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A f i i g h t  evaluation was conducted to determine t h e  effects of winglets on 
the performance and handling q u a l i t i e s  of a l i g h t ,  single-engine general avia- 
t ion  airplane.  The performance measurements were made with a pace a i rp l ane  to 
provide calibrated airspeeds: uncalibrated panel instruments i n  the test air- 
plane were used to provide addi t iona l  quan t i t a t ive  peformance data. 
tests were conducted with winglets on and off during the same day to  measure 
relative performance e f fec ts .  Handling q u a l i t i e s  were evaluated by means of 
pilot comments. 

These 

Performance measurements showed winglets  increased c r u i s e  speed 8 knots 
(5.6 percent) a t  a dens i ty  altitude of 3962 m (13 000 f t )  and a s e t t i n g  of 
51 percent maxhum continuous power. 
a l l y  mchanged. 
(50 ft /min),  a t  1524 m (5000 f t ) .  S t a l l  speed was v i r t u a l l y  unchanged, and 
handling q u a l i t i e s  were favorably affected. 

Maximum speed a t  t h i s  a l t i t u d e  was v i r t u -  
Rate of climb increased approximately 6 percent,  or 0.25 m/sec 

The cur ren t  r i s i n g  cost of f u e l  has led to increased research on methods 
for increasing f u e l  e f f i c i ency  fo r  a l l  ca tegor ies  of aircraft. 
ments (refs. 1 to 3) have demonstrated that for transport and bus'ness-jet  air- 
craft, winglets can increase aerodynamic/structural eff ic iency.  
have also shown that winglets added onto an ex i s t ing  wing can improve climb per- 
formance for low-speed SPOL transport a i rc raf t  with small empty-weight pena l t i e s  
(ref. 4 ) .  
cat have on the performance and handling q u a l i t i e s  of a general  av ia t ion  air- 
plane w i t h  somewhat l o w  wing loading. 

Recent experi- 

Experiments 

The present tests were conducted to inves t iga te  the  e f f e c t s  winglets 

Aerodynamic analyses have indicated t h a t  an increase i n  t w i s t  and taper and 
a decrease i n  wing loading can combine to unload t h e  wing t i p  s u f f i c i e n t l y  to 
negate winglet performance benefits a t  c r u i s e  l i f t  coef f ic ien ts .  
general-aviation-airplane wings a re  designed to ca r ry  s u f f i c i e n t  aerodynamic 
loading near t he  t i p  to allow successful use of winglets for drag reduction. 
The f l i g h t  evaluation reported herein resu l ted  i n  data which support predic- 
t ions  of t h e  aeroanamic benef i t s  of winglets on a representa t ive  general- 
aviation-airplane wing. 

However, many 

Based on the present invest igat ion,  winglets can have a benef ic ia l  effect 
on a i rp lane  handiing q u a l i t i e s  a t  t h e  s t a l l ,  which has not been previously 
reported. 
t i o n  of winglets on one a i rp lane  configuration degraded high-angle-of-attack 
handling qual i t ies  ( re f .  4 ) .  Cases have also been reported in  which winglets 
Bid no t  a l ter  t h e  high-angle-of-attack handling qualities (ref. 3) .  Apparently 
these effects a re  sens i t i ve  t o  pa r t i cu la r  canbinations of winglets and wing g e a r  
e t r i e s .  This paper presents p i l o t  comments on handling q u a l i t i e s  near t h e  s t a l l  

Experiments reported i n  the  l i t e r a t u r e  have shown t h a t  t h e  i n s t a l l a -  



along with a discussion of s t a b i l i t y  and cont ro l  parameters which could have 
produced the benef ic ia l  e f f e c t s  t h a t  were observed for  the configurat ion tested. 

SYMBOLS 

Except for airspeed, which is given i n  knots, data are presented in t he  
In te rna t iona l  System of Units (SI) with the equivalent values given parenthet- 
i c a l l y  i n  the U.S. Customary Units. Measurements and ca lcu la t ions  were made 
i n  U.S. Customary Units. 
i n  reference 5. 

