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ABSTRACT

Variable speed rotors represent an innovative field of research for the development of new rotorcraft designs. The
problems related to employing a main rotor variable speed are numerous and require an interdisciplinary approach.
For this reason, a first effort has been made to understand the performance implications of coupling helicopter trim
and turboshaft engine simulations. Following this, two different models of a UH-60 Black Hawk helicopter and a
GE T700 turboshaft engine are implemented and validated against experimental data. Then, an optimization
algorithm is employed to find the optimal main rotor speed with the aim of minimizing fuel consumption. Different
simulation cases are analyzed to quantify the benefits related to the optimal main rotor speed depending on flight
condition, altitude and helicopter gross weight. It is found that coupling the helicopter and engine model is necessary
to adequately achieve the correct rotational speed corresponding to minimum fuel consumption. More than 10% fuel
saving is shown to be feasible. The results obtained by means of numerical simulations are widely discussed and
future possible applications of the methodology are suggested.

NOTATION Hyr Horizontal force acting on main rotor

Latin symbols K¢rans Transmission ratio
A Main rotor disk area K, Linear inflow coefficient
Cr Main rotor thrust coefficient l;r  Distance along x axis between
Crrg Tail rotor thrust coefficient main rotor and tail rotor
D Aerodynamic drag L Aerodynamic lift
Fy, Force along x direction in blade axes Lyr  Main rotor rolling moment
F,,  Force along radial direction in blade axes my Engine fuel consumption
F,,  Force along z direction in blade axes Myr Main rotor pitching moment
hrr  Distance along z axis between M,z Fuselage pitching moment

main rotor and tail rotor Pyr  Main rotor power

P Engine power load

P, Accessory power
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Generic radial position from hinge
Main rotor radius

Main rotor thrust

Tail rotor thrust

Forward speed

Airfoil normal speed

Airfoil radial speed

Airfoil tangential speed
Helicopter weight

Distance along x axes between
main rotor and center of gravity
Distance along y axis between
main rotor and center of gravity
Lateral force acting on main rotor

Distance along z axis between

main rotor and center of gravity

Greek symbols

a

Xmr

Angle of attack

Main rotor angle of attack
Blade flapping angle
Coning angle

Longitudinal flapping angle
Lateral flapping angle

Cant angle

Nerans 1ransmission efficiency

Blade pitch angle

Collective pitch angle

Lateral pitch angle

Longitudinal pitch angle

Flight path angle

Shaft pitch angle

Helicopter pitch attitude

Induced velocity parameter

Induced velocity parameter for linear
inflow model

Inflow coefficient for uniform inflow

Tail rotor induced velocity parameter

Blade yaw angle with respect to wind
Rotor advance ratio

Dimensionless hinge offset

Air density

Local inflow angle

Helicopter roll attitude

Blade azimuthal angle
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INTRODUCTION

Current trends in civil aviation are imposing to the aerospace
industry continuously increasing demands on reducing
environmental impact. A number of environmental goals has
been set by the Advisory Council for Aeronautics Research
in Europe (ACARE), which include reductions in carbon
dioxide (CO2) and nitrogen oxides (NOx) emissions of the
order of 50% and 80%, respectively [1],[2]. For this reason,
the need to respect these constraints pushes the rotary-wing
community towards every research branch whose main goal
is to reduce engine fuel consumption.

A promising research field for fuel reduction is
represented by introducing in rotorcrafts a variable speed
FPT-main rotor. Modern helicopters are usually powered by
turboshaft engines employing a constant speed free power
turbine (FPT). The FPT rotational speed is governed by the
Full Authority Digital Engine Control (FADEC) which, by
adjusting the amount of fuel injected, ensures that the rotor
speed is maintained as constant as possible for each type of
flight maneuver. Typical allowed variations in speed do not
exceed 15% [3]. The reasons for choosing a constant
rotational speed are mainly two:

