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Abstract

Variable tail rotor speed is investigated as a method for reducing tail rotor power, and improving helicopter
performance. A helicopter model able to predict the main rotor and tail rotor powers is first presented, and the flight test
data of the UH-60A helicopter is used for validation. The predictions of the main and tail rotor powers are generally in
good agreement with the flight test, which justifies the use of the present method in analyzing main and tail rotors.
Reducing the main rotor speed can result in lower main rotor power for some flight conditions. However, it increases the
main rotor torque, which requires higher tail rotor thrust to trim. In hover, the yaw control margin of the tail rotor
decreases, if the tail rotor speed follows the variation of main rotor speed. The tail rotor, therefore, may not be able to
provide enough thrust to counter the main rotor torque at extreme cases, especially at lower tail rotor speeds. The main
rotor speed corresponding to the minimum main rotor power increases, if the change of tail rotor power in hover is
considered. In cruise, varying the tail rotor speed is more effective in reducing power than in hover or high speed flight,
since the profile power dominates the tail rotor power and the tail rotor with lower speed can provide enough thrust in
cruise. The largest tail rotor power reduction by varying the tail rotor speed is over 30% the baseline tail rotor power. In
high speed flight, varying the tail rotor speed provides little power reduction. The power reduction gets even smaller for
heavier helicopters.

1 Nomenclature ag aircraft pitch angle

Ay blade area p air density

Cao airfoil drag coefficient Q rotor speed

D fuselage drag

K empirical coefficient Subscript

P power MR main rotor

P, baseline power TR tail rotor

q dynamic pressure

R rotor radius 2 Introduction

Sen fin area

Str tail rotor area Varying the helicopter main rotor speed is
S rotor disk area understood to be an effective means to reduce main rotor
T rotor thrust power required in hover and forward flight [1-8].
Tret net tail rotor thrust However, varying the tail rotor speed to improve
%4 forward speed helicopter flight performance has not yet been addressed.
v; induced velocity This may be attributed to two factors. Tail rotors usually
acayr  canted angle consume a small amount of helicopter power (typically,



10%-20%). Varying tail rotor speed saves a small amount
of tail rotor power, which means that even substantial
savings to tail rotor power have a small impact on overall
helicopter power. Secondly, a variable speed tail rotor
will incur increased weight and complexity that further
reduce the overall system efficiency.

Decreasing rotor speed can effectively reduce the
rotor power in cruise at low altitude, and light weight
conditions, though the power reductions diminish with
increasing altitude and/or gross weight, and at low speed
flight [5]. However, it should be noted that an increase of
the main rotor torque accompanies the decrease of main
rotor speed [6], especially in hover and low speed
forward flight, as shown in Figure 1. To counter the
increase in torque, the tail rotor thrust has to be increased,
which increases the tail rotor power, and decreases the
yaw control margin. Changing the tail rotor speed to
reduce tail rotor power may cause a severe problem in not
generating enough thrust to counter the main rotor torque
and providing enough yaw control margin for maneuvers,
gusts or crosswinds.
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Figure 1 Torque required for the standard and
optimal main rotor speeds (sea level, gross weight
18500 Ibs). [6]

There are two approaches for changing the main
rotor speed [8]. Most production helicopters have a fixed
gear ratio to the tail so varying the main rotor speed
implicitly implies varying tail rotor speed at the same
ratio. This is the easiest/baseline case. An alternative is to
varying the tail rotor speed independently with either a

variable speed tail rotor transmission, or an independent
motor [9, 10]. For variable speed main rotors, there are
three strategies of changing tail rotor speed: 1) the tail
rotor operates with constant speed; 2) the tail rotor
changes speed following the variation of the main rotor
speed, and the transmission ratio of the tail rotor is the
same as that of the main rotor; 3) the tail rotor can change
speed speed
corresponding to the minimum power.

independently and operate at the

To evaluate and compare the additional power
savings available by changing the tail rotor speed for a
variable speed main rotor, a helicopter model is used. The
flight data of the UH-60A helicopter [11] is utilized for
validation. The tail rotor thrust and power for each tail
rotor speed strategy are analyzed to investigate the benefit
of variable tail rotor speed for an variable speed main
rotor.

3 Modeling and Verification

A helicopter power prediction model is used in this
work. The main rotor blade model is based on a rigid
beam with a hinge offset and a hinge spring, which are
used to match the fundamental flap-wise blade frequency.
Look-up table aerofoil aerodynamics is used to calculate
the lift and drag coefficients of blade elements according
to the local resultant air flow and angle of attack. The
induced velocity over the rotor disk is predicted by the
Pitt-Peters inflow model [12], which captures the first
harmonic variation of the induced velocity in azimuth.
The hub forces and moments of the main rotor are
derived from the resultant root forces and moments of
rotor blades by the blade element theory. The fuselage is
treated as a rigid body with aerodynamic forces and
moments.

