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Abstract

For conventional helicopters with single main-rotor and fixed-speed tail-rotor whose hover ceiling is limited by
the tail-rotor thrust, variable speed electric tail-rotors could potentially improve hover ceiling by operating at
higher rotor speed. On the basis of a 2D-panel method code and transonic small disturbance theory for airfoil
section coefficients, and blade-element and momentum (BEM) theory model, the tail-rotor performance is
analysed for higher rotor speeds compared to base configuration. Results are presented for an example
existing helicopter for hover out-of-ground effect (OGE) with maximum take-off weight (MTOW) conditions.
The results confirm that compressibility effects at the tip-section is the major limitation for operating at higher
rotor speeds. Combined with the thrust and power balance for the tail-rotor and helicopter powerplant
respectively, hover ceiling improvement is quantified. In spite of the limited speed increase possibility due to
compressibility effects a noticeable improvement to hover ceiling is made possible with the variable speed

electric tail-rotor configuration.

1. INTRODUCTION

Most conventional helicopter tail-rotors are driven by
long mechanical drive shafts and gearboxes at a
fixed transmission ratio to the main-rotor speed. By
replacing the mechanical tail-rotor power
transmission with an electrical power transmission,
potential benefits such as improved flight envelope
characteristics, potential to reduce tail-rotor noise,
reduced maintenance and the possibility to open up
new helicopter design configurations may be
realized. With flight envelope characteristics -
specifically that of improved hover ceiling and
improved available yaw margin are possible. Such
benefits are mainly a result of the possibility to
individually vary the electric motor speed as opposed
to a conventional drive with fixed speed.

Some of these benefits to flight envelope
improvement have also been briefly identified as part
of a variable transmission drive train for rotors study
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with the proposal to operate at higher rotor speeds to
improve hover ceilinglll. Studies on variable speed
main-rotors have also detailed discussions on the
benefits in power savings with increasing advance
ratiol?3l, It is also well-known that reduced rotor noise
can be achieved by means of reducing rotor speed!,
which could be a consideration for operation at lower
altitudes. This opens up a possibility of using electric
motor driven variable tail-rotors to cover possible
speed variation based improvements. This paper
aims to discuss in detail the case of an electric tail-
rotor especially for hover in high altitude, which is a
distinctive limitation on the helicopter’s overall flight
envelope, and to more precisely identify the limits of
its application.

Two effects are main contributors for these
limitations: a) total power balance equation (at the
helicopter powerplant/main gearbox level) and b)
compressibility effects at higher Mach number due to
increased rotor tip-speed. Establishing these limits
will help establish boundaries to the scope of
improvement of helicopter hover ceiling, on the basis
of an electric tail-rotor system layout.

2. METHODOLOGY

The tail-rotor aerodynamic performance estimates
are generated as a function of tail-rotor collective
pitch input, variable operational speed and altitude.
The nature of the study being one of preliminary
design, the calculation methods used are selected
for speed and simplicity over complex computational
methods. Results are discussed based on an
example European helicopter, belonging to the upper
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end of Category A, Small Rotorcraft classification
under EASA CS-27 regulations, operating in hover
OGE at maximum take-off weight (MTOW). Tail-rotor
performance results with conventional fixed-speed
configuration is compared against operating at
higher tail-rotor speeds.

2.1 Rotor aerodynamic model

The study uses a parametric steady state rotor
aerodynamic model based on the well-known
Actuator Disk (AD) theory and Blade-Element and
Momentum (BEM) theory!®. The AD theory model is
used to calculate the main-rotor torque on airframe
that needs to be reacted for at MTOW condition. The
BEM theory model is used for the tail-rotor
performance calculation. The BEM theory model was
implemented as MATLAB® code and an iterative
solver for a non-linear equation was used. The rotor
power and thrust coefficients per solidity are their
commonly used definitions!®l. The BEM theory model
has been validated against published datal,
depicted in Figure 1.
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Figure 1 Rotor aerodynamic model based on BEM theory
results compared to measured data of Bo105 Main-rotor in
hover OGE

