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Variable rotor speed andariableblade twist are combined to reduce rotor power and improve helicopter performance.
Two modeling methods are respectively utilized. One is based on an empirical aerodynamic model and the other is based
on CFD (computationdluid dynamics). The flight data of the UBDA helicopter is used to validate the methods. The
predictions of the rotor power by the empirical method are in good agreement with the test data and the CFD method,
which verifies the application of present timeds in analyzing helicopter performance. The analyses indicate that
significant rotor power reduction can be achieved by decreasing rotor speed. It is not appropriate to decrease ttek rotor spee
too much in high forward flight. More power reduction carglitained by varying rotor speed thanvhyiableblade twist.

The individual variation of rotor speed or blade twist can reduce the rotor power88% &7 104%, at a forward speed

250 km/h and weight coefficient of@65. A combination of rotor speeeduction and blade twiseinsave 200%. The

maximum power reduction increases with forward speed and then decreases. The optimal performance improvement occurs
at the medium to high forward speed. With increasing takeoff weight, the benefit in powerdestiease VVariableblade

twist has the potential in reducing blade loads introduced by variable rotor speed.
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1. Introduction

Helicopters are essentially low speed, kititude, short range aircraft [1]. Improving helicopter efficiency, endurance,
range, forward speed, and ceiling are therefore important topics in helicopter design. The objective of this paper is to
investigate rotor power reduction and therefore ina¢las available engine power. Usually, the total power consumed by
helicopters is primarily composed of main rotor induced power, main rotor profile power, tail rotor power and fuselage
parasite power. Rotor morphing technologies provide possible effestiludions for reducing the main rotor induced
and/or profile power [2]. Potential methods to be investigated include variable rotor speed, variable rotor diameter, active
blade twist, trailing edge flaps and so on.

Among the potential rotor morphing tealagies, the application of variable speed rotors in tH##2\VX2 and A160
aircraft has demonstrated significant performance improvements, especially regarding long endurance, high speed and
larger range. Decreasing rotor speed can effectively reduceoaver at cruise in low altitude and light weight conditions,
though the power reductions diminish with increasing altitude and/or gross weight, and in low speed flight [3]. This is due
to the effective reduction of rotor profile power by decreasing repeeed. In hover, and low forward flight, the rotor
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induced power dominates the total helicopter power. Varying rotor speed usually attains limited power savings. In fast
forward flight, the angles of attack of blades have to be increased to generate thinosigto trim the helicopter due to

the reduction of rotor speed, which aggravates the stall area and decreases the power reduction ability. Some limited power
reduction may be attained in high speed. However, varying rotor speed in flight may leadnaadyissues [4, 5]. With

lower rotor speeds, and higher forward speeds, larger rotor advance ratios are attained, and this can introduce high blade
loads and vibration problems. Wind tunnel test of a variable speed model rotor indicated the genasal arfidtes root

bending moments and higher harmonic pitch link loads with the reduction of rotor speed [6]. To retain the benefits in
performance for variable speed rotors, and reduce or avoid excessive loads and vibration issues is a challenging task that
is worthy of investigation.