Factors r e l a t ing  the two systems of u n i t s  a r e  given 

A qeometr ic  aspect r a t i o ,  b2/S 

A, eEfective a i rp lane  aspect ratio, A 1 + 1.1 - ( 3 
b wing span, m (ft) 

CD trimmed, power-on drag coef f ic ien t ,  PdqVS 

cD,o a i rp lane  zero- l i f t  drag coef f ic ien t  

trimmed, power-on l i f t  coef f ic ien t ,  W/qS CL 

CL' trimmed, power-on l i f t  coe f f i c i en t  based on indicated airspeed and 
standard sea-level density,  W/ (1/2 PoVi2S) 

CL,m a i rp lane  l i f t  caeff i c i e n t  for maximum l i f t -d rag  r a t i o  

rolling-moment coe f f i c i en t ,  Rolling ntoment/qSb 

ro l l i ng  moment due to a i le ron  def lec t ion ,  

c 2  

3C,/a6,, deg" 
'6, 

C 

cn yawing-moment coef f ic ien t ,  Yawing mment/qSB 

yawing moment due to a i le ron  def lec t ion ,  

yawing moment due to sideslip, 

aC,,/a8,, deg" CWa 

c"B 

cyB 

aC,.,laB, deg'l 

CY aide-force coe f f i c i en t ,  Side force/qS 

side force due to sideslip, aCy/aB, deg'l 

D airplane trimmed, power-on drag, N (lb) 

e 

L a i rplane trimmed, power-on l i f t ,  N (Ib) 

Oswald e f f ic iency  f ac to r ,  l / V A  b(CL2)/d(CDJ 

M Mach number 
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t h rus t  power, kW (hp) 

static a i r  pressure,  N/h2 ( lb / f t2)  

dynamic pressure, 

wing planform area, m2 ( f t 2 )  

sum of end-plate ateas projected in vertical plane, rn2 ( f t 2 )  

static a i r  temperature, It (OR) 

t rue  airspeed, knots 

calibrated airspeed , knots 

indicated airspeed including pos i t ion  error and instrument error 

1/2 PV2, Wm2 ( lb / f t2)  

knots 

t r u e  a i rspeed for maxkaun l i f t -d rag  r a t i o ,  knots 

stall speed i n  given configuration, k n o t s  

a i rp lane  weight, N ( lb)  

a i rp lane  weight at test point,  N (lb) 

s i d e s l i p  angle, deg 

airspeed pos i t ion  error, 

a i l e ron  deflection, deg 

propel ler  e f f i c i ency  

a i r  density,  k9/m3 (s lugs / f t3)  

V i  - Vc, knots 

Subscripts : 

llBX maximum 

0 standard sea-level condi t ion 

s td standard condition or condition a t  selected a l t i t u d e  

DESCRIPTION OF AIRPLANE AND TESTING 

The f l i g h t  evaluation was conducted with a l i g h t ,  single-engine s ix -  
passenger, retractable-gear general  aviat ion airplane.  (See f ig s .  1 t o  4 and 
tab le  I . )  The baseline a i rp lane  (without winglets)  is described in reference 6. 
Details of the a i rp lane  design are  l i s t e d  ir. t ab le  I. The winglets were b u i l t  
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o f  f ibe rg la s s  s k i n s  with full-depth f o a m  core material. 
lets was 123 N (30 l b ) ,  and the  weight of the  standard wing tips was 44 N 
(10 lb )  . Thus, the a i rp lane  empty-weight increase due to the winglet i n s t a l l a -  
t i on  was 89 N (20 Ib ) .  

The weight of the wing- 

The standard uncalibrated panel instruments i n  the test a i rp lane  were used 
to record performance parameters. 
t i o n  error with winglets on and o f f  by the  pace-airplane technique (ref. 7). 
The effect pow= had on pos i t ion  error w a s  also measured. 

Indicated airspeed was ca l ib ra t ed  for p i -  

A l l  performance data were measured with winglets on and of f  during the same 
During these f l i g h t  tests, a neut ra l  temperature gradient  ex i s t ed  between day. 

1524 m (5000 f t )  and 3048 m (10 000 f t )  pressure a l t i t udes .  Such a n d i t i o n s  
provided a very stable a i r  mass with minimal vertical a i r  motion, genera l ly  con- 
s idered optimal for conducting performance f l i g h t  tests. 

Level-flight speed-power measurements were made with t h e  bas ic  a i rp lane  and 
w i t h  the  a i rp lane  equipped with winglets from top speed to stal l  a t  a pressure 
a l t i t u d e  of 1524 m (5000 f t ) .  Sawtooth climb data were gathered a t  pressure 
alt i tudes of 1524 m and 3658 m (12 000 ft) for both configurations.  A t  3962 m 
(13 000 f t )  pressure altitude, l eve l - f l i gh t  speed-power data  were taken a t  
51 percent of maximum oontinuous power and a t  f u l l - t h r o t t l e  s e t t i n g s  (62.5 per- 
cent of maximum continuous power). 