2.2 Airfoil section coefficients

2-Dimensional Airfoil section coefficients are
obtained by means of a widely used 2-D panel
method code, with a boundary layer model based on
source distributions to model viscous effectsl’l. The
code also implements a  Karman-Tsien
compressibility correction in order to provide results
at higher subsonic Mach numbers. Additionally, for
flow conditions with upstream transonic conditions a
code based on transonic small disturbance theory
equations!® is used to obtain the section wave drag
coefficient, C4y. The calculated coefficients were
compared to selected measured data for NACA 0012
airfoil. Figure 2 shows the calculated lift-drag polar

compared to subsonic measured data ® and shows
good agreement.

Figure 3 shows the calculated lift drag polar against
transonic measured datall®. Here there is good
agreement of lift coefficient (C;) values of up to 0.5
after which total drag coefficient (C,;) values are
overestimated.

Figure 4 shows the zero-lift drag coefficient over
Mach number including the large drag increase due
to wave-drag rise around a Mach number of 0.77.
Here too there is good agreement of calculated data
with measured datal!ll. For preliminary design
purposes the major trends are shown and agreement
of calculated data is deemed acceptable.
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Figure 2 NACA 0012 Lift-drag polar for subsonic flow at
Re=3x108 and free transition

0.12 -

0.1f

0.08 1

O 006+

0.04 -

0.02 *

D I 1 I I I I}
-0.2 0 0.2 0.4 0.6 0.8 1

C

Figure 3 NACA 0012 Lift-drag polar with transonic flow
conditions at M- = 0.7, Re = 9x10°, forced transition at
x/c=0.05
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Figure 4 NACA 0012 zero-lift drag coefficient over Mach
number with Re=3x108 and free transition

2.3 Compressibility effect limits

The study considers the limits due to compressibility
effects for increased blade-tip Mach number when
increasing rotor operational speed. To this end one
of the two commonly accepted conventional
definition of drag-divergence Mach number is used,
namely the rise of wave drag coefficient (C4y,) up to
a count of 20, i.e., Cyy = 0.002022-141 Above this
value the wave drag rise is steep signifying stronger
shock waves due to upstream transonic airflow. This
effect can also be seen in Figure 4. For the NACA
0012 profile the drag divergence Mach number
calculated is at 0.79.

2.4 Tail-rotor configuration

The base configuration tail-rotor is the conventional
tail-rotor system that operates at the design fixed-
speed, N,.r and is able to produce varying levels of
thrust by varying the blade pitch angle by means of
its collective pitch input. The study considers the
possibility of free variation of rotor operational speed
by means of an electric rotor drive replacing the tail-
rotor drive shaft and gearbox. In addition to the
conventional blade pitch variation the variation of
speed also varies thrust output. All other parameters
such as rotor dimensions, airfoil profile, chord,
number of blades and blade twist are all unaltered
compared to the base tail-rotor. For simplicity, the
rotor is in isolation and no main-rotor tail-rotor
interference is considered. Moreover, the analysis is
for hover OGE conditions with zero crosswind. The
main-rotor is assumed to be a conventional fixed
speed system.

The airfoil considered for the tail rotor of the chosen
example helicopter is NACA 0012. The chosen
example helicopter has a MTOW of 2900 kg. Steady-
state tail-rotor thrust output is evaluated by the code

for a given tail-rotor collective pitch input angle,
operating at a designated steady state speed at a

given altitude for the International Standard
Atmosphere (ISA) conditions.

25 Powerplant output reduction over
altitude

At higher operating altitudes turboshaft powerplants
that are typically used in helicopters as chosen for
this study have reduced power output. This is
modelled by a highly simplified empirical relationship
from literaturef®l,

0.75
= Ph
@) P=P(2)
Where P, and p, are the mean sea level (MSL) or
reference power output and air density, P, and p, are
the power output and air density at any given altitude
for ISA conditions.

3. RESULTS AND DISCUSSION

The range of evaluated pitch input angles, rotor
speeds and altitude are summarized in Table 1. The
rotor speed of the base configuration with fixed-
speed operation is taken to be the reference speed,
Nref.