Active twist rotors change the blade twist distribution according to the flight state of the vehicles, and this can be
utilized to improve helicopter performance. Increasing blade twist in hover and decreasing it in higth fiaghiais well
recognized in helicopter rotor design. The wind tunnel tests confirmed that highly twisted rotors provided better hover
performance, but higher forward flight blade loads and vibratory fixed frame hub loads [7]. The initial idea dfladéve
twist was utilized for rotor vibration reduction. In 1990s, Chen and Chopra conducted the hover and forward flight wind
tunnel tests of smart model rotors with individual blade twist control using embedded piezoceramic materials [8, 9]. These
experimental results indicated that tip twist amplitudes on the order of 0.5 degrees were obtainable, which was less than
the target value 1 to 2 degrees. However, they demonstrated that kudiaiedactuation of blade twist was a feasible
concept for rotor vikation control. The NASA/ARMY/MIT active twist rotor tested in the NASA Langley Transonic
Dynamics Tunnel demonstrated rotor vibratory loads reduction in the fixed frame [10, 11]. The active twist rotor of
Sikorsky Aircraft also demonstrated 1% to 2% rqgtower reduction in wind tunnel tests [12]heng and Celi showed
that the tweperrevolution input could be used to reduce rotor power [I8hkkarand Gangulshowed that shear induced
piezoceramic actuation could be used for twisting the rotor bidnieh can reduce vibration, delay flow separation and
alleviate dynamic stalll4, 15] The benefit studies of the active twist rotor using weak fitidcture coupling clearly
showed that the application of active twist control could reduce the rot@tieifts and power simultaneousi\6]1The
coupled computational fluid dynamics and computational structural dynamics analysis of thealfillUH60A
Blackhawk helicopter rotor showed that the rotor lift to effective drag ratio increase8Pbyiid theomresponding power
decreased by.3% by a 4degree dynamic twist for the high forward flight (C8534j][1n this case, the pitch link loads
increased by about 2%, and the other blade loads or rotor vibratory loads remained unchanged or defreased [1
Experimental results in German Aerospace Center (DLR) suggested that the active twist blades incorporating MFCs
(Macro Fiber Composite) were capable of generating sufficient twist deformation under full centrifugal loads at different
higher harmonic excitains [19, 20]. It is therefore possible that active twist rotors can be used for reducing vibratory loads
and at the same time decreasing rotor power.

This work is focused on the application of variable rotor speed in conjunction/avitibleblade twist to obtain
reductions in the required rotor power and the vibratory loads introduced by the decrease of rotor speed. The rotor can
change its speed independently by varying the transmission ratio or the shaft speed of the engine withiatiothefvar
the blade twist. The rotor blades can change the twist according to the flight state but not with the azimuth. Two helicopter
models to predict helicopter performance are utilized. One is based on an empirical aerodynamic model and the other is
based on CFD (Computational Fluid Dynamics). To demonstrate the benefits in power reduction, a baseline rotor,
aerodynamically approximating the US0A main rotor is used. The parametric analyses of different rotor speeds and
blade twists are investigated €xplore how much power reduction can be achieved. The optimal combined rotor speed
and blade twist is analyzed to illustrate the selection of these variables for different flight states. The vibratofy loads o
variable speed rotors are also analyzed.



2. ModelingMethods
2.1Empirical Model

To analyze helicopter performance, an empirical aerodynamic model is used. It includes a main rotor model, a
fuselagamodel, a tail rotor model and a propulsive trim method. The rotor modeling foldw27. A moderate deflection
beam model is employed to describe the elastic deformations of the rotor blades. The rigid rotations assodiaged with
blade hinges and the blade rotation about the rotor shaft are introduced as generalized cooRjinate&-[% aerofoil
aerodynamics is used. The induced velocity over the rotor disk is captured by-tretétistinflow model 4. Assembling
the structural, kinetic, and aerodynamic terms yields the equations of motion based on the generalized force formulation.
The implicit Newmark integration method is utilized to calculate the steady responses in the time domain. The hub forces
and moments of the main rotor are derived from the resultant root forces and moments of the blades. The fuselage is treated
as a rigid bdy with aerodynamic forces and moments. The thrust of the tail rotor is determined by the main rotor torque
divided by the distance from the hub center of the tail rotor to the main rotor shaft. Given the thrust and forwardespeed, th
power of the tail rair is determined by momentum theory in hover and forward flight.

Given initial three pitch controls (collective and cyclic pitches) and two rotor shaft attitude angles (longitudinal and
lateral tilt shaft angles), the periodic response of the rotor cabtaéed for a prescribed forward speed. The hub forces
and moments of the main rotor are balanced by the forces and moments acting on the fuselage and tail rotor. The forces
and moments on the fuselage are determined by the flight state and attitude Eimglthrust and power of the tail rotor
is derived from the rotor torque and fight state. These component forces and moments constitute the equilibrium equations
of the helicopter, which are solved to update the pitch controls and rotor attitude anthesiext iteration. After several
iterations of the periodic rotor responses and solutions of the equilibrium equations, the converged or trimmed pitch
controls and rotor attitude angles can be obtained. Then the main rotor power and related infoftetibelicopter can
be derived.

