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Abstract

In order to study the performance improvement of variable speed tail rotors by dynamically extendable chord,
a flight performance model is established, which includes a rotor model, a tail rotor model, a fuselage model,
and a propulsive trim method. The flight data of the UH-60A helicopter is utilized to validate this model. The
results show that the extendable chord has little effect on the power at hover. At cruise, some extra power is
needed. At high speed flight, the power can be reduced significantly. The extendable chord is best placed
inboard and close to the blade tip region to efficiently shift the lift and/or the drag inboard. The optimal
azimuth angles for the deployment of extendable chord are 40°~50° and 130°~140°. The dynamically
extendable chord with non-harmonic motion can obtain more power savings than the other strategies. The
extendable chord is suitable for deployment on variable speed tail rotors. When the tail rotor speed is
reduced by 20%, the maximum power reduction is 20.3%. The extendable chord increases the maximum
thrust, which can compensate for the decrease in the maximum thrust by the reduction of the tail rotor speed.

1. INTRODUCTION

Varying the rotational speed of the main rotor is
understood to be an effective means to improve the
performance of rotorcraft [1-6]. Changing the engine
output shaft speed is one method of changing the
main rotor speed, but it will also change the tail rotor
speed. The reduction of the tail rotor speed can
reduce the tail rotor power in cruise. However, at
high speed flight, it can even increase the power
required [6]. The tail rotor power required is up to
20% of the main rotor power at the extremes of the
flight envelope. The reduction in the tail rotor speed
also reduces the maximum thrust of the tail rotor
due to the decrease in dynamic pressure, which
deteriorates the ability of the tail rotor to balance the
main rotor torque and implement the yaw control [7].
It is necessary to compensate for the simultaneous
increase in the power and decrease in the
maximum thrust.

Rotor blade chord extension can be realized in
many ways. One approach is to use a thin
extendable trailing-edge plate (TEP), which can be
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extended through a slit in the blade’s trailing edge
over a certain spanwise section [8]. Blade chord
extension has been extensively explored to improve
the helicopter main rotor performance [8-12]. These
investigations verified the effectiveness, especially
at high gross weight and altitude. Liu et al. studied a
static extended trailing edge attached to a
NACAO0012 airfoil section for achieving lift
enhancement with a small drag penalty. It was
indicated that the thin extended trailing edge could
enhance the lift, whereas the zero-lift drag was not
significantly increased [9]. Léon et al. utilized quasi-
statically extendable chord sections to expand
rotorcraft operating envelope. The results showed
that reductions up to 33.4% in the rotor power could
be obtained in stall-dominant conditions [10].
Khoshlahjeh and Gandhi explored the benefits of
rotor chord extension in stall-dominant conditions.
From the simulations in the study, reductions of up
to nearly 18% in rotor power requirements were
observed with TEP for operation at high gross
weight and altitude [8]. Among various blade
morphing technologies, the dynamically extendable
chord has shown promising in rotor performance
improvement for the maximum forward speed and
the maximum load capability [11]. Han et al.
explored the potential of the static and dynamic
extendable chords in reducing the rotor power and
improving flight performance. Generally, a lower
harmonic extendable chord could save more power
than the higher harmonic excitation, and the
dynamic chord could reduce the power further than
the static [12]. The previous research concentrated
on the effect of the extendable chord on the
performance of main rotors. However, the potential
of the extendable chord in improving the
performance of variable speed tail rotors has not yet
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been addressed.

The present work provides a comprehensive
analysis using a validated helicopter power
predicton model to predict performance
improvements of variable speed tail rotors with the
dynamically extendable chord. The mechanism of
the extendable chord enhancing tail rotor
performance is explored. The dynamic chord is not
limited to 1/rev, and a non-harmonic is also
investigated. The benefits of using the extendable
chord are explored at reduced tail rotor speed.