Given the three pitch controls (collective and cyclic
pitches) and two rotor shaft attitude angles (longitudinal
and lateral), the periodic response of the main rotors 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 contribute to the
equilibrium equations of the helicopter [13], which are
solved to update the pitch controls, and rotor attitude



angles for the next iteration. After several iterations of the
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 information of the helicopter can be derived.

The required tail rotor thrust to counter the main
rotor torque is determined by the torque divided by the
distance from the hub center of the tail rotor to the main
rotor shaft. For a prescribed tail rotor collective pitch, the
corresponding thrust and power are obtained by
performing numerical integration over the blade elements
along the blade radius and azimuth [13]. This thrust is
compared with the required tail rotor thrust to obtain the
trimmed tail rotor collective pitch. The uniform induced
velocity over the tail rotor disk is determined by
momentum theory. Tail rotor blockage effects due to the
vertical tail are accounted for following the approach of
[14, 15]. 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

net _
Trg" = FrpTrg cos acanr

M

The scaling factor Fpp is

Frp=1--22
TR 4'STR

@

The helicopter model is validated by the flight data
of the UH-60A helicopter [11]. The parameters of the
main and tail rotors are listed in Tables 1 and 2 [16-18].
The fuselage drag force is given by [11],

D
7 (ft?) = 35.83 + 0.016 X (1.66a2)

®)
The vertical distance from the mass center of helicopter to
the rotor hub is 1.78 m. The main and tail rotor power
predictions are compared in Figure 2 to the flight test data
of the UH-60A at two weight coefficients. The
predictions of the main and tail rotor powers are in good
agreement with the flight test data.

Table 1: Main rotor parameters [16-18]

Main Rotor Radius 8.18 m
Nominal Main Rotor Speed 27.0 rad/s
Blade Chord Length 6.45% R
Blade Twist Nonlinear
Blade Airfoil SC1095/SC1094R8
Number of Blades 4
Flap Hinge Offset 4.66% R
Blade Mass per Unit Length 13.9 kg/m
Longitudinal Shaft Tilt 3°

Table 2: Tail rotor parameters [16-18]

Tail Rotor Radius

1.68m

Nominal Tail Rotor Speed 124.6 rad/s (4.62 2yz)

Tail Rotor Blade Chord 0.25m
Tail Rotor Blade Twist -18°
Airfoil SC1095
Number of Blades 4
Tail rotor torque arm 9.93m
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4 Flight Performance Analysis

The tail rotor power has contributions from profile
power, associated with viscous drag, and induced power,
associated with lift. The tail rotor power can be estimated
by a simple expression [19]

1
Prp = vy, Trp + ngopAbTR [(QrrRrr)* + KV?3]

(4)
Since the blade tip speed is much larger than the forward
speed, the profile drag increases, and the profile power
dominates the tail rotor power component in medium to
high speed forward flight. Reducing the tail rotor speed
has a strong impact on the tail rotor power. The power
reduction percentage is defined as

n=(1-P/P,) x100%

©)
In this work, the helicopter power means the sum of the
main rotor and tail rotor power. In the following analysis,
three strategies of the tail rotor speed are investigated.
‘Fixed Qrg’ means that the tail rotor speed remains
unchanged. ‘Following Qyz * means that the transmission
ratio is fixed so that the tail rotor speed varies with the
main rotor speed. ‘Optimal Qg denotes that the tail
rotor speed can vary independently and operates at the
speed corresponding to the minimum tail rotor power. To
seek the optimal speed, the rotor speed was varied in 1%
increments until minimum power is determined. The
weight coefficient at the nominal speed is 0.0065.

4.1 Hover

The main rotor power, and the corresponding power
reduction as functions of the main rotor speed in hover,
are shown in Figure 3. The maximum main rotor power
reduction is 8.0% at 73% rotor speed, however, the
additional power reduction below 80% rotor speed is
small. Below 70% rotor speed, the reduction in power
reduces.
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Figure 3 Main rotor power versus main rotor speed in
hover.

The tail rotor power and corresponding power
reductions for the different strategies of tail rotor speed
versus main rotor speed are shown in Figure 4. The tail
rotor power increases with decreasing main rotor speed,
which is due to the increase of tail rotor thrust.
Optimizing tail rotor speed in hover, has a small potential
for decreasing the tail rotor power. The largest reduction
to tail rotor power occurs for 100% of the nominal main
rotor speed and 81% of the nominal tail rotor speed
resulting in 3.15% of the tail rotor power reduction or just
0.375% of the helicopter power.

