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ROLL-OFF IN LOW-SPEED STALLS ON A 35O 

SWEPT-WING AIRCRAFT 

By Seth B. Anderson 

SUMMARY 

Flight and wind-tunnel measurements were made of the low-speed 
stalling characteristics on a swept-wing jet afrcraft. Included in this 
study are the effects on the stalling characteristics of a number of 
wing modifications. 

The results showed a correlation between pflot opinion of the sever- 
ity of the roll-off at the stall and the magnitude of the rolling moment 
obtained from static wind-tunnel force measurements. Values of rolling- 
moment coefficient of 0.01 or less at the stall (measured in the wind 
tunnel) resulted in a satisfactory stall in flight, while values seater 
than 0.03 represented unsatisfactory stalling behavior. For the test 
airplane initial @advertent bank angles of loo or less resulted in a 

I satisfactory stall and -eater than 300 in an unsatisfactory stall. 
m 

A series of fences were added to the wing to decrease the magnitude 
of the roll-off at the stall. To make a stall unanimously satisfactory 
for a number of pilots from the roll-off standpoint, considerable round- 
ing of the lift-curve peak was necessary. This resulted in a moderate 
reduction in maximum lift. 

INTRODUCTION 

An important problem in the design of high-speed aircraft is that 
of obtaining satisfactory low-speed stalling characteristics. Swept 
wings, in particular, tend to stall initially at the tips, resulting in 
longitudinal instability near maximum lift. In addition, for wings of 
moderate sweep, stall progression is usually not symmetrical and the 
stall in flight may be characterized by unacceptable rolling behavior. 
It has not been possible to anticipate stalling characteristics in 
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flight from wind-tunnel tests alone, except in a most qualitative manner 
(from the shape of the lift-curve peak and from tuft studies of stall 
progression). It is the purpose of this BtUdy to investigate the pos- 
sibility of correlating quantitative factors involved in the stalling 
behavior from both flight and wind-tunnel measurements with pflot 
opinion. 

4 
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The airplane used in this study was a swept-wing jet aircraft. The 
wind-tunnel results of reference 1 for one configuration showed longi- 
tudinal instability at the stall and a sharp lift-curve peak. A number 
of modifications tested in the tind tunnel produced a stable pitching- 
moment break at the stall and flattened the ljrft-curve top. The sig- 
nificance of some of these modifications in terms of the actual flying 
qualities of the airplane was evaluated by flight tests of a similar 
type aircraft. 

The initial flight tests showed, however, that longitudinal insta- 
bility at the stall for this airplane was not a problem, the stall being 
dominated by severe rolling behavior. In order to investigate the possi- 
bility of predicting-the severity of roll-off at the stall from tind- 
tunnel force tests, the rolling-moment data were examined for the air-. 
plane of reference 1. The rolling-moment values, as measured on the 
static balance of the Ames &- by 80-foot wind tunnel, were compared 
with pilots' opinions of the roll-off at the atall. The modifications 
made in the tunnel to the wing of the test airplane varied the rolling 
moments sufficiently to cover a tide range of stall behavior. 

Additional information obtained in flight-Is ticluded herein regard- 
ing-the relationship between the shape of the lift-curve peak, maximum 
lift, and opinion of the roll-off at the stall .as judged.by a number of. '- - 
pilots. 

NOTATION 

% 

Cl 

lift lift coefficient, -- 
ss 

rolling-moment coefficient, rolling moment 
ssb 

9 dynsmic pressure, lb/sq ft 

S wing area, sq ft 

a airplane angle of attack, deg 

b wing span, ft 
. 

1 .  .  

.  
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F cp angle of bank, deg 

3 

GJ rolling velocity, deg/eec 

EQUIF'MRNT AND TESTS 

The tests were conducted on a jet-powered fighter aircraft having 
sweptback wing and tail surfaces. Photographs of similar test airplanes 
as prepared for flight and wind-tunnel tests are presented in figures l(a) 
and l(b), respectively. Figure 2 is a two-view drawing of the airplane. 
A description of the geometric details of the airplane is gfven in 
table I. 

