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Abstract: Tilt rotor/wing concept to show enhanced perforo®aim low speed mission is
presented. Three types of stud wing on the existitngtor configuration are suggested and
their characteristics are compared. Aerodynamityaisaindicates that the stud wing concept
gives significant performance improvement in thdweance and range at low speed regime
when compared with the tilt rotor. Penalties of $shed wing are discussed from the perspec-
tives of conversion corridor, structural weightpfiguration design, and cross wind stability.
This study concludes that the advantage of thewingd in general UAV mission perform-
ance is so significant as to surpass the penattiether perspectives investigated.

1 INTRODUCTION

Tilt rotor has risen recently as a strong altexator the future high speed VTOL air vehicle
concept in civil and other applications. The bebstaatage of the tilt rotor concept is known
to have higher flight speed and endurance perfocmanperior to the conventional helicop-
ter. Nevertheless, the tilt rotor could not redwh donventional fixed wing airplane in the
performance of range and endurance since it has sgmrent limits caused by relatively
small aspect ratio wing, complicated pylon conv@rsystem, high fuel consumption.

These days, various configurations of unmannedkezhicle have been designed and util-
ized in many applications. The tilt rotor UAV is@nof the noticeable applications (Ref.1 and
Ref.2). Figure 1 shows Smart Unmanned Aerial Veh{8IUAV) that Korea Aerospace Re-
search Institute (KARI) has developed since 2002fmbust and intelligent tilt rotor UAV
exhibiting high-speed cruise and vertical takeawftl landing capabilities. The nominal mis-
sion weight is 1,000kg. The maximum and maneuveegyp are 475 km/h and 400 km/hr,
respectively. Highly reliable design and operatingcepts were implemented in the critical
subsystems such as power train, flight controlandnics systems. SUAV can fly in three
flight modes ; helicopter, conversion, and airplam@es. The typical mission of SUAV
would be performed in airplane mode because thmegsyi mission of SUAV is surveillance.
The power plant, P&W X206 turbo shaft engine, ated at center fuselage and drives both



rotor systems through center and pylon gearboxes stfatic and dynamic wind tunnel tests
with and without proprotor have been performedathgr aerodynamic performance and sta-
bility & control data. Figure 1(a) shows the winohhel test model of SUAV without propro-
tor installed in the test section of the KARI sumisovind tunnel. Small scaled flight demon-
strators have been developed and tested as shdviguire 1(b).

(a) SUAV Wind Tunnel Model (b) SUAV Flight Demonstrator

Figure 1. Tilt Rotor Unmanned Aerial Vehicle (SUAV)

This study was motivated to expand wider range AYdpplication by surmounting the lim-
ited tilt rotor UAV performance such as endurance enge.

2 RESULTSAND DISCUSSION

2.1 Mission Analysis

SUAV has two primary missions of emergency catci{g@U) and long endurance patrol
(LEP) as shown in Figure 2. The ECU mission reguinigh speed capability over the range
of 200km, while the LEP mission requires long emahge performance to patrol over the
broad mission area. These two missions may beaxtintory to each other in the aircraft de-
sign perspective. For example, the short and tlig e better for the high speed, but the
long and high-cambered wing is preferred for thglendurance. Basically, the tilt rotor has
short wing to efficiently mount the power train anodor system at the end of the wing. And
its wing section is relatively thick to accommodtte transmission shafts inside. The short
and thick wing of the tilt rotor shows relativelpgr aerodynamic performance when com-
pared with the fixed wing aircraft. The drag risgedo the thick wing can be offset by the
high propulsion power because the tilt rotor hasgrful propulsion to have VTOL capability.
However, there is no compensation in the inferfatwgance performance. Thus, the poor
endurance of the tilt rotor is one of primary péiealwhen compared with fixed wing aircraft.
Especially, it can be a critical penalty in the UAyplications, which most of missions can be
found by surveillance or patrol. The tilt rotor\gigoncept presented in this paper was de-
rived from the necessity to improve the enduraraéopmance for the surveillance UAV ap-
plication.
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Figure2. Primary Mission Profiles of SUAV

Figure 3 shows the aspect ratio values of variaugehicles with some birds. Tilt rotors

show the aspect ratio range of 4~6, while the fiwath UAVs show the double times higher
aspect ratio than the tilt rotors. The aspect ratithe tilt rotors is even lower than the com-
mercial aircrafts. As well known in the aerodynasnigigh aspect ratio wing shows high lift
to drag ratio, thus gives long endurance and rgeg®rmance. Especially, the increase of
aspect ratio much improves the endurance ratharttiearange because the endurance factor
is mainly influenced by the lift in the propellerven aircraft. The main idea of tilt rotor/wing
is to increase the wing aspect ratio to improveetimgurance performance of the tilt rotor.
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Figure 3. Aspect Ratios of Air Vehicleswith Some Birds