1. Decrease in engine efficiency at part load. Turboshaft
engines operate at high efficiencies only in a narrow
RPM range. The component most affected by variable
speed is the FPT, whose efficiency is strictly dependent
on helicopter main rotor speed. There are two different
ways of dealing with this problem. The first solution can
be found in breaking the interdependence between FPT
rotational speed and main rotor RPM, typical of a fixed
ratio transmission. This can be achieved by employing a
variable speed transmission, in either form of a multiple
speed gearbox [4] or the more innovative, although less
reliable, continuously variable transmission (see as an
example the design study by Hameer [5]). The second



possibility consists in improving the design of the FPT
stages increasing the high efficiency interval of the
turbine. The work carried out by D’Angelo [6] is the first
analysis found in literature upon a wide speed range
turboshaft. Recent studies at the NASA Glenn Research
Center are also pointed towards this objective: with the
aim of assessing the feasibility of a variable speed tilt-
rotor concept, Welch et al. [7] studied the redesign of the
FPT in order to obtain a good performance on the entire
RPM interval, from 100% (take off) to 54% (cruise). The
new turbine design is characterized by high work factors
in the cruise condition and wide incidence angle
variations in vanes and blades among the entire operating
range. The rotordynamic feasibility of this FPT design is
treated in a different paper by Howard [8], in which he
analyzes the problems concerned with placing shaft
critical speeds in the operating speed envelope. The
results emerged from this research state that operating
the turboshaft engine at variable speed without losing too
much efficiency is viable.

2. Resonant frequencies in the airframe. Resonant
vibrations may occur not only due to shaft critical
speeds, but also in the airframe [9], where a particular
rotor speed inside the operating envelope could excite the
rotorcraft structure. However, recent studies [ 10], patents
[11] and real implementations bringing up composites
into the airframe structure make it possible to
successfully accommodate varying speed rotors without
hitting resonant frequencies and with even better engine
performance. A well-known example is given by
Boeing’s A160 Hummingbird UAV; some data related to
this unmanned rotorcraft can be found in [11], along with
a qualitative analysis of the benefits related to an
optimum speed rotor system.

Since the abovementioned problems concerned with
variable speed rotors can be solved in different ways, it is of
major importance to evaluate with preliminary numerical
analyses the impact on performance given by a variation in
main rotor speed. In fact, it is interesting to analyze different
types of variable speed rotor arrangements, in order to
understand the worthiness of such implementations.

A valuable work in this direction was made by Steiner
[13], who ran various simulations using a trim model of the
UH-60 Black Hawk helicopter. He examined the possibility
of main rotor power reductions through variation of engine
rpm. From his results the biggest reduction in helicopter
power demand attested around 17% for the airspeed range of
25-60 m/s (50-120 kts) and 12% for hover. The simulations
were performed at sea level conditions for a helicopter gross
weight of 8,300 kg (18,300 Ibs). The study was focused on

main rotor and helicopter attitude simulation, without
modeling the turboshaft engine. the most
interesting parameter to be studied is certainly fuel
consumption, which is one of the most relevant driving
parameters in a new design choice. Therefore, the required
power reduction has to be translated in fuel flow variation by
means of a turboshaft model.

However,

This aspect was firstly addressed by Garavello and
Benini [14], who studied the impact on overall engine
performance of choosing an optimal main rotor speed for the
UH-60. They implemented a simple performance model of
the helicopter, able to calculate the required power using
basic momentum theory and blade element theory equations.
With this model they calculated the values of main rotor
speed minimizing helicopter power for various advancing
speeds; in addition, they calculated fuel flow variation using
a model of the GE T700 turboshaft engine. From their
results it becomes apparent that minimizing total helicopter
power is not equivalent to minimizing fuel consumption.
Instead, in more than one case, the constant speed simulation
was characterized by less fuel consumption than the
optimized one.

The main motivation for this phenomenon is found in the
fact that the turboshaft engine FPT has its own optimal
speed, which is generally different from main rotor optimal
speed. In a fixed-ratio transmission helicopter, when using a
variable RPM rotor, particular attention must be paid to the
interaction between the main rotor and the turboshaft engine:
as the main rotor RPM are strictly dependent on the engine
FPT rotational speed, a trade-off among the requirements of
the two systems has to be determined. FPT optimal speed is
not a fixed value, but mainly depends on shaft torque and
also on ambient conditions, which affect overall engine
performance. Main rotor optimal speed, instead, depends on
the advancing speed, weight, flight path angle and also the
ambient conditions. Thereby, a correct research of the
optimum speed value which minimizes fuel consumption
requires the integration of the helicopter and turboshaft
engine models inside the same optimization routine.

This task has been recently performed by Misté and
Benini [15], once more on the UH-60 helicopter. Firstly,
using the same main rotor model in [14], they studied how
optimal main rotor speed affected the turboshaft engine
performance, finding that the most affected component was
the FPT, as expected. Subsequently, they studied FPT
optimal speed alone to understand its pattern. Finally, they
built up an optimization algorithm, able to search for the
minimum fuel consumption, merging together both the
engine and helicopter model. The results given by their
analysis stated that for intermediate advancing speeds
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minimizing main rotor power was almost equivalent to
minimizing fuel consumption. However, at high and low
forward speed velocities, this is no more true, since the FPT
efficiency fall due to main rotor speed variation is higher
than the benefits given by overall power reduction. The
highest fuel reduction detected was about 16% at 35 m/s (68
kts) for a given weight of 7,260 kg (16,000 Ibs).

