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SUMMARY-
An exploratory piloted simulator study has been conducted in order
to evaluate the effects on handling qualities of adding winglets to a-
representative agricultural aircraft configuration during swath-run
maneuvéring. The aerodynamic' data used in the simulation were based on

‘low=speed wind-tunnel tests of a full-scale airplane and a subscale

model. The simulation was_conducted on the Langley General Purpnse
Simulator,

The results of the investigation showed that, for the task evaluated,
the lateral-directional handling qualities of the atrplane were greatly
affectéd by the application of winglets and winglet cant angle. The
airplane with winglets canted out 209 exhibited severely degr&@ed
lateral-directional handling qualities in comparison to the basic airplane.
Excessive dihedral effect produced by the winglets contributed tb the
unsatisfactory lateral-directional behavior of the airplane. 'when the
winglets were canted {nward 10%, the dihedral effect was reduced and
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the flying qualities of the configuration were markedly improved over
those of the winglet-canted-out configuration. Also, the canted-in
winglet configuration exhibited better handling characteris-

tics than the basic configuration without winglets, indicating that
proper tailoring of the winglet design may afford a potential benefit
in the area of handling qualities. Due to the limited scope_of this.
investigation, however, more reésearch is needed in other areas of the
flight envelope before specific recommendations on the use of winglets

for agricultural aircraft can be made.

INTRODUCTION

Recent research by the National Aeronautics and Space Administration
on agricultural aircraft has jncluded an investigation of the effects of
various wing tip modifications on the characteristics of wing tip vortex
flow and the interaction of such £lows with particles disbursed from the
aircraft. In the swath run, the strong vortex flow field at the wing tip
of a heavily loaded aircraft can have a predominant effect on swath
width and uniformity of deposit. In some aerial applications, the
entrainment of small chemical droplets in the vortex flow field can lead
to serious drift problems, with large losses in efficiency of operation
and productivity. The possibility of serious environmental damage
adjacent to the working area is another serious problem when drift
occurs. Results obtained from tests in the Langley Vortex Research
Facility (reférence 1) hdve shown that the use of winglets on agricul-

tural aircraft may reduce this drift problem by diffusing the wing-tip




vortex and raising 1t to a higher position relative to the wing-mounted
spray boom. These potential beneficial effects of winglets were Shown
to be relatively fnsensitive to changés in winglet cant angle, in the
range between 20° canted out and 10° canted in.

On the basis of these promising results, a series of wind-tunnel
tests of a full-scale aircraft and a small-scale model were performed,
in order to determine the aerodynamic performance, stability, and control
characteristics of a representative agricultural airplane with winglets.
The wind-tunnel data for the aircraft with winglets (reference 2) showed
moderate levels of improved performance only at high 1ift coefficients_
as would be expected (reference 3). However, the measured stability and
control data indicated a poténtially severe degradation in the lateral-
directional handling qualities of the aircraft with winglets, due
primarily to a large increase in the lateral stability derivative
(dihedral effect).

An exploratory piloted simulation study was therefore conducted in
order to determine the severity of the detrimental effects of winglets
on the lateral-directional handling qualities of the aircraft and to
develop potential solutions to any problems. The study was conducted on
the Langley General Puépose Simulator, and a piloting task was designed
to évaluate the effect of winglets on handling qualities during repre-
sentative swath-run maneuvering. The aerodynamic data used in the
simulation were based on the results of low-speed wind-tunnel tests of
the full-scale aircraft and of a 1/10-scale model of the configuration.
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SYMBOLS

A1l aerodynamic data and flight motions are referenced to the body

system of &xes shown in figure 1. The units for physical quantities

used herein are presented in the International System of Units (SI) and

U.S. Customary Units. The measurements and calculations were made in

the U.S. Customary Units. Conversion factors for the two systems are

given in reference 4.

