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Sommario

| rotori a velocita di rotazione variabile/4riable Speed RotarsVSR)
rappresentano un argomento di ricerca innovativo Ipesviluppo di nuove
configurazioni di velivoli a decollo verticale, du8elicottero o il convertiplano.
La possibilita di modificare la velocita di rotame del rotore principale, in
funzione della specifica condizione di volo, perimetli ottenere prestazioni
ottimali e significative riduzioni del consumo diarburante. Tuttavia, le
problematiche connesse all'impiego di una veloditaotazione variabile sono
numerose e richiedono un approccio di analisi diserplinare. Il presente studio
si configura come il primo esempio in letteraturawlalisi prestazionale eseguita
con simulazioni accoppiate rotore e motore turtbeia per un modello di VSR.

Due strumenti di simulazione sono stati implemerahfine di effettuare la
suddetta analisi accoppiata: un codice di simufeziali turbomotori a gas
(TSHAFT) e un software per la stima dell’assettalale prestazioni di un
elicottero (TCOPTER). La validita del concetto diare a velocita variabile e
stata testata su un caso reale: a tale scopo ilindiden elicottero UH-60 Black
Hawk e di un motore turbo-albero GE T700 sono sta@plementati e sottoposti a
validazione su dati sperimentali. Successivameste proceduto alla costruzione
di una routine di ottimizzazione capace di indidde le velocita ottimali del
rotore, in funzione delle diverse condizioni di walell’elicottero; tali velocita
corrispondono alla condizione di minimo consumeatburante.

Sono state analizzate a livello puramente pregtalgo due differenti
tipologie di VSR: la prima contempla I'utilizzo dna trasmissione tradizionale a
rapporto di riduzione fissd~(xed Ratio TransmissiQrFRT); la seconda prevede
impiego un’ipotetica trasmissione a variazionentboua Continuously Variable
TransmissionCVT). Nel caso FRT, poiché le velocita di rotamgadella turbina e
del rotore principale sono in un rapporto fissoyd#ocita ottimale e stata calcolata
come il miglior compromesso tra la velocita ottidkl rotore principale e quella
della turbina. Nel caso CVT, invece, lo studio @&ateffettuato assumendo che le
velocita di rotore e turbina fossero libere di aretalle rispettive velocita ottimali.

Diversi casi di simulazione sono stati analizzati,fine di quantificare i
benefici legati alla possibilita di operare allalooita ottimale del rotore in
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funzione delle condizioni di volo, dellaltitudine del peso dell'elicottero.
L'accoppiamento del modello dell'elicottero e deldello di motore turbo-albero
e risultato determinante per un’adeguata indivicuez della velocita
corrispondente a consumo minimo. La massima ricigzimei consumi di
carburante e stata stimata attorno al 13%.

Infine, sono state studiate possibili soluzionigatbuali in grado di apportare
ulteriori margini di miglioramento a elicotteri a@ati con VSR. In particolare, é
stato effettuato un tentativo di riprogettazionelipninare della turbina di potenza
del GE T700 con l'obiettivo di incrementarne lintallo di funzionamento a
massima efficienza. In sostanza si e cercato dierenle prestazioni della turbina
meno sensibili alle variazioni nel numero di gogrcando di estendere la zona di
rendimento massimo attorno al punto di progetto.



Abstract

Variable speed rotors (VSRS) represent an innogatsearch field for the
development of new rotorcraft designs. The posgibib change the rotational
speed of a helicopter rotor, as a function of fhecgic flight condition, makes it
possible to achieve optimum performance and relevael consumption
reductions. However, issues related to employimgaan rotor variable speed are
numerous and require an interdisciplinary approdtie. present study represents
the first effort in the open literature aimed atdarstanding the performance
implications of coupling helicopter trim and turlha$t engine simulations for a
VSR model.

A gas turbine simulation code, TSHAFT, and a hglieo performance tool,
TCOPTER, have been implemented in order to be @btarry out the coupled
analysis. Following this, the VSR concept has ltested on a real helicopter case:
the models of a UH-60 Black Hawk helicopter andE& T¥00 turboshaft engine
have been implemented and validated against expetahdata. Subsequently, an
optimization routine has been employed to find dpéimal main rotor speeds
which minimize fuel consumption in different helpter flight conditions.

Two different approaches to VSRs have been analypedormer employing
a traditional fixed ratio transmission (FRT), tredtér assuming a continuously
variable transmission (CVT). In the FRT case, sitiee turbine and main rotor
speeds are in a fixed ratio, the optimal speed s calculated as the best
compromise between optimal main rotor speed aniapturbine speed. In the
CVT case, the study has been carried out assurhatgmain rotor and turbine
speeds were free to rotate at their optimal speeds.

Different simulation cases have been analyzed mheroto quantify the
benefits related to the optimal main rotor speepgedding on flight conditions,
altitude and helicopter gross weight. It has bemund that coupling both the
helicopter and engine model is important to adexjyadetermine the correct
rotational speed corresponding to minimum fuel comstion. More than 13%
fuel saving has been shown to be feasible.

Finally, possible improvements to the VSR conceptehbeen studied. In
particular, a trial has been made to redesign tiveep turbine of the GE T700 in
order to improve the efficiency of the engine iwide speed variation range.
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Transmission ratio

Linear inflow coefficient

Aerodynamic lift

Distance along x axis between main rotor and tadrr
Molecular mass

Mach Number

Mass flow

Corrected mass flow

Engine fuel consumption

Blade contribution to main rotor rolling momenthalicopter axes
Main rotor rolling moment

Blade contribution to main rotor pitching momenthiglicopter axes
Fuselage pitching moment

Main rotor pitching moment (quasi-steady)

Blade contribution to main rotor torque in helioepaxes
Main rotor torque

Flapping moment

Number of moles

Rotational speed in RPM

Number of blades

Relative corrected speed

Free power turbine RPM

Free power turbine optimal RPM

Pressure

Accessory power

Engine power load

Main rotor power

Tail rotor power

Heat per unit mass

Generic radial position from hinge

Pressure ratio, or pressure loss



Greek Symbols XVII

R Main rotor radius

R Gas constant

Re Reynolds number

S Specific entropy

SFC Specific fuel consumption

T Temperature

T Thrust

t time

Tumr Main rotor thrust (quasi-steady)

TR Transmission ratio

Tir Tail rotor thrust

\ Forward speed (true airspeed)

Vas Airfoil section speed in wind axes

Vi Induced velocity

\ Airfoil perpendicular speed in wind axes

Vr Airfoil radial speed in wind axes

Vr Airfoil tangential speed in wind axes

W Helicopter weight

XcG Distance along x axes between main rotor and cefigravity
Yce Distance along y axis between main rotor and cesftgravity
YMR Lateral force acting on main rotor (quasi-steady)
Zce Distance along z axis between main rotor and cerfitgravity
Greek Symbols

a Angle of attack

OMR Main rotor angle of attack

p Beta function

p Blade flapping angle

Lo Coning angle

Pic Longitudinal flapping angle

P1s Lateral flapping angle

0 Tail rotor cant angle

Neng Engine thermal efficiency



XVIII

Nomenclature

Nis
Hm

Ntrans

o

i)

c

R O S X s S

Qrpt
Qrpr
QOmr

Qwr

Isentropic efficiency

Mechanical efficiency

Transmission efficiency

Helicopter pitch attitude

Blade pitch angle

Collective pitch angle

Lateral pitch angle

Longitudinal pitch angle

Flight path angle

Shaft pitch angle

Induced velocity parameter

Blade yaw angle with respect to wind

Induced velocity parameter for linear inflow model
Inflow coefficient for uniform inflow

Tail rotor induced velocity parameter

Rotor advance ratio

Dimensionless flap frequency

Dimensionless hinge offset

Air density

Kinematic viscosity

Local inflow angle

Helicopter roll attitude

Wake skewness

Blade azimuthal angle

Angular speed

Overall system optimal angular speed (minimum flost)
Free power turbine angular speed

Free power turbine optimal angular speed (maximém éfficiency)
Main rotor angular speed

Main rotor optimal angular speed (minimum power)

Superscripts

0

Total conditions



Subscripts XX

Subscripts

amb Ambient

bd Bleed duct
comb Combustor
comp Compressor
d Dynamic inlet
fus Fuselage

IS Isentropic
MR Main rotor

n Nozzle

ref Reference
stat Static

tot Total

TR Tail rotor
Acronyms

BEMT Blade Element Momentum Theory
CNRL Constant Speed Running Line

CFD Computational Fluid Dynamics
CVT Continuously Variable Transmission
FPT Free Power Turbine

FRT Fixed Ratio Transmission

GGT Gas Generator Turbine

ONRL Optimal Speed Running Line

RPM Revolutions per minute

UAV Unmanned Air Vehicle

VSR Variable Speed Rotor

VTOL Vertical Take-Off and Landing






Chapter 1

Introduction

1.1 Motivation of the Present Research

Current trends in civil aviation are imposing te #eerospace industry greater
demands on reducing environmental impact. In Euyrope number of
environmental goals have been set by the AdvisoounCil for Aeronautics
Research (ACARE), which include reductions in carktioxide (CQ) and
nitrogen oxides (N@Q emissions of the order of 50% and 80%, respdgtiMg.
For this reason, the need to address these tametkes the rotary-wing
community towards implementing specific actions teduce engine fuel
consumption.

In order to achieve these goals, several Europeajed®s were proposed in
the last turn of European funded research (200BR0damely theSeventh
Framework Programme (FP7)Regarding specific aeronautical subjects, the
Clean Sky (see www.cleansky.eu for more elucidajioma European Joint
Technology Initiative (JTI), represents one of tlaegest European research
projects ever launched. Its mission was to devél@gakthrough technologies in
order to reduce the environmental impact of airpgaand air transport. The JTI
consisted of 6 integrated technology demonstra{oF®) that provided the
development of in-flight and ground demonstrat@gmong these projects the
Green Rotorcraft (GRC) stood out for its contributémproving VTOL (Vertical
Take Off and Landing) aircrafts.

The University of Padova participated in several GGRroject sub-tasks,
mainly focused on the reduction of rotorcraft comguats drag, so as to increase
airframe and non-rotating systems efficiency. ThevnEU research funding
programme,Horizon 2020 is about to begin, and therefore new ideas and
concepts which can be implemented in order to &ehiiee abovementioned goals
will have to be proposed.

In the present doctoral thesis, a possible way euce rotorcraft fuel
consumption is described. To this aim, a promisegparch field is represented
by employing a Variable Speed Rotor (VSR) in rotafts. As will be clear in the
next sections, for a series of reasons normal dyaiec operation requires a nearly

1
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constant main rotor rotational speed for the ergieady state flight envelope of
the aircraft. The same holds also for the engingvgpoturbine which is
mechanically linked to the main rotor by means cé@uction gearbox.

Variable speed safe operation is difficult to béieeed in practice, mainly
because of vibrational problems; however, it isnajor interest to understand the
possible performance gains related to the introdacof this technology. We
want to understand if variable speed could reptesealuable solution to the fuel
consumption issue. If it does, research towards dbleition of the arising
vibrational problems could be justified; it is alebgreat importance to identify
the zones inside the operating envelope in which worth to apply the variable
speed technology. A partial application of the &hlé speed concept, seen as the
best compromise between performance improvementvamdtion issues, could
probably represent the optimal solution to the [mob

State of the art research upon rotorcraft dynamstglly employs the use of
linearized models of the turboshaft engine, whiah reot sufficiently accurate to
understand the effects of power turbine speed t@miaOne of the goals of the
research proposed here is therefore to build deatohll the simulation tools
needed to reliably predict the performance of armaft employing a variable
speed main rotor and power turbine.

1.2 Review on Variable Speed Rotors: Potential Issu  es and
Advantages

As stated in section 1.1, a promising researchd.fidimed at fuel
consumption reduction, is represented by introduanvariable speed power
turbine-main rotor inside VTOL aircrafts, among waHnithe most interesting, for
commercial and military use, are helicopters altddtors.

A typical helicopter configuration is visible indtire 1.1; let us focus directly
on the engine and main rotor components, whichliaked together via the
transmission gearbox. One or more engines can h@ogead to provide the
sufficient power required by the helicopter. Noltett engine output speed and
main rotor speed are in a fixed ratio; another dijxbut different ratio exists
between main rotor and tail rotor. The engine powserdelivered to the
transmission gearbox, which redistributes it tortie@n rotor, tail rotor, and other
accessories at different speeds and torques.
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Main rotor system

Tail rotor system

/— Transmission

Figure 1.1 Typical helicopter configuration and gaments (adapted from [2]).

For this reason, the speeds of the different compisnare all strictly
dependent on the engine output rotational speedlektohelicopters are usually
powered by turboshaft engines; we restrict ouryammalo this type of engine, not
considering small helicopters which operate withirgernal combustion engine
(ICE). An overview of a typical turboshaft enginesambly can be found in next
chapter (section 2.1); usually, even if there armerous exceptiofsthe engine
mounted is a two spool configuration type, emplgyanconstant speed free power
turbine (FPT). This means that the engine outpeedpcoincides with the FPT
speed, whereas on another shaft, namely the gasagenshaft, a compressor and
a turbine operate to produce high enthalpy (andsure) gas, that can be used by
the FPT to produce power. The gas generator shéifee to vary its speed as a
function of the external load; the FPT shatft, iadtas directly linked to the main
rotor via a reduction gearbox, and its speed i képost constant in each flight
condition by an electronic control. In fact, thellFAuthority Digital Engine
Control (FADEC) adjusts the amount of fuel injegtedsuring that the FPT speed
(and the main rotor speed consequently) is maiethas constant as possible for
each type of flight maneuver. Typical permittediagons in engine output speed
do not exceed 15% [3]; main rotor speed acceptaht@bility is usually even

8 Small ultra-light helicopters can employ a singfeol turboshaft engine; this means that not
only one turbine is constrained to operate at atiptelspeed of the main rotor, but also the
compressor.
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lower. But why helicopters are built with such anstaint? The are two main
reasons for choosing a constant rotational speegsithe whole flight envelope:

1. Decrease in engine efficiency at part load. Turboshaft engines operate at
high efficiencies only in a narrow power turbine NRPrange. The
component most affected by variable speed is the RPose speed (and
thus also efficiency) is strictly dependent on ¢mhter main rotor speed.
There are two different ways of dealing with thisolgem. The first
possibility consists in improving the design of thBT stages in order to
increase the high efficiency range of the turbthes approach is thoroughly
discussed in section 1.3. The second solution eafodnd in breaking the
interdependence between FPT rotational speed amdrotar RPM, typical
of a fixed ratio transmission. This can be achielrg@mploying a variable
speed transmission, in either the form of a mudtgpeed gearbox or a more
innovative, continuously variable transmission apic(see section 1.4 for
more details).

2. Resonant frequencies. Resonant vibrations may occur not only due totshaf
critical speeds, but also in the airframe [4], vehar particular rotor speed
inside the operating envelope could excite thercoaft structure. The
vibrational load analysis is strongly dependenttloa particular helicopter
design and requires a model complexity which isobeythe scope of the
present paper. There are some possible ways tee dbk vibrational
problem by means of different damping techniquese Q@ossible solution
could be represented by Active Vibration Controlteghnology already
present on the UH-60 which could be improved tdhstand VSR operation.
Another solution is given by bringing up composiieto the airframe,
which can reduce the dynamic stresses and vibradads transmitted to the
hub [5]; see [6] for a review on high damping cosifes. Recent practical
examples of VSRs built with composites are Boeingl$0 Hummingbird
(see [7]) and Bell Helicopter's Eagle Eye UAV, bamploying a VSR.
However, their rotational speed is not free to varg continuous manner, it
is constrained to two or more discrete rotatiopaiesls.

The focus of the present thesis is on performarstenation; the models
employed do not permit us to understand the vanaith dynamic and vibratory
loads given by VSR operation. These issues arenoketite scope of this study,
even if they are extremely important since theyedeine the feasibility of the
VSR concept, and will be addressed in future worksis expected that
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performance gains achieved by optimum rotor speestadion will have to be
constrained by limitations due to vibrational issudowever, from a performance
standpoint, it is interesting to analyze differéppes of variable speed rotor
arrangements in order to understand the usefubfessch implementations.

A valuable work in this direction was made by Seéeif8], who ran various
simulations using a trim model of the UH-60 Blackawk helicopter. He
examined the possibility of main rotor power redwts through variation of
engine RPM. From his results, the biggest redudtionelicopter power demand
provided around 17% improvement for the airspeedjeeof 25-60 m/s (50-120
kts) and 12% in hover. The simulations were pertatrat sea level conditions for
a helicopter gross weight of 8,300 kg (18,300 Iths)a more recent work by
Mistry and Gandhi [9], the possibility of couplingain rotor RPM and radius
variations, with the aim to reduce rotor power, \maalyzed for the UH-60. They
considered +17% to —16% variation in radius and%Mariation in RPM about
the baseline, over a range of different airspegdsss weights, and altitudes.
More than 20% reduction in main rotor power undegh-and-heavy” conditions
was feasible, as a result of the combined RPM tegluand radius increase.

These studies have been focused on main rotor afidopter attitude
simulation, without modeling the turboshaft engikwever, from an overall
performance standpoint, the most interesting pat@mte be studied is certainly
fuel consumption, which is one of the most relev@mting parameters in a new
design choice. Therefore, the required power redudtas to be translated in fuel
flow variation using a turboshaft model.

This aspect was first addressed by Garavello amihBELO], who studied the
impact of choosing an optimal main rotor speedther UH-60 on overall engine
performance. They implemented a simple performanodel of the helicopter,
able to calculate the required power using basiecnemum theory and blade
element theory equations. Using this model thdgutated the values of main
rotor speed minimizing helicopter power for vari@gvancing speeds; in addition,
they used these power levels as an input insidedehof the GE T700 turboshaft
engine and they calculated fuel flow variation,usssg a traditional mechanical
gearbox. From their results, it becomes apparattrtiinimizing total helicopter
power is not equivalent to minimizing fuel consumpt Instead, in more than
one case, the constant speed simulation was charact by lower fuel
consumption than the optimized one. The main redsorthis phenomenon is
found in the fact that the turboshaft engine FP3 itmown optimal speed, which
is generally different from the main rotor one.
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FPT optimal speedzpr) is not a fixed value, but mainly depends on shaft
torque and also on ambient conditions, which afteatrall engine performance
It is defined as the speed which maximizes endifig@ency at a particular power
level.

Main rotor optimal speed(),r), instead, depends on the advancing speed,
weight, flight path angle and also the ambient a¢bods. It is defined as the
speed which minimizes total helicopter power (whos®est important fraction is
main rotor power) in a particular flight condition.

In a fixed-ratio transmission helicopter, when gsm variable RPM rotor,
particular attention must be paid to the interacbetween the main rotor and the
turboshaft engine: as the main rotor RPM are $tridependent on the engine
FPT rotational speed, a trade-off among the remerds of the two systems has
to be determined. Thereby, a correct determinadiothe optimum speed value
which minimizes fuel consumption requires the iné¢ign of the helicopter and
turboshaft engine models inside the same optinoaatioutine. This global
optimal speed does not coincide, in principle, witkitherQ,,z or Qzpr, but is
instead determined as the best trade-off betweztnb.

This task was performed by Misté and Benini [1Xic® more on the UH-60
helicopter. First, using the same main rotor maddRef. [10], they studied how
optimal main rotor speed affected turboshaft engeormance, finding that the
most significant component was the FPT, as expe&ebisequently, they studied
FPT optimal speed alone to understand its pattémmally, they built up an
optimization algorithm, able to search for the mmom fuel consumption,
merging together both the engine and helicopterahddhe results given by their
analysis stated that for intermediate advancinge@dpeminimizing main rotor
power was almost equivalent to minimizing fuel aamgtion. However, at high
and low forward speed velocities, this is no longee, since the FPT efficiency
reduction due to main rotor speed variation is @igthan the benefits given by
overall power reduction; the highest fuel reductidetected was about 16%.
These promising preliminary results justify a deeg®alysis to assess the validity
of the simplifying assumptions used. In fact, iritbfL0] and [11], the main rotor
model is very simple and does not take into accthuntattitude of the helicopter,
nor important blade compressibility and stall ef$ecThe optimizations carried
out were constrained to a generic “safe boundanyiyhich stall and high Mach
numbers were avoided. In the present thesis theelmqaesented in [11] will be
described and these new important helicopter featwill be introduced inside
the optimization loop.
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Till now our considerations have been based onagsmumption that FPT
speed and main rotor speed are strictly dependsnts required when using a
traditional fixed-ratio transmission. In fact, #tle research papers regarding this
subject found in the literature deal only with thype of VSR. But what happens
if we are able to introduce a variable speed trasson? Well, as stated earlier,
we are able to break the interdependence betwe€raf® main rotor speed. This
means that we could theoretically achieve optinpalesl operation for both FPT
and main rotor, without the necessity to find a poomise speed. This obviously
IS not inexpensive; the main drawbacks of such @ggr are given by a likely
increase in weight and efficiency loss of the a# thechanical transmission, as
well as potential problems connected with its telity and production (and even
certification) costs.

Before going further, we should emphasize in sestid.3 and 1.4 the
conceptual distinctions between these two posgiedearch approaches when
dealing with VSRs, underlining pros and cons.

In the preliminary design of a new helicopter, thain decisional factor in
choosing one of these two approaches might simelgiteen by research costs.
However, for helicopters currently in use, the able speed FPT approach can
represent a reasonable way of reducing fuel consampithout introducing new
or additional mechanical parts. The worthinesshag teduction will be clearly
different for every single different helicopter eaand can be achieved, in practice,
by modification of the control system software.

1.3 Fixed Ratio Transmission, Variable Speed FPT

Fixed ratio transmissions represent the state-@fthh technology for
helicopter drivetrains. The most common fixed ragear type for a helicopter
main rotor is a planetary stage (the main modulEigure 1.2) which features an
output shaft driven by several planets [12]. Anaudage of the planetary stage
compared to a simple parallel shaft arrangemenhas each planet gear must
transmit only a part of the total torque. This loglthring results in a smaller,
lighter transmission. A valid alternative to plaargtstages is given by split torque
stages (Figure 1.3). Split torque design transomssioffer several advantages
over conventional planetary gears arrangementd) sisclower weight, lower
energy losses, higher reduction ratio and relighili2],[13].
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HYDRAULIC PUMP  CERERATOR

MODULE 7188 RPM

ENGINE INPUT SPEED
20900 RPM

g’ 258 RPM

FREEWHEELING
5750 RPM

TAIL DRIVE SHAFT
4116 RPM

INPUT MODULE MAIN MODULE

INPUT DRIVE
SHAFT

Figure 1.2. UH-60 transmission employing a planetéage (main module).

L.H. ENGINE INPUT
20900 rpm 1800 hp

FINAL-STAGE COMBINING GEAR

MAIN SHAFT
258 rpm 3220 hp

GEARED TORQUE

DIVIDING UNIT ENGINE REDUCTION

BEVEL TRAIN

TAIL ROTOR

DRIVE 380 hp Q\

OVERRUNNING
CLUTCH

R.H. ENGINE INPUT
20900 rpm 1800 hp

Figure 1.3. Split torque transmission design coibfmtvith the UH-60 (adapted from [12]).

FRT efficiencies usually range from 97% to 99% elidopter applications
[14]; this is an important value to be considered domparison with variable
speed transmissions.

Due to the fixed ratio transmission the rotatiosp¢ed of the main rotor is
strictly dependent on engine RPM, as can be se@&rabymission ratio definition:
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TR:% = cons! 1.1)

MR

As a consequence, optimal speed operation impligsade-off among the

requirements of the main rotor and engine subsystéihe research effort is
mainly dedicated to solving the problem of turbdskagine efficiency losses in

conditions far from the engine design point, whielm be solved by improving the
FPT stages design in order to widen the high eificy interval of the turbine.