The helicopter power, and the corresponding power
reductions at different main rotor speeds in hover, are
shown in Figure 5. The optimal main rotor speed changes
from 73% for the minimum main rotor power to 82% for
the minimum helicopter power. This is due to the increase
of tail rotor power, and the slow decrease of main rotor
power with decreasing main rotor speed. For the optimal
speed main rotor, it is necessary to consider the power
changes of the tail rotor. This could be beneficial for the
design of a variable speed main rotor, that can reduce the
margin of the variation of rotor speed.
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Figure 4 Tail rotor power versus main rotor speed in
hover.
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Figure 5 Helicopter power versus main rotor speed in
hover.

Figure 6 shows the required tail rotor thrust
corresponding to the reduction in main rotor speed. The
required tail rotor thrust increases with decreasing main
rotor speed. Figure 6 includes the maximum thrust
capability of the three tail rotor speed variation strategies.
1) For a fixed tail rotor speed, a large margin is
maintained. 2) For the tail rotor speed operating following
the change of main rotor speed, the maximum tail rotor
thrust decreases dramatically with decreasing main rotor
speed. At 76% of the nominal main rotor speed (i.e. 76%
of the nominal tail rotor speed), the tail rotor cannot
provide enough thrust to counter the main rotor torque. 3)
For a tail rotor operating at the speed corresponding to the
minimum power, the maximum tail rotor thrust degrades
dramatically compared with thrust
generated at the nominal speed. The yaw control margin

the maximum

for maneuvers decreases accordingly.
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Figure 6 Tail rotor thrust versus main rotor speed in
hover.

The tail rotor speeds for the different strategies in
hover are shown in Figure 7. The optimal tail rotor speed
generally increases with decreasing main rotor speed. At
lower or higher main rotor speeds, the tail rotor speed for
the case its follows the main rotor speed, is far from
optimal, and the tail rotor cannot obtain the maximum
power reduction.
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Figure 7 Tail rotor speed versus main rotor speed in
hover.

4.2 Cruise Condition

Figure 8 shows the main rotor power at different
rotor speeds at a cruise speed of 130 km/h. The main
rotor speed, for the minimum main rotor power, is 81% of
the nominal speed corresponding to a power reduction of



12.7% of the main rotor power. Reducing the main rotor
speed in cruise leads to larger power savings than in
hover (8.0%).

For the different strategies of tail rotor speed, the tail
rotor power and the corresponding power reduction
versus the main rotor speed are shown in Figure 9. For
the fixed tail rotor speed or the optimal tail rotor speed,
the tail rotor power increases with decreasing the main
rotor speed. For a tail rotor following the main rotor
speed, the tail rotor power generally decreases. The
optimization of the tail rotor speed can obtain significant
power savings. The tail rotor power is reduced by 37.0%
at 100% of the nominal main rotor speed and the value is
31.9% at 80% speed. The absolute tail rotor power saving
of the tail rotor at 100% of the nominal main rotor speed
is 15.6 kW, which is much larger than the value of 6.1 kW
in hover. The overall tail power reductions are more than
30%, which exceeds the hover savings. In cruise, the
induced power decreases, and the profile power increases,
with the profile power dominating the tail rotor. The
reduction of the profile power can therefore have a
significant influence on the tail rotor power. There is also
greater reduction in cruise power, which may be worth
pursuing.
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Figure 8 Main rotor power versus main rotor speed in
cruise.
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Figure 10 Helicopter power versus main rotor speed in
cruise.

The helicopter power, and the corresponding power
reductions for different main rotor speeds in cruise are
shown in Figure 10. With the consideration of the change
of tail rotor power, the optimal main rotor speed remains
to be 81%. The maximum helicopter power can be
reduced by 13.5% at the nominal rotor speeds. The main
rotor contributes to the power reduction by 12.1%, and
the tail rotor contributes 1.38%. Optimizing the tail rotor
speed for a fixed main rotor speed can reduce the total
power by 1.89%. The decrease of the main rotor speed
causes an increase of tail rotor thrust and power. This
shrinks the power reduction from 1.89% to 1.38%.

The required tail rotor thrust to counter the main
rotor torque and the maximum tail rotor thrusts for the
different strategies of tail rotor speed, are shown in Figure
11. The required tail rotor thrust increases with decreasing



the main rotor speed. However, these values are much
smaller than those in hover due to the decrease of the
main rotor power in cruise. The tail rotor is probably
sized to provide adequate performance in hover and high
speed flight (high power), and it is oversized or even
inefficient in cruise. For the cases of fixed tail rotor speed
or for following the main rotor speed, the maximum tail
rotor thrusts are much larger than the required thrust to
counter the main rotor torque. With the optimal tail rotor
speed, the maximum tail rotor thrust reduces significantly,
which is due to the reduced tail rotor speed. This
corresponds to a minimum of the tail rotor power.
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cruise.