These promising preliminary results justify a deeper
analysis to assess the validity of the simplifying assumptions
used. In fact, in both [14] and [15], the main rotor model is
very simple and does not take into account the attitude of the
helicopter, nor important blade compressibility and stall
effects. The optimizations carried out were constrained to a
generic “safe boundary”, in which stall and high Mach
numbers were avoided.

The present paper aims at introducing these important
helicopter features inside the optimization loop used to find
the global optimum RPM of the helicopter. For this reason, a
complete new trim model of the helicopter is implemented;
moreover, airfoil characteristics derived from experimental
data are included to account for blade stall and drag
divergence phenomena.

The paper is organized as follows: at first, the two
separate models of the helicopter trim and the turboshaft
engine are presented. The helicopter model is described in
detail, whereas for the engine model only a brief description
is given, since an exhaustive exposition can be found in
preceding articles [15],[16]. Note that for both models the
entire study here presented is developed under the steady
state assumption.

Once the models and the numerical techniques used to
perform the simulations are explained, the reader will
overview of the process
implemented to find the rotor speed corresponding to
minimum fuel consumption.

receive  an optimization

Subsequently, a case study is presented: the helicopter
simulated is again the UH-60 Black Hawk helicopter, for
which a lot of data can be found in literature to validate both
helicopter trim and engine models. Optimal rotor speed is
calculated for level flight conditions from 0 to 90 m/s (0-175
kts). Three different altitudes are considered, and three
different helicopter weights are simulated, in order to let the
reader understand in which particular flight conditions the
variable speed concept achieves the best reductions in fuel
consumption.

Finally, the most important conclusions emerged from
this study and recommendations for future work are
outlined.

TURBOSHAFT ENGINE MODEL

To simulate turboshaft engine performance, TSHAFT, an in-
house lumped parameters performance prediction software,
implemented at the University of Padova, is utilized. The
code, written in MatLab® language, has been validated
through several comparisons with engine performance data
given by experimental measures and commercially available
software. It was also employed to assess the installation
performance of the ERICA tilt-rotor (Enhanced Rotorcraft
Competitive Effective Concept Achievement), within the
framework of the Clean Sky GRC-2 research project [16]. A
complete description of the engine simulator along with the
equations implemented in the model can be found in [15],
whereas the validation against the GE T700, which will be
our case study in the next sections, is presented in [16].

In TSHAFT, the turboshaft engine is modeled by
connecting the following components (see Figure 1):

o Inlet

e Compressor

e Combustor

e  QGas generator turbine (GGT)
e Free power turbine (FPT)

e Nozzle

e External load.

The general physical assumptions for the engine model
are the following:

1. Steady state operation;

2. Lumped parameters model: within each component
there are only input and output values of state
variables which do not vary continuously in space;

3. Working fluid consisting of a mixture of ideal gases
with variable specific heats;

4. Adiabatic components: each component has no heat
exchange with the environment;

5. Thermodynamic irreversibilities are included in
calculations through the use of different types of
efficiencies;

6. Ambient conditions are determined by altitude
selection; an ISA standard model is implemented to
relate altitude to the values of static pressure and
temperature;

7. Variable specific heat.
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Figure 1. GE T700 engine model implemented in gas turbine simulation code TSHAFT.

Off-design performance is calculated employing different
scaled characteristic the engine
components.

maps for various

A matrix method is used to solve for the non-linear
equations system resulting from formalization of the
matching problem. In the matching problem, the values of
corrected mass flow and power predicted by the
thermodynamic model are compared with those obtained
through characteristic map interpolation using an iterative
Levenberg-Marquardt optimization algorithm (as shown in
Figure 2). This methodology guarantees the mass and energy
conservation for steady state operations.

Once all the relationships between state variables and
performance parameters are defined, a system of the type
f¢) = 0 is solved, where f'is a vector-valued error function
(matching constraints) and x is the vector of the variables
(matching guesses).
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Figure 2: Matrix method used by the Off Design solver
for a turboshaft engine.

