occur or, and it is believed this is more
likely, that three—dimensional effects which are not considered in this
analysis, such as induced section camber and boundary-layer flow, enable
sections to reach higher than two—dimensional maximum 1ift,

Effects of split flaps.— A similar analysis and comparison with
experiment was made for the ummodified wing with split flaps deflected
159, 309, and 45°. No two—dimensional data for the wing section with a
split flap were available, hence estimates of section (Aa/ASf)c

(necessary when using reference 5 to obtain span-load distributions) and
section maximum 1ift coefficient were made from other da.ta;1 values of
0.39, 0.34, and 0.30 were used for flaps deflected 15°, 30°, and 45°,
respectively., The maximum section 1lift coefficients selected for the
three flap deflections were 1.32, 1.52, and 1.70. The three—dimensional
wing was therefore assumed to have a section maximum 1ift, based on
free—stream velocity, of 0.66, 0.76, or 0.85 extending from the inboard
to the outboard edges of the flaps and, as before, 0.46 over the remain—
der of the span.

Since the basic 1ift distribution due to a given flap deflection
remains constant for all wing lifts prior to the occurrence of section
maximum 1ift on the wing, it is suggested in reference 2 that this
portion of the theoretical 1lift distribution be subtracted from the line
of maximum section lifts. This new line defines the maximum allowable
additional—-1ift distribution, and the theoretical additional-lift dis—
tribution is easily adjusted to become tangent to it. This value of
theoretical additional 1ift is then the predicted wing 1lift for the
first occurrence of section maximum 1ift. Application of this proce—
dure shows that just inboard of the outboard extent of the flap very
high additional 1lift can be carried and just outboard very little can be

1This form of the lift—effectiveness parameter is used rather than
da/dd¢ since the flap deflections of interest herein exceed the range
where da/d5¢ 1is constant.
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carried. (See fig. 8(a).) In reference 2, it is further suggested that ’

in the latter region the extreme variation in allowable additional 1ift
be ignored and that a smooth fairing be made between the inboard and
outboard allowable 1lift distributions. In the case of straight wings,
this fairing is fairly simple since the inboard and outboard allowable
additional 1ift distributions are at about the same level and the
indeterminate region is quite short. In effect, this fairing means that
the maximum 1ifts of the flapped sections near the flap extremities are
being arbitrarily reduced and those of the unflapped sections near the
flap extremities are being arbitrarily increased.

In the case of swept wings, the foregoing procedure could not be
applied readily. Figure 8(b) shows that the different basic load dis—
tribution due to flaps on swept wings resulted in a condition where a
wide range of possible fairings existed. It was evident that a better
estimation of the 1lift limits was required in this region. The assump—
tion was therefore made that the maximum 1ift of the sections outboard
of the flaps would be increased an amount equal to the increment of
loading induced on the sections by the flaps. Such an assumption was
believed to be acceptable since analysis shows that flaps induce pri—
marily a camber—type loading on adjoining sections, and two—dimensional
tests show that for moderate amounts of camber maximum 1ift is increased
by an amount equal to the camber 1lift. For the flapped sections the
maximum 1ift was retained as that found by two—dimensional tests. Pro—
ceeding on this basis a new distribution of maximum section 1lifts was
defined. The spanwise distribution of section 1lift coefficient was then
found for each flap deflection which was tangent at some point to the
meximum 1ift—coefficient distribution (e.g., fig. 9).

The predicted wing 1ift coefficients at which section stall first
occurred were 0.47, 0.54, and 0.62 for 15°, 30°, and 45° flap deflection.
The corresponding measured wing lift coefficients at which marked force
and moment changes occurred (fig. 7) were 0.58, 0.60, and 0.62. (It
must be noted here that double fences were on the wing for these tests
but, as will be discussed later, it was felt that these fences had
little or no effect on the wing 1lift coefficient at which section stall
first occurred.)

It should be pointed out that such flaps as used here are not well
sulted to swept wings that have lift—coefficient distributions similar
to that described herein. Much of the wing was well below its maximum
1ift when the first section stalled. To move the point of initial
occurrence of section maximum 1ift well inboard (nose—down pitching
moment) and, at the same time, to have all sections approaching their
maximum 1ift together, it would be necessary to use flaps having larger
effectiveness in relation to their maximum 1ift.

Effects of leading—edge modifications.— Study of the two—
dimensional data on the original wing section showed that the section «
reached Ly because of separation of flow from the leading edge
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which in turn resulted from excessive peak pressures at the leading edge.
Two modifications were designed to reduce this leading—edge pressure
peak and thus increase clm . Comparative pressure distributions in

figure 10 for the three sections show the extent to which the peak
pressure was reduced and the 1ift curves in figure 11 show the increase

Each of the two modifications was tested on the swept—wing model as
a full-span modification and with the trailing—edge flaps set at 0° and
15°. The leading—edge flap was also tested as a partial—span installa—
tion extending from the tip to 7TO—percent semispan in one case and from
the tip to 40—percent semispan in a second case.