The work carried out by D’Angelo [15] is the firahalysis found in literature

upon a wide speed range turboshaft. Recent statig® NASA Glenn Research
Center are also pointed towards this objectivehwite aim of assessing the
feasibility of a variable speed tilt-rotor conceptWelch et al. [16] studied the
redesign of the FPT in order to obtain a good perémce on the entire RPM
interval, from 100% (take off) to 54% (cruise). Timew turbine design is

characterized by high work factors in the cruisediton and wide incidence

angle variations in vanes and blades among theeempierating speed envelope.
The rotordynamic feasibility of this FPT designtrisated in a different paper by
Howard [17], in which he analyzes the problems eoned with placing shaft

critical speeds in the operating speed envelope. résults derived from these
different research works state that operating tirbashaft engine at variable
speed without losing too much efficiency is viable.

1.4 Variable Speed Transmission

A wide variety of variable speed transmissions tachnically available for
standard applications; unfortunately, very few se¢erbe suitable for the case of
high, helicopter specific power loads. Stevend.dil8] exclude the possibility to
use any traction/friction drive and fluid-tracticransmissions, widely used in the
automotive industry, for rotary wing applicationmostly because of low
reliability, excess weight and heat generation |enois.

Litt et al. [3], instead of using CVT, propose dusion to the problem by
means of multiple speed gearboxes. A sequentiétiirghicontrol algorithm for a
twin-engine rotorcraft that coordinates both theedigagement and engagement of
the two turboshaft engines is developed with thgealve to vary main rotor
speed smoothly over a wide range, still maintaining engines within their
prescribed speed bands.

However, from a functional point of view, the idefaCVT is highly desirable
contrasted to the operability of a discrete musiesppdrive [18] for various reasons,
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one of them being the possibility for CVTs to reagtimal speed continuously
depending on the flight condition.

Lemanski [19] patented an innovative variable spé&eshsmission, the
pericyclic CVT (P-CVT), which is a non-traction ating drive mechanism
incorporating positive engagements of rollers anth€ The main advantages
given by this type of CVT are much higher torquasity and power transmission
efficiency than any other known continuously valgalmechanical power
transmission systems. The pericyclic mechanismu(€id..4) can operate both as
a fixed transmission or a CVT, whether the speedthef reaction control
component is held to zero or is varied by means afpeed control unit. The
following is the main drawback of the P-CVT: twdfdrent power inputs are
needed in order to achieve speed variability. & #peed input to the reaction
control member has to be varied continuously, tlestrplausible power input has
to be electromechanical. In a paper on CVT for lylwehicle applications,
Elmoznino and Lemanski [20] suggested a power ftmmfiguration in which
part of the mechanical energy produced by an iatecombustion engine is
converted in electrical power and then reconvert@dmechanical energy,
providing the necessary torque and speed for thetiosn control member (Figure
1.5). The worthiness of this double conversion depeon the energy conversion
efficiency and the power flow magnitude into theotdifferent members, i.e. the
input shaft and the reaction wheel. In fact, ifyoal small part of the power is
flowing in the reaction wheel member, even poorrgneonversion efficiency
could be acceptable. The application of pericy€T to helicopter main rotors
is discussed by Saribay [21],[22] and Hameer [28].their studies, they
discovered that in various configurations in whtble output speed was varied
between 50% to 100% of the design point value,pibveer flow in the reaction
member could be as high as 50% of the total powsrirtg from the turboshaft
engine, which implies very large energy converdenices. Thus, using electric
generators as variable control units is not a eiawlution for helicopters, for
mainly three reasons: weight, energy conversioncieffcy and reliability.
Research has still to be done in order to undeiistahere are possible alternative
power paths which can reduce loading on the reactbeel. However, the
pericyclic transmission is a very promising meckamnisince it was demonstrated
that more than 40% drivetrain weight reduction wassible when compared to
previous gear designs (planetary and split tor{2@)
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REACTION
WHEEL

INPUT &

Figure 1.5. Hybrid vehicle P-CVT: a part of the inagical energy produced by the internal
combustion engine (ICE) has to be converted intebty by the generator G/(vand
reconverted by G/Mat the desired speed.

A possible innovation in helicopter drivetrain teockogy could be
represented, instead, by magnetic gears. A maggesicuses permanent magnets
to transmit torque between an input and outputtshk@éiout mechanical contact
(Figure 1.6). Instead of using mechanical teetbhsés permanent magnets, which
have a similar function; this analogy is even msupported by the fact that the
ratio between the number of outer and inner magietisrmines the speed ratio.
One may argue that in order to transmit high tosquery big and heavy gears
would be needed. This is not true, since in a miagmoear (of the type seen in
Figure 1.6) all the magnets are engaged, whereasniechanical gear only few
teeth can be engaged. As a consequence, weigbtefioet ratios of certain types
of magnetic gears have weight-to-torque ratios @raige to their mechanical
counterpart [24].
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Ferromagnetic
Pole Pieces

High-speed
Rotor

| Outer Set
of
Magnets

Figure 1.6. Exploded view of a magnetic gear

Atallah [25] invented and demonstrated the firgihhiorque magnetic gear in
2001; it was still a fixed ratio transmission, tigbu Compared to mechanical
gears, such technology is claimed to offer advagagicluding reduced
maintenance, improved reliability, no need for loénts, higher efficiency
(>99%), high torque density, reduced drivetrainsptibns, low noise, and
inherent overload protection. However, this lasitdiee is not only positive: even
if the magnetic transmission prevents damage aigrdan case of high torque
loads by letting the magnetic gears to slip betweaoh other, this same slip
motion can be responsible for instantaneous los®roiue in particularly rapid
transient maneuvers.

Briefly speaking, an efficient magnetic CVT concefiir rotorcraft
applications has still to be invented and provdralse. However, the specific
features of the magnetic gear, and mainly the poggito modify the speed ratio
by varying the magnetic field between inner ancepgfears, make it one of the
most promising devices for efficient variable spemgkration. The rotorcraft
industry is quite reluctant to the introduction refvolutionary components in a
sector in which safety and design experience aee dbminating factors; in
addition, from a strict economic perspective, neansmission configurations
have to undergo costly certification processesciwinnay not justify the research
effort.

Nevertheless, fixed ratio magnetic gears seem tee halready found
important technical applications and appear to bpramising alternative to
mechanical gears: Davey et al. [26] state thairpieary assessments of magnetic
gears with TR=50:1 are characterized by weighbtgte ratios of 0.018 |bs/ftlbs
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(based on an 8 MW capability) which are torque disseven higher with
respect to normal helicopter gearing. Moreover Magatics®, a company
cofounded by Atallah, claims that an efficient metgnvariable speed technology
has been already developed, along with wind turlapelications [27]. The
variable speed capability of such a transmissioninisits early stages of
development. At the moment the speed change isingtaby varying the
magnetic field using electrical current flowingerternal coils. A certain amount
of auxiliary power is therefore required to achiegtational speeds different from
the design value, and the ratio between auxiliawyegy and transmitted power has
still to be investigated. As for the P-CVT, the tomess of such solutions
depends on the values of additional electrical pdha&t has to be absorbed by the
CVT to work properly; a trade-off study has to bada between performance
gains grace to a CVT and power loss due to co@&Gdt operation.

In conclusion, all the possible variable speed dn@ission types presented
here are still in the concept design phase arslstill not well defined which of
the ones presented would be the most suitablediazdpter operation. Magnetic
gears seem to be promising, but still no reseamm$f lbeen done inside the
rotorcraft industry to the knowledge of the author.

The research effort in this particular field magdeto interesting results and
is justified by the fact that employing a varialdpeed transmission makes it
possible for both main rotor and turboshaft engimeoperate at their optimal
speeds.

1.5 Performance Estimation of a VSR

In order to understand in which of the two abovetiomed approaches it is
worth to put our research efforts, it is necesdaryguantitatively compare the
respective performance of both of them. For thibdalone, we need at least two
reliable simulation tools:

* a gas turbine simulation code, able to performdstestate turboshaft
engine design and off-design simulations;

» a helicopter trim flight simulator, able to detemmithe total power
consumed in each quasi-steady level flight conalitio

The methodology adopted for the present reseatly stonsisted in engine
computer simulations by using a helicopter simalasoftware, TCOPTER, and
an in-house implemented gas turbine performancelator, TSHAFT. The two
codes, implemented in MatL&banguage, have been validated with experimental
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performance data found in literature and throughmmgarisons with a
commercially available software. TSHAFT was alsoptayed to assess the
installation performance of the ERICA tilt-rotderfhanced Rotorcraft Innovative
ConceptAchievemenf a subtask related to tkdean Sky GRC-Bsearch project.

The necessity of having clear indications abouttaée-offs and the possible
improvements obtained through application of thealde speed rotor concept
underlines the need of more accurate simulationsdoect engine and rotorcraft
performance prediction. The current trend is paompttowards integration of
models referred to different rotorcraft segmentsyiige model, main rotor model,
emissions model, etc.), in order to build a morensband reliable model of the
complete rotorcraft.

1.6 Thesis Objectives
The objectives of the present thesis can be summpthas follows:

1. Implementation of a methodology able to estimatiéchpter performance
variation when variable speed technology is emmoyée tools needed for
such an approach are to be validated against enpetal data and other
reliable simulation data that can be found in theroliterature.

2. Quantification of possible performance improvemegisen by VSR
operation by testing the methodology upon a relatdater case.

3. Determination of the pros and cons in employing aiable speed
transmission; quantification of possible improveisewith respect to the
standard fixed ratio transmission.

4. Investigation regarding possible improvements te ¥SR concept and
concrete proposals.

5. Implementation of a FPT redesign routine in ordereduce FPT efficiency
degradation when operating at far from design iamtat speeds.

1.7 Thesis Outline

The thesis is organized as follows: first, the tsumulation codes needed to
carry out our study are present&hapter 2 represents a thorough description of
the TSHAFT code, along with the model equationsduse calculate engine
design and off-design performance. TSHAFT extensiegle validation is
presented inChapter 3, with a series of comparisons with other commeércia
validated software and OEM'’'s engine deckhapter 4 contains the model
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equations employed by TCOPTER along with its nuoabrtrim calculation
procedure.

Following the presentation of the models, an ovemis given with reference
to the optimization process implemented to find thetimal rotor speed
corresponding to minimum fuel consumption. Since went to quantify the
possible performance gains of the VSR conceptahaase study is analyzed in
Chapter 5: the helicopter simulated is the UH-60 Black Hawloth helicopter
trim and engine models are built and their valoatio experimental data is
shown. An analysis with a traditional fixed-raticarismission is carried out.
Optimal main rotor-FPT speed is calculated for ldirght conditions from 0O to
90 m/s (0-175 kts). Three different altitudes ap@sidered, and three different
helicopter weights are simulated, in order to let teader understand in which
particular flight conditions the variable speed @gpt achieves the best reductions
in fuel consumptionChapter 5 represents the application of the VSR concept on
a real helicopter case, without changing any corapts) but simply calculating
the optimum performance points in different fligishditions.Chapter 6, instead,
deals with the theoretical introduction of a CVTag®ox in the UH-60; since main
rotor-FPT speed interdependence is broken, the muaxi fuel consumption
reduction can be obtained by employing both matorroptimal speed,,z and
FPT optimal spee@;pr. The flight conditions analyzed are the same ent=vad
in Chapter 5, in order to make a performance comparison betwleentwo VSR
concepts.

Chapter 7 introduces new ways to improve the VSR concepttabt, till
Chapter 6, only calculations related to existing designselicopter and engine
are made. What if we try to redesign helicopter gonents explicitly for variable
speed operation? The first choice falls on the EBffiponent, since it is the one
mostly affected when traditional fixed-ratio transsions are used. Therefore, an
analysis will be presented related to the FPT iigdegechniques available to
flatten the efficiency curve with respect to RPMiaaon.

Finally, in Chapter 8 the most important conclusions resulting from this
study and the recommendations for future work &t/ are outlined.
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Chapter 2

TSHAFT: a Gas Turbine

Simulation C ode

2.1 Engine Thermodynamic Model

The first step to assess the performance modificatdue to different type of
VSR configurations on a particular helicopter isingplement a thermodynamic
code able to predict the impact on fuel consumpdiodifferent rotor RPM values.
To this purpose, TSHAFT, a lumped-parameters perdoice prediction software,
was implemented and utilized. The code, writteiMatLab® language, has been
validated through comparisons with engine perfomeandata given by
commercially available software and experimentadhdaund in literature; see
Chapter 3 for an extensive presentation of theda#ibn results. TSHAFT is able
to perform steady state and transient simulatidndifterent gas turbine types
(turboshatft, turbojet, multi-spool, etc.); howevéar the purpose of the present
study, only steady state turboshaft configurati¢ars example of which can be
found in Figure 2.1) will be considered.

In the following part of this section, a descriptiof the theoretical bases and
physical assumptions implemented in TSHAFT is giviemstly, the turboshaft
engine is modeled by linking one or more of théokwlng components:

* inlet (or intake);

* Ccompressor;

* Dbleed duct;

e combustor (or combustion chamber);

» gas generator turbine (GGT), mechanically connetctedcompressor;

» free power turbine (FPT), which is connected te=ternal load, such as
a main rotor or a propeller, by means of a powaftsh

* nozzle or exhaust duct;

» external load.

19
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Compressor GGT Exhaust

Combustor FPT Power
Shaft

Figure 2.1. Example of typical turboshaft enginafaguration.

In addition, the physical assumptions for the eagiodel are the following:

1. Steady state operation (i.e. no transient rotatispaed variations are
considered);

2. Lumped parameters model (or zero-dimensional appjoaeach
component is represented by a block in which tkeentlodynamic state is
determined only by input and output values of staeables which do
not vary within the component;

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

4. Adiabatic components: each component has no hehiaege with the
outside;

5. The irreversibilities are included in calculatiottsrough the use of
different types of efficiency. For intakes, com@m®@s and turbines total-
to-total isentropic efficiencies are used, wheréasnozzles total-to-
static isentropic efficiency is employed. Combustfiiciency is defined
as the ratio between the actual heat releaseceioghrating fluid and the
ideal heat that would be generated if complete ibgrrof the fuel
injected in the combustion chamber could take pldde loss in real
heat is considered only due to unburned fuel.
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2.2 Fluid Composition

The operating fluid used in all the performed siatioins is dry air, assumed
as an ideal gas, for which the following constitatirelation will be used
throughout all the models:

=RT (1.1)

Do

whereR is the specific gas constant which can be deriv@a the ratio between
the universal gas constant and the molecular méks. air mass fraction
composition considered in the present analysiga@alby useful when calculating
the reacting species in the combustion chamberbearad in Table 2.1.

Gas Species Mass Fraction

O, 0.2314
N2 0.7553
H.O 0.0000
CO 0.0005
Ar 0.0128

Table 2.1: Operating fluid composition [1].

The ambient conditions are determined by altitut temperature selection;
an ISA standard model is implemented to relatéualé to the values of static
pressure and temperature (see Figure 2.2).
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Figure 2.2. ISA temperature and pressure variatiom altitude.
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2.3 Specific Heat

To account for specific heat variation with tempere, the Shomate equation
is used:

c, =A+BT+CT?+DT*+ET™ (1.2)

where the coefficient values for each species campgahe fluid are provided by
NIST tables [2]. Since enthalpy and entropy are:

h(T) = h,, + } ¢, dT (1.3)

T

ref

TodT
ST p= s+ [ g Rnb (1.4)
T pref

ref

where het and ser are the standard reference condition§ gt= 288.15 Kand
Pref = 101325 Pa In each component of our model, the value of éhstte
variables can be computed as follows:

T2 . T° _T* E

h=AT+B—+C—+D—-—+F (1.5)
2 3 4 T

2 3
s= AIn(T)+ BT+ CT?+ D%— Eie mP (1.6)

ref

2.4 Ambient Conditions

Once flight altitude is determined, ambient pressand temperature are
derived from the ISA standard model interpolatidiogether with flight Mach
number definition, the conditions at the enginetrdre determined. In fact, inlet
total values are calculated with the usual relation

Tlo = Tamb(l-'- k2_1 quj (17)

plo = pamb(l-i-k_;l MQZJ k (18)
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However, TSHAFT leaves the user free to insert tamhyi values for
temperatures and pressures which are not depemaenihe ISA atmosphere
model, if needed.

As a result, all the variables necessary to establie value of total enthalpy
and entropy functions at the entrance of the aakim are known. Therefore, it is
possible to start with the analysis of the engiyrdec

2.5 Thermodynamic  Equations for Design  Point
Calculations

Before performing off-design performance calculasioa design point model
of the engine must be defined which virtually fixbe geometry of the turboshaft
engine. Output data from this model will be usedimisal guess for the
subsequent off-design simulations, and will also émployed to rescale
component characteristic maps.

Here below the thermodynamic relationships usetthénmodel are given for
each component. They are a very important tookesithey also highlight the
abovementioned model assumptions. The subscrips telated to the flow
entering each specific component block, while thiessript 2 represents the exit
conditions. The following equations given for eadmponent, together with eq.
(1.5) and (1.6), uniquely determine the output galwf pressure, temperature,
enthalpy, entropy and mass flow, from prior knowjedf the inlet conditions.
For components in which external work exchange whth operating fluid takes
place, performance parameters such as consumedneraged power are also
calculated using isentropic efficiencies. Finallyy section 2.5.8 a formal
definition of overall engine performance parameigexposed.

2.5.1 Intake
p =1,p (1.9)
T =T (1.10)

h, = m (1.12)
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2.5.2 Compressor

P = TeompPy (1.12)
(TG, R)-« T, §)=0 (1.13)
Ahg = h°(T) - P(T) (1.14)
AR° :A—hg (1.15)
Neomp
h(T,%) - (1) -AR =0 (1.16)
m,=m (1.17)
Pomp = MAH (1.18)
2.5.3 Bleed Duct
P’ =1,p’ (1.19)
T=T° (1.20)
m, =(1-b)Mm (1.21)
2.5.4 Combustor
P’ = TompPy’ (1.22)
f :@— (1.23)
m
q=rm fH, (1.24)
Q= fH, =AK (1.25)

AR = F(T,%) - F(T) (1.26)
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m, =1+ f)m (1.27)
255 Gas Generator Turbine (GGT)
ngt = % (128)
Ah="Feer (1.29)
m

0
Ah, = A (2.30)

GGT
(M) - (T -AR=0 (2.32)
h°(T2)-h(T)-AR =0 (1.32)
(T, ) - T, #)=0 (1.33)
M, = m (1.34)

2.5.6 Free Power Turbine (FPT)

P = —22¢ (1.35)
Ane = ~Feer (1.36)

m

0
AR = 4 (2.37)

FPT
(L) -NT%)-AH=0 (1.38)
h(Tp,) - NT)-AK =0 (1.39)
(Tu, R)- 4T, §)=0 (1.40)

m,=m (1.42)
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25.7 Nozzle
T =T? (1.42)
(T Rmp) ~ LT, F)=0 (1.43)
ANgysiaris = N(Ti) = NT) (1.44)
ANoystar = Doy stae & (1.45)
h(T,) = N(T°) = A Ry = O (1.46)
rm, = m (1.47)

Cm2 = V 2(_Ahtot/ stat) (148)

A= (1.49)

2.5.8 Overall engine performance parameters

m; H,
Neng=—— (1.50)
PFPT
mf
SFC= (1.51)

FPT

2.6 Combustion Model

In section 2.5.4, a few basic equations valid fombustion chamber state
variables calculation are exposed. However, theabipg fluid changes in species
composition across the combustor, and this leadiéfferent gas properties at the
GGT entry. To account for this variation, some cloainconsiderations are
needed to relate combustion efficiency with gas position.

Firstly, combustion is modeled as an infinitely tfaxothermic reaction
between the air and fuel; chemical kinetics is ¢fae neglected. The species
employed are the same used for the air compogiea section 2.2) plus the ones
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contained in the fuel. The stoichiometric reactimplemented for one mole of a
generic fuel is written as follows:

CH,+n, G - n, CQ+ nHC (1.52)
and thus the following constraints must hold:

— (choz + nHzo)

Ny, =+ —— (1.53)
Neo, = X (1.54)
y
=7 1.55
Mo =2 (1.55)

For example, when the fuel is dodecane, eq. (h&2pmes:

C,,H,,+180, - 12CO,+ 12H,C (1.56)

Species not supposed to react, such as argonxereled from the chemical
balance. In this combustion model, N@roduction is not taken into account; in
fact, its effect on gas properties variation isyvemall and thus it is negligible
when the scope of the model consists in calculattleymodynamic engine
performance. An external routine able to predictN@ues can be added to the
model, but this will not affect thermodynamic perfance calculations.
Furthermore, some complex chemical phenomena, aactlissociation effects,
which are typically significant above 2000 K, atscaneglected.

Once the type of reaction (1.52) is known, it issgible to determine the
stoichiometric fuel-air ratid;:

_ M+ yM,,)

1.57
"o M (1.57)

st

The species not participating in the reaction havieal mass fractiofimb
different from the initial oneff) because, while not varying in their absolute
mass fluxes, their new mass fractiomb do vary due to the fact that new mass is
added by fuel injection. So, for those species Wwiae not supposed to react, we
have:
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fmb= M (1.58)
1+ f

For the calculation of the species that take pathe reaction, however, we
must distinguish two separate cases, dependinghether the fuel-air ratio is less
than or more than stoichiometric. Here only thstfaase will be analyzed, which
represents the normal operating condition of exeéssombustion, common to
all aircraft engines.

Therefore, in excess air conditions, one can diwige air mass in two
parts, the first corresponding to the stoichioneetniass and the second related to
the remaining part. The only reagent inside theraiss is stoichiometric oxygen,
whose mass fraction, however, does not compleedygtr because combustion
efficiency in real processes is never unitary. Vééng combustion efficiency as
the fraction between burned fuel and total injedtesd:

m;_ urne!
Ocomb: .f d d (159)

f —injected

Note that this is also equal to the ratio betweemacting oxygen and
stoichiometric oxygen (i.e. the quantity of oxygeeeded for an ideal combustion
with #com=1). Therefore the net amount of reacted oxygen medeto the total
mass composing the mixture can be defined as:

i/7
f comb

S fm, (1.60)

fmb)z—reacted = (1+ f )

At this point, since we know the relationships begw the moles of oxygen and
the combustion products, we can derive the massidres of water vapor and
carbon dioxide:

fm. N M
fmh, =—=+ fm —2 9 1.61
IQZOZ 1+ f lElz—reacted n02 M02 ( )
f M
mb—l O = 1r:_h.2fo + 1:rnlgz—reactedﬁ MHZO (162)
’ N, Mo,

where the first terms on the right-hand side of thwe® equations describe
guantities which are already present in the airtuné prior to combustion and
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therefore are not products of the reaction. Asafarthe calculation of the final
oxygen fraction, we have:

) L

st

f
mh =— fm +—=+—— f 1.63
b, = iy (1.63)

where the first term on the right-hand side idesdithe excess air oxygen and the
second term represents the residual oxygen ins&lstbichiometric air, unreacted
due to a non-unitary combustion efficiency. Eq68).can be further simplified to
obtain the following expression:

i)
f comb
fmly, =2—=——= fm, (1.64)

Finally, the mass fraction of unburned fuel is dympmputed as:

f (1_ noomb)

1.65
1+ f ( )

frnbmburned =

Even if all the chemical species present in theeaitering the combustor are
determined along with their mass fractions, it ist possible to accurately
compute the composition of the unburned fuel. let,fat high temperatures the
hydrocarbon chains tend to decompose in much simpéenpounds. This
phenomenon depends strictly on the flame temperatund on the particular
composition of the fuel. Clearly, the more comptée chain of hydrogen and
carbon atoms composing the fuel, the greater &k&diliood of finding unburned
complex hydrocarbons. Normally, in the combustiawcpss of aeronautical
kerosene, for temperatures above 700 K, complexpoamds like decane and
dodecane decompose into simpler substances (sutethane, ethane, ethylene,
butadiene, etc.). The simulations that will be préed throughout this thesis were
carried out assuming:@H.4 fuel type, using ethylene §8,) as the sole unburned
species; this assumption preserves the same nad®iir of carbon atoms and
hydrogen atoms as the starting fuel. The variatiothe type of chemical species
composing the unburned gases affects physical pgrep®f the air mixture, such
as the gas constaR{ the molecular madsl, and the specific hea}. However,
considering ethylene as the only species constguthe totality of unburned
gases, even for different types of hydrocarborgasonable for two reasons:
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1. The unburned species are a limited percentagesdiil flow only, which
in turn constitutes a small fraction of the mixture

2. At high temperatures, the above mentioned hydracertdo not differ
greatly in terms of atomic composition and all thgaseous states have
very similar specific heats.