Table 1 Range of evaluated tail-rotor operating points

Parameter Minimum Maximum | Units
Collective 0 34 deg
pitch input

Rotor speed 100 115 %
Altitude 0 2600 m

Figure 5 shows a summary of performance for the
altitude, H = 0m (representing MSL) for different
rotor operating speeds and over the entire range of
collective pitch input. With increasing speed stall
occurs at progressively earlier collective pitch input
angle. This is because maximum (; for the airfoil
occurs at progressively lower angle of attack («) for
increasing Mach number as is common knowledge
for NACA 001211116l The peak thrust achieved
before stall for the base configuration (fixed speed
N,r) is taken as the reference tail-rotor thrust, T,..r
and the corresponding power value as the reference
tail-rotor power, P in this study. For higher rotor
operating speeds, the increase in thrust production
comes at a higher power penalty. This is most
evident when comparing with rotor power
coefficients.
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Figure 5 Tail-rotor performance figures for altitude H =0 m,
a) Thrust output over collective pitch input, b) Power
required for Thrust output c) Power vs Thrust coefficient.

Figure 6 shows the same for a representative hover
altitude of 2000 m above MSL. Here too the effect of
increasing the rotor speed has a large increase in
power required.
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Figure 6 Tail-rotor performance figures for altitude H =
2000 m, a) Thrust output over collective pitch input, b)
Power required for Thrust output c) Power vs Thrust
coefficient.

The large increase in power with increased rotor
speeds comes due to the blade tip section operating
close or above the conventional definition of
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compressibility limits as established earlier. Both the
compressibility limit and the blade stall limit (Cpax)
for NACA 0012 considered in this study are shown in
Figure 7. The figure also shows the tail-rotor blade of
a highly loaded blade tip section operating points for
the different rotor speeds at three selected altitudes
of 0 m, 2000 m and 2400 m. The altitude of 2000 m
represents the operating point close to the calculated
reference hover ceiling achieved with the base
configuration fixed-speed tail-rotor of about 1950 m
(for hover OGE, MTOW conditions).

The operating points of this section plotted for the
base configuration (100% of N,.,) are at the blade
stall limits. These points also lie close to the
compressibility limits, as they are already operating
at around a Mach number of 0.52. The onset of
wave-drag rise is already significant at a Mach
number of around 0.556. The scope for increasing
the rotor speed is thus optimistically only up to 105%
of N,.r , confirming that compressibility limits area
major limitation to operating at higher rotor speeds.
At 108% N,.r the operating points are above the
limits of an imaginary transition limit between blade
stall limit and compressibility limits. For a rotor speed
of 115% of N,..; the operating points of the tip section
lie well above the conventional compressibility limits.

For comparison purposes, the blade stall and
compressibility limits of DM-H3Tb airfoil developed
for a main-rotor tip sectionl*’l18l is reproduced in
Figure 7. This airfoil was designed to shift the wave
drag rise to higher Mach numbers. The design
requirement was however for high helicopter forward
speeds and improving the characteristics of
advancing blade compressibility limits. For such
cases the focus on compressibility limits is operation
at low angle of attack and hence lower C; values at
much higher Mach numbers close to 0.8. Use of such
airfoils for main-rotor tip section is now commonplace
in rotorcraft industry. As can be seen the blade stall
limits for DM-H3Tb are also higher due to the
cambered design producing higher Cj,,4,- It is noted
however that the line representing compressibility
limit here is defined at an overall C; of 0.02 by the
authors (as opposed to the drag-divergence from
wave drag definition used in this present study). It is
unclear if the compressibility limit for the definition
used in the present study lies above this line. As such
the reference base maximum thrust and hover ceiling
would already improve by the use of this airfoil in
place of NACA 0012. Assuming this new reference,
it is unclear if the hover performance can be
significantly improved more than the potential to
increase rotor speed to 105% as seen with NACA
0012 airfoil. Further study with such airfoils is
recommended.