%

nor@al acceleration, positive along negative Z body
axis, g units (1g = 9.8 m/secz)

lateral acceleration, positive along positive Y body
axis, g units

wing span, m (ft)

drag coefficient, Aerodynamic drag force
qas

total drag coefficient

1ift coefficient, Aerodynanic 1ift force
qQs

total 1ift coefficient

eolling-moment coefficient about X body axis,
Aerodynamic_rolling moment
asb

total rolling-moment coefficient

pitching-moment coefficient about Y body axis,

Aerodynamic pitching moment
qsc
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total pitching-moment coefficient

yawing-moment coefficient about Z body axis,
Aerodynaimic yawing moment
qsb
total yawing-moment coefficient
thrust coefficient, T/pn204

X-axis force coefficient along positive X body axis,
Aerodynami¢ X-axis force
qS
total X-axis force coefficient

Y-axis force coefficient along positive Y body axis,
Aerodynamic Y-axis forcé
&8s
total Y-axis force coefficient

Z-axi§ force coefficient along positive Z body axis,
Aerodynamic 2-axis force
Qs
total Z-axis force coefficient

wing mean aerodynami¢.chord, m (ft)

propeller diameter, ft .

acceleration due to gravity, m/sec2 (ft/secg)

altitude, m (ft)

moments of inertia about X, Y, and Z body axes, kg-m2
(slug-ft?)

product of inertia with respect to X and Z body axes,
kg-mz (siug-ftzj

airplane mass, kg (slugs)

propeller rotational speed, rev
" min
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period, sec

airplane roll raté about X body axis, deg/séc or rad/
sec

airplane roll acceleration about X body axis, deg/sec2

or rad/sec2 '

airplane pitch ratée about Y body axis, deg/sec or
rad/sec '

airplane pitch acceleration about Y body axis, deg/sec2

or rad/sec2

free-stream dynamic pressure, N/m2 (lb/ftz)

yaw rate about Z body axis, deg/set or rad/sec

yaw acceleration about Z body axis, deg/sec2 or rad/
sec?

wing area, m® (ft?)

total instantaneous engine thrust, N (1b)

time, séc

time to demp to one-half amplitude, sec

components of airplane velocity along X, Y, and Z body
axes, m/sec (ft/sec)

airplane acteleration along X, Y, and Z body axes,
m/sec2 (ft/secz)

airplane resultant velocity, m/sec (ft/sec)

airplane body axes (see figure 1)

angle of attack, deg

angle of sideslip, deg




Subseripts:
DR

ge

Abbraviations:
LCopP

rpm

atleron deflection, positive for left roll, deg

elevator deflection, positive for pitch nose-down,degd

rudder deflection, positive for left yaw, deg
throttle position, fraction of maximum value

winglet cant angle from vertical, positive for outward cant, deg

damping ratio
atmospheric density, ka/m> (slugs/ft3)
Euler angles, deg

time constant, sec

aC
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dutch roll mode

in¢rement in variable produced by ground effect
roll mode

spiral modé

increment in variable produced by elevator deflection

lateral control divergence parameter
revolutions per minute for engire




VFR visual fiight rules
vLOS visual landing display system

DESCRIPTION OF AIRPLANE

A three-view sketch of the simulated airplane configuration, showing
the two winglet configurations evaluated, is presented in-figure 2, and +
the mass and geometéic characte{jstics used in the simulation are listed
in table I. The outwardly-canted winglet design (Sw = 20%) was first
“proposed for the_afrcraft_in an attempt to minimize.the wake vortex pro-
blem discussed earlier. A second winglet cant angle, Sy = -10°, was also +
evaluated after-analysis indicated potentially degraded lateral-directional
handling qualities for the configuration with canted-out winglets. As
distussed in reference 2, thé winglet planform and size were not optimized.
for this application; however, guidelines given in reference 5§ were used
to develop the configuration tested. |

Conventional aerodynamic controls were $imulated including conven-
tional elevators for pitch control, deflection of wing-mounted ailerons - —— e e
for rol11 control, and rudder deflection for yaw control. Static aero-

dynamic data used in the $imulation were obtained from the résults of

reference 2, dynamic derivatives were éstimated using the methods of

reference 6, and the effects of the propeller slipstream were neglected
for this exploratory study. The effect ¢f ground proximity on the aero- 1
dynamic data was also estimated.