Handling q u a l i t i e s  of the basic a i rp lane  and t h e  winglet-equipped a i rp lane  
were evaluated i n  c ru i se  and power-approach (landing gear and f l a p s  down, 
V i  = 80 knots) configurations.  Maximuxu-deflection a i l e ron  rolls were conducted 
to evaluate the e f f e c t  of winglets on ro l l  performance. 
cont ro l  forces, amtrol deflections, and r e su l t i ng  a i rp l ane  a t t i t u d e  ct lges 
were evaluated using pilot comments. The e f f e c t s  of winglets on s t a l l  oehavior 
wer? evaluated for wings l e v e l  and for accelerated s t a l l s ,  with and wi thou t  
sides1 ip. 

Correlations between 

Airplane handling q u a l i t i e s  and performance a t  high (prestall)  angles of 
a t tack  were fur ther  evaluated by f ly ing  a t a s k  requir ing la teral  and longitudi- 
n a l  m n t r o l  of the airplane.  
power for l e v e l  f l i g h t  a t  1.3Vs i n  a climb configurat ion (flaps and gear up). 
Next the throttle was idled,  t h e  cont ro ls  were he ld  f ixed fo r  3 sec (simulating 
delayed p i l o t  response to an engine f a i l u r e ) ,  and a 180° heading reversa l  was 
flown while attempting to minimize alt i tude loss. 
after t a k e o f f ,  s u c h  a maneuver might be attempted by a pilot i n  an e f f o r t  to  
re turn  tcr the runway. Approximately f i v e  r epe t i t i ons  of the task were conducted 
by the same pilot on t he  same day for winglets on and o f f .  

The t a s k  began w i t h  t he  a i rp lane  trimmed w i t h  

Following an engine fa i lure  

During the evaluat ions of stal ls  and high-angle-of-attack handling qual i -  
ties, video tape recordings of t u f t  patterns on the r i g h t  wing (and winglet)  
were made w i t h  winglets on and off. 
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DATA REDUCl'ION 

During steady level f l i g h t ,  readings were taken from test-airpiane and 
pace-airplane panel instruments. Calibrated airspeed was obtained from indi- 
cated airspeed from the pace airplane and the calibration charts of refer- 
ence 7; thus, 
airspeed, ambient temperature, and pressure (calculated from indicated pressure 
altitude) i n  the following manner: 

Vc = V i  - AVc. True airspeed was calculated from calibrated 

(M 6 0.2) (1 1 

For the test airplane, engine brake power was determined from engine mani- 
fold pressure, revolutions per minute, pressure altitude, mbient temperature, 
and the power chart supplied by the engine manufacturer. Thrust power was com- 
puted from brake powtx and the manufacturer's propeller performance chart; thus,  

x Brake power. Rll = 'Ip 

Drag coefficient was determined as follows (for SI units): 

PT 
CD = - 

where p was determined from stat ic  temperature and pressure calculated from 
indicated pressure altitude. 
by plotting the approximate fuel consumed against time and from the ini t ia l  and 
final weight of the airTlane. 
ing manner: 

Airplane weight was determined for each test point 

The l i f t  coefficient was calculated i n  the follow- 

w 
CL = - 

: pv*s 
2 

(3 )  

I n  order to plot thrust power as a function of airspeed for the airplane 
a t  a gross weight, the f l i g h t  test data were corrected to standard density alt i-  
tude and weight as follows: 



0.5 wstd 0.5 

vstd v(L) Pstd. (K) 

(4)  

(5) 

The sawtooth climb data  were corrected to staneard decs i ty  a l t i t u d e  and 
weight a t  a po in t  midway i n  erch climb segment. 

The specific range a t  the a i rp lane  gross  weight was determined from the 
airplane drag polar and the  fuel-flow-versus-brake-power chart supplied by the  
engine manufacturer, 
assuming the  date  f i t  a parabol ic  drag polar, symmetric about zero l i f t .  Then 
maximum lift- to-drag r a t i o  is given by 

The ana lys i s  of performance data  may be s impl i f ied  by 

1 6  

and the l i f t  coe f f i c i en t  for  maximum l i f t - to-drag r a t i o  is given by 

DISCUSSION OF RESULTS 

Airspeed Cal ibra t ion  

In  f igure  5 ,  t h e  airspeed ca l ib ra t ion  data a r e  shown fo r  the a i rp lane  i n  the 
winglet-on and winglet-off configurations.  
t ion  of winglzts leaves the airspeed ca l ib ra t ion  v i r t u a l l y  unaffected. This is 
expected s i n c e  the s t a t i c  po r t s  on t h e  fuselage are f a r  removed from the  wiaglets  
and their  e f f e c t  on c i r cu la t ion  pa t te rns .  The airspeed ca l ib ra t ion  from refer -  
ence 6 is also SiiOWI i n  f igure  5. 
sured airspeed-posit ion e r ror  curve. Power e f f e c t s  on the  airspeed ca l ib ra t ion  
appear to be negl ig ib le  for the climb, c ru ise ,  and i d l e  power conditions tested. 