Predictions of the wing 1lift coefficient and of the spanwise loca—
tion at which a section first reached maximum 1lift were made for each of
the modified—wing conditions. The procedure followed was ldentical to
that already discussed in detail. It should be noted, however, that it
was assumed the partial-span leading—edge flaps raised the maximum 1ift
only of the sections of the wing on which they were installed and, unlike
the trailing—edge flaps, did not affect the maximum 1ift of the remainder
of the wing. Examples of the spanwise distributions of maximum section
1lift coefficient and of lift coefficient which were used to make these
predictions are shown in figure 12, The force test results, from which
were chosen the wing 1ift coefficients for section maximum lift, are
shown in figure 13, Table III summarizes the comparisons of the pre—
dicted and measured results on all configurations.

Compared with experiment, the predictions are conservative, and to
about the same degree as found for the unmodified wing with equal flap
deflections. The 1ift increments due to the leading—edge modifications
are predicted with good accuracy in most cases. This indicates that no
great change occurred in the magnitude of the unaccounted for three—
dimensional effects.

Effects of fences.— Wing fences are designed to obstruct the span—
wise flow of boundary—layer air on the wing upper surface and thereby
prevent excessive thickening of the boundary layer in the tip regioms
with a resultant delay in flow separation over this critical area.

Tests were made on the subject model of fences which had proved effec—
tive at small scale., Analysis such as proposed herein would, of course,
indicate that fences would have no effect on the initial occurrence of
maximum 1ift on a section of the wing. Such generally proved to be the
case (figs. 7 and 14) although tufts indicated local areas of separation
at very low wing 1lift coefficients (fig. 15) which were not present when
the wing was at the same 1lift coefficients but was without fences. The
fences showed some effect on the wing pitching moment at wing 1ift coef-—
ficients above that for first section stall, but in contrast to small—
scale results, the pitching moment was erratic and only slightly less
unstable. It must be noted that in cases where wing fences prove
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effective in delaying the occurrence of flow separation, the proposed
procedure will not account for their effect.

Application to Other Plan Forms

As a check of the validity of the method of this report over
various combinations of sweep angles, aspect ratios, and taper ratios,
a brief study was made of a limited number of other wing designs. The
comparisons of the predicted and measured values of wing lift coeffi-—
cient for initial section stall for these wings are given in table IV.
The force and moment characteristics from which the measured values were
chosen are reproduced in figure 16, The test results presented in
figure 16 were taken from references 6, 7, and 8 and from unpublished
data of the Ames 40— by 80—foot wind tunnel. In general, the compari-—
sons of measured and predicted values show the same degree of accuracy
of the method as was found in its application to the model tested for
this report.

CONCLUDING REMARKS

The method outlined herein, which combines the concepts of simple
sweep theory and swept—wing span—loading theory, provides a means of
obtaining a quantitative estimate of the wing 1lift coefficient at which
section maximum 1ift is first attained on a swept wing. This wing 1lift
coefficient is generally equal to or slightly less than that at which
marked changes in some or all of the over—all wing characteristics
occur.

Evaluation of the method by comparison with experimental data from
tests of a particular design showed that, for the conditions studied, the
method was conservative in that it predicted the first occurrence of
section stall at a wing 1lift coefficient usually 0.1 to 0.2 lower than
that indicated by changes in force characteristics. However, because
the discrepancies were consistent for the leading—edge modificationms,
the method usually predicted quite accurately the incremental gains due
to these modifications.

Ames Aeronautical Laboratory
National Advisory Committee for Aeronautics,
Moffett Field, Calif.
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TABLE I.— GEOMETRIC DATA OF THE MODEL

Wing
Sheh L POab BT v ot W T e e s e e o e RS S T
Area, square feet . . o« o ¢ ¢« o ¢ o o o ¢ o s o o . o e . e 300
Mean aerodynamic chord, feet . . . . . « « « « & o o 0 . 52
Angle of incidence, degrees . . « . & ¢ & o o o o o . oo e . 0
ARpBet TAEIE L'y 0 e e v st d e sas e e o e s el e shnaie 6
BB TRT 10! 1 v oF o iie & ahee e o, m m Sale e R 0.4
Sweepback of 25—percent—chord line, degrees . . . . . . . . 45

Fuselage

Lol PEEE " 0 & & B 6 6 iats oS ek s e e e e ot DR
Maximim diametor, £0t « « « o s ote o o ¢ o 6 & & & o 0o« o 4.83
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TABLE II.— COORDINATES OF THE MODIFIED
NACA 65009 AIRFOIL SECTION

[Percent of airfoil chord)

Station Ordinate
0 0
.50 . 700
5 .845
1.25 1.058
2.50 2421
5.00 1.961
7.50 2.383
10.00 2,736
15.00 3.299
20.00 S ieT
25.00 4.050
30.00 4, 282
35.00 4,431
40.00 4,496
45.00 L., LE9
50.00 4,336
55.00 L .,086
60.00 3.743
65.00 3.328
866.00 3.241
100.00 0
L.E. radius = 0.552