Once the mass fractions of the different speciesposing the mixture are
known, by using eqgs. (1.5-1.6) and the simple ridesan ideal mixture of gases,
the new coefficients are obtained for the calcalatfc, (and consequently also
enthalpy and entropylR andM related to the combustion products.

2.7 Off-Design Steady State Performance Calculation s

In a turboshaft engine, various causes lead to \aatlen from design
conditions [3], such as:

1) variation of ambient conditions;

2) variation of fluid composition (humidity);

3) variation of flight Mach number;

4) variation of mechanical power requested from theereal load (in
our case the helicopter main rotor power);

5) variation of the rotational speed of the FPT.

It is important to note that the above mentionediat®ns from normal
operating conditions affect each single engine awomept in a different manner.
The task of a good engine simulator is to fairlgdct the efficiency change in
each component, in order to accurately calculas¥ativengine performance. The
action of virtually assembling the various engimmemponents to predict engine
behavior, respecting the physical laws of contyyugnergy and momentum, is
referred to as “matching”.

In TSHAFT, a single simulation can be performedludag all the five
variation effects listed above. To account for éheariations, an off-design steady
state solver is implemented which will be briefipesed here below.

Compressor and turbine off-design performance isutsted employing
different generalized characteristic maps, which laased on the principles of
similitude. These principles state that single congmt performance can be
uniquely determined by knowing at least two non<hsional (or quasi-non-
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dimensional parametefs)the remaining variables are not independent ard a
fixed by the map values. For this reason, compressa turbine maps are
component-specific and can only be derived fromeeixpental data; alternatively,
they can be assumed using scaling techniques niogligxisting data related to
similar turbomachinery. Inside component maps,ti@a among a set of four
guasi-non-dimensional variables are plotted. Falgws a formal definition of
the variables employed in component map building.

Pressure ratio:

0

r :21—2 (compressor) r :&O (turbine) (1.66)

2

Corrected mass flow:

T/
”1 1 -I:ef (167)

rT](?OTI’ =
P P

where the reference values of pressure and tenuperate the usugles = 101325
PaandT, = 288.15 K

Corrected Speed relative to Design Point (or sin(piyrected Speed):

__N
\[T /Tref
Ncorr - Ndes (168)
JTS /T,
Total-to-total Isentropic efficiency:
0
n= Ah§ (compressor) 7 = 220 (turbine) (1.69)

As anticipated above, when a particular componeap s not known, a
scaling procedure on existing and publicly avagapéneralized maps is applied

8 This is true for a specific value of the Reynohdsnber; however, some empirical relations are
available in the literature, which can be used pplya modifications to component maps
depending on the value of the Reynolds number.
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with the aim to produce an approximate map suitédaethe particular engine
studied. An example of compressor and turbine dberniatics can be found in the
following sections. Moreover in appendix A, a mdnerough description of the
analytical method employed in building componenpm&iom raw data and the
scaling procedure applied is given; see [4] foraaiditional discussion on the
subject. The remaining components, without rotatalgments, are simulated
without employing maps; instead, the possibility dbange their efficiency
parameters directly is given.

A matrix method is used to solve for the non-linequations resulting from
formalization of the matching problem (see also 8and Fletcher [5]). In the
matching problem, the values of corrected mass #oa power predicted by the
thermodynamic relationships are compared with thagstained through
characteristic map interpolation; a Levenberg-Mardti optimization algorithm
[6] performs iterations until the difference betwedese values is less than the
requested tolerance (as shown in Figure 2.3). iShise way in which the laws of
continuity and energy conservation are implemefdedteady state operation. In
fact, the following constraints have to be conterapty satisfied [7]:

Mo, = Meoear (fOr €very component modeled with a characte)iglicz0)

P =P (1.71)

comp

PFPT =R

load

(1.72)

Once all the relationships between state variakdesl performance
parameters are defined, a system of the tgge= O is solved, wheré is a vector-
valued error function (matching constraints) ani the vector of the variables
(matching guesses). The solution is obtained with.ewenberg-Marquardt
optimization algorithm which minimizes the consttaerrors. The number of
equations to be solved in the system dependseonuimber of components to be
matched. For example, Figure 2.3 represents adlypicuble spool turboshaft
engine with the first shaft linking the compresgothe gas generator turbine, and
the second shaft delivering power from the free groturbine to the external load
(which can be represented by a helicopter rotqurageller, etc.). In this case,
once the ambient conditions are fixed, if we wankmnow the performance and
the power output at a particular fuel flow rate, meeed to solve a system of four
equations in four unknowns. The first three areedasn the continuity principle
eg. (1.70): the mass flow rate calculated with riimtynamic relations must be
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the same as the one derived from the componentfonagther the GGT and the
FPT. In addition, continuity must be preserved atsthe nozzle, in which the
entering mass flow must be compatible with the roefi nozzle exit area and
thermodynamic conditions (pressure at the exissimed to be ambient pressure,
when the flow is subsonic). The fourth equatiorv1}.is defined by the energy
conservation at the gas generator spool. To sbhlysystem iteratively we need to
use initial values for the following four unknownbeta (a map construction
parameter, see Appendix), corrected speed, andptbssure ratios of both
turbines (GGT and FPT). In this way, given a pattcfuel flow rate, engine off-
design performance is uniquely determined. Instdage want to know engine
performance starting from a known value of the HbOwer load (a typical
problem in helicopter simulation), an additionaluation is needed, eq. (1.72),
along with another unknown, which in this case lbarfuel flow or, alternatively,
the combustor exit temperature.

The introduction of additional components and fesguin the simulation
require additional equations and additional unknawhtypical increase in model
complexity can be due to, for example: higher numbk compressors and
turbines on different spools; introduction of coegsor bleeds; compressor inlet
flow distortion simulation. TSHAFT is implemented a way that it automatically
recognizes the number of components and featuresder to be able to solve
problems of increasing complexity (for example, amgitrary number of spools
can be set). This comes obviously with additior@hputational cost; however,
grace to the matrix method implemented, the nunobéunction evaluations are
minimized along with the computational time neettedolve the system.

If the matching problem is correctly set, the offsijn steady state solver
finds a unique solution. As said in section 2.8, ¢inly way to fix the geometry of
a particular turboshaft engine is by performing esign Point simulation, which
is later used by the off-design solver to scale moment maps. Following this, the
user has to choose the ambient conditions (flighactM number, ambient
temperature and pressure) and the external power requested by the engine.
This input data, along with other component efficies which can be tuned for
the off-design mode, determines a unique possilslenass flow rate passing
through the engine and therefore identifies a singperating point on every
component map.
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Chapter 3

TSHAFT Code V alidation

3.1 Validation Typologies

In order to evaluate TSHAFT code predicting capid, three different
types of validation were carried out, with increasievels of reliability.

In the first phase, described in section 3.2, thibbed test cases were
analyzed for comparison with the NLR gas turbimewation software, GSP [1].
For each case the same input data and the sameeeongnfiguration were
employed for both TSHAFT and GSP, and a final canispa was made between
the numerical results obtained using the two défféicodes.

A second validation of the code (section 3.3) wasried out in the
framework of the EU funded Projedflean Sky Green Rotorcraft, 2n
collaboration with Agusta-Westland. TSHAFT was eoyed to assess the
installation performance of the ERICA conceptulidrotor (Enhanced Rotorcraft
Innovative Concept AchievemgnOne of the project subtasks consisted in
building and calibrating a reliable turboshaft emgmodel. The greatest effort to
this aim was concentrated on compressor and turbiaps derivation and
construction. Since no experimental data relateth¢oERICA turboshaft engine
were available in literature, comparison of estedaperformance results were
made between TSHAFT and the manufacturer’'s EngexkD

In addition to these efforts, the code was validadeectly against engine
experimental measures made by Ballin at NASA An2¢sThe specified engine,
a slightly modified version of the GE T700, was #rgine chosen to assess the
worthiness of the VSR concept exposed in Chapter fact, the GE T700 is the
engine mounted on the standard version of the UHBB®@k Hawk. For this
reason, the validation will not be presented irs tthhapter, but will be exposed
later along with the description of the UH-60 hepter performance model.

35
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3.2 Validation vs. GSP

In this phase, three models of aeronautical enganesnalyzed: a two spool
turboshaft engine, a more complex three-spool slrhft and a simple turbojet
engine. Such models are blindly taken from the @&88ine library, which is
given along with the GSP code. For each engine meddous simulations are
run for different power load off-design steady stabnditions. The starting point
of the set of simulations is the design point & émgine, and then a sweep in the
FPT power parametePepr (equal toPy,g in steady state conditions), is made to
construct the engine operating line and assessnifji@e performance variation.

Note that the simulations for all the three casesaarried out supposing
ground testing conditions, i.8la=0 andh=0 m

Performance outputs by TSHAFT and GSP are comparetiarts that are
presented throughout the text.

3.21 Modeln°1

Engine configuration. The model consists of a turboshaft engine sintdar
the one illustrated in Figure 2.1 and Figure 2i3isl composed of a single
compressor and two turbines, a GGT driving the aesgor and a FPT, which
produces the power required by the external lodwk design mass flow rate is
m=4.5 kg/s and the design output power Rjy,=1250 kW. A schematic
representation of the engine model as it is boilfSHAFT is visible in Figure
3.1, while its homologous made in GSP can be obskrvFigure 3.2.
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Figure 3.2. Model n°1: turboshaft engine built WGISP.

Using the same input data in both the programsgHercalculation of the
design and off-design conditions, a first simulatis performed to obtain the
operating line of the engine.

The required tolerance on the relative errors far ¢rror functiorf(x) for
both models is set at a value of“iBhe same holds also for the next two models).

It is worth noting that GSP is not able to calcallahgine performance if the
external power require®q,q IS used as a variation parameter (the one which
allows us to move along the operating line): thisr@o convergence despite a
high number of iterations. Within TSHAFT, instedtlere are no convergence
problems. For this reason we change the variatemampeter both in GSP and
TSHAFT and we use as input vector the maximum ctgsgperaturd .« instead
of Piag- With this new off-design variation parameter thienulation rapidly
converges also using GSP.

Results and comparison between operating lines. The comparison between
the operating lines calculated using TSHAFT and G$# each map
characteristic, is visible in Figure 3.3-8; sinbe tomparison between component
maps is very similar for all the three simulateddals, it is presented only for
model n°1. For the remaining models we will foclm@st exclusively on the
relative error charts which highlight the deviasobetween output given by
TSHAFT and GSP.

Figure 3.3-4 show considerable similarities: intfdlbere are no appreciable
differences in the charts produced by TSHAFT an®GS

Figure 3.5-6 instead show the existence of a natgikle discrepancy, so
that the GGT map characteristic produced by TSHAE&mSs to be rescaled in a
different way with respect to its homologous in GFRe main reason lies in the
different method of calculating the corrected mié®s meo;. TSHAFT, similarly
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to other methods proposed in the open literatulg3[44], employs the definition
of mer used in eq. (1.67), using as reference pressudetemperature the
standard valuep;=101325 PaandT=288.15 K GSP, initially, from its design
point results related to the first stations of thedel, seems to use the same
definition of meor, with the same standard values. However, thi®iknger true

in the following stations, and especially at thergstation of the GGT. In fact,
the value ofm,,r output by GSP is different from the value obtaimednbining
the same GSP output values pt T°, m following definition (1.67). The
discrepancy is not so high, but it cannot be erpldiby a simple problem of
numerical cancellation (the relative error betwd&GHAFT and GSP values is
around 4%). It is also clear that this differenemrmot be caused by the use of
static instead of total values. For this reasonatthor is convinced that GSP
definesme, in a different way from what is suggested in tiberdture, or maybe
there is a slight error in GSP’s computationgf;.

Anyway, a different definition ofm, does not affect overall engine
performance, as is well evidenced in the compressg, where TSHAFT design
point (the first operating point on the right) isnast coincident to the same on
GSP. Therefore, this little deviation between thie todes is only responsible for
a different scaling of GGT and also FPT maps (\esib Figure 3.7-3.8).

Relative Errors. Relative errors are always calculated for evergehas the
relative difference between the generic valuesutaied with GSP Ggsp and
those calculated with TSHAFG{snary:

Ggasp =~ Grsnat

err = —>___ (3.1)

GSP

Thus, they may be positive or negative, and intshidrey are presented in
percentage values for convenience. The errorsatteashown below for each of
the three models are those related to the pd¥gr and the specific fuel
consumptionSFC expressed as a function of gas generator codeageed\cor
calculated by GSP. These errors, as well as béiogetof greatest interest to the
user, turn out to be also the highest errors anadirte variables considered.

Now, if we apply these concepts to model n°1, weiobthe charts given in
Figure 3.9-11. The power load calculated by TSHAETslightly lower with
respect to GSP when the operating point is located to the design point (error
well below 5%). In contrast, for points beldWw,=0.95, Pag is predicted to be
much higher than that calculated by GSP.
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As long as the operating points are far from thgeiline (see Figure 3.3-4),
the relative errors are kept below 15%; instead pibints that lie above the surge
line present an error up to 35%. The reasons fierdhror increase are mainly
three:

* Decrease in the value P4 for low values ofNg the FPT power
decreases and, even assuming an almost constamtitabsrror, it is clear
that the relative error increases only as a coresgzpiof its definition.

* Point distance from the design point: it is intatito expect that the
differences between the two off-design simulatiades are more relevant
when simulating an operating point far from theigiesonditions. In fact, the
theory implemented for design point simulation®ah TSHAFT and GSP is
almost the same (and the high compatibility of remgults confirms this). On
the contrary, the differences encountered in offiglie simulations are due to
a number of factors not present in design pointfations (such as numerical
solving methods, map interpolation procedures).etc.

» Operating points above the surge line: for poimsh® compressor map lying
above the surge line (in either one of the two maytput by TSHAFT and
GSP) TSHAFT employs linear extrapolation. We do kimdw what kind of
method is used in GSP to extrapolate compressorvakes, but it surely
produces different values. However, performancecutation for points
beyond the surge line cannot be considered faodyi@te for both the engine
simulation codes.

The SFCrelative error presents a specular behavior vapect to thé|aq
error. From Figure 3.11 it is observed that for tegority of the operating points
the fuel flow rate computed by TSHAFT is greatearthhat calculated by GSP; in
fact, as expected, the relative error trendnens very similar to that ofPoaq.
When Ngorr <0.9, TSHAFT outputs a SFC value lower than GSP, wiekans
that the greater fuel flow injected corresponda tugher FPT power output with
respect to GSP, thus leading also to better overgjine performance. Fdtcorr>
0.9, instead, the overall performance calculated by @&Srevealed to be better
than the one computed by TSHAFT. Actually TSHAFbmpared to GSP,
predicts a milder decrease in engine performané@aalN..r, but outputs a lower
performance in proximity of the design point.
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Figure 3.11. Model n°1: fuel mass flow relativecerbetween TSHAFT and GSP models.

3.2.2 Modeln° 2

Engine configuration. The model represents a three-spool turboshaft engin
On the first shaft the low-pressure compressorinket together with a low-
pressure GGT. On the second shaft the high-pressunpressor is coupled to the
high-pressure GGT. This gas generator group i@t by a FPT, which is
linked to the external load by another independéatt.

The design mass flow rate ®=4.5 kg/sand the design output power
Poac=1250 kW. These values are the same as those chosen forl mtide
however, the different configuration of the engmast produce different results
with respect to model n°1. In fact, the use of imdependent spools for the gas
generator is expected to improve engine performamvegification of this
occurrence would be an additional validation fothbihe two simulation codes.
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Figure 3.12. Model n°2: turboshaft engine builtwitSHAFT.
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A schematic representation of the engine modet ashuilt in TSHAFT is
visible in Figure 3.12.

Results. As can be seen from a quick observation of Figui&-35, engine
overall performance calculated for model n°2 isaglsvhigher than that computed
for model n°1. This holds true for either TSHAFTda@SP outputs, especially for
low values ofNcor, Where the independence between the two spoofay iinom
design point off-design conditions, brings majondfis to engine performance.

Relative Errors. The error trends are different from those repoitechodel
n°l. It can be said, however, that the curves irgato different performance
parameters again maintain the same shape relaifisnsfth each other: thBaq
error curve is similar to a scaled error curve, while the SFC error is almost their
specular image.

Compared to model n°1, the map zone whiggy calculated by GSP is
greater than that calculated by TSHAFT is greatipeged. If in model n°1 this
occurred whem.> 0.95, in this case it occurs throughout the region hich
Neorr> 0.85.

Anyway, we observe that in model n°2 the relatim®rs in the worst case
reach a deviation of 7% (for values related to afdeg points far from the design
point), which can be taken as a sign of good coibitit.
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Figure 3.13. Model n°2: FPT power relative errotvi@en TSHAFT and GSP models.
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Figure 3.15. Model n°2: fuel mass flow relativecerbetween TSHAFT and GSP models.
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3.2.3 Modeln®° 3

Engine configuration. The model represents a single spool turbojet engin
with a single compressor and a single GGT, as showigure 3.16.

In this case, there is no power delivered to aeresl load, since the total
enthalpy at the exit of the GGT is converted inioekic energy in the nozzle.
New performance parameters are used in relative eharts, like thrus and
compressor powdP.omp in addition, specific fuel consumption is nowadated
as the ratio betweary andF.

The design mass flow ratens=19.9 kg/sand the design thrust¥=9400 N

Results. The performance outputs given by the two codespénesically
plausible but are not presented for brevity.

Relative Errors. The charts show the usual tendency of the relativas to
increase with the distance from the design poing. appened before, the
performance parameters, when near to the design, poesent a positive relative
error, which then becomes negative as moving avaay the design point.

The SFC is found to have low errors (5% maximumabsolute value),
especially for medium values dkor, because in this zone the error on fuel flow
and thrust, for the particular definition of SFOnpensate each other.

The highest deviations are found in compressor pdevdow Ncor, reaching
16%.
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Figure 3.19. Model n°3: specific fuel consumptiefative error between TSHAFT and GSP
models.

3.2.4 Relative error comparison between the three models

In addition to the relative errors listed above, @& also define a single
parameter able to detect the general degree ofsemthbetween TSHAFT and
GSP models. It is therefore defined a mean relativer, in order to provide a
statistical information about what is the averagecentage difference between
the results produced by the two simulation codesthls purpose, a humbarof
variables of practical interest was taken, andrtgan of the absolute value of
their relative errors was computed:

err =L (3.2)

Such value can only be positive, and it represangossible index of the
general deviation between the results obtainedjusia two codes. We have seen
in the previous sections how the errors for alnadistnodels tend to increase with
distance from the design point and we understoedrthin reasons for this. There
is still an oscillating component of the error tias difficult to attribute to some
specific cause. However, the numerical methods eyepl by GSP to solve the
matching problem, map interpolations, variatyealculation and the combustion
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process, are unknown. The differences betweenwbecbdes exist in each of
these subjects, but we are unable to determinehwdiidhese affect the errors
between the codes the most. Anyway, using the madative error definition, we
are able to compare the three models, as can leevalsin Figure 3.20.

In model n°1, the mean relative error tends togase with the decrease of
Neorr, thus confirming the usual trend seen beforeerttains well below the 10%,
even for points lying above the surge line.

In model n°2 the mean relative error has a muchemonstant behavior than
in model n°1, and has also a lower value. Thisuigdly due to the extension of
the number of state variables used to calculatettee. In fact, with much more
stations than the previous model, and noting teatlly state variables (pressure,
temperature, etc.) show lower deviations than perdmce parameters, the mean
error is brought down by the higher number of statgables.

In model n°3 the mean relative error, even with fate variables used for
its computation, remains low and does not exceed 5%

In addition to the mean error analysis, we obsénat the engine operating
lines on map characteristics are very similar betwéhe two codes, and both
bring physically reliable results. Therefore, ordy proper comparison with
experimental data can determine which of the twdesp TSHAFT and GSP,
better simulates engine performance. Anyway, frbmn results obtained by the
analysis of these three models it is possible &desthat a fairly acceptable
compatibility between TSHAFT and GSP outputs isfiest.
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Figure 3.20. Comparison between the mean relatiegserelated to the three models.
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3.3 Validation vs. ERICA Engine Deck

The second step of the code validation procedugesen by the analysis and
setup of a reliable model for the candidate turbéisbngine for the ERICA tilt-
rotor. As can be seen in Figure 3.21, it is a tu@®ol turboshaft engine: on the
first shaft (in orange) a low-pressure (LP) ceogdl compressor is linked
together with a low-pressure axial GGT; on the mdcehaft (in red) a high-
pressure (HP) centrifugal compressor is coupletheohigh-pressure axial GGT;
on the third shaft (in green) an axial FPT produttes power output for an
external load (the convertible main rotor in thelER case).

The schematization of the model built in TSHAFTvisible in Figure 3.22.
Note that a new component, the bleed duct, is addetie model in order to
account for compressor air bleed effects.

To build a suitable model of the engine, data eelato more than 1200
different simulations performed using the manufeats Engine Deck (ED) are
used. Various off-design operating conditions anescdered. The principal issues
in building the model are listed below.

- I l L <= B -
:x‘ 1/;) f - >

Figure 3.21. The turboshaft engine chosen for ERICA
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3.3.1 Design point selection

The design point, fundamental to fix the virtuabgeetry of the engine and
its exhaust area, is arbitrarily selected as theesponding ERICA cruise
condition. This is the operating point used to s@@mponent maps, when needed.
Since the ED model does not account for installat@sses, intake and nozzle
efficiencies are set to unitary values to calibfB8HAFT model correctly. This
hypothesis will be held also for the subsequentefign simulations.

3.3.2 Compressor maps

From the ED output, it is possible to estimate cuoapor off-design
characteristics. In fact, the values of total puessand temperature related to the
entry and the exit conditions are computed by tbef@ both the compressors.
The same is applicable for the mass flow enterhmg éngine and compressor
rotational speed, which can also be found as Eputsit As a consequence,
corrected mass flow, corrected speed and presaticefor a specific off-design
condition can be determined using egs. (1.66-1B¥manipulating data referred
to multiple simulations, the corrected speed lioas be determined as explained
in appendix A.