2. MODELING METHOD
2.1. Performance prediction method

A helicopter power prediction model is utilized,
which includes a main rotor model, a tail rotor
model, a fuselage model and a propulsive trim
method. The main rotor structural model represents
the blades as beams undergoing moderate
deflections, and it captures the nonlinear coupling
effects between the deformations of advanced
helicopter blades. The rigid rotations associated
with the blade hinges and the blade rotations about
the rotor shaft are introduced as generalized
coordinates. Lookup airfoil aerodynamics is utilized.
The induced velocity over the rotor disk is predicted
by the Pitt-Peters inflow model [13]. Assembling the
structural, kinetic, and aerodynamic terms, the
equations of motion based on the generalized force
formulation can be yielded [14]. The Newmark
integration method is utilized to calculate the steady
responses in the time domain [15].

The fuselage is treated as a rigid body with
aerodynamic forces and moments. Given the initial
pitch controls and the rotor shaft attitude angles, the
periodic response of the rotor can be obtained 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. These component forces and moments
constitute the equilibrium equations of the
helicopter, which are solved to update the pitch
controls and attitude angles. After iterations of the
periodic responses of the rotor, and the solution of
the equilibrium equations, the trimmed or converged
pitch controls and rotor attitude angles can be
obtained. Then, the main rotor power and related
information of the helicopter can be derived.

The tail rotor model is based on a rigid beam.
The required tail rotor thrust is determined by the
main rotor torque divided by the distance from the
hub center of the tail rotor to the main rotor shaft.
The tail rotor thrust and power are obtained by
numerically integrating the blade elements along the
blade radius and azimuth with uniform induced
velocity [16]. Accounting for the canted angle of tail
rotor, the net thrust provided by the tail rotor to
counter the main rotor torque can be written as

(1) TTHEt = Frg Trg COS OcpnT

where Try is the tail rotor thrust, ocant is the canted
angle. The tail rotor blockage effects due to the
vertical tail are accounted for following the approach
of [17-18]. The scaling factor Fry is

(2) Frg =1-———

where Sgy is the fin area, Sty is the tail rotor area.

This modeling methodology has been used to
analyze the helicopter performance improvement by
extendable chord rotors, Gurney flaps, variable
speed main rotors and variable speed tail rotors [6,
7,12].

2.2. Validation

The helicopter model is validated by the flight
data of the UH-60A helicopter [19]. The parameters
of the main rotor and tail rotor are listed in Table 1
and Table 2 [20-22]. The vertical distance from the
mass center of helicopter to the rotor hub is 1.78 m.
The fuselage drag force is provided in Ref.19.

The power predictions of the main rotor and tail
rotor are compared to the flight test data of the UH-
60A at two weight coefficients (Cy = 0.0065,
0.0074) in Fig. 1. The predictions are generally in
good agreement with the flight test data, which
verifies the application of the present method in
analyzing helicopter performance.

Table 1 Parameters of main rotor [20-22].

Parameter Value

Main rotor radius 8.18 m

Nominal main rotor speed 27.0 rad/s

Blade chord length 0.527 m

Blade twist Non-linear

Blade Airfoil SC1095/SC1094R8
Number of blades 4

Flap hinge offset 0.381m

Blade mass per unit length 13.9 kg/m
Longitudinal shaft tilt 3°

Table 2 Parameters of tail rotor [20-22].

Parameter Value

Tail rotor radius 1.68 m
Nominal tail rotor speed 124.6 rad/s
Blade chord length 0.25m
Blade twist -18°

Blade Airfoil SC1095
Number of blades 4
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Parameter Value
Tail rotor canted angle 20°
Tail rotor torque arm 9.93m
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Fig. 1 Comparison of the prediction with the flight
test data.

2.3. Extendable chord

An extendable chord can change the chord and
airfoil camber according to a deployment schedule,
as shown in Fig. 2. With a suitable deployment
angle (6 = 2° for the SC1094R8 cambered airfoil),
the aerodynamic characteristics of the airfoil with a
chord extension can remain almost the same [8-12].

Extendable chord
/
l\' 7 [5
: c T ec

Fig. 2 The configuration of an extendable chord on
a cross section.