The data  indicate t h a t  t h e  i n s t a l l a -  

The curve shows the same trends as t h e  mea- 

Performance 

The drag polars  of t h e  a i rp lane  w i t h  and w i t h o u t  winglets a r e  shown i n  f ig-  
ure 6. The drag coe f f i c i en t s  include ! e increase i n  drag due to  propeller-  
Flipstream e f fec t s .  
tions i n  a l l  data presented herein: t h a t  is, a l l  data a re  presented a t  power for 
l eve l - f l i gh t  conditions.  The i n s t a l l a t i o n  of winglets a l t e r s  t h e  z e r o - i i f t  drag 

Both l i f t  and drag coe f f i c i en t s  contain th rus t  contribu- 
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38 well as the  l i f t - induced drag. 
to the increase i n  wetted area. 
by the increase i n  the Oswald e f f i c i ency  fac tor .  A t  the lower l i f t  coef f i -  
c i en t s ,  the increase in  ze ro - l i f t  drag o f f s e t s  the  decrease in  l i f t - induced 
drag and t h i s  w i l l  r e s u l t  i n  a s l i g h t l y  higher drag. The crossover for the 
test a i rp lane ,  however, occurs a t  a r e l a t i v e l y  low l i f :  c o e f f i c i e n t  (CL - 0.2661 
as shown i n  f igu re  6. 
f igure  6 are valid for 

In  f igu re  7. the  e f f e c t  of winglets on the  Oswald e f f i c i ency  f ac to r  is 
shown. The i n s t a l l a t i o n  of winglets causes the Oswald e f f i c i ency  factor to 
increase by 13 percent. 
expression is presented to approximate the e f f e c t  of wing end-plates on induced 
drag : 

The zero- l i f t  drag increaaes s l i g h t l y  due 
The l if t- induced drag decreases i s  indicated 

The numerically faired drag-polar equations listed in  
CL > 0.2. 

In reference 8, the  following empir ical ly  derived 

A, = A(l f 1.1 3) 
\ S 

The a i rp lane ,  shown in  f igures  1 to 4, had a ratio of end-plate areas to plan- 
form area SJS of 0.056. By using the  end-plate theory i n  equation (8 ) ,  the  
e f f ec t ive  aspect ratio could he expected to increase from A = 6.20 
A = 6.58 
pred ic t s  an increase i n  e f f i c i ency  factor due to winglet  i n s t a l l a t i o n  near t he  
experimentally obtained value of  13 percent. 

to 
(6 percent) .  The theoretical potential-flaw method of reference 2 

Speed-power data for the basic a i rp l ane  and for the  winglet-equipped air- 
plane a t  sea level, 1524 m (5000 f t ) ,  and 3962 m (13 000 f t )  dens i ty  a l t i t u d e s  
are presented in  f igures  8 to 10. 
propel ler  and engine manufacturer information. The power-required curves are 
obtained from the numerically f a i r ed  drag polars of f igu re  6. Figures 8 to 10 
indicated t h a t  a t  any a l t i t u d e  m.d €or any power s e t t i n g  below 65 percent,  the 
steady, l eve l - f l i gh t  power required is less for the winglets-on configurat ion 
(i.e., a t  CL > 0.266). 
the mst p r a c t i c a l  c ru i se  condi t ions for t h i s  a i rplane.  
cruise speed a t  3962 m densi ty  altL*:ude and 51 percent power s e t t i n g  is increased 
by about 8 knots. 
ever, a t  laver altitudes the maximum speed is reduced. 