Tracing the efficiency lines is a bit more complezh since the values of
compressor efficiency are not given by the ED. Haaveby knowing both total
temperature and pressure at the enfyy T:° and exit p.0, T.°) stations, the
efficiency values can be computed from comparisah the isentropic values of
exit temperature. In fact, it is possible to nuroalty solve eq. (1.13), from which
we derive the valud®s this is the value of compressor exit temperafarean
isentropic transformation. By using the definitiohenthalpy (1.5) we calculate
the values offth® and4h%, and from eq. (1.69) it is possible to derive coasgor
efficiency#comp

The results of map interpolation procedure arebiasin Figure 3.26-27 for
both LP and HP compressors. It is worth noting thd@ compressor map
extension is considerably reduced with respectRacampressor. The reason for
this is given by the fact that the second compiressmuch more constrained in
operation than the first by other engine componests that in steady state
conditions the region in which all the operatingn® fall is extremely narrow.
Moreover, the first compressor presents an extemagol principally due to the
presence of air bleeds, which are used to shifetiggne operating line, and thus
allow to explore a wider region of compressor opegaconditions.
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3.3.3 Compressor bleeds

From analysis of the ED results, the value of teeé air mass flow at the
compressor exit is not found equal to the flow eBngethe engine. This leads to
the conclusion that somewhere inside the engineertain quantity of air is
withdrawn for various purposes.

Inside the ED output, a scheduled handling bleatbbie is found which
represents the fraction of air mass flow thrown yawea maintain an acceptable
stall margin for the LP compressor during off-desand transient operations. In
fact, the most critical component which can be Ugwdfected by stall is the LP
compressor. The bleed valve responsible for ejgainoutside of the engine, as
well explained in [5], is often located between &Rd HP compressors, and is
simulated in the TSHAFT model using the bleed dwwrhponent in Figure 3.22.
For different operating points a different scheduldeed is present; thus, for a
correct simulation, an interpolation procedure mpkyed to determine the
correct value of the bleed flows for every steatiifesoff-design condition. Bleed
flows, as a fraction of the inlet mass flow, aresely related with pressure ratio,
which in turn is linked to the surge margin. Thé&atienship between these two
variables for two different rotational regimes bétFPT, 100% (corresponding to
design pointNgpr design speed) and 77%, is visible in Figure 3.23.

Note that the bleed valves start opening in prowimof a pressure ratio value
of 2, reach a peak around a value of 3 (10% maxirolthe engine air flow) and
then start closing till a value of 4 is reachedc®m@ pressure ratio value of 4 is
passed, the bleed valves are closed.

W77%
¢ 100%

Scheduled bleed flow [%]
(o)}

LP compressor pressure ratio

Figure 3.23. Scheduled handling bleed flow dowmstref LP compressor.
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W77%
¢ 100%

Service bleed flow [%)]
w

0 2 4 6 8

LP compressor pressure ratio

Figure 3.24. Service bleed flow downstream of Lmpoessor.

This behavior is consistent with aeronautical camspors, for which the stall
risk is usually maximum at an intermediate poweeldetween idle and design
conditions. Even taking into account air mass flogses due to scheduled bleeds,
there is still a discrepancy of some percentagatpan the ED data related to
inlet and exhaust flows. The reason for this is exglained in the ED manual,
therefore the presence of other bleed valves wiidiver hot pressurized air for
other services (such as cabin and seals pressonzatl pumping, actuators,
engine bay ventilation, etc.) must be postulatetthSleed is here referred to as
“service bleed flow” (Figure 3.24). when the engirsein idle conditions a
consistent percentage of air is extracted (overob%he total air mass flow), but
when running at full power a fixed quantity of 1%6eixtracted: with higher engine
mass flows, only a smaller part is needed to perfeervice purposes. For the
sake of simplification, in the numerical model bétengine service bleed flow is
taken out from the same bleed duct component betwlee two compressors.
Following this assumption, the only component inickiha loss of mass flow is
modeled, in the engine simulation, is the bleed damponent, where the sum of
scheduled handling bleed and service bleed isarttdrom the engine.

3.3.4 Turbine maps

From the ED output, the three different turbine magre not identifiable.
For this reason, three generalized maps founden@BP library were used and
scaled to the design point. However, the mostaliffieffort has been focused on
choosing the correct design point efficienciestlfier three turbines.
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HP turbine LP turbine Nozzle (fixed area)
or power turbine
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Figure 3.25. Operation of three turbines in sdidgs

The calibration of the model was made taking ach@gatof the fact that, for
the majority of the operating conditions, all theee turbines remain choked;
hence, as long as the FPT operating point posti@nges maintaining choking
conditions, the other two turbines are constraittegreserve approximately the
same operating point. This represents the norméaking behavior of turbines in
series, an example of which is visible in Figur253 As well explained in [2], the
assumption of single line turbine characteristiosyhich corrected mass flow is
independent of turbine corrected speed, is a chygeroximation to reality,
especially in choking conditions. Within this hypesis,“as long as the power
turbine is choked, the gas generator turbines witlerate at a fixed non-
dimensional point’[2]: in fact continuity requires that the correttmass flow
exiting the preceding turbine must equal that emgethe following turbine, as
can be observed in Figure 3.25. Based on this ipteycthe three turbine
efficiencies can be determined using a trial amdrgsrocedure. This procedure is
referred to as “turbine map calibration”, whichperformed in such a way that
TSHAFT results and ED output are compared for cbffié conditions until a
combination of the turbine efficiencies showing ainimum acceptable
discrepancy is obtained.

3.3.5 Performance Results and comparison with Engine Dec k data

Once the engine model is built, predicted perforceas checked against the
output provided by the ED. The model validationc&gried out analyzing five
steady state conditions of interest for the ERI@®&rator, which are reported in
Table 3.1. These input data employed in both TSHARA@ ED models uniquely
determine a single operating point of the engimeefxh of the five conditions.
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Altitude Mach FPT Eower Total Bleed Flow
[m] Number normalized to [%]
DP [%]
Conversion Mode 1 0 0.144 63.7 5.2157
Conversion Mode 2 0 0.181 64.3 5.2920
Conversion Mode 3 0 0.242 68.6 5.2944
Hover 0 0 98.8 3.6897
Cruise (design point) 7500 0.4975 100 0.9669

Table 3.1. Five testing conditions for the ERICAyE® model: input data.

In Figure 3.26-3.27, the five engine operating poare visible on LP and HP
compressor maps. The data are normalized with cesfme Design Point
conditions (DP). A very good compatibility betweBBHAFT and ED predictions
is observed. Again, as in the preceding modelsethms between the two codes
are higher as the distance from the design poimici®ased. The reason is given
by the fact that the point used to calibrate TSHARGdel is represented by the
cruise condition; in fact, for this particular catiah the error tends to zero, and
the operating points predicted by the two codesaegly coincident.

In Figure 3.28-3.32, a series of comparisons isentstween some variables
of interest, in particular specific fuel consumpti®elated to these charts is Table
3.2, which explicitly reports the values of theseiables calculated by TSHAFT
and ED along with the error calculation. A high @aance between the two
codes is evidenced as the largest part of theafiaacies is around or below 1%.
The highest computed error affects the engine ®tperature in hover, a
parameter of minor interest, and is equal to 2.2%.
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Figure 3.32. Normalized HP compressor speed cosgpabetween ED and TSHAFT.

Relative Errors [%0]
my m Texit Nipc Nipc
Conversion Mode 1 0.7759 1.7692 1.6865 0.7385 0.1233
Conversion Mode 2 0.7733 1.8649 1.6464 0.7453 0.1152
Conversion Mode 3 0.0289 1.8259 1.0287 0.7773 0.062
Hover 0.0232 1.0507 2.2245 0.4505 0.8611
Cruise 0.1118 0.0023 0.0273 0.0169 0.0052

Table 3.2. Error analysis for the ERICA engine mofiel flow (n), air mass flow (m), exhaust
temperature (&), LP compressor speed and HR{ compressor speed (ph).






Chapter 4

TCOPTER: a Helicopter Trim

Simulation C ode

4.1 Helicopter Model Assumptions

Helicopter flight simulation is a very complicateahd interdisciplinary
problem, which involves different technical branghsuch as aerodynamics,
blade dynamics, acoustics, structural and vibrati@nalysis. Some interesting
simulation tools are commercially available, whiee able to perform a
comprehensive analysis dealing with all these gis@s. Probably the most
famous and successful example is given by CAMRAD;ode developed by
Johnson [1]; its capabilities include inertia, &lats/ and aerodynamics coupling,
in order to give the possibility to perform a faeroelastic analysis, not only
taking into account the aerodynamics of the matorrdout also considering the
interaction effects between rotors and fuselage.

The degree of sophistication of a particular madelst be chosen wisely,
because it has to capture the most significantcaspaf a particular physical
phenomenon, at the same time minimizing the needdmputational resources.
The best compromise has to be chosen, which ireilgpdeads to neglecting
some aspects of the problem. Since the preseny stuanainly focused on
performance prediction, the helicopter simulatiodes implemented, TCOPTER,
was built with the purpose of determining with aodadegree of reliability the
power consumed by the helicopter rotors (main raad tail rotor). This
objective can be achieved by concentrating onlythen aerodynamic aspect of
helicopter simulation, and by making some simptifyiassumptions, which will
dramatically reduce the model complexity witholdihg too much accuracy.

We must underline that variable speed operatiquractice needs a thorough
vibrational analysis to understand how the loads teansferred to the hub and
which speeds are capable of exciting the natueajuiencies of a big number of
structural elements. However, as we stated inrttreduction, the purpose of the
present thesis is to understand if the performaade is worth the application of

61
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the VSR concept; after that, vibrational studiessmibllow and possible
innovative solutions to the damping problem magtoelied.

The previous discussion led to a definition of gig/sical assumptions that
are supposed to preserve the reliability of thechpter power estimation and are
therefore introduced inside TCOPTER. The assumgtionthe main rotor model
are the following:

* Combined Momentum theory and Blade Element TheBEMT);

* Linear induced velocity model (Glauert);

* Rigid blade motion: no blade elastic deformation;

» Blade lead-lag motion is neglected;

» Real airfoil characteristic€; andCy are calculated as functions of Mach

number, Reynolds number and angle of attack;

» Each airfoil section is isolated and does not gtfice the flow in the other

adjacent sections;

* No small angle assumption.

The helicopter trim calculations are instead basethe following hypotheses:

» Steady state level flight operation: zero climb(sag rate;

* Azimuthal averaged forces and moments are balanced;

* Fuselage drag is obtained using empirical relafions

* No small angle assumption for the Euler anglegtitude calculation.

We will see in section 5.3 that these assumptiead to an acceptable accuracy in
performance prediction, especially main rotor powdnlike for the engine
performance code, there will be no chapter uniqdelyicated to the validation of
TCOPTER. In fact, the code was validated againpeemental data only once,
for the specific real case treated in Chapter ba#t been used also for preliminary
design studies, but it still has not been tested east number of numerical and
experimental cases.

4.2 Main Rotor Model

The main rotor model employed in TCOPTER combin@snentum theory
and blade element theory (BEMT) at an advanced.|&as is a very known
basic theory of helicopter flight which is capablecapturing the most important
aspects of helicopter rotor behavior. It can bentbin most of the textbooks
dealing with helicopter flight, of which Refs. [[3],[4].[5] represent authoritative
examples. In the implementation of the current motie practical guidelines
followed are those provided by Howlett [6] and Sézi[7].
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Let us first analyze a single blade, which is \isitsom the upper side view
of an helicopter in forward flight (Figure 4.1). @hblade is divided into
infinitesimal segments of maslsn and lengthdr in the radial direction. Note the
convention adopted for the azimuthal angle:

W =0t (3.1)

With respect to the orientation of the rotorcraftis zero when it is aligned with
the direction of the air speadseen by an observer on the helicopter (poskive
when radius is pointing outwards).

4.2.1 Dimensionless Coefficients

Quite often rotor analysis is carried out using elisionless quantities; let us
define the ones which will be employed in the faling treatment. The forward
speed is linked to the first dimensionless parametthe rotor advance ratio:

_ Veosyy,

oR (3.2)

which is defined as the component of the forwarekesipparallel to the rotor disk,
normalized by the rotor tip speed. Another intengstparameter is the rotor
inflow ratio, i.e. the ratio between the flow vakyccomponent normal to the rotor
disk and the tip speed:

2= V, +Vsim, 5

: R (3.3)

Clearly, the numerator is given by the sum of tosvfvelocity induced by the
rotor in order to produce lift, and the componenthe advancing speed normal to
the rotor disk. Forces have also their related dsmless coefficients; the most
useful, which will be often used in the presentlgsig, is the thrust coefficient:

PA(QR)

Any force calculated can be normalized with theaseimator in eq. (3.3). We can
also define in a similar way the power coefficiemhich we will see as the most
interesting parameter in the model validation ictise 5.3:
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CP = % (35)
PA(QR)

Along with kinematic, dynamic and energy parameténe typical lengths are
also normalized with respect to the tip radtudn fact, as you can see in Figure
4.1Figure 4.2, the hinge offse(in meters) is normalized ¥

e
$=— (3.6)
R
.\.
A
advancing side
forward
velocity
v r dm
—

P Vol

rotor
disk

retreating side

Figure 4.1. Hub reference axes and azimuth andieititen (adapted from Johnson [3]).
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flap hinge

hub plane

rotor
shaft

Figure 4.2. Blade flapping motion and hinge confegion (adapted from Johnson [3]).



4.2 Main Rotor Model 65

In the same figures, the variableis defined as the dimensionless radial
position on the blade, starting from the blade girfgigure 4.2 represents a lateral
view of the blade, showing the blade flapping motawound the articulated hinge
and the definition of the flapping angte

4.2.2 Blade Section Velocities

Our analysis should start with the determinationthef expressions for the
velocities seen by a particular blade section. dat,fat each different radial
position a different relative speed is seen byltaele, due to its rotational and
flapping motion. Their knowledge allows to determithe aerodynamic forces
related to each infinitesimal segment; the loads va first integrated over the
rotor blade and then integrated and averaged dlengzimuthal angle in order
to calculate the forces and moments on the rotor.

Referring to Figure 4.3, the normalized velocités particular section of the
blade are calculated with no small angle assumptiote that no blade lead-lag
motion is simulated by using these equations:

%:gq rcosB + u siny 3.7)
i:ﬁc038+ r,8'+,usirﬂ cog (3.8)
OR

Ve _ cosB cog — A sify (3.9)

QR H |

dF:bf dL
|

®
Y

Figure 4.3. Blade section velocities and forcesaed from Johnson [3]).
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4.2.3 Induced Inflow Model

While for the hover condition an analytical solatito the induced velocity
profile can be found using BEMT, this is no longere for forward flight cases.
In order to preserve the simplicity of the analysisprescribed induced inflow
model is used. There are many in literature; aalinaflow model proposed by
Glauert [2], derived by means of experimental obketons, is chosen. The
induced inflow varies along the rotor disk andascalated as follows:

A = Ao (1+(& +rcosB) K, cog) (3.10)
wherelp is the average inflow coefficient calculated assgnuniform inflow:

A, = & (3.11)
24 + (A + pttana )’

and the local inflow coefficient, which accounts Bwth induced velocity and the
forward speed component normal to the rotor, isuthel:

A = ptana,,; + A, (3.12)

The constanky is determined using Glauert empirical relations:

K, = @tan(lj (3.13)
23 2
x =arctan(u/A) (3.14)

The determination of the exact valueiat clearly an iterative process, since the
abovementioned equations are strictly coupled.

4.2.4 Blade Section Lift and Drag

For each blade section, lift and drag are calcdlateing two-dimensional
thin airfoil theory, employing the introduction afonlinear lift and drag
coefficients. It is therefore assumed that only thegential and perpendicular
components of the velocity relative to the bladentobute to lift and drag
determination, so that the velocity seen by thigisection becomes:

Vo = VZ+V2 (3.15)
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The radial velocityr is, however, taken into account in the overaltésrbalance,
as we will see later. The infinitesimal lift andadrforces acting on a segment of
length Rdr can be computed as follows (note that these aredima¢nsionless
guantities):

dL:%chVAZS Rdi (3.16)

dD :%,occdv,fS Rdr (3.17)

The problem remains on how to comp@eandCy. The importance of correctly
simulating airfoil characteristics was already ethin the introduction; in order to
obtain a good power estimate, it is necessary édipt airfoil behavior in two
limit conditions: near stall, and at high Mach nwergy Both viscous effects and
compressibility effects are strong contributorshie increase in main rotor power,
especially at high helicopter advancing speeds$adh at high forward speed
the advancing blade sees very high Mach numberschwhan eventually
overcome the drag divergence Mach number, withfldbve becoming transonic.
On the retreating blade, instead, the flow is swsihat it can eventually stall;
note that in the inward part of the blade, at aalu® ofV different from zero, a
reversed flow region will always be present.\As increased, this zone becomes
bigger, and an increasing number of sections obthée are affected by stall.
Compressibility and stall both result in an inceeasrotor drag and therefore
absorbed power. The use of incompressible linegorthfor airfoils will not be
sufficient to simulate these phenomena, since ksdoot capture the most
important contributions to main rotor power. Foistheason, experimental look-
up tables are used in order to incorporate empinizda inside the model,
examples of which are Figure 4.4Figure 4.5. Thedid drag coefficients are
calculated as functions of angle of attack, Macimber and Reynolds number:

C

f(a,Ma, Rg (3.18)

Co

f(a,Ma, Rg (3.19)

It is noteworthy that such airfoil characteristiabkes are derived from
measurements in steady state conditions; they l@deeta approximately predict
the occurrence of a static stall. When operatingh vieathering motion (the
periodic pitching movement of a blade imposed ibghpcontrol) another type of



68 Chapter 48 TCOPTER: a Helicopter Trim Simulation Code
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Figure 4.4. Lift coefficient as a function of angieattack and Mach number (data from [7]).
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Figure 4.5. Drag coefficient as a function of angfi@ttack and Mach number (data from [7]).



4.2 Main Rotor Model 69

stall, dynamic stall, is set. This stall typologydifferent from the previous one,
especially because it is characterized by a higreedmumcC, value and a sort of
hysteresis, so that thg§ curve during amx increase is no longer the same curve
whena is decreased after stall. However, the utilizabbstatic stall information,
even if not extremely accurate, is a conservatigk astimate, since dynamic stall
is usually encountered at higher angles of attaitk vespect to static stall. In
practice, if the rotor model anticipates the oredestall, limiting the operational
possibilities of the helicopter, it can be viewedaadesigner constraint chosen to
maintain a safe stall margin. Just before thecs&ttll occurs, the error in using
static airfoil characteristics is still small andcaptable, so static airfoil data
interpolation is a valid compromise between modehglexity and reliability.

Another source of error related to airfoil datgigen by the unavailability of
complete experimental information along the erffe360°] « interval. In fact, as
can be seen in Figure 4.4Figure 4.5, Mach numbeeps®are reported for only a
limited range ofa (typically [-20°,+20°]); the main reasons for théck of data
are related to a minimization of time and cost ohecessary experimental
measurements. Indeed, extreme valuesarfe only encountered in a very limited
zone in the rotor disk, near and inside the revémse region; since this part is
only a small fraction of the rotor disk, the ermoade has a limited effect on
overall rotor performance. Therefore, in our model, the o domain outside
[-20°,+20°], the influence dReandMa is neglected.

To obtain the values of lift and drag coefficieftsm the airfoil data tables
three parameters are necesskty; Reanda. The first two are straightforward:

Ma=—Jas (3.20)
Y kR-I;mb
Re= YasC (3.21)
U

with v representing the air kinematic viscosity. The deieation of the angle of
attack, instead, is quite long and complex andireguteration. From Figure 4.3,
it can be easily shown that:

a=9-¢ (3.22)

whered is the blade pitch angle agpds the inflow angle. The first is given by the
sum of the pitch given as a control input to theediel and the inherent blade twist:
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I=3F o t7

control twist

(3.23)

The blade control pitch angle can be approximatetti¢ first harmonic terms of a
Fourier series, dependent on the azimuth angle:

J

control

=, +4, coy +J, sy (3.24)

The local inflow angle, instead, requires knowled§éhe velocities at the airfoil
section, computed as in egs. (3.7-8); it is catedlavith the four-quadrant inverse
tangent function, to account for reverse flow:

¢ =arctan(\, / \f) (3.25)

Grace to the inverse tangent with two argumentgnagrojecting from wind axes
to blade axes, the lift and drag forces are congpatenegative values if reverse
flow occurs.

4.25 Forces and Moments Acting on the Rotor Hub

In the previous section, we found a way to caleulle values of lift and
drag of an infinitesimal segment of the blade. Bhedinitesimal forces have
been computed in the wind reference axes, asrgiiest in Figure 4.3. Now, the
objective of this section is to calculate the tdtetes and moments to which the
main rotor is subject. To do this, we have to cleargjerence frame and integrate
the contributions given by each single segment.

Let us first transform the forces computed in waxes to the blade reference
axes (Figure 4.3):

dL dD .
dF,, =| — -— d 3.26
o= Greow 2 sim | ar (3.26)
dF,, :(E cogp +$ sir¢j dr (3.27)
dr dr
dF, = —Z—?tam dr (3.28)

Note that in this reference the radial forEg can be calculated using the
equivalence assumption for swept wings, as suggésteddohnson [4]F;, has the
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negative sign because it is directed inward aldwgradial direction. The yawed
flow angle4 is then defined using blade section speeds asfsil

A=arctan(\,/ V) (3.29)
From the reference system attached to the bladeheeld pass to the shaft

reference axes, in which tlxeandys are in the rotor disk plane and theaxis is
parallel to the rotational speed vectar

dF,. = dF,cog3 + dF, siff (3.30)
dF, = dF, (3.31)
dF, = dF,cog3 - dE, sifB (3.32)

The last transformation is made from the movingnerice frame attached to the
rotating shaft to a reference system again centeréuke rotor center of rotation,

but this time fixed with respect to the helicoptieselage. Finally, if we integrate

the different contributions of the rotor segmemtsf the hinge to the tip, we are
able to obtain the forces and moments acting omthim rotor, which are then

transferred to the helicopter fuselage:

F, = szsdr (3.29)
:
F(¥) =fossirw+ F.cog di (3.30)
:
F, () =j- F.co%/ + Fsiyy dr (3.31)
:
M, = jFXS(E +rcosf) Rdr (3.32)

4

M, (@) :j[FZS(q‘Hcosﬂ)— F.rsind | Rsig di (3.33)
'3

1

M, ()= j [ F..(é +rcosB) - F.rsin3] Reog d (3.34)

£
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It is shown that the vertical forde, and momenMM; are independent from the
blade azimuthal positiony, whereas the remaining forces and moments are
strictly dependent ow. The forces and moments are therefore not stdadty,
periodic; in order to calculate helicopter trim 4eln is a quasi-steady state
equilibrium condition of the helicopter where dletforces acting on the rotorcraft
are balanced (no accelerations)- we need to caécala average value of all the
six forces and moments in one revolution, multghley the number of blades:

_%271
Tun =52 ! F,dy (3.35)
H =ﬁ2f|: (¢)dy (3.36)
MR 2”0 X :
Y, =ﬁ2f|: (¢) (3.37)
YRe2md Y '
M s -Ny ”M dy (3.38)
T 0
M =ﬁ2j”|v| (¢)dy (3.39)
XMR 27_[ 0 X .
M =ﬁ2f|\/| (¢)dy (3.40)
YMR 27T y :

The moments are taken with the same sign convenigble in the Figure
4.6Figure 4.7, representing helicopter equilibritdmce the forces expressed in
blade axes are projected in the hub-shaft axdsedbomes possible to sum the
contribution of every single sector to the foréégs, Yur, Twr, @and the moments
Mxmr Mymr,Mzvr acting on the rotor hub.