HELICOPTER TRIM MODEL
Main Rotor Model

The main rotor model employed combines momentum
theory and blade element theory at an advanced level. For
the implementation of this model the guidelines followed are
those indicated by Howlett [17],[18] and Steiner [13]. A grid
is built on the rotor disk: in the radial direction, the rotor
surface is subdivided in a prescribed number of equal area
annuluses, while in the circumferential direction it is divided
in equal circular sectors of the same angle. The aerodynamic
forces are calculated for each sector; the loads are first
integrated over the rotor blade and then they are integrated
and averaged along the azimuthal angle vy, in order to
calculate the forces and moments on the rotor.

For each sector lift and drag are calculated with 2-
dimensional thin airfoil theory, employing the introduction
of nonlinear lift and drag coefficients. These coefficients are
derived by interpolating the SC1095 airfoil characteristics
found in [19]; the interpolation also accounts for Mach
number variation. A similar interpolation is used to account
for the slightly nonlinear twist distribution.

The velocities at a particular point of the blade are
calculated with no small angle assumption (and in general,
this is valid also for the overall helicopter model):

Vi = (& + rcosp + usinp)QR Eq.1
Ve = (Acosﬁ +rp+ usinﬁcosd;)QR Eq.2
Vg = (ucosBcosyp — AsinB)QR Eq.3

Note that no blade lead-lag motion is simulated by using
these equations. The induced velocity varies along the rotor
disk and it is calculated with a linear inflow model [9]:

A = ;o1 + (€ + rcosB)K, cosy) Eq. 4
Where A is the inflow coefficient calculated for uniform
inflow:



212 + (A + putanayg)?

Aio

Eq.5

And the local inflow coefficient, which varies along the rotor
disk is the usual:
A = utanayg + A Eq. 6
The blade control pitch angle and the flapping motion are
approximated to the first harmonic terms of a Fourier series:

Deontrot = Yo + V1.c08Y + Yy siny Eq.7

B = Bo + Biccosy + Byssing Eq.8

The local inflow angle is calculated with the four-
quadrant inverse tangent function to account for reverse
flow:

¢ = atan2(Vp/Vy) Eq.9
so that, when projecting from wind axes to blade axes, the

lift and drag forces are computed as negative values if
reverse flow occurs:

F,, = Lcosgp — Dsing Eq.10
Fyp, = Dcosg + Lsing Eq. 11
F,, = DtanA Eq. 12

where to calculate L and D the abovementioned non linear

coefficients of lift and drag are evaluated as a function of Ma

and the local blade angle of attack a:
a=9—¢ Eq.13

Calculating the contribution of every single sector to the

flapping moment about the flap hinge (distance & from

center of rotation) and integrating gives the aerodynamic
moments that can be used to calculate the flapping angles.

Once the forces expressed in blade axes are projected in
the hub-shaft axes, it can be possible to sum the contribution
of every single sector to the forces Hyp, Yir Tz and the
moments Ly, My, Our acting on the rotor hub.

Forces and moments acting on the helicopter

To calculate the attitude of the helicopter, there are some
other forces that must be taken into account. In the present
trim analysis, the sideslip angle is neglected and is

considered null, so that the helicopter advancing motion is
considered unyawed. Here are the six equations used to
calculate the helicopter equilibrium, slightly modified from
those presented in [20] to account for tail rotor cant angle
and structural shaft pitch. The moments are calculated
referred to the rotor hub.

Longitudinal equilibrium:

DcosOgp + Hyrcos(O + 65) —

(Tygr + Trgsind) sin(O + 65)cos® =0 Eq. 14
Lateral equilibrium:
Yur + Trr cos 6cos® +
(Tur + Trg siné) cos(@ + 6)sind = 0 Eq. 15

Vertical equilibrium:

W — (Tyg + Trg sin8)cos(0 + 65)cos® + Dsinbpp —

Hyrsin(@ + 05) + (Yyg + Trrcosd)sin® =0 Eq.16
Rolling moment equilibrium:
Lyr + fous + TrgrcosShrg +
W (zeeSind — yoscos®) =0 Eq.17
Pitching moment equilibrium:
Myr + Myfus + Trpsinélpg — Eq. 18

W (xcsc0s(@ + ;) — z¢6sin(0 + 65)) —
Dcos(0 + 05)(z¢gcos(O + 05) — x¢ sin(O +65)) =0
Torque equilibrium:

Qur — Trrcosélg =0 Eq. 19

Trim solution

For a fixed forward speed 7 and main rotor speed €, in
order to trim the helicopter, the collective, cyclic and lateral
pitch controls must be adjusted to find the equilibrium.
However, the relationships written above are highly non-
linear and interdependent, and also include the evaluation of
numeric integrals); for this reason, they are implemented as a
non-linear system of the type f(x) = 0, where f is a vector-
valued error function (matching constraints) and x is the
vector of the variables (matching guesses). The way this



system is written and solved is very similar to the one
exposed in the previous section for turboshaft engine
matching calculations. However, in the previous case there
were five equations and five unknowns, while in this
helicopter model the number of equations to be solved are
twelve. The vector of the variables in this case becomes:

x = [0, 91¢, V15, Bos B1cs B1s©, P, AgA1r CrCrrr] Eq.20

The equations that compose the system f{x) are: the six
equations 14-19 for helicopter equilibrium abovementioned,
the three integral equations for flapping motion, the inflow
equations (Eq. 5) for both main rotor and tail rotor, and
finally the equivalence between the guessed coefficient of
thrust and the thrust force T calculated by numerical
integration:

T
Cr————==0
T HA(QR)? Eq.21
The system is solved numerically with a Levenberg-
Marquardt algorithm.

OPTIMAL Q CALCULATION

The primary objective of the present study consists in
merging together the turboshaft engine and helicopter trim
models to create an overall helicopter performance model.
By this way it is possible to build an optimization algorithm
which runs the helicopter model seeking for the best main
rotor speed Q. The algorithm’s scope is to adjust € in order
to minimize the engine fuel mass flow, taking into account
the different requirements of the main rotor and the

OPTIMIZATION
ALGORITHM

AMBIENT
CONDITIONS

Qgpr
+
FORWARD
SPEED

SIMULATION

MAIN ROTOR
MODEL SIMULATION

TSHAFT ENGINE

' f

turboshaft engine. The optimization algorithm, despite the
high number of nonlinear equations employed in the two
different models, has to solve a univariate minimization
problem, thus a wide variety of algorithms can be used. For
the case study analyzed a derivative-free algorithm, the
golden section search method with parabolic interpolation is
chosen [21].

In Figure 3 the optimization process is graphically
schematized. The input values of ambient conditions and
forward speed are needed for both the main rotor and engine
models. Once chosen a value for Q, from the helicopter trim
simulation it is possible to derive the power absorbed by the
rotor Pyr, whereas from the fixed transmission ratio the FPT
speed can be evaluated:

Qppr = Kirans€ Eq. 22

The power requested to the engine is given by the sum of
main rotor power, tail rotor power and additional accessory
power. If a helicopter is mounting two different turboshaft
engines, the power is supposed to be equally divided
between the two. Therefore, accounting also for transmission
losses, the engine power load becomes:

(Pur + Prg)
Pogag=—7—"+

P
Zntrans 4

Eq.23

These data are then inserted as input values in the engine
model, which in turn computes engine fuel consumption n1,.
At this point the optimization algorithm computes a new
value of Q and restarts the process until the minimum in fuel
consumption is reached.
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Figure 3. Optimal main rotor speed determination process.



THE UH-60 BLACK HAWK CASE: MODEL
VALIDATION

The optimization methodology explained in the previous
section is tested on a real case to understand the possible
advantages of using an optimal main rotor speed calculated
taking into account both main rotor and engine performance.
A model of the UH-60 Black Hawk helicopter mounting a
GE T700 turboshaft engine is built with the data presented in
Table 1-2. Lots of data are available on this type of
helicopter in literature, and most of those used for the
simulation are found in papers [17],[18],[22],[23].

The validation upon experimental data of the GE T700
model can be found in [16]. Instead, a brief discussion upon
the UH-60 helicopter trim model validation has yet to be
made. There are some additional assumptions used inside the
simulations that are to be reported. Firstly, the lift and
aerodynamic moments acting on the fuselage are neglected,
for lack of data. The same holds for the stabilator, which is
not simulated. On the contrary, the fuselage drag is taken
into account using an empirical expression found in Yeo et
al. [24]. From the same paper the additional accessory power
of 51 kW is derived and used in the model.

The last approximation introduced in calculations is
given by the decision to neglect flapping motion. It is
assumed that no movement is occurring in the flapping
direction, hence f=F=0.The reason for this choice is driven
mainly by convergence problems inside the optimization
routine and the additional computational time required to
carry out the analyses.