The power-available curves are obtained from 

These a l t i t u d e s  and power s e t t i n g s  l a rge ly  comprise 
As seen in  f igu re  l o ,  

Maximum speed a t  this al t i tude is v i r t u a l l y  unchanged. How- 

The drag p l a r s  in  f igu re  6 and the thrust-power plots i n  f igu res  8 to  10 
ind ica te  t h a t  the winglets improve the  climb performance of the  a i rp l ane  s ign i f -  
icant ly .  The climb is performed a t  a l i f t  coe f f i c l en t  of about 0.7. 
ure 11, the  r a t e  of climb is s h m .  as a funct ion of dens i ty  alt i tude.  The 
increment i n  r a t e  of climb due to  winglets increases  with alt i tude.  The wing- 
lets improve climb performance by about 0.25 m/sec (50 ft/min) a t  law a l t + t u d e  
(! 524 m (5000 f t ) )  8 a i d  the  increment is about 0.80 rn/sec (1 57 ft/min) a t  
high a l t i t ude  (3658 rn (12 000 f t ) ) .  T h i s  effect is expected s ince as a l t i t u d e  
increases ,  l i f t  coe f f i c i en t  for  maximum r a t e  of climb increases.  A t  these 
higher coefficients, t he  benef i t  Of winglet i n s t a l l a t i o n  increases  by reduc- 
ing the  induced-drag penal ty  i n  clirnb. 

In  f ig-  
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Figure 6 indicates tha t  the  range f ac to r  (L/DImax = - - increases  ' ivAe 
due to the  i n s t a l l a t i o n  of winglets. The maximum l i f t - t o -d rag  r a t i o  
increases by l ?  percent. However, due to the increases  i n  zero- l i f t  drag and 
Oswald e f f ic iency  f ac to r ,  t h e  l i f t  coe f f i c i en t  for (L/D)mx (i.e., 
CL,m = J-0) also increases from c L , ~  = 0.51 f o r  the basic  a i rp lane  tr) 
CL,m = 0.55 

on the a i rp lane  specific range. 
c i f i c  range during fast  cruise a t  l o w  al t i tudes,  which c o r r e s p n d s  w i t h  a low 
l i f t  coe f f i c i en t  (CL < 0.266). I n  a l l  other cases, however, i n s t a l l a t i o n  of 
winglets improves the f u e l  e f f i c i ency  of the airplane.  The increase i n  CL,m 
produces a decrease i n  a i rp lane  ve loc i ty  fo r  maximum l i f t - to-drag r a t i o  Vm 
from 116 kno t s  to 1 1 1  knots a t  1524 m (500C ft)  dens i ty  a l t i tude .  Alterna- 
t ive ly ,  increased CL,m requires  a higher a l t i t u d e  for  maximum f u e l  economy 
a t  a given speed. T h i s  l a t t e r  e f f e c t  is reflected i n  f igu re  12 i n  which, a t  
an afrspeed of 120 kno t s ,  t he  a l t i t u d e  €or peak f u e l  e f f i c i ency  increases from 
2207 m (7240 f t )  fo r  winglets off to 3059 m (10 035 f t )  fo r  winglets on. I n  
spite of the s l i g h t l y  lower speed fo r  c ru i se  a t  (L/D)max and the  higher a l t i -  
tude required for maximum f u e l  economv a t  a given speed, the absolute benefi t  
of winglets on f u e l  economy is s ign i f i can t  for  a l l  coadi t ions except high speed 
(160 knots) a t  low altitudes. (See f ig .  12.) 

(L/D)raax 

kor the  a i rp lane  with winglets. 

Fresented i n  f igure  12 is a plot which demonstrates the effect of winglets 
This plot shows t h a t  winglets decrease the  spe- 

Although winglets o f f e r  advantages as a retrofit appl ica t ion  to ex i s t ing  
a i r c r a f t ,  t h e  pot.ential  fuel-eff ic iency gains which might be rea l ized  may be 
l imited by the ex i s t ing  wing structure and aerodynamic cha rac t e r i s t i c s ,  
an a i rplane was designed with a combined wing-winglet l i f t i n g  system instead 
of as a r e t r o f i t  appl icat ion,  more effectivs appl ica t ion  of winglets might 
r e su l t .  Reference 9 contains  one s u c ! ~  design study, i l l u s t r a t i n g  the struc- 
t u r a l  (empty weight) benefi ts  of an optimized wing-winglet design over a con- 
ventional wing design. In a d d i t i m  to providing a weight savings (as noted i n  
ref. 9 ) ,  t he  wing-winglet combination can be opt '.nized to  a higher wing loadiny 
for a given value of induced drag. If the design is not constrained by maximum 
allowable s t a l l  speed, wing loading can be increased to permit a c loser  match 
between cru ise  s-peed and Vm a s  Vm increases with wing ioading. Alternat ive 
methods of exploi t ing the winglet benef i t s  inc lude  increasing t h e  c ru i se  speed 
(if t h e  design is n o t  constrained by f l u t t e r  or compressibi l i ty  piotlems) or  
decreasing t h e  design c ru i se  a l t i t u d e  ( a t  increased W/S and constant Vm). 
These possible design a l t e rna t ives  can be i l l u s t r a t e d  by observing the e f f e c t s  
of changing wing loading, airspeed, or a l t i t u d e  (densi ty)  in  the Eollowing 
expression for f l i g h t  a t  (L/D)max: 