2.2CFD Model

CFD is nowadays used as the primary tool for analyzing the aerodynamics of helicopter rotors, propeliads,
turbines. AllCFD calculations shown here were performed using the Helicopter -Blaitk Method (HMB2) taking
advantage of its ability to perform steaskate periodic or fully unsteady computations][@sing the RANS and URANS
approach or even SASGRand DES [Z]. For this work, fine multblock grids were used with the sliding plane metho
[28]. The grids had approximately 12 million cells per blade for the isolated cases. It was assumed that the blades were
rigid. For the cases presented in this paper, the Reynolds Averaged-Skakies (RANS) method was used with fiie
1 turbulencemodel.

HMB2 solves the NavieBStokes equations in integral form using the arbitrary Lagrangian Eulerian formulation for
time-dependentiomains with moving boundaries:

—. 1pQw | Dlp Vip HQY W
1)
The above equations form a systefconservation laws for any tirtependent control volume 6  with boundary
T O and outward unit normad The vector of conserved variables is denoteddmy "H & & (7 O, where”

is the density,0, U, 0 are the Cartesian velocity components &ds the total internal energy per unit ma8®.and
"® are the inviscid and viscous fluxes, respectively. For hovering rotors, the grid is fixed, and a sourBe term
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mh "o & h , is added to compensdte the inertial effects of the rotatior®d is the local velocity field in the roter
fixed frame of reference.

The noninertial frame of reference used here has two benefits over a rotating frame of reference: firstly, the energy
equation is unchangdd the rotationvectorpand, secondly, a vanishing o6undistu
tothe posiodd e pendent O6undi sturbedd velocity fieldpiim the rof

Equations 1 are discretized usingedl-centeredinite volume approach on structdrenultiblock grids. The spatial
discretisation leads to a set of equations in time,

— 1Dhi Wik Vi 195
2)
where] p and 'Y are the vectors of cell variables and residualpeeisely. Here, "QQ Qare the cells indices in each
of the grid blocks, andbz; i s the cell volume. The convective t®r ms arl

MUSCL variable interpolation is used to provide high order accuracyttent¥an Albada limiter30] is employed to

prevent spurious oscillations near steep gradients. Boundary conditions are set using ghost cells on the exterior of the
computational domain. For viscous flow simulations, ghost values are extrapolated absotidries ensuring that the
velocity takes on the solid wall velocity. Implicit time integration is employedtladesulting linear system efjuations

is solved using a preonditioned Generalized Conjugate Gradient method. For unsteady simulationglieihdual time

stepping method is used, based on the pstiodointegration approach by James8d][ The HMB2 methochas been

validated for a range of rotorcraft applications and has demonstrated good accuracy and efficiencydiemaading

flows. Examples of work with HMB2 can be found in reference& B2, and 33. Several rotor trimmingnethodsare

available in HMB2 along with a blaekctuation algorithm that allows for the nddade grid quality to be maintaineeh

deforming meshes 8.

The HMB2 solver has a library of turbulence closures including severalamktwe equation turbulence models
andeven norBoussinesq versions of tH® 1 model that is used for this work. Turbulence simulation is also possible
usingeither the Largd&eddyor the Detachedddy approach. The solver was designed with parallel execution in mind and
the MPI library along with a loallalancing algorithm are used to this end. For rhltick grid geneation, thd CEMCFD
Hexa commercial meshing tool is used and QBBr grids with 1630 million points and thousands of blocks are
commonly used.