In this work, we assume that the chord
extension does not change the aerodynamic
characteristics of the airfoil. The aerodynamics
coefficients €, and C; with respect to the extendable
chord are the same as the baseline coefficients.
The aerodynamic coefficients can be
nondimensionalized with respect to the baseline
blade chord. These coefficients are denoted as C,
and C; and are related to those nondimensionalized
by the extendable chord as follows:

C =(1+¢)C
® {@ ~(1+0)C,

where

(4) e=l/c

where ¢ represents the chord extension as a
percentage of the baseline chord length ¢. The
effect of the chord extension is equivalent to an
increase in the aerodynamic coefficients. In fact, the
increase in sectional lift comes from an effective
chord increase, not a lift coefficient increase.

In the following analyses, the six extendable
chords with 10%R (tail rotor radius) as the width
(Position 1, 2, 3, 4, 5 and 6) are investigated, as
shown in Fig. 3. The start points of the positions are
40%R, 50%R, 60%R, 70%R, 80%R and 90%R.

Tail rotor shaft
©= |
C_1T T T 1 1
| | | | I(DJ@)I@)I@)I@I@I
00 01 02 03 04 05
¥R

06 07 08 09 10

Fig. 3 The configuration of extendable chords in
radial direction.

2.4. Power reduction ratio

The power reduction ratio is defined to
measure the benefit in tail rotor power saving as
(5) n=0-P/R)x100%
where P is the tail rotor power to be compared with
and Pyis the baseline tail rotor power. The baseline
power is defined as the power without any
extendable chord. At different rotational speeds, the
baseline power varies. In the following analyses, the
helicopter baseline flight state is at sea level and a
take-off weight of 9474.7 kg (Cw = 0.0074).

3. NOMINAL SPEED TAIL ROTORS

The performance improvements of nominal
speed tail rotors with the extendable chord are
studied first. The baseline power is defined as the
power at 100%Q (Q = 124.6 rad/s) without any
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extendable chord. The mechanism of the
extendable chord improving tail rotor performance is
explored.

3.1. Statically extendable chord (SEC)

The extendable chord length is set to be 20%
of the blade chord. Fig. 4 explores the effect of the
deployment position of the SEC on the tail rotor
power reduction. At hover, the extendable chord
has little effect on the power reduction. When the
extendable chord is placed at position 3, the power
reduction is 0.17%. When placed at position 6, it will
increase the power instead, and the power increase
is 0.06%. At cruise, some extra power is needed for
the tail rotor with the SEC. The extendable chord
begins to reduce the power when the speed is 205
km/h (position 1). This speed increases as the
extendable chord is moved from position 1 to
position 6. At high speed flight, the benefit in power
saving emerges, and the maximum power reduction
is 4.9% at position 4. The power saving at the
position 4 is better than at other positions, which
indicates that the optimal position for the power
reduction is inboard of the blade tip.
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3 Position 3 »})!

) Position 4 i
—o—Position 5 ¢

Power reduction (%)

-+ Position 6
Ogﬂ;‘:l-\-{»‘-l - oo 0’ :_-
ey s LOEREZRITZRECV.L 4
-1 $g~09 o2
EAE vy ;
) 4&,‘._.2-»0,0 8009 ¢ .-F..
", 0
-3 . T*‘*‘w-q..-r--i-""'*

0 50 100 150 200 250 300
Forward speed (km/h)

Fig. 4 Power reduction for different position of the
SEC.

Fig. 5 shows the distribution of lift and drag of
airfoil sections over the tail rotor disk at a speed of
300 km/h. Since tail rotors do not employ cyclic
pitch control and cannot achieve the balance of
lateral moments, the blades in advancing side
generate much more thrust than in retreating side.
With the SEC (position 4), lift is generally increased
over the annulus from 70% to 80% span (the region
where the SEC is present). The SEC also reduces
the lift in the outboard regions of the tail rotor disk
(outboard of the 70%~80% annulus). The difference
in drag over the tail rotor disk between the SEC and
the baseline is obvious in advancing side. An

increase is generally observed over the annulus
from 70% to 80% span. The drag on the outer rim is
reduced significantly, which is the primary
contributor to the reduction in tail rotor power. The
SEC is best placed inboard and close to the blade
tip region to efficiently shift the lift and/or the drag
inboard.