I f  

Remember that Cr,,,, is fixed by the constant induced drag requirement. 
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In  general ,  the best method of u t i l i z i n g  an optimized wing-winglet l i f t i n q  
system w i l l  depend s t rongly  on the pa r t i cu la r  a i rp l ane  mission. 
winglet optimization for  medium-speed, general  av ia t ion  a i r c r a f t  w i l l  d i f f e r  
from t h a t  for  ttans.part a i r c r a f t  s ince  f l u t t e r ,  m n p r e s s i b i l i t y ,  and drag r ise  
m y  not penal ize  winglet  i n s t a l l a t ion .  

The whg- 

Eiandling Qualit ies 

The winglets on the test a i rp l ane  had no not iceable  e f f e c t  on longi tudinal  
s t a h i l i t y  and con t ro l  ( c ru i se  and approach) The m o s t  i n t e r e s t i n g  s t a b i l i t y  
and cont ro l  e f f e c t s  were i n  the lateral  d i r e c t i o n a l  modes as would be expected. 
The d ihedra l  e f f e c t  was pos i t i ve  (negative r o l l i n g  moment caused by pos i t i ve  
s i d e s l i p )  fo r  the basic a i rp lane  and the winglet-equipped airplane. However , 
the  winglet-equipped a i rp lane  had an increased rol l  rate fo r  a given rudder 
input ,  indicat ing increased d ihedra l  e f f e c t  (assuming the  winglets  had no 
effect on CnB). Lateral cont ro l  using rudder only was improved with the  
i n s t a l l a t i o n  of the winglets. The s i d e  force  produced (determined by bank 
angle) i n  maximum-rudder , steady-heading sideslips CY with the winglet- e equipped airplane was approximately 50 percent grea te r  than the s i d e  force  pro- 
duced with the  bas ic  a i rplane.  

During the adverse-yaw tests, the  a i rp lane  with winglets produced an ini -  
t i a l  s l i g h t  adverse yaw (moderate amount of a i l e ron  ar.d f r e e  rudder) which was 
e a s i l y  coordinated with a small amount of rudder i f  desired.  
adverse yaw generated with a moderate amount of a i l e ron  de f l ec t ion  to roll to 
a bank angle of 30° was so small t h a t  rudder coordination was not considered 
necessary. The bas ic  a i rp lane  displayed a s l i g h t l y  d i f f e r e n t  behavior. Ini-  
t i a l l y ,  as t h e  r o l l  input was made the yaw went s l i g h t l y  proverse, o s c i l l a t e d  
to s l i g h t l y  adverse, then to zero as the  desired bank angle was reached. The 
y a w  genorated with a i l e ron  input Cn6, was very small  and osc i l l a to ry :  rudder 

coordination during t h i s  o s c i l l a t i o n  was nei ther  possible  nor considered neces- 
snry. In  general ,  d i f fe rences  in  Cnd between winglets-on and winglets-off 

configurations had an in s ign i f i can t  e f f e c t  on handling q u a l i t i e s  di9ring cruise 
and approach tasks .  The serv ice  aileron-rudder-interconnect i n  the  a i rp lane  
favorably influenced any roll-yaw coupling in  the  airplane.  

The amount of 

a 

Heading cont ro l  during roll-out of a turn  was a l i t t l e  smoother and easier 
w i t h  the winglets i n s t a l l ed .  The bas ic  a i rp lane  displayed hsading-overshoot 
t c d e n c i e s ,  whereas t h e  a i rp lane  with winglets did not show t h i s  behavior. 

Keither the bas ic  a i rp lane  nor the winglet-equipped a i rp lane  showed objec- 
t ionable  control-force, control-displacement, side-force, and./ol: pitching-moment 
nonlinear i t i e s  while t ravers ing  the range of s i d e s l i p  angles during steady- 
heading s ides l ip s .  

S t a l l i n g  t h e  forward winglet a t  large angles of s i d e s l i p  did not change the 
balance of forces  qnd moments noticeably. The s t a l l e d  winglet  did not induce 
a separated flow region on the  wing upper surface as happened with other winglet- 
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equipped a i rcraf t  (e.g., the a i rp l ane  of ref. 4 ) .  During straight-ahxtd s t a l l s ,  
t he  winglets s t a l l e d  before the  wing. 