For forward flying rotors, the HMB2 solves the compressfldes ReynoldsAveraged NavielStokes equations in
aninertial frame of reference. The employed finit®ume discetisation accounts for moving and deforming meshes in
tmeeaccurate simulations. Consequently, -Aixetdoframefofwa
where the forward flight velocitrgestseambrododedi bhsoug
as well as, rotor/fuselage or rotor/witghnel cases, the rotor and rotor blade motions are then accounted for using mesh
velocities. For rotor/fuselage or rotor/witdnnel cases, the relative motion of theorand the fixed fuselage or tunmel
accounted for the slidinglane approacisp].

3. Validation of the Employed Methods

The flight data of the UHBOA helicopter [3] is utilized to validate the methods adopted in this work. A baseline
helicopteraerodynamically approximating the UBDA helicopter is used. The parameters of the baseline main and tail
rotors are listed in Tables 1 and 2. The distributions of the airfoil and blade twist of the main rotor are giskriFor [3
the performance analysionly the aerodynamic drag force is considered in the fuselage model. The fuselaggiatiag
utilized in the present analysis i4]3
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where, O is fuselage dragt is dynamic pressure, and is aircraftpitch angle. The distance from the hub centdaibf
rotor to the rotor shaft is 9.9263 m. The vertical distance from the mass center of the helicopter to the rotor Hudbis
m. Since the structural properties of rotor blades have little influenbelmopter power, the blades are assutodthve
uniform mass and stiffness distribution. In the present work, the rotor speed can be reduced by 30%, 1i68teadayited
in [3]. Articulated rotors canot trdugapfprees and largebladerflappimgt or s
The type of the baseline rotor is assumed to be a rigid rotor design like the X2 or A160 aircrifhdEimeental flap, lag
and torsion frequency ratios of the baseline rotor at the full rotor speed are takéh, ds50 ané.72, respectively.

Table 1: Main rotor parameters
Main Rotor Radius 8.1778 m
Nominal Main Rotor Speed | 27.0 rad/s

Blade Chord Length 0.5273 m

Blade Twist Nonlinear

Blade Airfoil SC 1095/SC 1094R
Number of Blades 4

Flap Hinge Offset 0.381m

Blade Mass per Unit Length | 13.92 kg/m
Longitudinal Shaft Tilt 3

Table 2: Tail rotor parameters

Tail Rotor Radius 1.6764 m
Nominal Tail Rotor Speed 124.62 rad/s
Tail Rotor Blade Chord 0.2469 m

Tail Rotor Blade Twist -18°
Airfoil SC 1095
Number of Blades 4

The comparisons of the prediction of the rotor power by the empirical method with the flight test data for different
takeoff weights are shown in Figure 1. The weight coefficiéntsin the four flight states are@?®65, 00074, 00083 and
0.0091, respectively. It is obvious that the predictions are in good agreements with the flight test data for these takeoff
weights, which verifies the application of this method in the analysis of helicopter performance
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Figure 1: Comparisonfahe prediction with the flight data 43

4. Performance Improvements

The individual effects of variable rotor speed aratiable blade twist on the rotor power reduction are first
investigatedThen, their combined effect of both is analyzed. The pogduction is defined to be the power without rotor
morphingminus the power with rotor morphing divided by the power without rotor morphing. A positive value means the
reductionof the rotor power and corresponding helicopter performance improvement.u& gigm means increase of the
power.Thetakeoff weight was set to 8322kg, and the corrgending weigh coefficient was@65.

The rotor power with increasing forward speed for different rotor speeds is shown in Figure 2, and the corresponding
power rediction is shown in Figure 3. With decreasing rotor speed, the rotor power usually deceases and the power
reductions in Figure 3 are all positive. At a speed of 150 kimérotor power decreases h@6%, 128% and 180% with
5%, 10% and 15% rotor speeatiuiction, respectively. It is obvious that decreasing rotor speed can signifiealoitye the
rotor power, especially in medium to high forward flight. Varying rafeeed is an effective meansntprovehelicopter
performance. The power reductiorcreases with increasing forward speed for the cases with 5% andoi@speed
reduction. With 15% rotor speed reduction, the power reduction increases first smoothly and then dapidhses a
speed of 210 km/ithe maximum power reduction 2% is achieved. At a speed of 25k, the power is reduced by
15.2%. It is not appropriate to decrease the rotor speed too much in high speed forward flight, sioeethithe Mach
number in the retreating side, introduces larger stall @ worsenshe aerodynamic environment of advancing and
retreating sides of rotdylades.This can adversely lower the benefit in power reduction achieved by further reduction of
rotor speed.
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Figure 2: Rotor power variation with rotor speed.
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Figure 3: Rotopower reduction variation with rotor speed.