Quite surprisingly, this assumption is not penalizing the
goodness of the analysis, as can be seen in Figures 4-9. In
fact, for the entire range of flight speeds £ is around 3° (from
experimental data [24]) and the effects on calculated
helicopter power are small. Since the main goal of the
current analysis is given by a correct modeling of the engine
power demand, there is less interest in accurate blade
dynamics simulation, and this assumption can be fairly
accepted. However, apart from the flapping angles, all the
other helicopter trim parameters find a very good adherence
with experimental measurements by using this assumption.

Figure 4 shows the comparison between our current
model, an aeromechanical analysis performed with
CAMRAD II [25] and experimental measurements found in
Yeo et al. [24]. The results predicted by the new model for
the analyzed variables show a very good compatibility with
the experimental values.

Particularly important for the current analysis is the good
prediction of both the power coefficient and collective angle.

As well, the longitudinal cyclic angle estimation is quite
accurate according to that encountered experimentally.

The differences in the remaining parameters are mostly
because flap motion is neglected in this validation. Another
factor that could introduce errors in the simulation is the
absence of fuselage lift and moments. Moreover, the lack of
the stabilator may influence the helicopter attitude.

Summarizing, this approach can be considered valid in
first approximation, since the most important parameter
estimated, the power coefficient, is very close to the C,
measured.

Main rotor radius [m] 8.178
Main rotor blade chord [m] 0.5273
Number of blades (main rotor) 4

Main rotor nominal speed [rad/s] 27
Transmission efficiency 0.95
Hinge offset [m] 0.381
Spar length [m] 1.167
Tail rotor radius [m] 1.676
Tail rotor blade chord [m] 0.2469
Number of blades (tail rotor) 4

Tail rotor nominal speed [rad/s] 1244
Tail rotor cant angle [deg] 20
Main rotor - tail rotor distance [m] 9.93

Table 1. UH60A construction data and other
assumptions [3].

Air massflow [kg/s] 4.6122
Inlet recovery factor 0.9880
Compressor pressure ratio 17.500
Compressor isoentropic efficiency 0.8210
Compressor design speed [rpm] 44700
Combustion efficiency 0.9850
Fuel massflow [kg/s] 0.1004
GGT isoentropic efficiency 0.8500
FPT design speed [rpm] 20900
FPT isoentropic efficiency 0.8500
FPT Design Power Load [kW] 1329.9
Nozzle isoentropic efficiency 0.9000

Table 2. Design data used to build the GE T700
turboshaft engine model.
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SIMULATION RESULTS

In order to obtain a good overview of how an optimal main
rotor speed could reduce fuel consumption, five steady state
cases at level flight (6, = 0) are simulated with different
weights and altitudes. For each case 19 simulations are
carried out to cover the advancing speed interval from 0 to
90 my/s. It is clear that there will be different optimal speeds
depending on different weights and altitudes, since the
power required to maintain level flight is clearly dependent
upon these parameters.

Three simulations are performed with a constant weight
of 7260 kg (16000 Ibs) varying the altitude from sea level to
4200 m, passing through the 2100 m condition. The
reference temperatures used for the three different altitudes
are chosen as typical of a hot summer day: 302 K at sea
level, 288 K at 2100 m and 274 K at 4200 m.

Another two simulations are carried out maintaining the
constant altitude of 2100 m and varying the weight from
5440 kg (12000 Ibs) to 8620 kg (19000 lbs).

Complete results for the 2100m, 7260 kg case

The simulation at 2100 m for a gross weight of 7260 kg is
chosen to show the amount of information that can be
derived from the optimization methodology discussed in the
previous sections. The remaining ones will be only used to
understand the various trends in the most interesting
parameters.

At first, take a look at Figure 10, where the optimal main
rotor speed is expressed as a function of advancing speed V.
The first thing to notice is that the optimal Q is lower than
the constant speed for the entire V' interval considered.
Moreover, the variation in € is still inside the 15% boundary
in which a usual helicopter operates. This means that rotor
operation at this angular speed is still viable for normal
helicopters, stating that the variable speed concept is readily
applicable, not being only a technology affordable only by
newly designed rotorcrafts. In Figure 11 the objective
function of the optimization, fuel consumption, is shown. It
is clear that the optimal speed has achieved a good result,
since the fuel consumption is lower in the entire flight speed
interval, and the best results are found for intermediate
forward speeds, in accordance with preceding studies [14].
The fuel consumption reduction is also accompanied by a
reduction in total helicopter power, again for the entire
interval (Figure 12).