Tests were conducted with the normal wing with slats operating, 
slats locked closed (sealed and unsealed), and a modified wing leading 
edge for flaps both up and down. The modified leading edge consisted 
of forward camber snd an increased leading-edge radius as described in 
reference 1 (listed as modification 1). A list of configuration changes 
made to the wing is given in table II. A list of fence conffgurations 
is given in table III. These fences were approximately 5 inches high. 

Standard NACA instruments were used to record the various flight 
quantities. Flight values of airspeed and angle of attack were measured 
8 feet ahead of the fuselage nose. 

For all tests the stalls were approached by reducing airspeed at 
the rate of 1 knot per second. Flight tests were performed at 10,000 
feet altitude with an average gross weight of 13,000 pounds at a center- 
of-gravity location of approximately 0.225 mean aerodynamic chord. The 
flight Reynolds number was approximately 8.0 x lo6 near maxfmum lift. 
The wind-tunnel tests of the full-scale airplane were run at a dynamic 
pressure of about 35 pounds per equre foot and a Reynolds number of the 
order of 8.4 x 10'. 

RESULX'S AND DISCUSSION 

Roll-Off Characteristics 

During the initial flight tests of the test airplane it was found 
that in judging the suitability of the stall the pilots were chiefly 
concerned with the magnitude of the roll-off at the stall. In the study 
of the roll-off the stalls were made from wings-level flight and when 
any tendency for roll-off occurred, the pilot would apply corrective 
action by use of the rudder and aileron. An examination was made of the 
flight time histories fn an attempt to determine which quantities had 
the most influence on the pilotsr evaluation of the lateral behavior at 
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the stall. This correlation of pilots' optiions tith behavior fn the 
complete stall is similar to a study previously made (ref. 2) for stall 
warning in which pilots' opinions of stall warning were correlated with 
quantitative factors producing the warning. It appeared that the pri- 
mary factors which could influence the pilots' opinfons in the complete 
stall were the initial bank angle inadvertently attained and the maxi- 
mum rolling velocity during the initial roll-off. The init,fal values 
of these quantities were examined since it was lmown that the wind- 
tunnel balance system would not give representative rolling-moment mea- 
surements in the dynamic phase of roll behavior occurring later ti the 
stall. A correlation of these quantities with pilots' opinions is shown 
in figure 3. These results show that a bank angle of the order of loo 
or less and a rolling velocity of loo per second or less represented a 
satisfactory stall, while values of angle of bank of 30° or-more and 
rolling velocities of 300 per second or more represented unsatisfactory 
stall behavior. These values are in accordance with those presented in 
the German flying-qualities requirements of reference 3 and those pro- 
posed for hlitary aircraft in reference 4. The German requirements 
specify, however, a tFme duration of 10 seconds of stalled flight for 
which +30° bank angle should not be exceeded, while the results in fig- 
ure 3 are PreBated only for the initial angle of bsnk at the atart of 
the stall. 

The significance of the initial departure from wings-level flight 
and the effect of time duration in the stall are illustrated by comparing 
time-history data (fig. 4) of angle of bank for the airplane with a 
cambered leading edge (judged unsatisfactory by the pilots) and for the 
normal airplane with slats open (judged satisfactory). These data show 
that although each configuration reached an angle of bank slightly greater 
than wOt the fnitial departure from wings-level flight was more gradual 
for the airplane with slats. The build-up of rolling motions with time 
for the airplane with slats is felt by the pilot to be due to the inabil- 
ity to operate the controls with the prcper phase relationehFp in the 
stalled region where control effectiveness is reduced and the rolling 
moments due to sideslip and yawing velocity may be large. 

Examination of the wind-tunnel force data showed that both of the 
afore-mentioned configurations were characterized by a rolling-moment 
increment at maximum lift. An example of the relationship between the 
lift-curve peak and the rolling moment as measured in the wind tunnel is 
shown in ffgure. 5. These results show for the cambered leading edge a 
sharp lift-curve peak and an abrupt rolling-moment break of large magni- 
tude at maximum lift. In contrast, the Blats-open case showed a rounded 
lift-curve peak and relatively small variations in rolling moment fn the 
region above maximum lift. It is also shown in figure 5 &at the large 
magnitude of rolling-moment ticrement for the cambered leading-edge con- 
figuration existed only over a relatively small angle-of-attack range. 
It should be pointed out that to obtain wind-tunnel. data of this type, 
the stall must be approached at angle-of-attack increments no greater 