The rotor power with increasing forward speed for different blade twists is shown in Figure 4, and the corresponding
power reduction is shown in Figure 5. In hover, the power increases with decreasing blade thesblade twisthanges
from -16° to -12°, -8°, -4°, (*, the power increases by53%, 285%, 538% and 12%, respectivelyLargeblade twist is
preferred in hover. With increasing forward speed, the benefit in power reduction with largeiwidadecreases. At a
speed of 250 km/h (advance ratie=0.315), the power decreases by®%, 101%, 946% and B6%for the corresponding
blade twists. The reduction first increases with blade twist and then decreases. An optimal bizide bfist eists for
each forward speed. In high speed forward flight, moderate blade twist is preferred for betferfotarance.
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Figure 8: Comparison of rotor speed and blade twist on the required rotor power.

Figure 6 shows the comparison of the power reduction predictételsmpirical and CFD methods at speeds of 0,
150and 250 km/h, and the absolute values are shown in Figure 4. The predictions of the power reduction by the methods
arein good agreements. In hover or high speed flight, the differences of the percenpagesofeduction between the
two methods are not larger than 1%. At a speed of 150 km/h, the val28% @ith the twist8°. This indicates excellent
consistency of the two methods to analyze helicopter performance improvement.

The rotor power with in@asing forward speed for different combined rotor speed and blade twist is shown in Figure
7, and the corresponding power reduction is shown in Figure 8. It is obvious that 10% reduction of the rotor speed can
attainbetter performance improvement thair@&duction of the blade twist, which indicates that varying rotor speed is a
moreeffective means to improve helicopter performance tiaaiableblade twist. The combination of varying rotor speed
andblade twist can achieve better power reduction thamthieidual variation of rotor speed, when the forward speed is
larger than 70 km/h. The smaller reduction in hover and low forward flight is due to the reduction of blade twist, which
can adversely increase the rotor power. At a speed of 250 km/h, tbe gareases by D86, 101% and 206% with 10%
reduction of rotor speed® reduction of blade twist and combination of both. This verifies the advantage oftheging
combined rotor morphing technologies over individual one. Figure 9 shows the andteslofa these cases. Taragles
of attack increase due to the reduction of rotor speed and the corresponding asymmetry between the sideaaiothg
retreating side increases. This indicates the increase of blade loads. The reduction of blade ¢asstitasymmetry
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of the distribution of the angle of attack and decreases the blade loads. It can be dedueedhlediladetwist has the
potential to decrease the blade loads introduced by the variable rotor speed.
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Figure 9: Angle of attack distribution at 250 km/h

5. Optimal Performance

The maximum reduction of rotor power is explored for different forward speeds to evaluate the potential in
performancémprovement. The rotor speed was varied with discrete intervals of 1% of the full rotor speed. The blade twist
can bechanged from16° to (® with intervals of 2. At a speed of 125 km/h, the rotor power with rotor speed and blade
twist isshown in Figure 10. The rotor power first decreases with the rotor speed and then increases. It also decreases with
thebladetwist and then increases. It is therefore obvious that maximumpatearreduction exists. The power reductions
for differentlimits of the variation of rotor speeds are shown in Figure 11. It is obvious that a larger variation of rotor speed
canlead tobetter power reduction. The benefit in power saving is smaller tb&f, if the speed is limited to change from
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20% to 30%. This benefit becomes more th&¥bwith the change from 20% to 10%. Therefore, excessive redwdtion
the rotor speed seems unessary. The power reduction just increases and then decreases with increasingsfoeerd
Better performance improvement can be achieved at medium to high forward speed. The power redi#ttisoB&ined