A11 simulated flights were made for a center-of-aravity location of
0.30c, which is representative of an aft c.g. position for the simulated
airplane.
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DESCRIPTION OF SIMULATOR
Cockpit and Associated Equipment
A view of the cockpit of the General Purpose Fixed-Base Simulator 1s
shown in figure 3. Forte-feel characteristics for the control stick and
rudder pedals are simulated by a ﬁrogrammable hydraulic servo system.
Throttle controls for..this study were located on the left side of the

cockpit. A virtual image color visual display was provided for the

piloting task. A sound system was used to provide.aural cues relative

to engine rpm and airspeed.

Visual Display

The visual display utilized the Langley Visual Landing Display
System (VLOS), which is displayed in coior to the pilot through a re-
fractive virtual image c)lor display screen. The VLDS is a camera/model
system which generates a visual out-the-window scene for the pilot of
the simulated aircraft. The VLDS system consists of a4 18.3 meby-7.3 m
(60 foot-by-24 foot) dual-scaled terrain model, a lampbank to illuminate
the model, a three degree-of-freedom translation system to position the
camera, and a_three degree-of-freedom optical/rotational system mated
to a color television camera. The VLDS provides non-composite tele-
vision signals to an external simulator cockpit window display device to
provide a field of view of 48 degrees horizontally and 36 degrees
vertically. The optical/rotational system also employs a "sky plate"
optical device to create the sky above the terrain scene and to provide
for 1imited visibility conditions. Additional details pertaining to the

VLDS and the gerieral purpose simulator are given in references 7 and 8.

.
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Computer Program and Equipment

The general purpose fixed-base simulator is driven by a real-time
digital s1mu]ationlsysteﬁ and a Control Data Cyber 175 computer. The
dynamics of.the evéluation afrplane were calculated by using equations
of motion with a fixed-interval (1/32 sec) numerical integration tech-
nique. The equations used aerodynamic data as a function of o in
tabular form. These data were derived from results of Tow-speed Static
force tests of the full-scale aircraft and a one;tenth;scale model,
which were conducted at Langley (reference 2). The data included an

angle-of-attack range from 0° to 20%, and all of the aerodynamic data

presented herein are representative pf‘a thrust coefficient (CT)_pf 0.14.

The engtions of motion used are given in appendix A.

EVALUATION PROCEDURES

The results of the investigation were based on pilot comments and
time-history records of airplane notions, controls, and the airplane
flicht path over the ground for the variou$ maneuvers performed. The
Cooper-Harper hand1ing qualities rating scale (figure 4) and pilot
comments were used to evaluate each configuration flown (reference 9).
Most of the evaluations were performed by a NASA research test pilot who
had recently completed training at an agricultural aircraft pilot school
and had Timited piloting experience in several different agricultural
aircraft.

10
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Task lescription

A sketch which describes the piloting task used to evaluate the
handling qualities of the aircraft is shown in figure 5. The task was
designed to test the handling qualities of the aircraft in a manner
which would be applicable to a realistic aircraft requirement, In this
case, the straightforward task of maintaining wings level along a r
straight track in simulation..of the unobstructed swath run was
sufficient to reveal the relative handling qualities of the configura-
tions studied. ' t

The section of the VLDS terrain display used for the task (figure 6)
includes one wide runway and its associated parallel taxiway. This
taxiway centerline was the reference track. Lighting of the VLDS pro-
vided a day VFR scene with visibility of at least 5 miles. The task
began with the aircraft positioned 610 meters (2,000 ft) from the runway
edge at an altitude of 46 meters (150 ft) and trimmed for straight and
level flight at 54 m/sec (120 mph). The pilot was required to approach
the_runway, dive down, and fiy the complete length of the runway directly
above the centerline, w'th fixed throttle posttio., at low altitude ‘
(about 3 meters). Lateral track corrections were made by wings-level
sideslips which generated a sideforce, accelerating the airplane back
toward the centerline. P{lot loop closure on lateral track error was
made primarily by means of rudder inputs. Ailerons were used in response |
to bank angle érrors which resulted from the rudder inputs. The pilot

attempted to maximize lateral tracking performance whilé simultaneously
holding the wings level and smoothly controlling attitude. Although no

1




external {sturbantes (such as turbulénceé or random lateral step offsets)
were simulated, enough track, bank and altitude errors were {nduced by
piloting to create a high workload task.