2.2 Configuration Design

As can be seen from Figure 2, the most of SUAV imissare performed in the airplane
mode. The helicopter mode is mostly confined tot#tke off and landing, and there is no
hover requirement in the primary mission profilEsom this reason, the performance in the
airplane mode is the most significant in the tlor mission analysis. Figure 4 shows the con-
figuration of tilt rotor/wing concept in the airpia mode. The wing was extended out from
the nacelle to the outboard end of the propropotréice. This is to keep the geometric width
of the air vehicle because the portability is oharportant factors in UAV operation. The
extended wing can be easily separated from thdlaathe rotor blade can be easily disas-
sembled from the rotor hub. It means that the aptinconfiguration can be chosen depend-
ent on the each different mission. The extendedjwias named as stud-wing in this study.
The wing section of the stud wing is thinner thia@ tnain wing because it does not need to
accommodate the drive shaft inside. The thicknedscamber of the stud wing can be opti-
mized for the minimum drag and the best air loatritiution. From the design as shown in
Figure 4, the aspect ratio of the tilt rotor/wisgli0.5, whereas that of the original tilt rotor is
5.0.
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(a) Tilt Rotor (b) Tilt Rotor with Stud Wing

Figure 4. Tilt Rotor/Wing Concept in Airplane M ode

It is important to reduce the blockage effect dbravake by wing for the maximum rotor
performance in the helicopter mode. Figure 5 shibmee types of stud wing in the helicopter
and transition modes. The first type as seen frauarE 5(a) shows the stud wing attached
and fixed to the nacelle. From this concept, thedior/wing was named because it seems to
be a hybrid configuration between tilt rotor arititiing. This is the simplest concept which
gives the minimum impact on the existing tilt rott@sign. It is easy to assemble and disas-
semble the stud wing from the nacelle. The mairgvgimould be strengthened by considering
the additional weight and load of the stud wingt,Bs effect would be small because the
load on the stud wing acts in the opposite directigainst the nacelle weight in the wing de-
sign flight condition. On the other hand, the disattage of this concept is to give worse sta-
bility and performance in the hover and conversiigit conditions. Although the SUAV has
no requirement of hover during the specified misgicofiles as shown in Figure 2, the stabil-
ity should be carefully investigated for the predanding in the cross wind or moving deck
environments. Also, the drag rise due to the stundjw the helicopter mode may cause an
issue during the conversion flight.
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(a) Fixed Type Stud Wing (b) Fold Typtid Wing (c) Slide Type Stud Wing

Figure5. Tilt Rotor/Wing Conceptsin Helicopter and Transition Modes

Figure 5(b) and Figure 5(c) show the fold and tfldegypes of stud wing concepts to mini-
mize the stability and performance degradatioménfiover and conversion flights. The fold



type of stud wing as shown in Figure 5(b) can @lagle of the landing gear strut in the heli-
copter mode. When the air vehicle converts fromhislecopter to airplane modes, the nacelle
with rotor rotates to the wing spanwise axis, draracelle conversion actuator folds up to
the airplane mode configuration. The stud wing echanically linked to the nacelle conver-
sion actuator. This concept has no penalty in theehstability and little drag rise in the con-
version flight. And, the auxiliary landing gear s under the nacelle can be simplified if it
can be well compromised with the stud wing deskdpwever, the mechanical pivot system
linked to the nacelle conversion actuator to rotlagestud wing can be complicated when
compared with the first concept of nacelle fixaadsiving. The third one is the slide type of
stud wing as shown in Figure 5(c). The stud winlpisited under the wing in the helicopter
mode. After the conversion of nacelle, the studgwnslide out through or under the nacelle
by the mechanical system linked to the nacelle emign actuator. The vertical location of
the stud wing would be lower than the main wingisTdoncept can solve the disadvantages
of the other two concepts, while it needs the spddeh the stud wing can pass through or
under the nacelle. The actuating system to slidéheustud wing could be more complicated
than the fold type one.

Summing up, the first option of stud-wing fixedttee nacelle is the most efficient and sim-
plest concept for the tilt rotor/wing only if it de not have a significant negative impact on
the other design and operational areas.