The rol l  r a t e  due to maximum a i l e ron  de f l ec t ion  appeared to be s l i g h t l y  
greater  f o r  the winglet-equipped airplane.  
of winglets on the span loading. Winglets increase the local span loading near 
the  wing tips, thereby augmenting a i l e ron  ef fec t iveness  C . I n  addi t ion,  t h e  

downward def lect ion of an a i l e ron  may induce an increased flow angle of attack 
on the  winglet, thus increasing rolling moments generated by a given aileron 
deflection. 
endplate effect: however, no effect was observable during t h e  present  tests. 

This might be explained by the  e f f e c t  

'6, 

Some e f f e c t  of winglets on ro l l  damping might be expected due to 

The installation of the winglets did not noticeably change the spiral  mode 
and Dutch-roll mode for the  conditions tested.  These e f f e c t s  might be expected 
s ince winglets i n s t a l l e d  on unswept wings tend to have an in s ign i f i can t  effect 
on C 93' 

The stall speeds for the a i rp l ane  with wing'ets were s l i g h t l y  lower than 

How- 
those of the  b a s i c  airplane.  In the case of no-sideslip s ta l l s ,  both the  basic 
airplane and the  a i rp l ane  with winglets s t a l l e d  with mild p i t ch  breaks. 
ever, a t  t he  s t a l l ,  t he  basic a i rp l ane  displayed a tendency to rol l -off  or drop 
a wing. 
tendency. The winglets appeared to prevent the wing t i p s  from s t a l l i n g  ea r ly ,  
reducing the  tendency for  roll-off.  During moderate s l d e s l i p s  (one-half-ball 
def iect ion)  with wings level and slow decelerat ion to the  stall ,  t he  bas i c  air-  
plane rolled-of f rapidly toward the t r a i l i n g  wing. With winglets on, la teral  
control  could be maintained with a i l e rons  throughout s ta l l s  with moderate 
s ides l ip .  

The winglet-equipped a i rp l ane  displayed much less of this roil-off 

Drring slow f l i g h t ,  both the  bas i c  a i rp l ane  and the  a i r p l a n e  with wingletE 
were maneuverabl? and r e l a t i v e l y  undemanding i n  coordination of s t i c k  and rudder 
pedals. 

During the  simulated engine-out heading r eve r sa l s ,  t he  p i l o t  made turns  
j u s t  below the  s t a l l i n g  angle of a t tack with t h e  stall-warning horn on and some 
l i g h t  airframe buffet .  Following the heading-reversal maneuver, the  basic a i r -  
plane had lost an average of 91 m (300 f t )  a l t .  -ude whereas the  a i rp l ane  with 
winglets lost an average of 76 m (250 f t )  during t h e  i d e n t i c a l  maneuver. These 
a l t i tude losses were read i ly  repeatable. 

Research p i l o t s  commented that i n  genecal the winglets had a bene f i c i a l  
e f f e c t  on t h e  handling q u a l i t i e s  of the  a i rp l ane  a t  cruise, landing approach, 
and stall.  

CONCLUDING RElrlARKS 

A f l i g h t  evaluation was performed to determine the  e f f e c t s  of winglets on 

The performance measurements were m d e  w i t h  a pace 
the peifcvmance and handling q u a l i t i e s  of a l i g h t ,  single-engine, six-passenger 
general  aviat ion airplane.  
a i rp l ane  to provide ca l ib ra t ec  &)iuspeeds. Uncalibrated panel instruments i n  
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t h e  test a i r p l s n c  sere used to provi :? add i t iona l  q u a n t i t a t i v e  performance daia.  
The f l i g h t  tests were conducted w i t h i  winglets on anti winglets o f f .  
q u a l i t i e s  were evaluated by means of pilot  comments. The results indicate  the 
following : 

Handling 

1 .  Adding the  winglets increased the  Oswald e f f ic iency  factor  by 13 pet- 
cent; t he  increase i n  maximum lift- to-drag r a t i o  was 1 1  percent. 

2. Winglets left the maximum speed a t  3962 m (13 000 f t )  densi ty  a l t i -  
t ude  v i r t u a l l y  anchanged. A t  lower a l t i t u d e s ,  however, t he  maximum speed was 
reduced. Cruise speed increased 8 knots (5.6 percent) a t  3962 m and 51 per- 
cent maximum continuous power. 

3. An improvement i n  climb performance was obtained due to the i n s t a l l a -  
t i on  of winglets. 
or 6 percent, a t  1524 m (5000 ft) and by a greater  amount a t  higher a l t i t u d e .  