®Section faired from 66—
percent chord to the
trailing edge by

straight lines.
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TABLIE III.— COMPARISON OF PREDICTED AND MEASURED WING LIFT
COEFFICIENTS FOR INITIAL SECTION STALL

Be Wing n for

Configuration 1ift coefficient [nitialj
(deg)|Predicted| Measured | Stell

Basic wing section 0 0.38 0250 073
Basic wing section 15 AT 56 5
Basic wing section 30 ol .60 <73
Basic wing section 45 .62 .62 3
30—percent—span leading—edge flaps 0 .39 55)9) 5 7]
30—percent—span leading—edge flaps 15 .48 .63 <70
60—percent—span leading—edge flaps 0 Lk .62 Lo
60—percent—span leading—edge flaps 15 .58 .72 Lo
Full-span leading—edge flaps 0 s .90 .73
Full-span leading—edge flaps 15 .82 1.05 <13
Increased leading—edge radius 0 .56 <78 3
Increased leading—edge radius 15 %65 <89 <73




TABLE IV.— COMPARISON OF PREDICTED AND MEASURED WING LIFT COEFFICIENTS
FOR INITIAL SECTION STALL ON WINGS WITH VARIOUS PLAN FORMS

Lanier | Tives iz:ig Zi?gt B Wing 1ift coefficient 1215221
3 . ’ .

e e (deg) | (deg) i Predicted | Measured | stall
3.55 0.5 |45 O | NACA 6L4A112 0.68 0.60 0.15
T.51 Shelies -4 | NACA 4418 1:02 110 s Tl
4.8 45 35 —2 | NACA 0011-6k4 =Tl $87 .64

(modified)
4.8 5 35 -2 | NACA 0011-6L .99 1.92 qan
(modified)
Czi = 0.38
6 5 L5 —10 | NACA 6L4A810, «Th .83 .36
a = 0.8
3.5 25| 60 0 | NACA 64A010.5 +26 22 T 1D
(modified)
=qqm§;,r'

GTATSYV WY VOVN

Gt
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»; g All dimensions in feet

unless otherwise noted
Wing reference line
25-percent chord

406

Airfoil section

NACA 65-009
(modified)

’Q 42.26 -
L 5267 J

Figure |.— Three-view drawing of the model.
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All dimensions in feet
unless otherwise noted

~—565 b/2—

'}‘\'554—-1

Fence at 755 b2

(c¢) Double Ffences.

Figure 3- Details of the trailing-edge split flaps and the single and
double fences.
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All dimensions given in percent chord

Section perpendicular to the

F—T—Z. 76 25-percent chord line
I
Coordinates

X 4 X Y
-3.443 -2.833 o 669
-3.34/ -2.339 727 959
-2.978 -1.584 1.453 1.22/
-2.6/5 -1.118 2.180 1424
-2.252 - .74/ 2.906 1.600
-1.888 - 435 3.633 1.743
-1.162 065 4.358 1.874
- 435 465 5.085 1.998

Figure 4.- Details

of the

leading-edge flap.
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All dimensions given in percent chord

Original profile

Section perpendicular to the
25-percent chord line

Coordinates
X Yupper Yower X Nower
-0.787 -0.87¢8 -0.8782 6538 -3.305
- J62 145 -1.8/6 7.99/ -3.385
(7] 465 -2./136 10.17/ -3.458
J63 697 -2.339 12.349 -3.508
727 886 -2477 14.529 -3.537
/1.453 /1.19/ -2674 16.708 -3.596
2./80 1.387 -2.826 18.888 =-3.7/19
3.633 1.729 -3.065 21.068 -3.865
5.085 2005 -3.2/19 23246 -3.98/
Figure 5.- Details of the increased leading - edge radius.
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Lift coefficient, ¢,
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Drag coefficient, Cp) Aitching-moment  coefficient,  C,,
-4 0550 05050 4 8 2 6
Angle of atfack, a, deg
~NACA
Figure 7.- Aerodynamic  characteristics of the model with and without ftrailing -edge flaps; R, 9xI0°.
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Xy Sl
B

o Suggested fairing el e s czb
.§ G R max
é&
“g, 8
Q
> Flap span -]
S
S0
e O i 4 .6 .8 1O

Fraction of semispan, 7
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Figure 8- Comparison of the application of the procedure of
reference 2 fto a straight wing and a swepl wing.
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Figure 9. — Span distribution of section lift coefficient for initial section
stall on the model with trailing-edge Fflaps deflected 15°.
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Figure [0.— Pressure distributions on the Iwo-dimensional models
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Figure |3.— Aerodynamic characteristics of the model with various leading-edge devices; R, 9x/10%
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Figure /3. - Concluded.
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double fences. Without trailing-edge flaps; R, 9xI10°.
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