Fig. 6 shows the distribution of the angle of
attack (AoA) over the tail rotor disk with and without
the SEC at a speed of 300 km/h. The AoOA in
advancing side is distinctly larger than that in
retreating side. With the SEC (position 4), the AoA
generally decreases over the tail rotor disk. The
increase in the chord length increases the tail rotor
solidity, and more blade area can be used to
generate lift. Naturally, it lowers the AoA.

Fig. 7 explores the effect of the azimuth of the
extendable chord on the tail rotor power reduction at
a speed of 300 km/h. The extendable chord is
placed at position 4 with 20% chord extension. The
power reduction proportion represents the
proportion of the contribution of the local extendable
chord (0°~10°, 10°~20°, ..., 350°~360°) to the total
power reduction per revolution. The tail rotor power
reduction with the extendable chord in advancing
side is greater than that in retreating side. When the
azimuth angles are 40°~50° and 130°~140°, the
power reduction can be maximized.

3.2. Dynamically extendable chord (DEC)

For the DEC with 1/rev input, the chord length
is prescribed as
(6) &= A[1.0+sin(Qr + ¢)]
where, 4 is the amplitude of input, Q is the nominal
tail rotor speed, and ¢ is the phase of the input.

In the following analysis, the DEC is placed at
position 4 with an amplitude of 10%. Fig. 8 presents
the effect of the phase of 1/rev input on the tail rotor
power and power reduction. At hover and cruise,
the change of the power is rather limited. As the
forward speed increases, the power reduction can
be increased when the phase shifts to a suitable
angle. At a speed of 300 km/h, the power reduction
can be maximized to be 3.76%, and the
corresponding phase is 0°. When the phase is 180°,
the power reduction is only 1.30%. The influence of
the extendable chord on the power is mainly in
advancing side, as shown in Fig. 7. When the phase
is 0°, the chord extends out in advancing side, and
retracts back in retreating side. It is obvious that the
extension of the chord can reduce the AoA over the
tail rotor disk and the drag on the outer rim, which
leads to the power savings of the tail rotor.
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Fig. 5 Distribution of lift and drag over the tail rotor disk.
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Fig. 6 Distribution of angle of attack over the tail rotor disk.

For the dynamically extendable chord with non-
harmonic motion (NDEC), the chord length is
prescribed as
@ 20% (0<y <180°)

0 (180° <y < 360°)
where, y is the azimuth angle of the tail rotor.

Fig. 9 compares the power reductions for
different strategies (SEC, 1/rev DEC, NDEC) of the
extendable chord at position 4. For the SEC, the
extendable chord length is set to be 10% of the

blade chord. For the DEC, the amplitude is 10%
and the phase is 0°. At cruise, all three strategies
require some extra power (less than 0.68%). At a
speed of 300 km/h, the power reductions are
2.55%, 3.76% and 4.20% for the SEC, 1/rev DEC
and NDEC, respectively. Under the same
conditions, the NDEC can obtain more power
savings than the DEC and SEC.
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Fig. 9 Power reduction for different strategies of the
extendable chord.

4. VARIABLE SPEED TAIL ROTORS

The performance improvements of variable
speed tail rotors with the extendable chord are
studied. The baseline power is defined as the
power at 90%Q or 80%Q (Q = 124.6 rad/s) without
any extendable chord. In the following analysis, the
benefits of using the NDEC are evaluated at
different tail rotor speeds.