Tip section operating point
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Figure 7 Tail-rotor blade tip section operating point at
selected hover altitudes and speeds with airfoil blade stall
and compressibility limits.

3.1 Hover ceiling as function of thrust and
power balance

The reference power, Py,.4y, is defined as:

(2) Pgbev = ngbx(min(Ppowerplant -

Pconspp: PMgbxlim)) - PconsMgbx

The available aerodynamic power for tail rotor,
Prravair, 1S given by:

(3 Prravait = Pgpxav — Pur

Where Pp,operpiant IS the powerplant maximum all
engines operating (AEO) take off power (TOP) at a
given altitude, Py,.m is the gearbox torque limit
based power limit, Py, iS an assumed constant
value of 30 kW power required for other consumers
directly at powerplant such as starter generator,
Peonsmgpx @n assumed constant value of 10 kW of
power required for other consumers at Main gearbox
such as pumps and fans, Py is the main rotor
aerodynamic power and mng,, is the gearbox
efficiency.

The value of Py,,,, is taken as 100% reference for
Figure 8 which shows the computed main rotor
power required for hover OGE with MTOW
conditions at different altitudes. For the example
helicopter considered, the limiting power at the main
gearbox level is actually imposed by the gearbox
torque limits and is depicted in Figure 8. The
powerplant output reduction due to altitude is above
this gearbox limit. Comparing with the thrust balance
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shown in Figure 9, it can be said that the base hover
ceiling is not limited by the power balance but rather
the tail rotor maximum available thrust for the base
configuration.
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Figure 8 Power balance at main gearbox level for hover
OGE at MTOW condition
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Figure 9 Thrust balance for tail-rotor for hover OGE at
MTOW condition

By increasing the operating speed, it can be seen
that the hover ceiling can indeed be improved. Based
on earlier discussion, with the compressibility effects
limiting the usage optimistically up to 105% of N,
the hover ceiling improves by about 16.2%. However
if the increased power demand of operating beyond

the compressibility limits are assumed to be capable
of being supported, then the speed can be raised to
about 107% of N,..r, corresponding to the power limit
of gearbox at 100% of Py, for which the hover
ceiling sees an improvement of up to 23.1%, as
represented by the power balance based maximum
thrust available.

The results after thrust and power balance limits are
summarised in Table 2. For up to the base hover
ceiling, the increased speed up to compressibility
limits can alternatively be used as additional yaw
margin or to increase the rated MTOW for the base
hover ceiling.

Table 2 Summary of improvement potential to hover ceiling
with variable speed electric tail-rotor for the studied hover
OGE at MTOW conditions

Speed | Hover | Improveme
[% of | ceiling | nt[%]
Nref] [m]
Base 100 1950 -
Compressibility | 105 2265 16.2
limit
Power balance | 107 2400 23.1
limit

4. SUMMARY AND CONCLUSION

Potential improvement to hover ceiling limit for
helicopters limited by tail-rotor thrust by means of a
variable speed electric motor at higher tail-rotor
speed operation was identified in literature. The limits
to this improvement potential were subsequently
explored. To this end tail-rotor blade airfoil section
coefficients were calculated on the basis of a 2-D
panel method code and transonic small disturbance
theory to analyse compressibility effects. A rotor
BEM theory model was used to calculate the
performance of the tail-rotor. Results presented for
an example Helicopter operating in hover OGE with
MTOW conditions confirmed that the compressibility
effects are a major limitation to increasing tail-rotor
operating speed. Optimistic increase is limited to
105% of base operating speed. Thrust and power
balance were presented for the tail-rotor and
helicopter overall power respectively to determine
effective hover ceiling improvement potential
compared to base configuration. While with power
balance limit a further increase in hover ceiling is
possible this is subject to operating beyond
compressibility limits. In spite of a small potential to
increase tail-rotor operating speed there is
considerable hover ceiling improvement potential of
up to 16.2% when operating at the optimistic 105%
of base operating speed. Further study with airfoils
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specifically designed to have wave-drag rise at
higher Mach numbers such as those used commonly
in main-rotors is recommended.
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