1 
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than the order of 0.50, lest the large change in roJAg moment at the 
stall be missed entirely. The effect of this critical angle-of-attack 
range was noticeable in fU#t in that abrupt stalls had less severe F / 
roll-off than stalls approached more slowly. i I 

The results of all wing configurations tested in flight and in the 
wind tunnel (see table II) are correlated in figure 6 on the basis of 
maximum increment in rollfng-moment coefficient at the stall measured 
in the wind tunnel at zero sideslip. Wind-tunnel results were available 
for a limited number of configurations at other than zero sideslip. 
These results showed that the magnitude of the change in roJli.ng-moment 
coefficient at the stall was appron-lmately the same when the stall was 
approached at various constant values of sideslip (up to 80) as for the 
zero sideslfp case. Judging from the results presented in ffgure 6, 
changes in Cl of 0.01 or less at the stall were satisfactory in fJ&ht; 
changes between 0.01 and 0.03 were marginal; and chsnges greater than 
0.03 were unsatisfactory. Presumably, the maximum rollfng-moment break 
tolerable is related in some manner to the roJling moments producible by 
manipulation of the rudder and aileron; however, the effects of this 
variable are difficult to evaluate in a quantitatfve mannsr and were not 
considered in this report. 

It shouid be noted that the rolling-moment criteria shown in figure 6 
are limited to the type and size of the aircraft tested ard are intended 
to be used as a prelimina ry indicatfon of satisfactory stalling character- 
istics. A discussion of the effect of airplane size and sideslip angle 
at the stall may be found fn reference -5. 

Maximum Lift and Stalling Characteristfcs 

As previously pointed out, the shape of the lift-curve peak is tied 
in tith the roll-off behavior at the stall. A flat-top lfft curve fs 
generally indicative of low rolling moments at the stall by virtue of a 
gradual stall progression on the wing. The question of how much a sharp 
lift-curve peak must be rounded to produce a satisfactory stall and how 
much decrement in max5mum lift this causes has not been answered. 

The lift curves of the a-lane with the cambered leading edge and 
a series of fence modfffcations designed to improve the stalling charac- 
teristics are presented in figure 7 for the flsps-down case and the 
results are tabulated in table III. These fence modifications were 
tested in flight only. It will be noted that the lift-curve peak for 
the cambered leading edge was sharp and, as noted previously, the stall 
was reported as unsatisfactory by the pilot because of a severe roll-off. 
Tuft studies indicated that sepsratfon was a combined leading-edge and 
trailing-edge type, initiatfng outboard near the wing tip and spread- 
inbosrd rapidly. The addition of a fence at u-percent semispan 
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(2- to 75-percent chord extent) improved the lateral characteristics at 
the stall slightly to a rating of "marginally satisfactory" by pilot A. 
As shown in figure 7, this configuration resulted in rounding the lift- 
curve peak somewhat and reducing maximum lift about 5.5 percent. The 
addition of a leading-edge "wrap" to this fence further improved the 
stalling characteristics to a rating of "satisfactory" by pilot A; 
however, the other pilots graded the stall from marginally satisfactory 
to unsatisfactory. Observation of tufts indicated that although this 
fence installatfon produced areas of separation inboard and to the rear 
of the fence, separation still occurred abruptly over a large area out- 
board of the fence. By moving the fence outboard to 63-percent semi- 
span it was possible to reduce the chordwise extent o? the fence to 
25 percent and still retain lateral characteristics at the stall which 
were acceptable to all four pilots with a decrement in maximum lift of 
about 11 percent. Extending this fence to 75-percent chord or using 
large chord fences (to 75-percent chord) at both 46- and 63-percent 
se&span resulted in further improvements in stalling chsracterietics 
beyond that felt necessary, with pronounced rounding of the lift-curve 
peaks and large reductions in maximum lift (19.5 percent). It will be 
noted that the pilots tended toward agreement on a satisfactory stall 
as the lift-curve peak was rounded more and more. 