at a speed of 200 km/h. The correspondingrrepeed is 86% full rotor speed and blade twisBdfTherotor speed and
blade twist for the maximum power reduction at different forward speeds are shown in Figures 12 argket 8eduction
of rotor speed is preferred in hover or slow forward fligror higher forward flight, higher rotor speisdoreferred. The
variation of blade twist exhibits a different trend. In hover and low forward flight, larger negativewistis preferred.
With increasing forward speed, the preferred blade twiskdses and then increases.

Rotor Power [kW]

7 87%

Blade Twist [°] 3 Rotor Speed [/Q]
Figure 10: Rotor power variation with rotor speed and blade twist at a speed of 125 km/h.
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Figure 11: The optimal power reduction for the helicopter weight 8322.4 kg.

Figure 14 shows the power reductions with three rotor morphing strategies: variable rotovapeke@plade twist
andcombination. Individually varying rotor speed can obtain larger power reduction than individually varying blade twist
in the whole rage of forward speeds studied. Variable rotor speed is a better technologyathenieblade twist for
helicopterperformance improvement. At lower speeds, the power saving is primarily due to the reduction of rotor speed,
and the effect ofariablebladetwist seems very small. This is partly due to the initial large t&igt If a smaller initial
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blade twisis prescribed as the baseline, changing blade twist can achieve some power saving. However, generally speaking,
varying rotor speed can achieve better performance improvementthableblade twist. At high forward speed, the
combinationcan obtain more power reduction than individually varying rotor speed or blade twist. At a speed of 250 km/h,
varyingthe rotor speedesults in 18% power reduction, and varying blade twist results id%0 With both, the value is

20.9%. The optimal power reduction increases with forward speed and then decreases. The maximum improvement occurs
at themedium to high forward speed. Thetional rotor speed and blade twist corresponding to the maximum power
reductionadopted in these three rotor morphing strategies are listed in Table 3. It is obvious that simultaneously varying
rotor speedind blade twist decreases the required magnitoidieslividually varying rotor speed or blade twist.

Table 3: Rotor speed and blade twist for different morphing strategies.
Speed (km/h) 0 25 | 50 | 75 | 100 | 125 | 150 | 175 | 200 | 225 | 250
Individually Varying Rotor Speed | 72% | 70% | 72% | 74% | 77% | 79% | 80% | 82% | 84% | 85% | 87%
Individually Varying Blade TwistY) | -16 | -16 | -13 | -11 | -9 -8 -8 -7 -6 -6 -7
Rotor Speed 72% | 70% | 72% | 75% | 77% | 80% | 82% | 84% | 86% | 88% | 90%
Blade Twist f) -16 | -16 | -16 | -14 | -11 | -8 -9 -9 -9 -9 | -10

The increase of takeoff weight decreases the reduction ofpovesr by varying rotor speed [3]. The weight of the
helicopter may have a strong effect on the optimal performance achievkddnmbination of varying rotor speed and
bladetwist. In the previous analyses, the helicopter takeoff weight was88320 =0.0065). With the takeoff weight
of 106270 kg © =0.0083), the optimal power reduction and the corresponding rotor speed and blade twist are shown in
Figure 15. The trends of the rotor speed, blade twist and optimal power reduction are the sdame.aBhieemaximum
benefit is 100% at a forward speed of 175 km/h, and the corresponding rotor speed ratio and blade32¢tand-12°.

The range of the obtained power reduction decreases distinctly. With increasing takeoff weight, smaller \afriaons
rotor speed and blade twist is needed for optimal performance improvement.
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Figure 12: Rotor speed for optimal performance.
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Figure 13: The blade twist corresponding to the optimal performance.

Figure 14: Power reduction for different rotoorphing strategies.

Figure 15: Optimal performance for the weight 10627.0 kg.

6. Loads Analysis
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