Now, it is interesting to analyze the operating points on
the two most important components of the turboshaft engine,
i.e. the FPT and the compressor. From Figure 13 it is evident
that there is no shift in the operating line between the two

cases compared, as expected. In fact, for a turboshaft engine
operating in steady state conditions, the working line is fixed
as long as the gas generator turbine is choked, namely the
vast majority of its operating envelope. However, the points
related to the optimal Q line are moved towards lower
corrected speed lines, a clear indication that the power
requested from the rotor is lowered.
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Figure 10. Optimal main rotor speed compared to the
constant speed.
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Figure 11. Fuel flow for both constant and optimal speed.
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Figure 12. Total power both constant and optimal speed.
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In Figure 14 both the operating lines of constant and
optimal Q are traced. The optimization leads to an evident
displacement of the working line; however, it is unclear if it
is directed towards higher levels of isentropic efficiency, as
would have been if optimizing turboshaft engine efficiency
[15]. Figure 15 clarifies the trend: only for a short range of
intermediate values of V7 the optimal speed achieves an
improvement in FPT efficiency; instead, for low and high
values of V' the constant Q is characterized by a higher FPT
efficiency, meaning that in this case rotor power
minimization is a slightly opposing goal. This behavior is
not generally encountered for every altitude and weight, as
will be seen later. The last interesting observation to be
made is related to finding a physical explanation to the
reduced Q found by the optimization algorithm.
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Figure 13. Operating line on compressor map
characteristic for both constant and optimal speed.
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Figure 14. Operating line on FPT map characteristic for
both constant and optimal speed.
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Let us analyze the condition at which the minimum fuel
consumption is reached, namely the one at 35 m/s. In Figure
16-17 the angle of attack a seen by the rotor blades is plotted
along the rotor disk for constant and optimal Q, respectively.
A significant increase of a is encountered when operating at
optimal speed: this means that the algorithm is reducing
profile power by lowering the rotational speed. Hence, in
order to compensate for the loss of thrust due to Q reduction,
the angle of attack has to be increased.

Main rotor power comparison

Main rotor power variation is the primary indicator of rotor
efficiency changes, and therefore it is a parameter to be
carefully studied. Firstly, observe the discrepancies in power
absorption between the optimized and constant case at
different altitudes. It is clear that optimal rotor speed
operation is particularly advantageous at sea level, where
for the entire V' range a substantial power reduction is
noticed. This reduction vanishes at 4200 m, proving that the
constant speed of 27 rad/s is already near to the optimal
speed for this altitude (in Figure 22 the Q related to the 4200
m case is the nearest to the constant 27 rad/s case). The
significant difference between main rotor optimal speed and
constant speed in hover, corresponding to almost the same
power, may be due to a slightly better trade-off between
turbine efficiency and rotor efficiency. At 65 m/s there is a
sudden peak in power for the constant speed line. Since no
point on the blade is reaching Ma=1, retreating blade stall is
the most reasonable explication.

The same occurrence is found for the high weight case
(8620 kg), this time at a forward speed 10 m/s higher (Figure
21). This case is also characterized by a strong proximity
between the values of optimal and constant Q. The last two
cases have something in common: at high speeds a higher
altitude or a higher weight, when Q is constrained to the
same value, inevitably lead to a higher collective angle. This
is translated in higher angles of attack at the blade, which
imply an intense increase in profile drag. The optimization
algorithm, instead, seems to solve the problem by increasing
Q to move away from blade stall and maintain the rotor in
still an acceptable operating envelope.

These phenomena here encountered at high forward
speeds are quite in good accord with the trends individuated
by Steiner in his work [13]; he noticed that some peaks
occurred before finding a limit condition where helicopter
trim was no more possible. On the contrary, the optimal Q
seems to extend the operating envelope of the helicopter,
permitting a more damped increase in rotor power at high
forward speeds.

Finally, for the 5440 kg case (visible in Figure 20),
another good reduction in main rotor power for the entire V
interval is encountered.
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Figure 18. Total power for 7260 kg at Om.
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Figure 19. Total power for 7260 kg at 4200m.
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Fuel flow reduction

The main goal driving this research work is represented by
the possibility to obtain a significant fuel reduction by using
a variable speed rotor. The percentage reduction achieved by
the optimization process is presented in Figure 22 for
different altitudes and in Figure 23 for different weights. In
the lower and intermediate J interval, a maximum fuel
reduction of 13% is observed for the 5440 kg at 2100 m
case.