2.3 Aerodynamic Performance

The aerodynamic performance of the tilt rotor/wimas estimated and compared with the tilt
rotor. The aerodynamic performance in this papeorgined to the airplane mode because
the missions of the tilt rotor UAV were mostly panrhed in the airplane mode. As mentioned
earlier, one of the penalties of tilt rotor is théerior performance in the low speed flight
condition when compared with the fixed wing airtréfis mainly due to the high fuel con-
sumption and low aerodynamic efficiency. The rekdti high fuel consumption of the tilt
rotor is unavoidable because the tilt rotor engineuld be selected based on the vertical take
off condition. As a result, the available proputsfwower is excessively higher than the re-
guire power in the airplane mode. This causes itie fael consumption in the most part of
mission flight. In addition, the wing design poaitthe tilt rotor is generally the high speed
cruise condition because the high speed capalsliipe of the main advantages compared
with the helicopter. The wing of the tilt rotor dgrised under the high speed condition needs
relatively high angle of attack in the low speeddition. As a result, it gives lower perform-
ance of endurance and range in the low speed fildtitough the flap deflection for the
higher lift in the low speed can help to improve &ndurance performance, it has a limit due
to the rapid drag rise when the flap deflectionlamges up over a certain value.

Figure 6 shows the predicted and measured aerodyrduaracteristics of SUAV tilt rotor
configuration. The result of some numerical methsltsys good agreements with the wind
tunnel test data. For the simplicity of the anaythe panel method with viscous correction
was applied to the aerodynamic performance preaidor the tilt rotor/wing. Figure 7 shows
the predicted endurance and range factors forth/Silt rotor and tilt rotor/wing configu-
rations. From these results, the endurance oflthetor shows the peak around the angle of
attack of 5 degree, while the range factor showgptak around 3 degree. In the primary mis-
sion profiles, the high cruise speed of SUAV isinked by 400 km/h, while the low cruise or
loitering speed is 250 km/h. The angle of attaekgiired in the high and low cruise speeds



are 0 degree and 9 degree, respectively. Figunewssthat the low speed performance is
degraded by 10% ~ 30% due to the deviation fronogtenum operational points.
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Figure 6. Aerodynamic Characteristics of SUAV Tilt Rotor

From the estimated results of the tilt rotor/wirsgshown in Figure 7, the stud wing success-
fully improves the aerodynamic performance. With ¢hud wing, the peak value of endur-
ance and range factors are increased by 25% andréSpectively. Additionally, the endur-
ance and range factors are improved by the decofdle required angle of attack due to the
extended wing. For example, the required angldtatl of the tilt rotor/wing in the low
speed is 5 degree, while the tilt rotor needs 9eed-igure 7 shows that the total improve-
ment of endurance factor due to the stud wing eaallout 40%. This is a significant en-
hancement of the low speed performance even iitladysis results have some uncertainty.
On the other side, the stud wing degrades the marigruise speed capability. From the
drag rise due to the stud wing, the maximum crsseed was estimated to be decreased by
5%~10% when compared with the original tilt rotor.
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Figure 7. Predicted Performances of SUAV Tilt Rotor and Tilt Rotor/Wing

If the maximum speed degradation due to the studj wannot be accepted in the specific
mission, the stud wing can be taken out beforertission flight. On the other hand, in case
of the mission which the other general performamceept the speed are important, the stud
wing configuration can be easily provided for theaj improvement of mission performance.



2.4 Conversion Characteristics

The conversion from the helicopter to the airplaraes is a peculiar feature of the tilt rotor.
The reliability in the conversion flight is diregtielated to the safety and reliability of the tilt
rotor aircraft. In the conversion flight, not orilye hardware of conversion system but also
the software such as conversion corridor and flagintrol algorithm is important for the reli-
ability. In case of the SUAV, the conversion scemar scheduled by many flight control pa-
rameters such as nacelle angle, proprotor pitetegator, engine throttle, etc. Figure 8(a)
shows the conversion corridor of the SUAV tilt nottefined by CAMRAD simulation