Fig. 10 shows the effect of the position of the
NDEC on the tail rotor power reduction. It is obvious
that the optimal position is the position 5, which is
different from that of the NDEC at a rotational
speed of 100%Q (position 4). At high speed flight,
the maximum power reductions are 8.45% and
20.3% for the rotational speeds of 90%Q and
80%Q, respectively. Compared with the power
reduction at 100%Q, the power reduction at 80%Q
increases significantly. It shows that the extendable
chord is suitable for deployment on variable speed
tail rotors.
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Fig. 10 Power reduction of variable speed tail rotors
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Fig. 11 shows the thrust required (the solid
black line) to balance the main rotor torque, and the
maximum thrust for different tail rotor speeds with
and without NDEC. The NDEC is placed at position
4. Generally, when the forward flight speed
increases, the maximum thrust increases. The
reduction in the tail rotor speed causes a reduction
in dynamic pressure, which leads to a reduction in
the maximum thrust. At a speed of 300 km/h,
reducing the speed by 20% almost makes it difficult
to implement the yaw control. The extendable chord
increases the area of the blades, thereby increasing
the maximum thrust, which can compensate for the
decrease in the maximum thrust by the reduction of
the tail rotor speed.
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Fig. 11 Maximum thrust of variable speed tail rotors
with NDEC.

Fig. 12 shows the distribution of lift, drag and
AoA of airfoil sections over the tail rotor disk at
different speeds without any extendable chord. At a
flight speed of 300 km/h and a rotational speed of
80%Q, the computation is interrupted due to
excessive iterations in tail rotor trim. At reduced tail
rotor speed, the most efficient part of the tail rotor
blade that generates lift in advancing side moves
outboard, and the part with high drag moves
inboard. Therefore, the optimal position of the
extendable chord moves outboard. Since the drag
and AoA increase significantly with the reduction in
tail rotor speed, the extendable chord appears to be
effective in reducing the power of reduced speed
tail rotors.
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Fig. 12 Distribution of lift, drag and AoA over the tail rotor disk at different speeds.

5. CONCLUSIONS

This work used a validated helicopter power
predicton model to predict performance
improvements of variable speed tail rotors with the
dynamically extendable chord. The performance
analyses yielded the following conclusions:

1) At hover, the statically extendable chord
(SEC) has little effect on the power reduction. At
cruise, some extra power is needed for the tail rotor
with the SEC. At high speed flight, the benefit in
power saving emerges, and the maximum power
reduction is 4.9% at 70%~80% annulus.

2) The lift is generally increased in the area
where the SEC is present and reduced in the
outboard regions. The drag is also generally
increased in the same area. The drag on the outer
rim is reduced significantly, which is the primary
contributor to the reduction in tail rotor power. The
SEC is best placed inboard and close to the blade
tip region to efficiently shift the lift and/or the drag
inboard.

3) With the SEC, the angle of attack generally
decreases over the tail rotor disk. The increase in
the chord length increases the tail rotor solidity, and
more blade area can be used to generate lift.
Naturally, it lowers the angle of attack and delays
stall.

4) The tail rotor power reduction with the
extendable chord in advancing side is greater than
that in retreating side. When the azimuth angles for
the deployment of extendable chord are 40°~50°
and 130°~140°, the power reduction can be
maximized.

5) With the dynamically extendable chord
(DEC), the maximum power reduction is 3.76%,
and the corresponding phase is 0°. The dynamically
extendable chord with non-harmonic motion (NDEC)
can obtain more power savings than the other
strategies. Under the same conditions (300 km/h,
70%~80% annulus, 10% chord length) the power

reductions are 2.55%, 3.76% and 4.20% for the
SEC, 1/rev DEC and NDEC, respectively.

6) The extendable chord is suitable for
deployment on variable speed tail rotors. At high
speed flight, the maximum power reductions are
8.45% and 20.3% for the rotational speeds of
90%Q and 80%Q, respectively.

7) The reduction in the tail rotor speed causes
a reduction in dynamic pressure, which leads to a
reduction in the maximum thrust. The extendable
chord increases the area of the blades, which can
increase the maximum thrust.

8) At reduced tail rotor speed, the most efficient
part of the tail rotor blade that generates lift in
advancing side moves outboard, and the part with
high drag moves inboard. Therefore, the optimal
position of the extendable chord moves outboard.
Since the drag and angle of attack increase
significantly as the tail rotor speed decreases, the
extendable chord can effectively reduce the power.
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