Once the aircraft reached the far end of the runway the run was
terminated. The next run began from the same initial conditions; no
turns were made between runs.

Evaluation o% Hand1ing Qualities
In evaluating the simulated airplane, numerous runs were made in the
task. Sufficient flights were made to ensure that the pilot's "learning
curve" was reasonably well established before drawing any conclusions r1
evaluation results. Evaluation of handling qualities was »' . 2.

Cooper-Harper pilot ratings and pilot/vehicle performance.

DISCUSSION OF STABILITY AND CONTROL CHARACTERISTICS
To provide a foundation for the analysis and interpretation of the
simulation results which follow, selected aerodynamic stability and
control characteristics of the simulated aircraft configuration are
presented and discussed in this section. The aerodynamic data for
conditions in the swath run task are listed in table 1, and the
representation of these data in the equations of motion is discussed

in appendix A.

Longitudinal Characteristics
The 1ift characteristics of the simuldted configuration as noted
during wind-tunriel tests were that the basic aircraft experienced a
break in the 1ift curve at an angle of attack of about 15°, and another
12
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break occurred at higher angles of attack (see figure 7(a)). As
indicated by the 11ft data, the aircraft experiences an increase in 1ift
with_the addition of winglets. The Tongitudinal stability of the air-
plane was not significantly changed by the addition of winglets, as
indicated by the pitching moment data (see fidure 7(b)).

Lateral-Directional Characteristics

The static lateral-directional stability characteristics for the
basic aircraft and each of the two winglet configurations are shown in
figure 8. Figure 8(a) shows the static directional stability derivative,
C"B‘ figure 8(b) shows the lateral. stability_or effective dihedral deriv-
ative, Cigs and the side-force derivative, Cygs is shown in figure 8(c;,
all as a function of angle of attack. At each angle of attack, each
derivative was computed based on serodynamic data at 8 = +10°.

The data show that C"B remains positive (stable) for all three
configurations through the range of angle of attack used in the perfor-
mance of the swath run handling qualities evaluation task. However,
some degradation in directional stability is indicated for & = -10°
in comparison to the basic aircraft, and this degradation is more pro-
nounced for & = +20%, The plot of Cig against a (figure 8(b)) is
of particular importance, since this plot shows that for ¢, = +20°, the
winglets increased the positive effective dihedral (-cle) of the aircraft
by a factor of about 3 for the angle-of-attack range of the swath run.

For 6, = -10% the increase in -Ci, f @ the basic configuration
was much less than for &, = 420% This particular result was not un-

expectaed, because of considerdtions which are 11lustrated in figure 9.

13
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This figure shows the configuration with Gw = 20° and two geometric
changes which might be used to reduce the effectfve dihedral. One change
is to simply introduce nedative geometric dihedral (anhedral) into the
wings by lowering the wing tips. However, & calculation of the amount

of wing dihedral angle change required in order for winglets with

sw = +20° to be added while maintaining the original effective dihedral
of the basic aircraft shows that 12° of wing anhedral is required. As
i1lustrated in figure 9, this method would fesult in probable_wing tip
contact with the ground during normal. operations and is. unacceptable.
Another way of reducing dihedral effect for a configuration with winglets
is to cant the winglets inward. This reduces the effective dihedral
because under sideslipped conditions the force component normal to the
winglet surface will be directed along a line which passes much closer
to the center of gravity of the aircraft.

Another static derivative which is sensitive to winglets and winglet
cant angle- is CyB, which is plotted for each wing-tip configuration in
figure 8(c). It is evident that the addition of the outwardly-canted
winglets (Gw"f_i?oo) to the basic aircraft doubled the values of -CyB.
There is also a substantidl increase in -CyB with the winglets canted
inward (6w = -10°). The significance of this result in terms of its
effect on the handling qualities of the subject aircrdaft will be
described in & later section.