CONCLUSIONS 

Measurements of the low-speed stalling characteristics of a swept- 
wing jet aircraft showed a correlation of the rolling moment at the 
stall between static tind-tunnel force measurements and pilot opinion 
of the stall. Values of rolling-moment coefficient of 0.01 or less at 
the stall resulted in a satisfactory stall in flight, While values 
greater than 0.03 were unsatisfactory. For the test airplane initial 
inadvertent bank angles of loo or less at the stall resulted in a 
satisfactory stall and greater than 30° as unsatisfactory. To make a 
stall unanimously satisfactory for a number of pilots from the roll-off 
standpoint, consfderable rounding of the lift-curve peak was necessary? 
This resulted in a moderate reduction in maximum lift. 

. 

Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Moffett Field, Calif., July 22, 1953 
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TABI;E I.- DESCRIPTION OF TEST AIRF'LANE 

Total wing area (includfng flaps, slats, and 
49.9 sq ft covered by fuselage) ......... 28'7.90 sq ft 

span .......................... 
Aspect ratio ...................... 

........................ 
37-12 E 

Taper ratio .. 0151 
Mean aerodynamic chord (wing station 98.7 in.) ..... 8.08 ft 
Dihedral angle ....................... 3.0' 
Sweepback of 0.25-chord line ......... ; ..... 35014t 
Sweepback of leading edge ................ 37044' 
Aerodynamic and geometric twist ... 
Root airfoil section (normal to 0:2$-chord linej 

....... .. . 2.0' 
NACA OOE-64 

(modffied) 
Tip airfoil section (normal to 0.25-chord line) . . NACA 0011-64 

(modified) 

Horizontal tail 

Total area (including 1.20 sq ft covered by 
vertical tail) ................... 34.99 sq ft 

span .......................... 12.75 ft 
Aspect ratio ........................ 4.65 
Taperratio ........................ 0.45 
Dihedral angle ...................... lO.OO 
Root chord (horizontal-tail station 0) .......... 3.79 ft 
Tip chord, equivalent (horizontal-tafl 

station 76.68 in.) ................... 1.74 ft 
Mean aerodynamic chord (horizontal-tail 

station 33.54 tn.) ................... 2.89 ft 
Sweepback of 0.25-chord line ............... 34035t 
Airfoil section (parallel to center line) ..... NACA 0010-64 
Maximum stabilizer deflection ..... '. ....... +l", -loo 
Elevator 

Area (including tabs and excluding balance area 
forward of hinge line) .............. 10.13 sq ft 

Span,each. ...................... 5.77 ft 
Chord, inboard (equivalent horizontal-tail 

statfon 6.9 in.) .................. 1.19 ft 
Chord, outboard (theoretical, horizontal-tail 

station 76.18 in.) .................. 0.37 ft 
Msximum elevator deflection ............ +356,-17.50 
Boost ....................... hydraulFc c 
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TABLE II.- WING CONFIGURATIONS TESTED IN FLIGHT AND WIND TUNNEL 

configuration 
AC2 at Pilots' camellts on 

Basic wing - slats 

Cambered leading edge with wing- 0 1.17 1.22 .020 M to U U 
root modification 
(listed as Med. 2 
in ref. 1) 

Cambered leading 
edge with wing- 
root moaifidion 

(Mod. 2 of ref. 1 
plus cone at out- 
board end ofmod- 
ffication) 

Cambered leading 
edge with wkg- 
root modification 
(listed as Mod. 3 
in ref. 1) 1 3a 1 1.42 1 1.48 1 .OlY 1MtoU 1 u 

IU, unsatisfactory; 8, satisfactory; M, marginal. - 

. 
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TABLE III.- FENCE CONFIGURATIONS TESTED IN FLIGHT 

-I- T Pilota' comments Flap 
posi- 
tion, 
deg 

0 

38 

&ax 'ilot 

B 

1.36 
A 
B 

A 

0 1.24 A 

38 A 

0 1.18 

38 1.44 

A 

B 
c 
A 
B 
C 

0 1.24 

38 1.40 

C 

B 
D 
C 

B 
D 

0 1.18 C 

38 1.32 C 

0 1.16 C 

38 1.27 c! 