4.2.6 Flapping Motion

There is still something missing from the currerdimmrotor analysis. We
introduced the flapping angle, but we have not sestrhow it can be calculated.
If we analyze the flapping motion dynamics, introthg the aerodynamic, inertial
and centrifugal forces, we obtain the followingfeiiential equation:
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. M
,3+u§,3=g—lﬂ (3.41)
B

Note that the blade weight force has been negldatedis formulation, a quite
common assumption in rotor analysis. The flappimgment is the result of the
integration of the vertical force in the blade axes

tdF,

Mﬁ:{ dr

Rrdr (3.42)

The termvs in eq. (3.41) is the dimensionless flap frequendyich appears due
to the presence of a hinge offset from main rotmter of rotation. It can be
computed as follows [5]:

o1s ¥
7T 2(-¢)

(3.43)

An analytical solution to eq. (3.41) exists onlyemhemploying the small angle
assumption and analytical expressions for (linear) and C4 (quadratic).
Unfortunately, without these assumptions, the diifial equation (3.41) is
highly nonlinear due to th&l; term; a solution can be found only by using
numerical methods. Instead of employing time-vdrapproaches such as Runge-
Kutta methods, a greatly simplified solution to €8.41) can be found by
approximating the flapping angteas the first harmonic terms of a Fourier series:

B =B+ B.cosp + By siyy (3.44)

The usual operators employed in the calculatiothefcoefficients of a Fourier
series can be applied to the left hand side of®41) to obtain:

2

%T [ (B+viBlay =vig, (3.45)
717 [ (+v2B)cow do =(vi-1) 4, (3.46)
Y (pevippa=(vi-1)5, @7

0
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By applying the same operators to the right harde sof eq. (3.41) and
rearranging, we are able to transform a singlesdbfitial equation in a system of
three algebraic equations, where the unknownshar&adurier coefficientsy, fic,

Bis

1 2nM
V2B, —— | —Ldy =0 (3.48)
g 2n£g|ﬁ
v5-18 —iTﬂcos//d//—O (3.49)
£ el - '
2 g - LT Msgiay =
V2-1)8, ﬂ'([glﬁsm//ct//—o (3.50)

This nonlinear set of equations will be part ofraager nonlinear system that has
to be generated to calculate helicopter trim coowtt

4.3 Forces and Moments Acting on the Helicopter

Aside from the forces and moments acting on thenmator, there are some
other which are needed to calculate the attitudbenthree-dimensional space of
the helicopter. These include the helicopter weidgatl rotor thrust, fuselage
aerodynamic drag and perturbations. Here beloweperted the six equations
used to calculate the helicopter equilibrium, dlghmodified from those
presented in [5] to account for tail rotor cant largnd structural shaft pitch. The
moments are calculated referred to the rotor hub.

Longitudinal equilibrium:

D, .CODp+ H,zCO$0 +6) -

3.51
(Tyr + TrrSiD) si(©+86) co® =0 (3.51)

Lateral equilibrium:

Yur + TrrCO® cO®+( Tt Tp s cf®@+6) =0 (3.52)

Vertical equilibrium:

W =(Tyr + TrrSi®) co§@+6,) coB- D[ sth.—

3.53
Hyesin(© +65) +(Yyr+ Trrc08) sih =0 (3.53)
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Rolling moment equilibrium:

Mwr +M Xius +TrC0D) hpt V\( Zc S - YE GS) =0 (3.54)

Pitching moment equilibrium:

Myyr M, + TSIl ~ W[ X.Co$0+6 §~ Z,SiO+6 )]~
- (3.55)
D,,coS(0+6)| 2,Co§0+8 )~ xsif@+60)]|=0

Torque equilibrium:

(3.56)

—

Figure 4.7 Lateral forces and moments acting oeliadpter (from Leishman [5]).
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Figure 4.6-Figure 4.7 allow for a better understagaf the equilibrium relations
(3.50-3.55). Most of the variables in the equatians illustrated in the figures,
but let us stop for a while on the most importarglas. Since we are dealing only
with steady state level flight, the flight path &@rp is zero. The orientation of
the helicopter in space is determined by the tBwder angles: rolb, pitch® and
yaw (or sideslip); the last is not visible in figgr In fact, in the present trim
analysis, the sideslip angle is neglected and issidered null, so that the
helicopter advancing motion is considered unyawed.

A final consideration on tail rotor thrust and powse needed: these are
calculated in a similar way to the main rotor oned#yoducing additional
simplifying assumptions: the flapping motion is lested, the inflow is
considered uniform and analytical airfoil charaistigrs are used.

4.4 Trim Solution

To trim the helicopter at a particular forward sp¥eand main rotor speed,
the collective, cyclic and lateral pitch controlsush be adjusted to find the
equilibrium. The relationships written in the prews section are highly non-
linear and interdependent, and also include thuatian of numeric integrals; in
fact, when using look-up tables an analytical eatdun of the integrals is no more
possible. The blade must be divided in a discretmber of segments, and the
azimuthal averaged values must be calculated amta humber of equal spaced
positions.

It is not possible to uncouple the main rotor emunst from the helicopter
equilibrium equations, because the orientatiorhefttelicopter with respect to the
incoming flow influences the aerodynamic forcesrarion the rotor; the same
happens also inside the main rotor equations, witnerénflow, flapping motion,
lift and drag equations are highly interconnecteceach other. For this reason,
they are all implemented as a non-linear systeth@typef(x) = 0, wheref is a
vector-valued error function (matching constrainasid x is the vector of the
variables (matching guesses). The way this systemritten and solved is very
similar to the one exposed in Chapter 2 for turbfistengine matching
calculations. In the present helicopter model thenlper of equations to be solved
are twelve. The vector of the variables in thisedascomes:

X:[190’z9lc’19]s'ﬁ0’ﬁ1ciﬁjsle 1CD )A OATR’CT’CTTll (357)
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The equations that compose the systf) are: egs. (3.50-3.55) for
helicopter equilibrium, egs. (3.48-3.50) for flapgimotion, the inflow eq. (3.11)
for both main rotor and tail rotor, and finally tequivalence between the guessed
coefficient of thrust and the thrust fortealculated by numerical integration:

T _-o (3.58)
PA(QR)

The system is solved numerically with a Levenbergrdiardt algorithm. Care
must be taken in choosing the initial values fa xlvector in eq. (3.57), because
a choice too far from the solution may lead to @rge problems.
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Chapter 5
VSR Speed Optimization: a
Case Study

5.1 Overview of the UH-60 Black Hawk Helicopter

The importance of a real case study relies in thesipility to estimate the
performance benefits related to employing a VSRe falicopter chosen for the
present analysis is a UH-60 Black Hawk helicopfégyre 5.1): it is a four-
bladed, medium lift utility helicopter, having a ri@um allowable gross weight
of 22,000 Ibs (9,979 kg). Manufactured by Sikor&kscraft Company, the Black
Hawk is equipped with two General Electric T70(tghaft engines. It is a very
versatile helicopter, whose missions include: assaalt, general support,
aeromedical evacuation, command and control andiadpgupport operations. It
has been chosen as a test case mainly for thenpeesé a lot of experimental
tests and information available to the public, viahpermit the construction and
validation of a sound helicopter model.

)
& General Electric T700
Turboshaft Engine

Power Shaft Combustor (

Gas Generator
Turbine
I\
L E_— . e o
Compressor |

Free Power Turbine

Figure 5.1. The UH-60 Black Hawk helicopter mougtiwo GE T700 turboshaft engines.

79
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In the next sections, we will first have a looktla¢ data used to build the
models of the GE T700 and the UH-60. A validatigraiast experimental data
will be given for the engine model in section 5/@&daor the main rotor and
helicopter model in section 5.3. Subsequently,ilithe described how to find the
optimal rotational speed minimizing fuel consumptian this Chapter, we will
deal only with a traditional helicopter configuati employing a fixed-ratio
transmission. Finally, the results output from tpgimization in different flight
conditions will be shown and discussed. The worgosed in this Chapter was
presented at the B%merican Helicopter Society (AHS) Forum, Phoer@g13;
it was given the Best Paper Award in the PropulsB®ssion, and has been
published in the Journal of the AHS [1].

5.2 Validation vs. Experimental Data for the GE T70 0 Model

The power plant used in the UH-60 is the GE T700.engine for which
several data, available in the open literature, lmarfiound to build a reasonable
model [2],[2],[4],[5]. It is a two-spool turboshagngine, composed of a five stage
axial - one stage centrifugal compressor and twal d@Mrbines: a gas generator
turbine (GGT) driving the compressor and a FPTwveelng torque and power to
the external load. A schematic representation eféhgine model is visible in
Figure 5.2, while the related TSHAFT model is dégadn Figure 5.3.

The Design Point (DP) data needed to build therengnodel are listed in
Table 5.1; the design values for free power turt®M (Nrpr) and power load
(Pioag) are obtained from the manufacturer’s engine data.

Air mass flow [kg/s] 4.612
Inlet recovery factor 0.988
Compressor pressure ratio 17.50
Compressor isentropic efficiency 0.821
Compressor design speed [RPM] 44700
Combustor relative pressure loss 0.04
Combustion efficiency 0.985
Fuel upper heat of combustion [MJ/kg] 43.10
GGT isentropic efficiency 0.85
GGT mechanical transmission efficiency 0.99
FPT design speed [RPM] 20900
FPT isentropic efficiency 0.85
FPT mechanical transmission efficiency 0.99
FPT Design Power Load [kW] 1343.8
Nozzle isentropic efficiency 0.9

Table 5.1. Design data used to build the GE T7€foshaft engine model.
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FIVE-STAGE LOW FUEL PRESSURE
AXIAL FLOW FUEL FLOW INPUT FLOWTHROUGH ANNULAR
COMPRESSOR COMBUSTION CHAMBER

SINGLE-STAGE TWO-STAGE AXIAL TWO-STAGE
OUTPUT SHAFT  CENTRIFUGAL FLOW HIGH-PRESSURE AXIAL FLOW
COMPRESSOR TURBINE POWER TURBINE

Figure 5.2. The GE T700 turboshaft engine [5].
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O-INLET CONDITIONS
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Ready 100% VariableStepDiscrete

Figure 5.3. GET700 turboshaft engine model buibhgd SHAFT.

Station 1  Station3  Station4 Station 5 Station 6 Station 7

Total Temperature [K] 288.2 715.1 1503.9 1152.7 910.8 910.8
Total pressure [bar] 1.013 17.519 16.818 4.072 1.227 1.203
Total enthalpy [kJ/kg] 0 4414 1370.5 934.5 646.7 646.7
Specific entropy [J/(kgK)] 0 120.2 1000.8 1069.4 1126.6 1132.1
Specific heat [J/(kgK)] 1004.3 1078.5 1264.8 1213.7 1162.9 1155.3
Power Load [kW] 1343.8
Engine efficiency 0.2989
SFC [kg/kWh] 0.2794
Fuel mass flow [kg/s] 0.1043

Table 5.2. Results of the Design Point Simulation.

Firstly, a DP simulation was performed and the ioleh results are
summarized in Table 5.2. The ambient conditionstli@er engine DP simulation
are chosen to be ISA standard at sea |eve288.15 K, p=101325 PaThe DP
data are necessary to fix the virtual geometryheféngine and therefore rescale
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turbine and compressor maps. In fact, these inpt# dlone are not sufficient to
build an engine model able to predict performartcallaconditions, because off-

design simulations require component maps. Sincp ofaracteristics of the

turboshaft engine studied are not publicly avadaldome generalized maps in
table form, found inside the GSP library, were us&be scaling procedure
employed was based on a simple proportional aoierievery single map

parameter is divided by its design point valu€his approximation perhaps
represents the major source of deviation from erpartal measures.

Compressor characteristic interpolation was perérremploying auxiliary
coordinates (usually namegtllines, see Appendix), which are particularly usefu
in helping the off-design optimization algorithm ¢onverge and visually define
the interpolation domain. The off-design steadytestsolver is also able to
calculate engine conditions at operating pointsafuhis domain; however, since
the values derived from the map will be extrapalatbe accuracy of the results
will decrease as the distance of the operatingtgmm the interpolation domain
increases. Turbine characteristic interpolatiorstaad, is performed directly
without the use of any additional parameter.

The performance results obtained using TSHAFT ampared against
experimental data collected at the NASA Lewis Rege&enter by Ballin [2].
The validation process is carried out on six opegatconditions featuring
different inlet conditions and external loads, mepd in Table 5.3.

Test Wy P2 T2 P49 Load

Case Torque

lbm/hr | PSIA| °R | PSIA| ft—lbs
140.1 | 14.37 | 516.7 | 14.37 30.1
297.2 | 14.17 | 515.6 | 14.43 90.1
3720 | 14.16 | 508.3 | 14.46 | 148.3
4584 | 14.09 | 508.0 | 14.60 | 206.5
560.6 | 14.02 [ 507.2 | 14.63 | 2743
694.4 | 1392 [507.2| 1472 | 360.8

N | B W B e

Table 5.3. Test conditions for NASA-Lewis experira@nest engink(from Ref [2]).W is the fuel
flow, P2 andT2 are the measured total pressure and temperattine aiP,P49is the
FPT exit pressure.

% See appendix A for the description of an adeqseading procedure.

" The NASA test data are related to a slightly miedifversion of the GE T700, but the differences
with the original are very small. The power plagrfprmance differs from a standard T700 of
only few percentage points, which will not affelet tvalidity of the present analysis.
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Figure 5.4. GE T700 turboshaft engine: comparisoRSHAFT model results with experimental
data and GSP software: (A) Fuel flow; (B) Mass floate; (C) Compressor outlet
temperature; (D) Compressor outlet pressure; (EJ ket temperature; (F) Gas

generator shaft speed.

Another engine model with the same input data it haing GSP software,
in order to compare the two codes predicting cdipabivith respect to the

experimental test results.

The validation assessment is represented in FigdreFuel consumption is
the most interesting parameter to be observedadt it represents the objective
function of the minimization in the VSR analysisiling to match it correctly
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with the experiments would affect the entire raligbof the present study. The

operational points generated by TSHAFT are in gampeement with the

experimental data, with a maximum relative errortba various performance
guantities in line with and in most cases evenebdtian GSP calculations. As
already stated, the principal cause of discrepanbetween experimental and
simulation results is probably found in the lackkofowledge of single engine
component performance (especially component map).d&toreover, the real

engine may involve the use of bleed valves to abstiall margin, a phenomenon
which is not introduced for lack of information.e®id flows actually affect engine
performance parameters, creating a deviation froadipted operation of some
percentage points. Nevertheless, these compargdww that the TSHAFT code
is a valuable tool to predict the performance patans of a generic turboshaft
engine; in fact, they represent also the firstdation of the software against real
performance measures.

5.3 Validation vs. Experimental Data for the UH-60  Model

A model of the UH-60 Black Hawk helicopter is buiking TCOPTER and
collecting a set of real data which is reported’able 5.4 and Figure 5.5. These
data are available in the open literature, and rob#tose used for the simulation
are found in NASA technical reports by Howlett g6id other papers [7],[8].

Main rotor radius [m] 8.178
Main rotor blade chord [m] 0.527
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] 0.247
Number of blades (tail rotor) 4
Tail rotor nominal speed [rad/s] 124.4
Tail rotor cant angle [deg] 20
Main rotor - tail rotor distance [m] 993

Table 5.4. UH60A construction data and other assiomp (Ref. 3).
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Figure 5.5. UH-60 Black Hawk helicopter: configioatand dimensions [9].

There are some additional assumptions used spbifimside the UH-60
simulations that are to be reported. Firstly, thadé tip loss is modeled with the
well-known Prandtl tip-loss function. Secondly, #erodynamic moments acting
on the fuselage are neglected for the lack of ddta.same holds also for the rear
stabilator, which is not simulated. On the contrdng fuselage lift and drag are
taken into account using empirical expressionsdauarieo et al. [10]:

L= ,0V (1.0239r,,° +12.841,, " -39.558r,,° -30.214y,,° + 5.1)

+106.09)’WL -0.709)

p\/ (35.14+0.0440896,, ) (5.2)

fus -
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From the same paper, the additional accessory pofved kW, typical of the
average UH-60 operation, is derived and used in ntfuglel. Lift and drag
coefficients are derived by interpolating the SCAL@@foil characteristics found
in Bousman [11]; the interpolation accounts for kacimber variation. A similar
interpolation is used to account for the slighthnhnear twist distribution.
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Figure 5.6 UH60 helicopter: comparison of TCOPTERdel results with experimental data and
CAMRAD Il output from Yeo [10]: (A) Power coeffient; (B) Collective angle; (C)
Lateral cyclic angle; (D) Longitudinal cyclic angl&) Pitch attitude; (F) Roll attitude.
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Figure 5.6 shows the comparison between the culff@@PTER model, an
aeromechanical analysis performed with CAMRAD IR]land experimental
measurements collected by Yeo et al. [10]. The li®espredicted by the
TCOPTER model for the analyzed variables show a gmompatibility with the
experimental values. Particularly important for therent analysis is the good
prediction of both the power coefficient and cdiiee angle. As well, the
longitudinal cyclic angle estimation is quite acer according to that
encountered experimentally. Since the main godahefcurrent analysis is given
by a correct modeling of the engine power demahdret is less interest in
accurate blade dynamics simulation, and some estated to the attitude angles
and the control angles can be fairly accepted. Weweall helicopter trim
parameters find quite a good adherence with exgeriah measurements by using
the abovementioned assumptions.

Summarizing, the UH-60 model can be considereddatdd in first
approximation, since the most important parametstimated, the power
coefficient, is very close to th€, measured. The highest error is found in the
hovering region (the most difficult region for BEMiiodel prediction), wher€,
is slightly overestimated.

5.4 FRT Optimal Q Calculation Scheme

The primary objective of the present study consistmerging together the
turboshaft engine and helicopter trim models toaterean overall helicopter
performance model. In this way it is possible tadan optimization algorithm
which runs the helicopter model seeking for thet bwain rotor speed?, in
different flight conditions. The objective of thigarithm is to adjust? in order to
minimize the engine fuel mass flow, taking into @oet the different
requirements of the main rotor and the turboshafjiree. Despite the large
number of nonlinear equations employed in the twifer@nt models, the
optimization algorithm has to solve a univariatenimization problem, thus a
wide variety of algorithms can be used. For theecaady at hand, a derivative-
free algorithm, the golden section search methatt warabolic interpolation is
chosen.

In Figure 5.7, the optimization process is graphicachematized; remind
that we are analyzing a standard fixed-ratio trassion helicopter. The input
values of ambient conditions and forward speedraeded for both the main
rotor and engine models. Once a tentative valuedfois chosen, from the
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helicopter trim simulation the power absorbed by thtor Pyr can be derived,
whereas from the fixed transmission ratio the Fpded can be evaluated:

‘QFPT = ktransQ (53)

The power requested to the engine is actually gbsethe sum of main rotor
power, tail rotor power and additional accessorwemo If a helicopter mounts
two different turboshaft engines, as in the casehef UH-60, the power is
supposed to be equally divided between the two.réfbee, accounting for
transmission losses, the single engine power leadrbes:

R _(PMR+P|'R+ PA)

oad — (5 . 1)
‘ 2,7trans

These data are then inserted as input values irrgée model, which in
turn computes engine fuel consumptiop Next, the optimization algorithm
computes a new value f@ and restarts the process until the minimum in fuel
consumption is reached. Note that this optimizagimtess must be accomplished
for each different flight condition taken into cdsteration.

OPTIMIZATION
ALGORITHM

MAIN ROTOR
MODEL SIMULATION

AMBIENT

CONDITIONS
+
FORWARD
SPEED

TSHAFT ENGINE
SIMULATION

END OF
OPTIMIZATION

Figure 5.7. Optimal speed determination procesa fiored-ratio transmission helicopter.
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5.5 Simulation Results

In order to obtain a good overview of how an optimain rotor speed could
reduce fuel consumption, five steady state castsal flight are simulated with
different weights and altitudes. For each casesififulations are carried out to
cover the advancing speed interval from 0 to 90 this clear that there will be
different optimal speeds depending on differentgts and altitudes, since the
power required to maintain level flight is cleadgpendent upon these parameters.

Three simulations are performed with a constanglateof 7257 kg (16000
Ibs) at the following altitudes and ambient tempanes:

* Sea level (0 m)T=302 K
e 2100 m,T=288 K
e 4200 m,T=274 K

The reference temperatures used for the threereliffealtitudes are chosen as
typical of a hot summer day (ISA+14°C).

Further simulations are carried out maintaining ¢bastant altitude of 2100
m, T=288 K, and varying the helicopter gross weight:

« 5443 kg (12000 Ibs)
. 7257 kg (16000 Ibs)
. 9071 kg (20000 Ibs).

One may think that, instead of performing the satiohs with a sweep in
altitude and weight, simulating different valuesGfwould have been sufficient
to understand the effects of both variables. Iri, fgs is true for the helicopter
model alone, where the power required by the matior iis directly dependent on
air density: in first approximation, a change ititatle is equivalent to a change in
density, and nothing else. Unfortunately, enginefgmmance significantly
depends not only on air density, but also on teatpes (or, alternatively,
pressure). Therefore, if we compare two helicopterfigurations with the same
Cq, but different weights and altitudes, the engieefggmance will be different,
because it is also dependent on temperature, wiacies with altitude. This
justifies the need to simulate both the effecttifuale and weight, to obtain a
correct overall performance estimation.

5.5.1 Complete results for the 2100m, 7257 kg case

The simulation at 2100 m for a gross weight of 7R§7s chosen to show the
amount of information that can be derived from tmimization methodology
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discussed in the previous sections. The remainimgs owill be only used to
understand the various trends in the most interggbarameters. The optimal
main rotor speed is expressed as a function ofrexiivg speed/ in Figure 5.8.
The first thing to notice is that the optim@lis lower than the constant speed for
the entireV interval. Moreover, the variation @ is still inside the 15% boundary
in which a usual helicopter engine operates. Irufeich.9, the objective function
of the optimization, fuel consumption, is shownrgjavith the engine shaft torque.
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Figure 5.8. Optimal main rotor speed compared testant design speed (27 rad/s).
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It is clear that optimal speed has achieved a goesllt, since fuel
consumption is lower in the entire flight speecemtl, and the best results are
found for intermediate forward speeds, in accordanith previous studies [2].
Fuel consumption reduction is also accompanied t@daction in total helicopter
power, as will be clear in the next section (Figbrgs-Figure 5.16). Despite the
power reduction, optimaP operation leads to a higher engine shaft torqigu(g
5.9): in fact, the decrease §hwith respect to the constant speed case more than
compensates the power reduction, with the net effemcreasing engine torque.
However, this is a minor drawback; the torque iaseeis small and vanishes at
higher speeds: in fact, the maximum transmissiogui load observed inside the
V interval is the same for both cases. Now, it igenesting to analyze the
operating points on the two most important comptsmeh the turboshaft engine,
i.e. the FPT and the compressor. From Figure 3.19 evident that there is no
shift in the compressor operating line between tive cases compared, as
expected. In fact, for a turboshaft engine opegatnsteady state conditions, the
working line is fixed as long as the gas generaidrine is choked, namely the
vast majority of its operating envelope. Howevkg points related to the optimal
Q line are moved towards lower corrected speed liaagdear indication that the
power requested from the rotor is lowered.
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Figure 5.10. Operating line on compressor map dhaniatic for both constant and optimal speed.
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In Figure 5.11 both the turbine operating linecohstant and optima? are
traced. The optimization leads to an evident dspieent of the engine running
line; however, it is unclear if it is directed tosda higher levels of isentropic
efficiency, as it would have been when optimizingobshaft engine efficiency
[12]. Figure 5.12 clarifies the trend: only for laost range of intermediate values
of V the optimal speed achieves an improvement in HRdiemcy; instead, for
low and high values o¥ the constant? is characterized by a higher FPT
efficiency: in this case rotor power minimizatiana slightly opposing goal. This
behavior is not encountered for every altitude wedyht, as will be seen later.
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Figure 5.11. Operating line on FPT map characterist both constant and optimal speed.
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The last interesting observation to be made igedl#o finding a physical
explanation to the reducegfound by the optimization algorithm. Let us analyze
the condition at which minimum fuel consumptiorrésiched, namely the one at
35 m/s. In Figure 5.13-Figure 5.14 the angle aicktte seen by the rotor blades is
plotted along the rotor disk for constant and optifp, respectively. A significant
increase of is encountered when operating at optimal speésintieans that the
algorithm is reducing profile power by lowering th&tational speed. Hence, in
order to compensate for the loss of thrust du@ reduction, the angle of attack
has to be increased.