Rate of climb increased approximately 0.25 m/sec (50 ft lmin:,  

4. Winglets increased the f u e l  e f f i c i e n c y  of the  a i rp l ane  for CL > 0.266. 

5 .  Handling q u a l i t i e s  were favorably affected by the  in!;-allation of 
winglets. 

Langley Research Center 
National Aeronautics and Space AZministration 
Hampton, VA 23665 
October 29, 1980 
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TABLE I.- CZOMEZRY OF BASTC AIRPLANE AND WINGLETS 

Gross w i g h t .  N (lb ). . . . .................... 16 013 (3600) 

wing : 
Area. m2 (ft2) . . . . . . . . . . . . . . . . . . . . . . . . .  16.8 (181.0) 
wing loading. N/m2 ( lb / f t2)  . . . . . . . . . . . . . . . . . . .  952 (19.9) 
Span without  wirtglets. m ( f t )  . . . . . . . . . . . . . . . . . .  10.2 (33.5) 
Span with wicglots (geometric). m ( f t )  . . . . . . . . . . . . .  10.68 (35.05) 
Aspect ratio without wii.glets (geometric) . . . . . . . . . . . . . . .  6.20 
Taper ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.50 
AirfrJ i l  sec t ion :  

imot . . . . . . . . . . . . . . . . . . . . . . . .  NAcA23016.5 (modified) 
T i p  . . . . . . . . . . . . . . . . . . . . . . . . .  NACA 23012 (modified) 

R o o t  chord. m (in.)  . . . . . . . . . . . . . . . . . . . . . . .  2.13 (84.0) 
Tip  chord. m (in.) . . . . . . . . . . . . . . . . . . . . . . . .  1.07 (42.0) 
Twist (washout). deg . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.0 
Dihedral., deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.0 
Incidence a t  root. deg . . . . . . . . . . . . . . . . . . . . . . . . . .  4.0 
Sweep a t  half chord. deg . . . . . . . . . . . . . . . . . . . . . . . . .  0 

Winglet: 
Length. m ( in . )  . . . . . . . . . . . . . . . . . . . . . . . . .  0.91 (36.0) 
R o o t  chord. m (in.) . . . . . . . . . . . . . . . . . . . . . . .  0.71 (28.0) 
T i p  chord. m (in.) . . . . . . . . . . . . . . . . . . . . . . . .  0.36 (14.0) 
Area (projected v e r t i c a l l y )  . m2 (ft*) . . . . . . . . . . . . . .  0.47 (5.07) 
Aspect ratio (based on v e r t i c a l l y  pro jec ted  geometry) . . . . . . . . .  1.65 
Taper ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.5 
Sweep a t  q u a r t e r  chord. deg . . . . . . . . . . . . . . . . . . . . . .  30.0 

Incidence a t  mot. deg . . . . . . . . . . . . . . . . . . . . . . . . .  -2.0 
Cant angle .  deg . . . . . . . . . . . . . . . . . . . . . . . . . . . .  15.0 
Airfoii  s e c t i o n  . . . . . . . . . . . . . . . . . . . . . . . . .  LS(1)-0413 
Thickness ratio. perc5nt  of chord . . . . . . . . . . . . . . . . . . .  13.0 

T w i s t . d e g  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 

Power p l a n t  : 
i4anur ac . ur . . . . . . . . . . . . . . . . . . . . .  Telcdyne Cont inen .. 1 Motors 

Take-off and maximum continuous power. kW (hp) . . . . . . . . . . .  213 (285) 
Revolutions per minute . . . . . . . . . . . . . . . . . . . . . . . . .  2700 

Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  IO-520-BA 

Propel le r  (cons tac t  speed) : 
Manufacturer . . . . . . . . . . . . .  McCauley A c c  . Div . Cessna A i r c r a f t  Co . 
Number of blades . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 

Blade type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  82NB-2 
H u b t m  . 9 . . 3A32C76 

lUse of  t r a d e  names or names o f  manufacturers i n  t h i s  r e p o r t  does not  con- 
s t i t u t e  an o f f i c i a l  endorsement of such product6 or manufacturers. e i t h e r  
expressed or implied. by t h e  National Aeronautics and Space Adminis t ra t ion . 
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Ringlet on winglet off 

- - -  

(a) Three views of airplane with and uithout winglets. 

Figure 1.- General layout of test airplane. Dimensions are in meters 
unless otherwise noted. 



? ? 

'Stub spars 

I-- 300 

ib) Winglet deta i l .  

Figure 1 .- Concluded. 
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