Leractory; M, marginal 

Stall, 
straight 

F 

Configuration approach Stall WE 
turn= I 

s-s I u I Mod. leading 
edge 

Single inboard 
fence at 46 per- 
cent b/2 

Mod. L.E. - 
Single inboard 
fence and L.E. 
wrap at 46 per- 
cent b/2 

U 
IT 

M m-w M 

M U 

-mm S 

M 

U StoM 1 M to U t 

Mod. L.E. ONE 
outbosrd?&e 
with reduced 
chord at 63 per- 
centb/2 

S m-s S 

BBS S S 
S 

S to M 
S 

m-s I S I 
StoM 1 S to M 

s I u I - I 
I i --- I M to U I S 

Mod. L.E. ONE 
outboard?&ce 
at 63 percent 

S 

S 

Mod. L.E. TWO 
fences at46 per- 
cent and 63 per- 
cent bb 

S 

S 

4 
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c---- -A-.. - ------ ---- - ------ -- --- ---- _. . -__---- 
(a) Airplane tested Fn flight. 

(b) Airplane tested in the ti- by 80-foot wind tunnel. 
Figure l.- Photographs of test airplane. 



NACA FibI A53G22 

. 

. 

Figure 2.- Two-view drawing of the test airpl&e. 
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Pi/o& commenis on stu// 

l Unsotisfucfofy 
@ Unsut/s fuctory to mufginu//y suiis fuctofy 
0 Mufginu//y sotis fuctofy 
C9 Sutisfuctory to murginu//y sufisfucfoty 
0 Sut/sfucfofy 

Sut is. Mufginu/ Unsutis fucto fy 
.k * , 

0 m em 

(a) Maximum bank angle resulting from initfal roll-off, q, deg. 

S&is. Mu fginu/ Unsu fis fuc to fy 

(b) Maximum rolling velocity resulting from initial roll-off, 
4, deg/sec. 

Figure 3.- Correlation of pilots' opinions of stall with various 
parameters. 



60 

6 8 IO 12 14 /6 I8 
Time, set 

Figure 4.- Time historiee of stalls for various configurationa in which the pilot attempted 
to maintab wings level Plight by we of the controla. Flaps bwn. 

. l . . 
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.8 I I i//l I I I I I I I I 

-Ak,o/one with shfs 

- - - Ak,o/one with cambered 
/eadhg edge 

0 4 8 12 16 20 24 
Angie of aftock, a, deg 

I I I I 1 - 

? 702 704 ~06 ~08 
Ro/hng-moment coefffcienf, 5 

Figure 5.- Lift and rolling-moment characteristics for various 
configurationf3. 
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Pihts comments on stu// 

l Unsafisfoctofy 
8 unsotisfactofy to morg/no//y satis factory 
g Morg/nol/y sotisfuctory 
e sotisfuctory #o morgint7//y sutisfocrofy 
0 sotisfuctofy 

Sotis. Mar gina/ unsatis factory 
A h t v , 

l a!!D l 

Muximum charge in Ct ot CL from wind tlUW81 t8StS 
mox 

Figure 6.- Correlation of pilots' opinions of stall with changes in 
Cl at Chx. 
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*Unsatishctory”- pttots A # 8 
I fence (2 to 75%~) at 46% b/2 
‘hfarginally sattsfactory *- pilot A 

I fence wltb LE, wrap to 75%~ at 46% b/Z 
“Satishctory ‘- pilot A 
‘Marginally satishMory “- pilot B 
“Unsattsfactory ‘- pilot C 

I fence wtth LE. wrap to 25%~ at 63%q2 
‘SatisrWory”- pilot A 
‘Sattsfec~y’- p/lo) R 
‘Sattsfaclory to marginafty satishctory ‘- p&t C 
l SattstWory”- pilot D 

/ fencs wtth L. E wfup to 75%~ 
at 63% &!? _- 

“Satisfactory”- pilot C 
9 fmwa. with I 

I.6 

i i id‘ i i i i i 

8 12 I6 20 24 (No fences) 

Angle of attack, u, deg 

Figure 7.- Lift curves for various configurations measured in flight with cambered leading edge. 
Flaps down. 
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