As a rule of thumb, it is possible to derive that the
optimal main rotor speed achieves better results, in terms of
fuel consumption, at lower weights and lower altitudes. In
practice, it seems that the more far from the design
conditions the more useful the approach presented. This is
true for advancing speeds far from the blade stall condition.
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Figure 24. Fuel flow reduction at different altitudes for a
gross weight of 7260 kg.
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Figure 25. Fuel flow reduction for different helicopter
gross weights at 2100 m.
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For high V values, the optimal Q seems to produce
another beneficial effect, retarding blade stall. In this region
high gains of fuel consumption are output by the helicopter
and turboshaft models. However, these results have to be
carefully analyzed, because their reliability is quite low. In
fact, some of the constant € conditions analyzed could not
occur in practice because of the too high maximum cycle
temperature reached inside the turboshaft engine. Moreover,
at these high powers, the corresponding operating points are
falling out of the compressor and FPT map, strongly
decreasing the reliability of the results output by the
turboshaft model.

As a further note to the reader, it has to be noted that
numerical convergence has been verified inside both the
helicopter trim and the turboshaft models, for the entire set
of simulations performed. The relative tolerances were found
always lower than 10,

Even the absence of the stabilator in the helicopter model
could have affected the pitch angle in the optimized
condition, helping to decrease the real power absorbed by
the rotor with respect to the constant Q case.

Nevertheless, it has to be remarked that the optimization
routine, when far from the constant design condition of 27
rad/s, demonstrates that significant benefits can be obtained
at both high and low speeds.

Power minimization vs fuel flow minimization

In this last section it will be shown how neglecting to model
the turboshaft engine would affect optimal main rotor
calculation. Let us define the main rotor optimal speed
minimizing total helicopter power as {2 p, while we will refer
to the usual optimal speed minimizing fuel consumption as
2 . In Figure 26 the fuel consumption reduction is calculated
using the two different optimal speeds. It can be seen that in
the optimization algorithm the main driving parameter is
constituted by main rotor power, since the trend of 12 follows
similarly 2 . However, the introduction of the turboshaft
model requirements can be seen as a constraint to the main
rotor optimization. In fact, if the power minimization
algorithm is left free to vary Q inside the low and high V'
regions, main rotor power minimization
equivalent to fuel consumption minimization. Moreover,
beyond two particular values of 7 (10 m/s for the lower

IS no more

bound and 85 m/s for the upper bound), 2 , is even causing
an increase in fuel consumption. This justifies the effort to
model both main rotor and turboshaft engine performance to
correctly catch the trend in fuel consumption reduction.

Fuel flow reduction [%]

—+—MR Power Opt
—#—CGlobal Opt
I I I

i i i i i
0 10 20 30 40 50 60 70 80 90
Forward Speed V [m/s]

Figure 26. Comparison of fuel saving achieved by 22 and
2 p for a helicopter gross weight of 7260 kg at sea level.
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CONCLUSIONS AND FUTURE RESEARCH

An innovative way to compute coupled helicopter and
turboshaft engine performance, with the primary goal to
optimize main rotor speed, has been implemented.
Validation results demonstrate that for the type of analysis
carried out, the approximations applied are reasonable,
ensuring a good reliability of the simulations’ output.

The modelization here presented can be employed as a
useful tool in the preliminary design phase of an entire
helicopter, because it is able to assess the worthiness of
different engine-rotor couplings. But this methodology is
also useful for already operating helicopters. In fact, it has
been found that a reduction in fuel consumption of more
than 7% can be obtained still inside the +15% range of the
nominal rotor speed. Thus, introducing a variable speed
control in helicopters would be highly recommended to
reduce fuel consumption. Since the main rotor would be still
working inside its operating envelope, the arising of
structural and vibrational problems would be unlikely to
occur.

The natural development of this work will be pointed
towards a sophistication of the current helicopter model.
Various interesting field of research extend from the
introduction of more complex inflow models to the
implementation of dynamic stall characteristics. The need
for an aeroelastic model, to understand the vibrational
problems arising when eventually reaching critical speeds,
is also mandatory.

It would be also of major importance to study how a
main rotor variable speed could affect noise emissions. For
instance, the noise reduction could be inserted as a
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secondary goal in a future multi-objective optimization
approach.

The need for a deeper research in this particular field,
boosted by the new regulations in matter of fuel
consumption and emissions reduction,
supported by the fact that the promising results obtained
with this simulation are related to an helicopter design of the
’80. With innovative helicopter designs, maybe employing
wide-speed range power turbines and rotor blades expressly
designed for variable speed rotors, the fuel savings achieved
could be even much higher than those encountered in the
presented analysis.

1S even more
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