The dynamic laterai-directional stability characteristics of the
airplane were calculated on the basis of three degree-of-freedom

1inearized lateral-directional equations and the aerddynamic data of
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table I1. The results of the calculations for the three wing-tip
configurations are presented in table III. Data are shown for the Dutch
rol1, spiral, and roll mudes of motion for the 1-g trim condition at the
operating speed of the aircraft for the swath run, The data indicate
that all the modes are stable. Both the degradation in directional
stability as well as the increase in dihedral effect with winglets
contributed to a slight decrease in Dutch roll damping. The Dutch roll
damping is closer to that_of the basi¢ aircraft when the winglets are
canted inward 10%. Some of the predeminant effects that thes- stability
¢haracteristics have on the lateral-directional control characteristics
of the aircraft wiil be discussed in the following section.

Lateral-Diréctional Control
The extent of the degradation in handling qualities of the aircraft
due to the addition of winglets could not be adequately undérstood until
a piloted evaluation could take place. However, an éxamination of some
important stability and control parameters gave the first indication of
potential problem areas. The lateral control divergence parameter (LCDP)
{¢ often used to appraise roll-control effectiveness. This parameter is

defined as:
c

¢ ¢ 8

= L @

LCDP "B 8 T3
Sa

Positive values of this parameter indicate normal roll response (i.e.,

right roll control results in a right roll). When the LCDP is near zero,

the rol1 response 1s weak and oscillatory, and hegative values indicate
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reversed response. When reversed response is encountered, a right roll
control input results in a left roll (i.e,, roll reversal). Low values
of LCDP can result when the effective dihedral ('c‘B) is large and
adverse yaw from aileron deflection (cn6a> 0) is present. The data of
figure 10 show that the basic aircraft has positive values of LCDP for
the swath run and would therefore be expectéd to have satisfactory levels
of proper roll response with aileron deflection. The aircraft with
winglets canted inward, §, = -10°, would also be expected to exhibit
proper, though somewhat weakened roll_response. With the winglets
canted outward (8, = +20°), however, the ailerons are shown to be
almost completely ineffective in rolling the aircraft, with a roll
reversal indicated at about o = 4°. Deflection of the control stick
for aileron control in the swath run would produce reversed or very weak

roll response.

HANDLING QUALITIES EVALUATION RESULTS

Pilot-vehicle perforiance_above the threshold of controllability lies
on a continuous scale ranging from inadequate through adequate and
desirable. Each category constitutes a line segment on this scale
rather than a discrete point. For the swath run task, the desirable
performance end of the spectrum would be charactérized by only small
amplitude track deviations and small, quick corrections to reacquire
the reference line. Adequate pérformance would be typified by a larger
range of deviations and slower corrective résponses until reaching limits
judged to be boundary conditions of this category. For this evaluation,

the boundaries of these categories were assessed qualitatively by the

16
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simulator biaot by observing the visual display.

R&Sults for the Basic Airplane
The basic airplane was given a Cooper-Harper rating of 4 (see figure
4) and exhibited several minor deficiencies. Figure 11 shows an _gver-
head view of a typical ground track for the basic airplane. The figure
i1lustrates the length of_tpe taxiway and its centerline (1372_m), which
represents about 25 seconds of flying time. An expanded scale for the
taxiway's width is used as an aid in_visualizing the airplane_ground
track deviations from the centerline reference track. The pilot-vehicle
performance for the basic afrplane could_be placed near the boundary
between the “adequate" and ndesirable* ranges on.the continuous scale_______
described above. Warranted improvements in the airplane would allow |
more expeditious corrections_to. the reference line and smaller amplitude
deviations. The ability to generate more sideforce for a given sideslip
angle would have improved the performance of this configuration so long
as the bank control task did not correspondingly increase in difficulty.
The handling qualities of the basic airplane were_ccnsidered repre-

sentative of the behavior of agricultural airplanes and a reasonable

baseline.