Y normalized direction

X normalized direction

Figure 5.13. Angle of attack distribution for thenstant speed case, V=35 m/s.

Y normalized direction

-0.81 1

X normalized direction

Figure 5.14. Angle of attack distribution for thgtinal speed case, V=35 m/s.
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5.5.2 Main Rotor Power Comparison

Main rotor power variation is the primary indicatof rotor efficiency
changes, and therefore it is a parameter to bdudlgretudied. First, observe the
discrepancies in power absorption between the dginand constant case at
different weights and altitudes (Figure 5.15-Fig6t&6). It is clear that optimal
rotor speed operation is particularly advantagedsea level, where for the entire
V range a substantial power reduction is noticeds Téduction vanishes at 4200
m, proving that the constant speed of 27 rad/tréady near to the optimal speed
for this altitude (in Figure 5.1 related to the 4200 m case is the nearest to the
constant 27 rad/s case). The significant differebesveen main rotor optimal
speed and constant speed in hover, correspondiaigntust the same power, may
be due to a slightly better trade-off between tuelefficiency and rotor efficiency.
At 65 m/s there is a sudden peak in power for thestant speed line. Since no
point on the blade is reachifda=1, retreating blade stall is the most reasonable
explanation.

The same occurrence is found for the high weighe ¢@071 kg), this time at
a forward speed 10 m/s higher (Figure 5.16). Thiseds also characterized by a
strong proximity between the values of optimal andstantQ2. The last two cases
have something in common: at high speeds a higtiarda or a higher weight,
when Q is constrained to the same value, inevitably le¢ada higher collective
angle. This is translated into higher angles odckitat the blade, which imply
retreating blade stall and a consequent intenseease in profile drag. The
optimization algorithm, instead, seems to solve ghablem by increasing to
move away from blade stall (but still ensuring pais conditions at the blade tip)
and maintain the rotor inside an acceptable opeyanvelope.

The phenomena encountered here at high forwarddspae in quite good
accord with the trends individuated by Steiner is Work [13]; he noticed that
some peaks occurred before finding a limit conditwhere helicopter trim was
no longer possible. On the contrary, the opti@aeems to extend the operating
envelope of the helicopter, permitting a weakerease in rotor power at high
forward speeds by avoiding retreating blade stall.
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55.3 Fuel Flow Reduction

The main goal driving this Chapter analysis is espnted by the possibility
to obtain a significant fuel reduction by using &R/ on a standard helicopter
(UH-60). The percentage reduction achieved by tp@mization process is
presented in Figure 5.17 for different altitudesl am Figure 5.18 for different
weights; in Figure 5.19 and Figure 5.20, inste&é, aptimal® responsible for
fuel reduction is plotted for the entire advance#pged range of the helicopter. In
the lower and intermediat¥ interval, a maximum fuel reduction of 13% is
observed for the 5443 kg at 2100 m case.

As a rule of thumb, it is possible to conclude ttte¢ optimal main rotor
speed achieves the best results, in terms of areuwmption, at lower weights and
lower altitudes. In practice, it seems that thehir from the design conditions,
the more useful the approach presented. This ésftnuadvancing speeds still far
from the blade stall condition.

For highV values, the optimal seems to produce another beneficial effect,
retarding blade stall. In this region high gainsfuel consumption are output by
the helicopter and turboshaft models. However,dhesults have to be carefully
analyzed, because constant speed operation atd?§ cannot be realized in
practice for the engine. In fact, some of the camg® conditions analyzed could
not occur in practice because of the too high marineycle temperature reached
inside the turboshaft engine. Moreover, at thegh lpowers, the corresponding
operating points are falling out of the compressod FPT map, strongly
decreasing the reliability of the results output the turboshaft model. This
simply means that standard constant speed operation more possible, so it
does not make any sense to calculate an estimafidnel reduction. On the
contrary, optimun®2 operation permits to reduce the combustor tempesdb an
acceptable level, proving that the flight envelogiethe helicopter has been
widened.

As a further note to the reader, it has to be nttat numerical convergence
has been verified inside both the helicopter trivd the turboshaft models, for the
entire set of simulations performed. The relatiglertances were found always
lower than 18. It has to be remarked that the optimization reejtvhen far from
the constant design condition of 27 rad/s, dematedrthat significant benefits
can be obtained at both high and low speeds byaimgl an optimal?.
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55.4 Power Minimization vs Fuel Flow Minimization

In this last section it will be shown how neglegtito model the turboshaft
engine would affect optimal main rotor calculatidmet us define the main rotor
optimal speed minimizing total helicopter powerfasR, while we will refer to
the usual optimal speed minimizing fuel consumptisrf). In Figure 5.21 fuel
consumption reduction is calculated using the tiffierdnt optimal speeds. It can
be seen that in the optimization algorithm the madnving parameter is
represented by main rotor power, sineefollows quite nearlnyMR. However,
the engine simulation becomes relevant at Yowegion: the introduction of the
turboshaft model requirements can be seen as aramhsto the main rotor
optimization. In fact, if the power minimizationgalrithm is left free to vary2
inside the lowV region, main rotor power minimization is no longguivalent to
fuel consumption minimization. Moreover, if we takelook at the hovering
condition, Qws is even causing an increase in fuel consumptiothis condition,
main rotor power minimization is counterbalancedpmpr engine performance.
This justifies the effort to model both main rotand turboshaft engine
performance to correctly determine the trend in éd@@sumption reduction.
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Chapter 6
Fixed Ratio vs Variable

Speed Transmission

6.1 Introduction

As explained in the previous sections (and alsBefs. [1],[2]), the analysis
of main rotor and turboshaft engine subsystems loaups fundamental to
correctly understand fuel saving possibilities. Each different helicopter flight
condition (depending on advancing speed, helicopteight, and ambient
conditions) it is possible to find an optimal radatal speed of the main rot@wr,
which minimizes helicopter absorbed power. In addijtfor each different power
load condition it is also possible to find an oINPT speed valu@eer (or
RPM value NFPT :E_)FPT/ZH) which minimizes engine(s) fuel consumption.
These two optimal speeds are different, dependimy each subsystem
characteristics, and vary with flight conditions.drder to achieve maximum fuel
saving, it is clear that optimal helicopter operatishould emplof)MR for the
main rotor andQeer for the engine FPT. However, state of the artcopliers
employ a fixed transmission ratio between enging raain rotor angular speeds,
therefore stating the impossibility of optimal ogon for both subsystems, since
main rotor speed is strictly dependent on engimedpThere is a clear advantage
in leaving the two subsystems free to rotate at thiéerent optimal speeds, and
this may be achieved employing a variable speetsingssion, especially in the
form of a CVT. No such transmission is currenthaitable for the helicopter
requirements; however, it is important to quantifg potential performance gains
that could be obtained using a CVT. How much fuwel eve save using a CVT
instead of a FRT, always assuming optimal speedatipa? We will address this
guestion in the present section.

There is no study in the open literature which yred the advantages and
drawbacks of the FRT and CVT concepts from a perémrce standpoint, which
can be interesting to understand the worthineskesfe two approaches for future
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research. Therefore, the present section deals thigh investigation of the
different theoretical performance achievable bg#ievo variable speed concepts.
The impact of the two types of transmission upoaral helicopter performance
is estimated through a comparison between a FRTaa@W T, both operating at
their optimal speeds. This is done by using annaogation strategy able to find
the optimal rotational speeds of main rotor and F&Teach flight condition
(level flight from 0 to 90 m/s). As in Chapter Hyree different altitudes are
considered, and three different gross weight caméiions for the same helicopter
(the UH-60) are simulated in order to understandwimich particular flight
conditions the two variable speed concepts achibgebest reductions in fuel
consumption.

6.2 Reasons for the comparison

Different CVT possibilities for helicopter applitans have been discussed in
section 1.4. The existence of a great number aatmarconcepts and the lack of
reliable information about variable transmissionighe and efficiency does not
permit to make sound hypotheses on performance\8isCwhich has to be
integrated in the helicopter and turboshaft engnoelels.

Nevertheless, even without knowing weight and edfficy characterizing the
CVT that has to be simulated, a valuable comparssiween CVT and FRT can
still be made. In fact, by employing in simulatiath® same weight and the same
efficiency used to evaluate FRT helicopter perfaros it is possible to compare
the two variable speed concepts independently fdifferent CVT types. It is
clear that the CVT case will present the highel aving: as stated above, it
makes it possible for both main rotor and turboskeafyine to operate at their
optimal speeds, whereas the FRT can only achiesmge intermediate value
between these two. However, if the fixed ratio $rarssion case presents
comparable values of fuel saving, it will emergattbnly high efficiency and
lightweight CVTs would be worth the research efftirho efficient CVTs appear
to be employable, a research devoted to FPT dffigianprovement at off-design
speeds would seem to be the most reasonable diooahieve fuel consumption
reduction. Therefore, the analysis presented hexg Imelp choosing one of the
two approaches depending on the research projettirpance goals and the
estimated research costs. The two variable speszkpts, the FRT and the CVT,
have been tested at their own optimal speeds arddbmpared to the constant
RPM speed case to evaluate fuel consumption regucti
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6.3 CVT Optimal Q Calculation Scheme

The optimization routine employed for the FRT casedescribed in section
5.4 and graphically exposed in Figure 5.7; it reggiito introduce the engine and
helicopter models inside the same optimization Idopthe CVT case, instead,
since Qur and Qeer are independent, there is no need to couple tgmerand
helicopter models, which can be run individuallyot separate optimization
procedures are thus employed.

Firstly, an optimization routine has to find tiBr minimizing the power
load requested to the engine. Subsequently, theempaumtput by this first
optimization, Ppag, IS used as the input value for a second optinozaloop
containing the turboshaft engine model alone. Bleisond routine computes the
Qrer Which minimizes fuel consumption given a particudembient condition.
The process is illustrated in Figure 6.1.

We have understood that when using a CVT it isiptess$o operate at both
FPT optimal speed and main rotor optimal speed.o®efcarrying out the
simulation analysis outlined in Figure 6.1, letfirst focus directly on the two
different subsystems, starting from the turboskagiine.

MINIMIZATION
ALGORITHM

HELICOPTER MODEL Pioad(i)-Picad(i-1)
SIMULATION s
TOLL.?

AMBIENT
CONDITIONS
+
FORWARD
SPEED

TSHAFT ENGINE
SIMULATION

MINIMIZATION
ALGORITHM

Figure 6.1. Optimal main rotor speed and optimall F¥peed determination process for a
continuously variable transmission helicopter.
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6.4 Optimal FPT Speed as a Function of Power Load

Since we know that a single optimum FPT speed £xXdst different power
levels, we want to be able to determine the RPMievalf the FPT Ngpt) Which
minimizes SFC, for each assigned valué’gfy. Using the resulting data of these
simulations it is possible to draw, on the maphef various engine components, a
new engine running line, which can be defined @grenoptimal.

We perform this study as if we were testing the TB0 in a laboratory on
the ground; we want to isolate the engine fromhékcopter and characterize its
performance sensitivity to FPT rotational speed.tHe next sections, engine
performance will be also subjected to the changdisgint conditions (altitude and
Mach number) of the helicopter, which are not cdesed in this section. The
condition here simulated at the engine inlet assustendard air at sea levelrf),
with T=288.15 Kand Ma=0. Performance results are exposed in Table 6.1 for
two engine running lines: the first is a Constlptr Running Line (CNRL), in
which Nept is fixed at 2090(RPM; the second is the Optimizédter Running
Line (ONRL), in which Ngpr is determined using the minimization process.
Performance gain achieved through optimizatiotlustrated in Figure 6.2-Figure
6.3. The improvement is evident, especially at |®WT pressure ratios
(corresponding to low power loads), where a redactn SFC up to 12% can be
achieved. Note that in this simulation the relatpercentage reductions in fuel
flow and SFC are exactly the same, since the casgrabetween the two running
lines is made at the same povRyg. In Figure 6.2 it is interesting to note that at
600 kW the design RPM value corresponds to mininiugh flow; moving away
from this value, optimal speed leads to a supatidecrease in absolute fuel flow.

Constant Nepr Running Line Optimized Ngpr Running Line
Nepr Pioad Ntot SFC Nepr Pioad Ntot SFC

[RPM] [kwW] [%0] [kg/kWh] [RPM] [kwW] [%0] [kg/kWh]
20900 1343.8 29.9 0.2795 24147 1343.8 31.0 0.2695
20900 1199.9 30.0 0.2784 23789 1200.0 30.8 0.2709
20900 1100.0 29.8 0.2807 23545 1100.0 30.5 0.2740
20900 1000.0 29.4 0.2845 23258 1000.0 29.9 0.2797
20900 900.0 28.7 0.2912 22922 900.0 29.0 0.2880
20900 800.0 27.9 0.2995 22539 800.0 28.0 0.2978
20900 700.0 26.9 0.3101 22125 700.0 27.0 0.3096
20900 600.0 25.8 0.3244 20525 599.9 25.8 0.3243
20900 500.0 24.3 0.3442 18981 500.0 24.4 0.3428
20900 400.0 22.2 0.3769 17452 400.0 22.5 0.3715
20900 299.9 19.4 0.4316 16001 300.0 20.1 0.4152
20900 200.0 155 0.5376 13613 200.0 16.8 0.4969
20900 100.0 10.2 0.8206 11911 100.0 11.7 0.7145

Table 6.1. Performance parameters for ConstanOgmignizedNgpt Running Line simulation.
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Figure 6.3. Effect of FPT efficiency variation omesall engine efficiency.

The absolute fuel flow reduction is very similawtrds either higher or lower
power loads. The relative fuel reduction, insteadgonsiderably greater at low
external loads because lower power means also lm&kconsumption; therefore,
the ratio between the absolute reduction and fogl fust increase. Figure 6.3
illustrates how an increase in FPT efficiency iseao positively affect overall
engine efficiency. It is interesting to observet taghigher loads a percentage FPT
efficiency increase translates directly into anrémeent in engine efficiency of
approximately the same amount. At low power, indtes reduced impact on
overall engine efficiency is encountered. This igimty due to the reduction in
maximum cycle temperature and pressure ratio, peteasi to which engine
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thermal efficiency is extremely sensitive. In theait case, a turboshaft engine
with infinitesimal external power load still needsme finite fuel to operate; in
this limit condition, any FPT efficiency improventemould have no effect on the
engine thermal efficiency, which would be tendiagéro.

It is important to notice that the engine efficignmprovement is only due to
FPT efficiency changes. The other engine components compressor,
combustor and GGT, do not present significant thffiees in their respective
efficiencies when optimal speed and constant sppedation are compared. This
teaches us an important lesson: in a two spoob#ldift engine, a variation in
speed at the same power load affects almost exelysFPT performance; the
influence of the new matching conditions on thefgrenance of the other engine
components is negligible. This is also demonstratedrigure 6.4-Figure 6.6,
where the two engine running lines, the ONRL arel @NRL, are compared on
compressor, GGT and FPT maps. Some observationdeanade for each of
these component characteristics.

6.4.1 Compressor Map

In accordance with gas turbine theory the ONRL dilesost in the same place
of the CNRL. The difference is found to be in thaiftsof the individual
equilibrium points on the same line. This means Myar variation very slightly
affects compressor stall margin and moves the tipgraoints along the same
curve searching for better performance. In the toMg, region of the map, the
compressor is predicted to surge for both the mopfines. The reason for this is
given by the fact that these particular compressat GGT cannot be matched
under a certain rotational regime. This problenussally solved in practice by
employing variable inlet guide vanes or blow-offwes, whose effects are not
included in these simulations. However, these regirare found only in the
starting phase of the engine, so that for the eriglicopter flight conditions
considered, a reasonable stall margin is maintained

6.42 GGT map

The observation made above is valid also for thel G@ning lines: the
ONRL and CNRL lie in almost the same place, anddperating points of the
ONRL are moved along the same curve. Since theighoked for most of the
operating conditions of the engine, the operatioigts on the GGT are very close
to each other (see section 3.3 for a reminder enabion of two turbine in series).
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Figure 6.4. Comparison between Optiabr Running Line (ONRL) and ConstaNEsr Running
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6.43 FPT map

The most relevant variation in the running linelisarly observed inside the
FPT map. The ONRL no longer lies in the same ptcéhe CNRL because the
optimization algorithm searches for the best FRERti®pic efficiency. In Figure
6.6 it is evident that the ONRL almost coincidestmthe FPT peak efficiency line;
in fact, in every region of the map (and especialhere the values dfi.or and
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Meorr are nearly independent) the reduction of engin€ & achieved almost
exclusively by improving the FPT isentropic efficey. Given the fact thatlo
change is not significantly affectingyor, there is not a big difference in the
engine mass flow and therefore neither a big dhiftn the original operating
points on the other component maps. In conclusibe, FPT running line is
mostly affected by the variation M-pt because the minimization algorithm looks
for areas in the map where the FPT efficiency igimaed.

An overview of Figure 6.6 suggests also that, fi@se particular component
maps, the design point RPM of the FPT should bes@&halightly differently. In
fact, to achieve maximum performance in design itmm$, Nepr should be
increased fron20900to 24147 RPM It is expected that, as the power required
Poad is reduced, a concomitant reductiorNigst will produce an improvement in
the overall efficiency of the engine. Actually, ghis what happens in the low
pressure ratio region. However, for higher poweele requested, the algorithm
moves the minimum SFC points towards higRg#t, thus suggesting that there is
a better design point choice for the engine othantthe initial one. In this way
the optimization algorithm implemented providesrewerther information, i.e. it
indicates which is the maximum performance that lmameached by a particular
engine configuration.
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Figure 6.6. Comparison between Optiabr Running Line (ONRL) and ConstaNErr Running
Line (CNRL) on FPT characteristic.
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6.5 Optimal Main Rotor Speed as a Function of Fligh t
Conditions

The second subsystem to consider is the main ebbore, since, as we have
seen before, a CVT would allow the main rotor tacte its optimal speed
independently from engine RPM. To carry out thelyms, the five steady state
cases presented in section 5.5 are consideredsarhe flight conditions are again
simulated, along with altitude sweep and gross kteigariation, this time
considering the main rotor speed optimization alone

The most interesting output from the analysis isnnmator power. For this
reason, a comparison between constagpkt operation at27 rad/s and Qur is
made and the results are given in Table 6.2-Taldel6 Table 6.4, the optimal
main rotor speed responsible for minimum poweeforted.

Constant 2y r Helicopter Power Absor ption [kW]

Y h=0m h=2100m  h=4200m  h=2100m  h=2100m
[m/ls W=7527kg W=7527kg W=7527kg W=5443kg W=9071kg
0 1241.2 1315.6 1448.4 930.0 1787.8
10 1057.6 1139.2 1273.4 790.4 1571.2
20 813.2 876.4 995.4 613.4 1225.6
30 712.2 738.4 820.0 549.4 1005.0
40 724.4 717.4 767.0 572.2 934.0
50 828.6 785.4 810.2 668.2 978.8
60 1030.2 940.2 953.6 844.2 1142.4
70 1352.6 1197.8 1452.6 1124.0 1836.2
80 1861.8 1599.6 2527.8 1578.6 3137.4
90 2837.2 2304.4 3617.2 2758.0 4466.0

Table 6.2. Helicopter absorbed power at cong®pt (27 rad/s).

Optimal 2y r Helicopter Power Absor ption [KW]

Vv h=0m h=2100m  h=4200m  h=2100m  h=2100 m
[m/s W=7527kg W=7527kg W=7527kg W=5443kg W=9071kg
0 1151.6 1270.2 14416 847.2 1779
10 959.4 1087.6 1262.8 700.4 1558
20 713 823.6 986.6 521.6 1214
30 615.8 690.4 813.6 458.4 997.6
40 626.6 670 763.6 475.6 930.6
50 719.2 730.4 809.8 555.6 978.6
60 898.6 872.6 949.2 706 1135.8
70 1195.4 1123.2 1209.8 955.8 1430.2
80 1694.6 1542.2 1647.6 1394.8 1925.4
90 2743.4 2300 2402.2 2589.2 2765.6

Table 6.3. Helicopter absorbed power at optifak.
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Optlmal Our
Vv h=0m h=2100m  h=4200m  h=2100m  h=2100m
[m/s W=7527kg W=7527kg W=7527kg W=5443kg W=9071kg
0 19.56 22.56 25.69 19.16 25.72
10 19.23 21.96 25.29 18.50 25.18
20 20.18 22.16 25.46 19.52 25.30
30 21.12 23.14 25.99 20.42 25.96
40 21.75 23.83 26.49 21.01 26.52
50 22.12 24.29 26.87 21.36 26.91
60 22.49 24.62 27.23 21.75 27.28
70 23.06 25.09 27.61 22.39 27.65
80 23.99 25.82 28.13 23.46 28.16
90 25.49 26.76 28.84 25.47 28.90

Table 6.4. Optimaf2r values.

A similar discussion to the one made in sectionZcan be done; it is seen
that for every flight condition the helicopter pawat Qur is considerably lower
than the constant speed case, except for the Higida or high weight cases; we
therefore deduce that main rotor speed has beégneesfor the highestrvalues
considered in our simulations, whe2& rad/sappears to be a very good speed
choice. However, still some benefits are encoudtardhese higlCrconditions:
in fact, the constant speed case at high forwatdcites is again affected by
retreating blade stall, which instead is avoidedtly optimal speed case: an
extension of the operating envelope is achieved.

Figure 6.7-Figure 6.8 illustrate the relative rettut in helicopter power
achieved by optimal main rotor angular speed operator different altitudes and
weights (dashed lines). It is interesting to corepihiese values to the FRT case,
where overall system optimal speéd/vas calculated as a compromise between
main rotor and FPT optimal speed. For this read@power reduction obtained
using Q is also plotted (continuous lines). We see thattfe hover condition and
till V<30 m/sthe coupled optimization (FRT) acts as a constrmmmain rotor
power optimization: in this low region, engine performance is a relevant factor
in the overall optimization and forces the rotoeeg to higher values with respect
to the unconstrained optimization, and thus higiwaver. Higher values of power
in this region lead to lower fuel consumption, hessaFPT efficiency is increased.