(Ref.3). The three lines shown in Figure 8(a) mexspectively stall limit, corridor center,

and power limit. Figure 8(b) shows the estimatesdiits of the SUAV tilt rotor/wing configu-
ration. It can be seen from Figure 8(b) that akéhcorridor lines of the tilt rotor/wing shift to
the left when compared with the tilt rotor. Espéigighe power limit boundary is much
shrunk by the drag rise in the helicopter mode ré@lea significant drag rise due to the stud
wing in the forward helicopter flight, but it deases as the conversion completes. The analy-
sis result showed that the addition of the studgvdecreased the maximum speed in the heli-
copter mode by 23%. However, the absolute magnibfidlee maximum speed in the helicop-
ter mode is insignificant in the tilt rotor UAV alogation. On the other hand, Figure 8(b)
shows that the stud wing improves the stall linsiibdary a little because the stall character-
istics get better by the stud wing. As a result,¢bnversion corridor envelop was shrunk due
to the stud wing, and the corridor center line whaifted to the left direction a little. However,
it can be concluded that the tilt rotor/wing s$ilows satisfactory conversion corridor charac-
teristics for the reliable conversion flight.

— Tilt Rotor
0 Corridor Center o~ | eeme—— Tilt Rotor/Wing
(Zero Pitch) Corridor Center (Zero Pitch) — — — — TiltRotor
Tilt Rotor/Wing

Power Limit

o
S

A Power Limit

Nacelle Angle (deg)
w
8

Nacelle Angle (deg)

1 \
200 300 400
Speed (km/h) Speed (km/h)

(a) Tilt Rotor (b) Tilt Rotor/Wing

Figure 8. Conversion Corridors of SUAV Tilt Rotor and Tilt Rotor/Wing

25 Other Aspects

One of penalties by the stud wing is the weightéase. The weight increase due to the stud
wing can be attributed to three things ; the stughvitself, mounting structure, and the main
wing reinforcement. With several assumptions, tleegim prediction was performed from the
computed load distributions at the same designitondvith the tilt rotor. One of the as-
sumptions is that the main wing should be strengttléo have the same deflection of main
wing tip inside the nacelle. From the weight analyssults, the weight increase due to the
stud wing is 1.5% of the total aircraft weight. $kialue corresponds to approximately 5% of
the total fuel weight of SUAV. The increased weighie from the main wing reinforce, stud
wing itself, and mounting structure in the ordesizie. As a result, it was concluded that the



amount of the weight increase due to the stud wiag acceptable because the performance
gain by the stud wing is much bigger than the @iske fuel due to the weight increase.

The other penalty by the stud wing is the compjeaftconfiguration design. For example,
the nacelle of the tilt rotor is generally full @fany complicated components such as trans-
mission, nacelle conversion system, rotor conlystean, sensors, tubes, wires, and so on.
The nacelle is designed to have the smallest sexsfonal area for the minimum drag in the
airplane mode. And the sealing between the maigaid the nacelle of moving part is to be
carefully designed to minimize the interferencegdieherefore, the addition of stud wing
with its mounting system may increase the nacétke, $hus and the drag. Especially, the fold
or slide types of stud wing can give higher addiiodrag due to the actuating system.

The stability in the hovering flight can be detesited by the addition of stud wing. In the
helicopter mode, the tilt rotor/wing configuratiohthe nacelle fixed type shows the inboard
wing of tilt rotor and the outboard wing of tilt mg. Therefore, it is more susceptible to the
cross winds due to the exposed area of the stugl and higher use of available control
power to maintain stability and alleviate gusts whempared with the tilt rotor. The stability
level in hover mode, especially the cross wind spsbility, of the tilt rotor/wing would be
between tilt rotor and tilt wing. From the simplk®ss area analysis, it was found that the tilt
rotor/wing showed the similar level of cross wingseptibility with the helicopter. But it is
difficult to quantify the hover mode stability andmpare with the other UAVs because con-
figurations of UAV are too diverse. Anyway, thd tibtor/wing needs more robust stability
augmentation system to have the same envelopavajeed operation in the helicopter
mode with the tilt rotor. It can be important fbetprecise landing in the severe wind or on
the moving deck environments.

3 SUMMARY

Tilt rotor/wing concept is suggested and invesgédab enhance the mission performance of
the tilt rotor UAV. The addition of the stud wing the existing tilt rotor configuration shows
significant improvement in endurance and rangeoperance in the UAV mission especially
at low speed cruise or loitering flight. Of theahrstud wing configurations, the nacelle fixed
concept gives the least impact on the existingdtthr design. The penalties of the stud wing
are discussed considering aspects of conversigidopcontraction, weight increase, nacelle
design complexity and cross wind susceptibility.aa®sult, it can be concluded that the gain
in mission performance by the stud wing can bestguerior to its penalties, especially when
the tilt rotor UAV is to be utilized for the muliurpose missions.
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