Resuits for khe Winglets Canted Out 20°
The configuration with & = 20° was given a Cooper-Harper rating
of 7, {f the f1ight was maintained within relatively small sideslip
angles (:}0°). For larger sideslip angles, this configuratioﬁ would
sométimes roll off suddenly, rapidly, and uncontrollably, crashing
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immediately. Such uncontrollable roll-offs dccurred during about one-
tenth of the runs. Figure 12 shows a typical track for this configura-
tion. In addition to the very poor and sometimes divergent tracking
performance, bank angle contrdl was very poor. Altitude control
suffered as a consequence of high sideslip excursions (causing high
drag) and the high degree of pilot attention required to control ground #
track and bank angle.

These results were not unexpected, considering the previously- _
discussed aerodynamic lateral-directional stability and control chardc- .
teristics of the aircraft. The large increase in dihedral. effect_due *
to the winglets, in combination with the decrease in directional
stability, resulted in an easily excited Dutch roll mode. The simulated
aircraft thus experienced excessive rolling motions following the

rudder inputs. In addition, the ailerons, which could normally be used

to counteract any unwanted rolling motion, were rendered ulmost useless
by the presence of adverse yaw due to aileron deflection (C"Ga >0) and
the large positive dihedral effect.

yL The canted-out winglet configuration also significantly increased

 }§ -Cye’which is desirable for use in ground track corrections. This
potential benefit was negated by the excessive rolling moments generated
ki by the winglets. The pilot was able to achieve adequate performance with
a control techniqueWCh required an intclerable workload level; the:

iY pilot used no ailéeron inputs but only very high frequency rudder

?5? activity for control.

18
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Results for the Winglets Canted in 10°

This configuration was given a Cooper-Harpér rating of 3. Figure 13
i; . shows a typical ground track for this configuration along with tracks for
| the basic and §, = 20° cases. The results indicate a definite
improvement in pilot/vehicle performance relative to the results obtained
with outwardly-canted winglets and for the basic aireraft. The pilot's
workioad in performing the swath run task was comparable to that of the
basic aircraft, and the overall handling qualities were considered to
be better than those of the basic aircraft.

The improvement in handling qualities of the aircraft with inwardly-
canted winglets over the basic aircraft was due in part to the increase
in -CyB. The high side forces generated by the winglets when the air-
craft was sideslipped were beneficial for making lateral corrections.
| An even greater increase in -CyB was obtained when the winglets were
- canted out, but this potential benefit was negated by the fact that when

' the aircraft was sideslipped, excessive rolling motions and bank-angle
divergences occurred. In summary, of the three wing-tip configurations
studied, the aircraft with winglets canted inward 10° was judged to have

- the best handling qualities in the swath run task.

INIERPRETATION OF RESULTS
The fidelity of the simulation in representing an actual agricultural
aircraft was evaluated by having a pilot with agricultural aircraft

experience fly the simulator. The simulation was validated to the

- ’ extent that the baseline aircraft characteristics were considered to be

generally representative of agricultural aircraft. It should be
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recognized, however, that the present study was limited in terms of

¢imulator hardware and software, and these 1imitations should be kept in

mind when applying the results anc conclusions of this study. Some

factors which introduced uncertainti2s in the simulation are (listed in

order of their estimated importarce):

@__Simulation was fixed base.- Pilot loop closures might have been

different if _sideforce and roll acceleration cues had been
available.

O Visual cues were limited.- Lack of peripheral vision could

substantially affect pilot performance.
® Limited validation of simulation.- The simulator was validated by

having a pilot with agricultural airplane experience fly it and

judge it to be generally representative of this type of airplane.

A more credible simulation would be matched to actual flight data.
O Lack of atmospheric disturbances.- No turbulence or wind inputs

were used in the simulation. This was considered to be relatively
unimportant because of the requirement for low wind conditions for
many agricultural airplane missions.
In addition, the present study was limited. in Scope, being limited
to only cne area of %he“operational flight envelope, and only one task
was used in the handling qqu;ties evaluqtion.'