Over 30 m/s instead,2ur and Q lead to almost the same power level. In
this interval, Qur and Qrer are both increasing witlV and main rotor
performance is the leading factor driving the otation. N.B.: when comparing
CVT and FRT cases, equal minimum power does meaal egtor efficiency, but
it does not mean equal engine performance. In flagtiwo transmission types are
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characterized by different fuel consumption dueatdifferent FPT speed. This
will be better shown in the next section, where BT and CVT concepts are
compared analyzing the different optimal speedsthedlifferent fuel savings.
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Figure 6.7. Helicopter power reduction at differatitudes achieved grace @MR (dashed line);

for comparison, power reduction at optimal glohedexd (2, for the FRT case, is drawn
(continuous line).
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Figure 6.8. Helicopter power reduction at differemtights achieved grace @@wr (dashed line);

for comparison, power reduction at optimal glohmed (2, for the FRT case, is drawn
(continuous line).
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6.6 CVT and FRT Performance Comparison

The five steady state conditions presented in aedi5 are simulated, this
time considering the CVT approach. The CVT resalts compared with the
previous FRT output and the constan27 rad/9 case.
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Figure 6.9. Optimal main rotor angular speeds #emint altitudes for FRT and CVT cases
(W=7257 kg).
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Figure 6.10. Optimal main rotor angular speedsiférént helicopter gross weights for FRT and
CVT cases (h=2100 m).
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In order to calculate fuel consumption, the powetpat by TCOPTER (in
Table 6.3) must be passed to the engine model.pimzation loop in TSHAFT
computes the best rotational speed for the pasticnbwer level and ambient
conditions required. Note that, due to the typsiahpe of the power curve, for
P<Prover there are two differei¥ values corresponding to the same power level
(see Figure 5.15-Figure 5.16); instead, engineopmdnce related to these two
operating points will be different, because of diféerent inlet total conditions.

In Figure 6.9-Figure 6.10, the optimal main rotpeedeMR is calculated for
both the FRT and the CVT cases at different weiginis altitudes. The UH-60
main rotor design speed is 27 rad/s. It can berebdethat, at intermediaté
values,.aMR Is found to be lower than the design constantevébu both FRT and
CVT cases. This happens because of the increatieeiblade angle of attack
when operating at optimal speed: the optimizatmahcates that the best strategy
is carried out when reducing blade profile poweldwering the rotational speed.

The dashed lines (CVT) can be viewed as the refudin unconstrained
optimization on main rotor performance, whereasdbmtinuous lines (FRT) are
the result of a main rotor optimization constraingyg engine speed linkage.
Beyond the 30 m/s condition, there are no big tffiees between the FRT and
CVT cases. This means that in this region mainrretficiency is affecting
overall helicopter performance more than turboskeafgine efficiency. On the
other hand, near the hover condition there is aifsignt difference between the
two transmission concepts, stating that FPT efficyestarts playing an important
role in the optimization process: minimizing maiatar power is no more
equivalent to minimizing fuel consumption.

In Figure 6.11-Figure 6.12 the optimal engine FP&esl is calculated for
both the FRT and the CVT cases at different weights altitudes. The GE T700
design speed 20900 RPM In this case, a significant variation between@\&r
and FRT cases is observed for the majority of tigitf conditions (maximum
discrepancy around 25%). Since the minimum in nrator absorbed power
occurs at intermediate speeds, helicopter operaigar hover and at highl
values implies high power levels requested to tiggre. In these regions the FPT,
once let free to seek for its maximum efficiencgaches considerably higher
rotational speeds; in fact, in order to maintaitiropl stage incidence angles, the
optimal FPT speed increases with increasing pogwe$. The dashed lines (CVT)
can be viewed as the result of an unconstrainech@attion on turboshaft engine
performance, whereas the continuous lines (FRT)tlageresult of an engine
optimization constrained by main rotor speed lirkag
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Figure 6.11. Optimal FPT speeds at different algifor FRT and CVT casedf7257 kQ).
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Figure 6.12. Optimal FPT speeds at different helieo gross weights for FRT and CVT cases
(h=2100 m).

In Figure 6.13-Figure 6.17 the most important penfance results are
presented. The percentages in fuel savings withemsto the constant design
speed case (normal helicopter operation) are showraddition to the two
optimized FRT and CVT cases, another possible desigfiguration is assessed,
which employs a variable speed main rotor with tamsspeed FPT, at the usual
design value of 20900 RPM. The figures represeliaide information clarifying
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the different contributions to helicopter perforrmanmprovement given by the
single subsystems optimization. From the figuredowe the following
considerations can be derived:

1. For every case considered, both optimal CVT and Bp8eds lead to better
results, in terms of fuel consumption, at lowergtes and lower altitudes, i.e.
at lowerCy. This is mainly due to the fact that optimal operaat highCy is
found to be very close to the design speed comditid\ctually, the farther
from the design conditions the more useful the roptation approaches
presented. This is true for advancing speeds fstillfrom the blade stall
condition.

2. Once a CVT approach is chosen, it is worth tozaeilhe double optimization
method exposed above. From a performance standpbist inefficient to
operate the FPT at its constant design speed iry éught condition, whilst
the rotor is operating at its optimum. This choatgo leads sometimes to a
higher fuel consumption than the FRT case, as easeen in Figure 6.13-
Figure 6.17 (red line named CVT, Desibjapy). If, driven by the desire to
increase performance, we admit a complication ef likelicopter hardware
with the introduction of a CVT, we should also cdicgite the system control
software, otherwise much of the gains with respethe FRT case would be
lost. For this reason, in the next part of theisactwe will refer to the CVT
case as only the double optimization case.

3. In Figure 6.15 and Figure 6.17, bath and Qur produce a beneficial effect
at highCr and highV (beyond 65 m/s) regarding blade stall delay, which
ultimately results in an extended helicopter flighivelope. In these operating
regions, constant design speed operation is no mabde because of large
diffused retreating blade stall. This conditionresponds to a deep increase
in main rotor power due to blade drag, which becomeaggeratedly high
that the turboshaft engine is no longer able tordfft; in fact, to provide the
high power load, the engine increases the fuel flamd exceeds the
maximum cycle temperature permitted (which is leéie to exceed the
technological limits in the engine model). Varialjgeed operation, instead,
still maintains an affordable fuel consumption andeasonable turbine inlet
temperature. For this reason, the very high fueings encountered in this
particular case cannot be considered as reakstice the comparison is made
on a trimmed state that is virtually impossible achieve. However, fuel
saving is still useful to be plotted since it demsibates that at very high
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advancing speeds the variable speed rotor is abtenh the helicopter at
acceptable power levels, whereas the constant spsed is not able to
operate properly due to retreating blade stall. dpgmization process (in
both FRT and CVT cases) avoids retreating bladi IsyaincreasingQur
which in turn permits to decrease the blade andlattack: this can be
beneficial until sonic conditions are encounteredha advancing blade tip
The rotor power is maintained at acceptable levedsce high gains of fuel
consumption are displayed by the turboshaft model.

4. The highest fuel consumption reduction achieved thg optimizations
(excluding the blade stall regions) is found toabhmost 13% at intermediate
advancing speeds (lo@p region). It is interesting to observe that thislpées
common to both the CVT and FRT cases. Instead,sbeof a variable speed
main rotor with constant speed FPT prevents froachimg the maximum
fuel reduction, stating that at intermediate spabdsFRT is more effective
than mere main rotor and engine decoupling; but meaise and hover
conditions, the constant FPT speed approach, caupar FRT, results in
better performance.

5. The CVT concept behaves better than the FRT oweretitire advancing
speed interval, as expected. However, at internedipeeds the differences
between the two approaches are negligible: in thetyalue ofQrpr divided
by the fixed transmission ratio is close @wr . This can be seen by
comparing Figure 6.9 and Figure 6.11 (altitude $)eend Figure 6.10 and
Figure 6.12 (weight sweep). On the contrary, indraand high speed cruise
Qur and Qer tend to diverge: the FRT has to find the best comgse
between the different optimal speeds of the twasgsiems. In fact, at high
valuesQrerincreases more rapidly thadwr, since optimal engine operation
requires a higher rotational speed with increapioger. Since higher engine
power means higher engine mass flcfwm has to be increased in order to
maintain optimal turbine blade angles with resgecthe flow. In addition,
when close to hoverQur and Qrer are even characterized by opposing
trends. In fact, from intermediate to |o¥wvalues the power requested to the
engine is increasing, and hence al3@r increases; on the other han@iyr
decreases to minimize blade profile power. The mium value ofQur is
reached very close to hover, whereas @her minimum is found between
the 30-50 m/s interval.

6. Even if the CVT presents better performance, no diffgrences with the
FRT are encountered. For this reason, the effigiemd weight of the CVT
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mechanism have to be comparable with current fixaitb transmission
technology, otherwise even a few percentage poariation in these
guantities would be able to erase any CVT perfocadenefit.
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Figure 6.13. Fuel saving comparison W«7257 kg,h=0 m.
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Figure 6.14. Fuel saving comparison W#7257 kg,h=2100 m.
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Figure 6.15. Fuel saving comparison W#7257 kg,h=4200 m.
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Figure 6.17. Fuel saving comparison for W=9071hH«2590m.

6.7 Final Considerations

Two different approaches have been analyzed, the &®l CVT concepts,
and their performance results have been comparedsi@erable reductions in
fuel consumption (almost 13% maximum) have beewrted for both FRT and
CVT cases with respect to standard constant spsed operation. At highCr
values, fuel saving is reduced because optimal rgpeed is found to be very
close to the design constant speed value.

It was found that FRT and CVT fuel savings are caraple for intermediate
advancing speeds, but tend to diverge in the hawer high advancing speed
regions, where CVT clearly outperforms FRT, witmaximum of 8% better fuel
reduction. However, the CVT concept can represenalaable alternative to
FRTs only if the CVT mechanism is able to presestate of the art FRT weight
and efficiency. In fact, especially at hi@h values, a few percentage points drop
in transmission efficiency or even additional weiglould imply a higher fuel
consumption than with the constant speed casee @iterge part of the helicopter
operational time is usually spent in the hover amdise conditions, CVT
represents the best theoretical choice for VSR, & cannot be employed until a
reliable, efficient and inexpensive CVT design widbmply with rotorcraft
industry requirements.
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The FRT concept, instead, seems to be a more feasdy to reduce fuel
consumption, especially for helicopter missionsrabterized by an extended
operating time in the intermediate advancing speegbn (surveillance, taxiing,
sightseeing, etc.). Unfortunately, compared toGNg, the FRT is not performing
well in hover and high speed forward flight, whiahe the conditions of major
interest for a helicopter designer. At this powmg should wonder: is there a way
to improve the FRT concept? We will try to addrésis question in the next
chapter.
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Chapter 7

Improving the VSR Concept

7.1 VSR Improvement Concepts

In the previous chapter we have dealt with the athges given by the
utilization of a CVT. Variable speed transmissiesaarch is a really fascinating
research topic, whose application is not only ledito the rotorcraft field. They
could be very useful in a lot of technical fiel@gaitomotive, machinery, energy
production. Wherever there is a need for a speddctmn, CVTs could let
motors perform at their maximum efficiency, indegently from the operational
conditions. It is therefore a potential breakthidougchnology, and it is surely
worth to invest in this research field. From magngears to electromechanical
power split devices, there still is a great marginmprovement of the current
variator technologies, which at the moment are netiable, do not permit to
withstand high values of torque, and are reallyfficient if compared to well-
designed fixed ratio transmissions. However, weehatfll many years ahead
before the introduction of a CVT in rotorcrafts. Wave seen that the CVT, in
order to achieve performance benefits, must beachenized by efficiency and
weight comparable to existing FRT. No such techgyplexists at the moment.

Following this, in the present chapter we will fecan the possibility to
improve the VSR concept assuming to preserve tditional FRT. There are
many possible ways to achieve this; we will quickve a look at three different
possibilities.

7.2 Coaxial Rotors

Coaxial rotors have been among the first designplayad in the early
development of rotorcrafts at the beginning of 268 century. In fact the double
counter-rotating rotor solution was the most imeitway to balance the rotor
torque on early vertical flying machines. Howewerthe 1940’s, the traditional
single rotor configuration was established maintgcg to Igor Sikorsky, who
solved the torque balance problem by adding artadr in the aft part of the
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helicopter. All over the world this new type of VLOnachine was so successful
that any other type of rotorcraft configuration g(eautogyros and coaxial
helicopters) was relegated to a marginal industogpction. There was a notable
exception in Russia, where Nikolai Kamov pursuedswccessful coaxial

helicopter design, which instead had been abandbgetthe western countries.
From the second half of the XX century till tod&ussia has been the major
producer of coaxial rotors, for even military ovituses.

In the recent years, particular attention has bgieen by the rotorcraft
community to coaxial rotors. Leader of this par@cuesearch field has been the
Sikorsky Corporation, which from the beginning bét70’s started a new project
on a coaxial rotor helicopter (XH59A) which ledttee ABC™ (Advanced Blade
Concept) technology. The project was abandoned lynalne to excessive
vibrational issues, but in the latest years it lb@sn revived, with the onset of two
important technology demonstrators: the X2TD [1lhiat developed new AVC
systems to reduce vibrations [2] and its militagysion, the S97 Rider, which is
planned to be tested in 2015 [3]. This potentiabkthrough technology is based
on a rigid (in flap and lag), counter-rotating, x@ rotor system in which the
retreating blades are offloaded at high speedésgg Figure 7.1). One of the big
limiting factors related to increasing the maximadvancing speed of traditional
single rotor helicopters is given mainly by retnegtblade stall, as we have seen
in the previous chapters. It is much more relethanh compressibility effects due
to a tip speed nedvla=1, because it usually appears before reaching tag dr
divergence Mach number. By offloading the retreatifades, the lift potential of
the advancing blades can be more optimally exmloitand the high drag and
torque generated by the retreating blades is sigmnifly reduced. This can be
clearly seen in Figure 7.1: on the retreating blabla traditional helicopter, lift
dissymmetry leads to additional induced drag arghtiee lift in the reverse flow
zone near to the root; this zone becomes biggtvreaorward speed is increased,
till the onset of stall on a wide fraction of thetor disk forbids stable trim
conditions. In the coaxial rotor, instead, the gating blades of both rotors
produce almost no lift, minimizing induced drag.

Another important feature of the X2 technology iseg by the possibility, at
high speeds, to schedule a reduction in main rgpeed in order to enter in a
“semi-autorotative” state to maximize rotor effieey and reduce its absorbed
power [1]. We see how rotational speed variationinglemented in this
extremely innovative compound helicopter; we casrdfore state that the X2TD
is a rotorcraft successfully employing a VSR.
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However, this particular “semi-autorotative” stateeds an external force
other than the rotor to maintain the high forwapded; in the X2TD this duty is
accomplished by a rear propeller. In fact, anitfot the rotor disk increases the
autorotative state of the rotor, reducing rotor powequirements and increasing
its efficiency, but it also increases the propudsiorce that must be delivered by
the propeller. Even in this case we have a chditkeooptimal speed of the rotor:
for a given operating condition there will be atmadar rotational speed and
rotorcraft attitude which minimize the total poweonsumed by the overall
system; there will also be an optimal power spktween coaxial rotor and
propeller, to take into account in performanceroation.

In conclusion, the possibility to offload the rettieg blade, without
penalizing the balance of the rotorcraft, permitsnicrease rotor efficiency. It is
sure that this type of technology will achieve lghadvancing speeds with
respect to conventional helicopters. However, &ti to be ascertained whether
fuel consumption can be positively affected. Onljegper study which integrates
engine, coaxial rotor, and propeller models, coregdo a helicopter of the same
weight, could give us an answer.

Figure 7.1. Comparison between traditional helieopnd coaxial rotor operation (from Bagai [1]).
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7.3 Main Rotor Redesign

Main rotor blades are usually designed for a paldicfixed speed. Thus, it
makes sense to investigate the possibility to im@nmain rotor efficiency (and
hopefully fuel saving) by means of an appropriagdesign of the main rotor
blades, which must take into consideration the aldei RPM capability. An
optimization framework could be applied to a moliijective problem regarding
the minimization of fuel consumption contemporaiityhover and forward flight
conditions, for different values of the coefficiaitthrust.

The blade redesign process should be carried ouritarang a fixed rotor
radius, otherwise the optimization process wouldit® increase it indefinitely:
in fact, for a specific value of thrust, a biggadius is characterized by a reduced
induced velocity (and thus power). The optimizatimmework suggested is able
to perform blade shape modifications in terms obrdh twist and tip sweep,
optimizing their distributions, as can be seenim E. The possibility to assign
different airfoil shapes at different sectionstod blade should be also considered.

TWIST, CHORD , SWEEP
DISTRIBUTION INPUT

—

OPTIMIZATION
ALGORITHM

MAIN ROTOR
MODEL SIMULATION

AMBIENT
CONDITIONS
+
FORWARD

) 5 . (L
TSHAFT ENGINE mie(i)-mq(i-1)

SIMULATION <
TOLL?

OPTIMAL RPM

END OF
CALCULATION ROUTINE

OPTIMAL RPM, FUEL
CONSUMPTION OUTPUT

Figure 7.2. A suitable optimization process for mator blade redesign.
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Figure 7.3. Blade shape optimization study by Mas§s.

The design optimization process works as depictedFigure 7.2: the
optimization algorithm supplies main rotor twishoed and sweep distributions to
the optimal RPM calculation routine, which in tuautputs the multivariate
objective function, i.e. fuel consumption relatedthe different flight conditions
considered. Different configurations should beedsand the best compromise
between hover and forward flight could be chosenth®y designer. Since the
problem is multi-variate and multi-objective by wma, a genetic optimization
algorithm (or similar) is suggested, since thealale research space is very large
and irregular. A good example of such optimizatmwithout considering variable
speed, is given in a paper of Massaro et al. [Bf Tesult of his optimization
(given here as an example of the methodology)tisgefrom a simple rectangular
blade, is given in Figure 7.3.

Unfortunately, the helicopter model implementedT@OPTER cannot be
used to perform such an optimization. Even thoaglam be used for preliminary
main rotor design considerations, the model desdriim Chapter 4 does not
capture some important phenomena extremely impoitarthe optimization
process. In fact, BEMT is able to predict overaver performance within an
acceptable grade of accuracy imposing a prescifleav and prescribed tip loss.
Whenever we are trying to make a fine-tune optitioraof the blade, these
models are too inaccurate to capture small vanatin power, which are strongly
dependent on 3D flow effects. Only an upgrade toremcomplex models,
employing panel methods or other more advancedexddchniques, would be
able to correctly capture the physics beyond theropation. Computational fluid
dynamics (CFD), due to its inherent computatiorestcmay be used only in the
last phase of the optimization, in an advancedestfgthe design, or even as a
verification of the model output.
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7.4 FPT Redesign

Another possible way to tackle the problem of opting the main rotor-
turboshaft engine system is to define a hierargtween the two subsystems. Let
us assume that our objective is to maximize maior nperformance. The benefits
related to optimal main rotor operation may be &valty cancelled by strong
deviations from FPT design speed, which lead tddrigurbine losses and thus
higher fuel consumption. In fact, when FPT speddrigrom the design value, the
blade incidence angles are far from the optimauesland this implies an
increment in blade profile losses. A possible wayovercome this problem is
given by an appropriate redesign and optimizatibthe FPT stages, in order to
decrease the stage efficiency sensitivity to RPNatian.

Previous studies on this subject can be foundtémnaliure; the work carried
out by D’Angelo [6] is the first theoretical analysipon the feasibility of a wide
speed range turboshaft. Recent activities at th&A&lenn Research Center are
also pointed towards this objective: with the aifrassessing the feasibility of a
variable speed tilt-rotor concept, Welch et al. §#jdied the redesign of the FPT
in order to obtain a good performance on the eriiRM interval, from 100%
(take off) to 54% (cruise). The new turbine desigrs characterized by high work
factors in the cruise condition and wide incideacgle variations in vanes and
blades among its entire operating range. Otheteciorks from NASA can be
found in Refs. [8],[9],[10],[11].

It is quite clear that turbine design is a long atedative process, which
cannot be resolved in a few simple steps. Simugatiarbine off design
performance is a challenging task, especially b&eadt involves a number of
different blade loss mechanisms that are stillooobpletely understood. However,
in this section we will try to understand if, bying some simplifying assumptions,
it is possible to gather some information relatecdyodod variable speed turbine
design. The first step of this process consistsbitaining a tool able to estimate
turbine efficiency.

7.4.1 TDES: a Mean-Line Turbine Stage Performance Code

TSHAFT, the gas turbine simulation code expose@hapter 2, is a software
able to perform the matching calculations of thiéedént components inside a gas
turbine engine. However, it needs the different ponent maps in order to
predict engine behavior. In this section, a codéckvisimulates only the axial
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turbine component will be described. The outpuegiby this code can be used to
build a turbine component map to be used inside ATSH

In the preliminary design phase of axial turbin&d, mean-line analysis is
extensively used in the industry to create a sbbde for subsequent design
optimizations, which usually employ more complex-2D analyses and CFD
viscous analyses. This phase is extremely impotiardabtain an initial sound
design, and to decrease the time effort in the eyt design phases [12]. For
this reason, in order to compare different FPT glesi TDES, a mean-line
analysis tool, has been implemented. The code l&s tabpredict turbine single
stage efficiency related to different designs bingisempirical loss correlation
models proposed by Craig and Cox [13]; some aduitiocorrelations are
introduced to increase the accuracy in incidenas loalculations, following
suggestions by Moustapha [14] and Bertini et &].[1

TDES is capable of affording either subsonic oresgpnic stage exit flow
and performs the stage stacking by matching thierdift stages. It accepts the
thermodynamic boundary conditions and the basigdegeometry of the stages
as an input (blade metal angles, solidities, diahdters, etc.) and outputs turbine
specific work, efficiency, pressure ratio, and ected mass flow.

Each single blade row can be completely resolvedkiigwing the total
conditions at the inlet along with the outlet press this last parameter is
preferred to the mass flow parameter, since itble & give a more quick and
reliable information regarding the choking condiso

In a stator row, knowledge of the exit pressure @sak possible to calculate
the outlet flow speed, initially assuming conseiosatof both total temperature
and total pressure along the passage. If the @oshes directly from the
conservation of energy, the second assumption ugle® assuming isentropic
flow, clearly unrealizable in practice. This extdl pressure value is needed only
to start an iterating process using a fixed pounrnarical method, necessary to
calculate the exit flow speed, which in turns is #ssential input for calculating
blade row losses. Along with the losses, the emglirmodel predicts also the
angle flow deviation with respect to the blade rhatagles. Once these values are
known, the estimate on the exit total pressure loanrefined until a certain
tolerance is reached.

In a rotor row, the single difference from statmrgiven by the fact that the
guantity conserved along the passage is rothatpyead of enthalpy (and hence
total temperature). In axial turbomachinery, rageiations between the inlet and
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Figure 7.4. Validation of the TDES code on singigs A (data found in [15]).

0.95

o
©

%

o
(o]

0.75

Static-to-static efficiency
o
~

8

o
(=]

...........................................................................

0,65 neeneeniememnreieeneenseecaeeaedhaeeaeea .| @ Experiment |
H H H H H 1D code

05 i i i i i 1 |
0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Velocity ratio

Figure 7.5. Validation of the TDES code on singbge B (data found in [15]).

outlet of a stage are often negligible, so thisiagsion is translated in the simple
conservation of the relative total temperature.

Each row has to solve an iterative scheme whichttvd® treated with care
since it must be able to switch between the sulbsamil the choked regimes, that
are characterized by a different modeling of bliadses.

In order to perform the stage stacking a nonlirsgatem of the typ&x)=0,
which can be solved in matrix form, is set. Theueal of static pressure between
the successive blade rows are the independenblesiaf the systenx], and the
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differences in mass flow between each row is tl@ordunction to be set to zero,
in order to preserve continuity. It is clear tHa¢ tode is composed of a system of
nonlinear equations with inside more iteration ®aphich all have to achieve
convergence.

A quite satisfactory validation of TDES has beerried out on two different
cascade geometries found in [15], each composedsifigle rotor and a single
stator. The results of the validation against expental tests are exposed in
Figure 7.4-Figure 7.5.