The tail rotor speeds for the different strategies in
cruise are shown in Figure 12. The optimal tail rotor

speeds are significantly smaller than the values in hover,
and the values following the main rotor speed. The
optimal speed increases slightly with decreasing the main
rotor speed.

4.3 High Speed Flight

At a speed of 300 km/h, the main rotor power levels
at different rotor speeds are shown in Figure 13. Varying
the main rotor speed cannot achieve significant power
reduction in high speed flight. For the different strategies
of tail rotor speed, the tail rotor power, and the
corresponding power reductions versus main rotor speed
are shown in Figure 14. The tail rotor power increases
with decreasing main rotor speed. With 5% reduction of
the main rotor speed, the tail rotor power increased by
35.8% for the fixed speed tail rotor. Optimizing the tail
rotor speed seems to be ineffective to obtain power
savings, especially at lower rotor speeds. In high speed
flight, optimizing both main and tail rotor speeds seems
to be ineffective.
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Figure 13 Main rotor power versus main rotor speed
in high speed flight.
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high speed flight.

4.4 High Thrust

To show the effect of the main rotor thrust on the tail
rotor speed optimization, the helicopter weight coefficient
is now increased to 0.0074. The helicopter powers for the
baseline and the different strategies of tail rotor speed are
shown in Figure 15 for a sweep of air speeds. The largest
potential for reducing power through optimizing the main
and tail rotor speeds is in cruise. The power reduction
first increases with forward speed and then decreases. The
corresponding power reductions are shown in Figure 16.
In hover, the reductions are about 2.0% for all three
strategies. The percentages increase to the maximum
values 6.9%, 7.7% and 8.3% for the different strategies of
tail rotor speed at a speed of 140 km/h. The maximum
power reduction is smaller than the value at the weight
coefficient of 0.0065. Optimizing the tail rotor speed
results in 1.41% larger power reduction than the fixed tail
rotor speed in cruise.
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Figure 15 Total power with forward speed at the
weight coefficient 0.0074.
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Figure 16 Power reductions with forward speed.

The main and tail rotor speeds for different
minimum powers are shown in Figure 17. In hover and
low forward flight, the optimal main rotor speed for
minimum main rotor power is lower than the speed for
the minimum helicopter power. The optimal main rotor
speed increases with the inclusion of the change of tail
rotor power. This trend is the same as the lower weight
coefficient. The optimal tail rotor speed decreases with
forward speed. In cruise, the tail rotor speed drops to 65%,
and then increase to 100% at high speed flight. This trend
is not in accordance with the optimal main rotor speed,
which indicates that the tail rotor speed following the
main rotor speed cannot obtain maximum power savings
and best performance improvement.
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5 Conclusions

A helicopter model was used to investigate potential
helicopter performance improvements by varying the tail
rotor speed for helicopters with variable speed main rotor.
The flight data of the UH-60A helicopter was used to
validate the method. The predictions of the main and tail
rotor power are generally in good agreement with flight
tests, verifying the application of the present method in
analyzing main rotor and tail rotor performance. The
UH-60A helicopter is used int this work. The performed
analyses based on the baseline helicopter yielded the
following conclusions:

1)  The tail rotor thrust to counter the main rotor torque
in hover increases with decreasing main rotor speed
due to the increase of the main rotor torque.

2) In hover, the maximum tail rotor thrust decreases
dramatically with decreasing main rotor speed. At
lower rotor speeds, the tail rotor cannot provide
enough thrust to counter the main rotor torque.
Including the power change of the tail rotor in
minimizing the helicopter power reduces the
variation of the main rotor speed.

3) In cruise, optimizing the tail rotor speed can lead to
greater power savings than in hover or high speed
flight. The maximum power reduction is over 30%
of the baseline tail rotor power. However, this value
is less than 2% of the helicopter power. The optimal
main rotor speed for the minimum main rotor power
is the same as the optimal main rotor speed for the
minimum helicopter power.

4) In high speed flight, optimization of the tail rotor
speed provides no significant improvement.

5) The power reduction by varying the main and tail
rotor speeds becomes smaller as the helicopter
weight increases.

6) The optimal tail rotor speed is close to the nominal
speed in hover, drops in cruse, and increases in high
speed flight. This trend is different from the optimal
main rotor speed.

7)  If the tail rotor speed follows the main rotor speed,
limited power savings were obtained.

Finally, it is noted that the precise numbers given

here are specific to the blade used in this work. For a
rotor with different planform, airfoils, diameter, etc., the
optimum deployment and performance improvement
levels may vary. Nevertheless similar trends are expected.
An optimization that includes more parameters e.g. chord,
twist, etc. may results in greater power savings.
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