SUMMARY OF ‘RESULTS
An exploratory piloted simitator imvestigation has been conducted to
evaluate the effect of winglets on the handling qualities of a

representative'ag#icu1turai atrplane during swath run maneuvéring. The
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following major results were derived from this study:

1. Lateral-directional handling qualities may be greatly affected
by the application of winglets to this class of aircraft,

2. Winglet cant angle can be qsed to vary the level of dihedral
effect and.lateral-directional handling qualities.

3. Proper tailoring of the winglet design may afford a potential
benefit in the area of handiing qualities due to increased side force
generation_for making lateral corrections in the swath vun. _

4. Stability, control, and handling qualities evaluations are needed
in other areas of the flight envelope, particularly at high angles of
attack (e.y., stall behavior), before specific recommendations on. the
use of winglets for agricultural aircraft can be made. |
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APPENDIX A
DESCRIPTION OF EQUATIONS AND DATA EMPLOYED IN SIMULATION
Equations of Motion
The equations used to describe the motions of the airplane were non-
1inear, $ix-degree-of-freedom, rigiJ-body equations referenced to a

body-fixed axis system shown in figure 1 and are given as follows:

Forces:
N = - - ?Ls -T-
G=rv-qu-gsing+ar ¢ +p

V=pw-ru+gcos osing+ 9%-CY t
4
W=qu-=pv+gcosecos ¢+ 9% cz’t

Moments:

; R M 1y . -
. p=—!—rx—zqr+—%(r+pq)+9§%h,t

o 2 X XL .2 . 42y 4 85S¢
Rl val s iU e MUK

Iy -1 1 -
R Sall N+ YT asb,
R el s U i "
where the total aerodynamic coefficients °x.t’ cz.t’ cm.t’ cY,t’ cn.t’
and cl’t are defined in the next section. Euler angles were computed

by using quarternions to allow continuity of attitude motions.
Auxiliary equations inciuded: |
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o = tan"} (-3-)

PRI

V= V uE + v2 + w2

qu - pv + g cos @ cos ¢ - W

an=

. =pW *+ ru - g cos 0 sing¢+V

3y g

Aerodynamic Data
The aerodynamic data used in the simulation were derived from low-
speed wind-tunnel tests of the full-scale aircraft and of a 1/10-scale
model of the configuration at the NASA Langley Research Centér. The
static aerodynamics and dynamic data were input in tabular form as a
function of angle of attack over the range 0 < o < 20°. Total
coefficient equations were used to sum the various aerodynamic contri-

butions to a given force or momént coefficient as follows.

For the X- and Z-axi$ force coefficients:

Cx £ = CD,t cos o + CL,t sin o

*

CZ £ =" cD,t sin a - CL,t co$ a

?

where

e

cD,t = CD (o, Gw) +A cD.se (o, Ge) A cD,ge (CD,h)
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For the pitching-moment coefficient:
\ ¢
Cpyt * Cp 18) * Gy, () & + Cy (rom) $%+ 8 Cpge Gy, )
e
For the Y-axis force coefficient:
Co . ® Cy (a) 8.+ Cy (s 8,) B
Y,t ﬁ; r YB * w

For the yawing-moment coefficient:

= rb b
Cnut = Cn (@) 6, + c“s (@) 6,) 64 + cnr (a) 5y + c"p () %V .
P a

+ CnB (s sw) ]

§

‘

For the rolling-moment coefficient:

b
Ci g * cls (as §,) 8, + c‘s (a) 8, + cIp () 5y + clr (a5 6,)
a r

'év"" C\B (o, GW) 8

The aerodynamic coefficients contained in the preceding coefficient
equations are presented for trim conditions at the operating speed for
the swath run. The aerodynamic momeént coefficients are referenced to a
center-of-gravity location of 0.30 ¢.

Engine Simulation
Prasented in table IVare thrust values as a function of velocity and
engine rpm, with engine rpm as a function of throttle position.
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TABLE I.~ MASS AND DIMENSIONAL CHARACTERISTICS
USED IN SIMULATION

Weight, N (Ib)e=re=eemcacccacacccacnccnanacccnccccccca- 34696 (7800)
Moments of inertia, kg~m2 (siug-ftz):
Basic aircraft |
I 6957  (5131)
Iy moemsemessesssssselesesssecissssscssscseosmese 7572 (5585)
IZ """"""""""""""""""""""""""""""""""" 13996  (10323)
Iyp “o"meTeSmsmemsmsssemssssesssecesescsesesesce- 66 (49)
Aircraft with winglets
Iy memmmmemsmmomososesssosessosesscssesosesssesees 6995  (5159)
e 7572 (5585)
e 14034  (10351)
Iyp =o"=mseTeesmemessmssssmssesssecesscssessoo-ee 66 (49)
Wing dimensions:
Span, m (ft)=====m====m=mesemccecccececccecaccncece 13.563  (44.4)
Area, me (ft2)==-=-smsccmemacmnmeoncnenanenns -m-=- 3034  (326.6)
Mean aerodynamic chord, m (ft)========w=-cc=ceeco-- 2.29 (7.5)
Reference center-of-gravity location --==-<===s«se-emcccacccccce 0.30c
Surface deflection 1imits, deg:
E1@VAtOr =s====es=ceseccescecmcnmcsaucannennenennanacaan, ©#17, =27
Aflerons ========e=esscccccacc- Semeemsssessessesesccmeesnane- +38
Rudders =======ssescccsmcacanccncacacannsoscasoscncononcens +24
Flaps =====es=cs=esessecemccccncscncaccnncacesannneaencncanan 28




TABLE II.- AERODYNAMIC DATA USED IN SIMULATION
At swath run conditions (1-g trim, V=120 mph, h=3m or 10 ft)

Basic § =200 | 5 = -10°
Aircraft w- w
a 4.31 3.42 3.42
C, ,637 636 636
c, Q0599 | 0088z .00587
8
e
N 50 ge .148 .148 .148
- ¢ .0940 .0955 .0955
Gy o, -.000247 | -.000623 | -.000623
Acu’ge -.00844 | -.00893 | -.00393
Cy .0341 .0397 .0397
C, -.0152 -.0150 -.0150
s )
e
¢, .230 .230 .230
q
M e -.00274 | -.00318 | -.00318
Cy 00172 | .00iz1__ | .00171
s
Cy | -.0061 -.0128 -.0094
B
C, -.000569 | -.000570 | -.000570
8
r
C, .000098 | .000157 | .000157
§
a
¢, -.00139 | -.00128 | -.00139
r
C, -.000736 | -.000644 | -.000638
p
C, .000435 | .000390 | .000459
8
C, -.00169 | -.00190 | -.00190
5
a
, .000171 | .000165 | .000165
5
r
C, -.00792 | -.00803 | -.00792
p
6, .00345 .00608 .00434
r )
C, -.00157 | -.00449 | -.00258
8




TABLE III,-

LATERAL-DIRECTIONAL STABILITY
CHARACTERISTICS IN SWATH RUN

1-g trim, V = 120 mph

conFrGuraTION | Por | GoR | (4/8)pR R @ﬁs
Basit 4.3 |.246_ | 1.24 173 | 68.0
§,=+20° [3.54 [.200 | 420 | an | 108
§, = -10°  [3.96 |.223 2,27 173 19.9
TABLE IV.- THRUST VALUES.USED IN SIMULATION
(a) SI UNITS
Thrust values (N) at a velocity (m/sec) of -
6 L]
T r 31| 36| 40| 45| 49 54| s8| 63| 67}
1 (1000 | 1047 | 734 | 440 | 106 [-249 | -604 | -959 | 4314 |1669
.9 12400 | 8356 | 8211 | 8065 | 7917 | 7751 | 7553 | 7317 | 7006 | 6497
(b) U.S. CUSTOMARY UNITS
“Thrust values (1b) at a velocity (mi/hr) of -
5t | p 70] 80l 90| 100] 110] 120 13Q| 140 150
1 1085 ST o o he s oA oo a7
.9 |2400 | 1879 | 1846 | 1813 | 1780 | 1743 | 1698 | 1645 | 1575 | 1461
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