7.4.2 FPT Design Optimization Methodology

Now that an axial turbine performance code is abéd, it is time to
introduce an optimization procedure able to perfarpreliminary redesign of the
FPT turbine stages taking into account the RPMadbslity. First of all, it is
important to define the design variables that arbe changed with respect to the
original FPT baseline design. Among the most sigaift parameters in a turbine
stage there are the blade metal angles and sedilithese are therefore the
parameters chosen to be varied by the optimizee. rElmaining input variables
are fixed in order to respect geometrical and strat constraints related to the
original design or, as in the case of the staggaglea are chosen using
recommendations from literature [16]. In Table thé& different input and output
variables managed by the TDES code are reporteddoty.

Design Input Variables Fixed I nput Output
Blade metal angles Number of blades Specific work
Blade solidities Stagger angles Efficiency
Duct dimensions Pressure ratio
Hub-Tip ratios Corrected mass flow

Table 7.1 Single cascade input and output varidhlése TDES code for the design optimization.

The optimization procedure is structured as outlime Figure 7.6. The
optimizer gives initial values for the design inpudriables related to each
stator/rotor cascade composing the turbine. INnGEeT700 case, there are two
stages, therefore four cascades leading to 11design input variablés The
TSHAFT model is run using as external load parametige optimal RPM and
power calculated by the main rotor model. The valaktotal pressure and total

8 The inlet angle at the first stage is assumedetadyo; it is an arbitrary assumption, since the
previous gas generator turbine may leave a swinjpmment inside the flow.
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temperature at the inlet of the FPT are passed>aS[ which in turn is able to

compute the FPT performance data in terms of wefficiency and mass flow.

The TSHAFT matching procedure to calculate the madiilel consumption thus
uses TDES as a subroutine in its iterative prodessl flow is passed back to the
optimizer and represents the objective functiobganinimized.

The insertion of the TDES model inside TSHAFT seetosbe quite
“academic”, and it sure does not appear a practicaice. In fact, the resulting
optimization routine is characterized by severabteg iteration loops and
nonlinear systems. Unfortunately, if a reliabledicéon of few percentage points
in fuel consumption is needed, the utilization wéls routine is mandatory; in fact,
a change in FPT performance influences all the nengnatching parameters,
leading to different FPT inlet conditions.

The optimization procedure chosen can be multigibje, and it is executed
for more than one flight condition, in order to tbe designer decide the best
compromise in consumption between different opegatioints. For the GE T700
case, three points have been chosen: hover, desigge and best endurance
condition. The algorithm that is suggested to bedus the optimization process
is a genetic algorithm; other choices can be miadeit is strongly recommended
to use global derivative-free optimization algomiih
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Figure 7.6. FPT redesign optimization procedure.
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7.4.3 GE T700 FPT Mean-line Redesign Study

Before applying the optimization of section 7.4®the T700 case, it is
important to have a good starting choice for theebae FPT configuration. Since
not all the data were known to build the baselir@nfiguration, several
adjustments to the design input variables have Imeade in order to obtain a
turbine design matching the experimental data @& #ngine. A reverse-
engineering study has been carried out using thedfsign data available in the
open literature. The meridional section of the igbduct, taken from [17], has
been used to fix the relative dimensions betwedn dmd shroud; the absolute
value of these dimensions has been derived fromtahigine exhaust area
computed using the design air mass flow in TSHAHhe most difficult
challenge has been encountered in the estimatioimeofdifferent blade metal
angles; this task has been accomplished by meaas efror minimization with
respect to the FPT performance data calculated WBHAFT. The procedure
employed consisted in a real optimization in whible functions to minimize
were the errors in power output and air mass flblae procedure involves much
less calculations with respect to that discusseskention 7.4.2: in fact, the inlet
total conditions, this time, can be considered diband belonging to the T700
design point.
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Figure 7.8. Blade angles found through T700 peréoroe error minimization.

The blade angles adjustment has been carried dhtavgenetic algorithm; the
individual configuration which was found closertte T700 design performance
is illustrated in Figure 7.8, where an indicatiepnesentation of the mean-line
section of the turbine stages is given. Note thabmsiderable flow turning is
present inside the rotor, especially in the firstge; this is indicative of high
values of the work coefficient, which is quite coom in aeronautical
applications. It is clear that there is no unique solution kis toptimization
problem; therefore, the mean-line blade anglesimédarepresent just one of the
possible design solutions able to achieve the Td&Xign performance objective
of the minimization.

Once the mean-line geometry of the turbine wasctede several TDES
simulations were run in different off design coratis, at different corrected mass
flows and pressure ratios: these data have beamiaegl and tabulated to create a
map of the turbine to be used in TSHAFT simulations

The new turbine map has been inserted inside th& @B engine model and
a new comparison with experimental results fromld@dh3, and the previous
rescaled map, is made in Figure 7.9. This figure ba also viewed as an
additional validation to the TSHAFT and TDES modefmong all, fuel
consumption is the most interesting variable toused as a comparison with
experimental tests: a good agreement is reportegela this methodology and
the experiments.

The baseline configuration obtained in this way sarve as a benchmark for
the optimization process. The optimization routilescribed in section 7.4.2 was
run in the two most interesting operating pointsydr and cruise forward flight

% In aeronautical turbines, the increase in theestagrk coefficient is chosen to minimize the
number of stages: this allows for a reduction imglveand volume of the engine.
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(80 m/s), at an altitude of 2100 m. The values aimrotor power and engine
rotational speed can be derived respectively frabld 6.3 (half of the power,
since the UH-60 is a twin engine helicopter) andl&a.4 (multiplying by the
transmission ratio).

Unfortunately, the optimization process was notcsssful, so that it is not
possible to say whether some specific design ceraidns could be derived
from the present analysis. In fact, the reason tfar optimization failure is
numeric: it is not due to non-feasible designs,clwvhare discarded artificially
assigning a high value of the objective functidnisidue to the TDES insertion
inside TSHAFT. In fact, when the latter is seekingthe zeros of the matching
nonlinear system, it can try out-of-map values oé#spure ratio and corrected
mass flow which make TDES crash. This did not happigh a map in the form
of a look-up table; in fact, when the algorithmyaly at the starting point of the
iterations) requests an out-of-map evaluation, kbek-up table allows for
extrapolation. The present numerical problem héiststbe solved and is under
current investigation.

Moreover, following suggestions by Aungier [18]etimean-line model, in
order to capture some variable speed effects, dhioellupgraded at least to a
through-flow analysis code, taking into account giieeamline variations of the
flow variables. This is mainly due to the fact tlthigh off-design conditions,
the flow at peripheral radii (hub and tip) plays iemportant role in determining
overall turbine losses, and a mean-line performamocke may give questionable
results.
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Chapter 8
Conclusions and Future
Work

Variable Speed Rotors (VSRs) represent a viable twaypnsiderably reduce
fuel consumption in rotorcrafts. Various studieshia open literature and practical
implementations, on both helicopter UAVs and filtars, confirm this statement.

In the present doctoral thesis, VSRs have beerotighty discussed from a
performance standpoint. In addition to the qualieatanalysis of the potential
benefits, a real case has been simulated, in otweprovide quantitative
estimations of the fuel consumption reductions exddtble in practice.

The present study represents the first attemphenopen literature in which
helicopter and turboshaft engine models have bemmpled with the aim to
understand the operating rotational speed valués tabachieve the best VSR
performance, not only from the main rotor aerodyicgmerspective.

The performance tools needed to adequately simatatpled helicopter and
turboshaft engine operation have been implemerdedhfs purpose. Validation
results demonstrate that for the numerical analyagsed out, the approximations
applied are reasonable, ensuring a good relialafithe simulation output.

An optimization methodology has been created withdim to compute the
optimal rotational speed able to minimize fuel aonption of the overall main
rotor-turboshaft engine system. In a practical enpéntation, this speed would be
achieved by using a more complex control logic Wwhiould adjust engine RPM
depending on the particular flight condition.

Two different approaches have been analyzed, the &Rl CVT concepts,
and their performance results have been comparedsi@erable reductions in
fuel consumption (almost 13% maximum) have beeworted for both FRT and
CVT cases with respect to standard constant spsed operation, especially at
intermediate values of advancing speed (minimunicdler power condition).
At high thrust coefficient values, fuel saving educed because optimal rotor
speed is found to be very close to the design aahspeed value. However, in
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these “high and heavy” conditions, it has been dotmat optimal speed operation
allows to extend the helicopter flight envelopelagliang retreating blade stall

onset, which instead occurs at constant speed mifrermitting a realistic trim of

the helicopter.

It was found that FRT and CVT fuel savings are caraple for intermediate
advancing speeds, but tend to diverge in the hawer high advancing speed
regions, where CVT clearly outperforms FRT, witmaximum of 8% better fuel
reduction. For the same engine and helicopter gardition, the theoretical
maximum fuel saving attainable by the FRT concegsymptotically defined by
CVT performance. However, the CVT concept can gme a valuable
alternative to FRTs only if the introduced CVT macism is able to preserve
state of the art FRT weight and efficiency. In fagpecially at higlCt values, a
few percentage points drop in transmission efficyear even additional weight
would imply a higher fuel consumption than with tenstant speed case. In any
case, no such transmission is currently availabielfe helicopter requirements;
research on the FRT concept, instead, seems torera feasible solution to
reduce fuel consumption in the short term.

To increase the VSR performance operating withaadstrd FRT, especially
in hover and high speed forward flight, a possibbdution may come from a
redesign of the free power turbine stages. In tlesgnt thesis, a first attempt in
the redesign of the GE T700 power turbine has Ibeshe, with promising results,
which will have to be confirmed by future more a@ta analyses.

The model approach presented in this thesis caanfg@oyed not only in
VSR studies, but also as a useful tool in the prielry design phase of an entire
helicopter, because it is able to assess the gsedok different engine-rotor
couplings. In fact, in order to obtain future penfiance improvements in the
rotorcraft field, a continuously growing importanadl be given to the optimal
integration of the different subsystems insidehbkcopter.

The VSR technology, with additional limitations, pgars to be readily
applicable to helicopters in service nowadays #lso already employed by some
manufacturers, but its application is mainly drivnthe goal of reducing noise,
not fuel consumption. In fact, in our study it Haeen found that a reduction in
fuel consumption of about 7-8% can be obtained iwithe +15% range of the
nominal engine speed. By constraining speed vanab this limit, the increase
of structural and vibrational problems would beusel, since the main rotor
would be still working very near to its operatingvelope. Nevertheless, the
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problems eventually arising could be solved by ititeoduction of composite
materials in the airframe and possible active vibracontrol techniques.

However, to assess the feasibility of the VSR, aremoomplete and
comprehensive analysis of the helicopter, includiegoelastic analysis, must be
undertaken, in order to quantify the related vilorad! issues. Accuracy should be
increased also on the aerodynamic side by introduaidynamic stall model; in
fact, the actual model is capable of predictingeaing blade stall by using airfoil
static stall characteristics. It is a conservatestimate which in practice
guarantees an acceptable stall margin, since dynstadi, compared to static stall,
is usually encountered at higher angles of attack.

The natural development of this work will be oreshttowards a refinement
of the current helicopter model. Various interggtnesearch fields extend from
the introduction of more complex inflow models tbetimplementation of
dynamic stall characteristics. The need for an elastic model, capable of
analyzing the vibrational problems arising when reuelly reaching critical
speeds, is also mandatory.

It would be also of major importance to study hownain rotor variable
speed could affect noise emissions. For instarmisgmeduction could be inserted
as a secondary goal in a future multi-objectiverojziation approach.

The need for a deeper research in this particuddd, fmotivated by new
regulations on fuel consumption and emissions r@alucis even more supported
by the fact that the promising results obtainedhhiese simulations are related to
a helicopter design which is not particularly retcdh is true that the results
obtained in the present work are specifically vétid the UH-60 helicopter, but
there is no reason to think that similar reductioresy be difficult to achieve with
other helicopter configurations. With innovative libepter designs, maybe
employing wide-speed range power turbines and totmtes expressly designed
for variable speed rotors, the fuel savings acldeseuld be much higher than
those encountered in the present analysis.

Finally, collaboration of different interdisciplinaresearch groups on this
subject is strongly desirable, since both FPT iefficy improvement and
innovative CVT design implementation need to emagiversified set of skills
and knowledge.






Appendix: Component Map

Interpolation P rocedure

A.1 Introduction

Integrating map reading procedures inside gas rtarBimulation programs
represents one of the key points to correctly ptedngine off-design
performance. In fact, the majority of problems ieveloping an adequate gas
turbine simulation model are related to inaccumcie the prediction of
component characteristics [1].

Because of its technical and physical features, st challenging
component to simulate is the axial compressor. iherlmap interpolation is a
simpler task because it can usually be performedh vdimple bilinear
interpolation. When gridded data is not availaldeme concepts valid for
compressor maps could also be used for turbineseker, in the vast majority of
their operational life, gas turbines operate inketbconditions, so that turbine
performance prediction results in a simpler taskdananaged. For this reason, in
the subsequent part of this appendix we will omgat compressor interpolation
problems, since they are much more important fer 4bope of overall engine
performance prediction accuracy. The stability of @ff-design performance
simulator strongly depends on the method usedttypalate compressor maps.
Usually, axial compressor and turbine charactessfiound in literature are
obtained from experimental data by measuring tHeegaof pressure ratio and
corrected mass flow at constant rotational speebjiisentropic efficiency is also
measured at the same points. Egs. (1.66)-(1.69¢sept a formal definition of
the four variables used in the construction of ganance maps. Once tabulated,
these values are the data source used to draw cemipmaps. Every operational
point on a traditional compressor map is determibgdhe knowledge of only
two of these four variables: this means that theaiaing quantities have to be
determined by finding a relationship with the form€&his holds true only if the
effects of Reynolds number, working fluid changesjable geometry, inter-stage
bleeds, flow distortions, volume packing and heatgfer are neglected [2].
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Figure 8.1. Axial compressor map: Straight Surgree (SSL), a map construction parameter, is in
red, whereas the surge line is in blue.

Due to the shape of compressor maps (see Figuras8ekample), potential
troubles encountered in compressor map interpolatie [3]:

1. Nonunigueness: in choosing the two variables tindeghe operating point,
it is necessary that the variables are not coltireeal that each pair of
variables produces a unique operating point [2]is Tgroperty in general
does not hold for any combination of the four Viales tabulated in a usual
compressor map.

2. lll-conditioning: small changes in one variable n@pduce large changes
in the other free coordinate variable (e.g. smaksnflow variations imply
large variations in pressure ratio near the chokomition).

3. Inaccurate knowledge of low speed operating coonti when spool speed
is extremely low, a compressor can behave as @rs{temperature rises,
pressure drops) or as a turbine, in conditions sash windmilling
(temperature and pressure drop). Under these plarticconditions,
isentropic efficiency is no more usable as a mambke because it reaches
a discontinuity when the pressure rise is zerdehlt of using efficiency to
define the relationship between work input and guwes ratio, other
variables, such as temperature or enthalpy riseen temperature ratio),
should be used [2],[4].

The most common approach to solve the first twovabaentioned problems is
using auxiliary coordinates [5],[6]. An additionphrameter (usually namet),
without any specific physical meaning, is introddiceo that the two variables
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which define completely any operating point becaragected speed aniti One
of the advantages in using is the possibility to interpolate on a rectangular
domain.

Several methods have been recently developed widachot employ thes
parameter. For a more thorough description of thes®nventional approaches,
see Ref. [7]. However, even if some of these mettsmm to be competitivg,
parameter utilization is still the most diffusedeirpolation method in gas turbine
simulation programs mainly because of its simpfiehd reliability. One of the
reasons is given by the fact tifais used as a variable in performance calculations
to avoid convergence problems. In fact, the stgbibf the Off Design
performance simulator strongly depends on the digimof f and the question
arises on how it influences the simulation resultishis gas turbine simulation
program, Kurzke [5] suggests utilization of parabgl lines, while the software
implemented at NLR uses oblique lines with a slsipeilar to the average slope
of the surge line. In the two preceding methodsyegeglef line is a different
univariate function. Since it is necessary to apalynumerical procedure to
calculate intermediat$ values, this approach can be defined "numeriaal”,
contrast to a more complex definition /s a multivariate function, which will
be further called "analytical". An analytical methfor f parameter definition has
been implemented inside TSHAFT. Beta hereafterefindd as a multivariate
analytical function of both the corrected mass flamd pressure ratio, while the
shape of théf lines, instead of being fixed, can be modifiedthg user simply
adjusting four variable parameters. The advantagas analytical definition rely
on having the possibility to rapidly calculgtevalues in every point of the map.
An example of application is the possibility to @dhte an estimate of the
interpolation error in a very simple way. Furthermdased on this estimate, the
analytical and adjustable nature/bpermits to choose automatically a particular
shape that locally minimizes the interpolation errdhe reason for this
formulation is:

1. to reduce the need for human input in the fittingcpss;

2. to provide the user a quantitative tool to distisguthe quality of
different interpolations performed with differenhapes of theps
function.

Within TSHAFT, a traditional scaling procedure [gphed. First the scaling
factors are derived from comparison between reaiddePoint and the one given
by the original map and then the scaled map caobb@ined by multiplying the
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derived scaling factors with the Off Design poingpndata of the original
performance maps.

A.2 The Beta Function

In the present methagglis built analytically as a function of two realrables
S=f(x,y), wherex is the pressure ratio arydthe corrected mass flow. The main
advantage of an analytical approach lies mainltha possibility to calculate an
accurate value gf at any time, once pressure ratio and corrected e are
known. This also allows for a simple estimatioritad interpolation error.

Two types of functions are implemented: one (lin¢aat can be used for the
majority of cases, and another one (composite) éoemployed where the
particular shape of the maps does not allow thenéorto achieve acceptable
results. In the following a description of the tdifferent types is given.

A.2.1 Linear B

The g function is simply a plane which cuts thkeeplane at an angle so that its
contourp=1 is almost coincident with the surge line. To thispose, such line is
defined using the following:

y= rnsurgex + qsurge (Al)
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Figure 8.2. Linear method f@rfunction @ lines in red).
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The slopems,geand the ordinates,rge Of this line, which for convenience will be
called "straight surge line" (SSL) are visible iguite 8.1 (in the previous section),
and can be derived as follows:

— Ymax ~ Ymi
— Y max min A2
msurge Xmax - Xmin ( )
qsurge = ymin - msurgexmin (A3)

where x and y are referred to the two extreme pahthe surge line. An example
of af function built in this way is shown in Figure 8.2.

A.2.2 Composite B

The g function is composed of two parts, one radial Hredother tangential.
The idea is to build a function that is the suntvad functions with the following
properties: the first must have radial contourdint@e second circular contours. In
Figure 8.3, the idea behind this type of constarctan be better understood.
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corrected mass flow [kg/s]

=
o

Figure 8.3.8 function construction in Composite mode (surge lin blue, radial part in red,
tangential in black).

Through the adjustment of four parameters (linesdgm, translationp,
curvaturec, initial anglea for p=0) it is possible for the user to change the
arrangement of thg lines properly, having more degrees of freedom thigth the
linear method. To meet the required propertiésy) should be constant along
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each line coming out from a center C; for all tlénps belonging to one of these
lines the slopen calculated with reference to C is constant:

m=Y Y (A.4)
X=X

This is a possiblg function: in fact, if§ is defined in the same way @sabove, it
will have radial contour lines. To make it a littieore suitable to our purpose, the
parameter, n, my are added, ensuring that the lifrel is coincident with the
SSL forp=1:

n

g XX
Praa =P Mg — My (A-5)

This function is centered in C. Note thag is the initial slope fop=0. The
parameter, which must be entered by the user, is the amyleesponding to the
line p=0, so we havemy=tan(a). The parameten, being an exponent, is
responsible for curve density, apds used to adjust the linf=1.

The above mentioned method is characterized byteyar behavior, which
is here referred to as line thickening: as the eslopthe contour lines increases,
the same happens for their density in the maps Ibbvious thats, being
essentially a measure of the slope, between 459@h@asses from the unit value
towards infinity; so, if the SSL slope is high, teevill be a high concentration of
S lines in the neighborhood of the unit value. Tssibility may be more or less
desirable depending on the case. It may be posisiee it allows a higher
concentration op lines in the area around the operating line. it ba negative,
when a very large number gflines is needed in order to obtain an acceptable
interpolation in areas far from the operating lfeay. in a transient analysis).

An attenuation of this behavior can be achievedh&ymalizing data on the
two axes or, alternatively, by using the Arctan moet, in which:

arcta@ - j ~a
ﬁrad - p arCtar(rnSUrge) - a (A.6)
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Figure 8.4. Composite method for théunction withn=3, p=0.93, c=0.35, a=6Q°

In this case, whea#0, thep lines undergo a pure rotation without line thicken
In addition, due to all lines being equally spa@edhe angular direction, there
will not be any line thickening along with increagiinclination.

Let us now analyze the tangential part. This isoshiced to provide a
curvature to thes function when required by the user. A functiffr,y) with
circular contour lines is needed and it is eviddrdt a possible function to
perform this task is a paraboloid centered in C:

f(xy)=(x=x%)+(y-v.) (A.7)

It is convenient to normalize the function to foite maximum values to be less
than or equal to unity inside the map. So, theusdbnnecting C to the end upper
point of the surge line is chosen as the referdength, andf.., consequently
becomes:

g = ) (0 (A9

VO =5 )+ (Y= )’

The use of square root linearizes the increagk,iralong the radial direction (in
fact, the function becomes a cone). Finally, thenglete definition of the
composites function is:
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18 = lgrad - Clgtan (Ag)

wherec is a curvature parameter, entered by the usechadetermines the higher
or lower influence o of the tangential part. An example of a line camngion
using the composite method is given in Figure 8.4.

A.3 Interpolation

In order for thes lines to be correctly set up, they must intersbetspeed
lines; to this purpose, first a 1D interpolationeaich speed line is needed for all
the corrected speed regimekl,,. This preliminary operation requires a
parametric interpolation as a function of a nonehsional value to avoid non-
uniqueness (well represented in Figure 8.5).

1 0 T T T T T T

pressure ratio

0 05 1 15 2 25 3 35 4 45
corrected mass flow [kg/s]

Figure 8.5 Nonuniqueness example in the choicéhefiiterpolation variables: neither pressure
ratio or corrected mass flow can be used as thepiertdent variable. The former cannot
be employed near the surge region, the latter akicly conditions.

The same procedure is to be implemented also oratheal compressor
efficiency so that a single value ofidentifies one unique value for the three
quantities Meorr, fcomp and 7comp 1.€. corrected mass flow, pressure ratio and
efficiency. These become real functiong:of

rncorr = X: H(D
Foomp = Y = P2 (1) (A.10)
eff = p,(9
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whereps, p2 andps are polynomials created by an interpolation ratiNote that
if the experimental data are noisy, it is betteel@borate a smoothing procedure
of the same data before performing interpolation.

Now the intersection points between beta and sdeext have to be
calculated. While the speed lines are in a fixechioerv, because they have been
already defined earlier by map data, thénes, as contour lines of an analytic
function, are virtually infinite. It is a user'sstato choose the numbgrof S lines
required to calculate the intersection points usedthe subsequent 2D
interpolation. In the metho@=0 is set as the first line of intersection, and then
all the lines that are multiple of the valtie (1-1) up to the togp line (f=1) are
used. Thes lines assigned for interpolation are chosen amithe rang® <p < 1
all external values, whether they may have to beutated, are extrapolated. This
forces the user to construct a function possegsiaues between 0 and 1 for the
entire range ofneor andreomp Of interest, since the interpolation accuracyais f
superior to that of extrapolation.

It seems quite obvious that a large numbeisdines can ensure greater
accuracy; however, beyond a certaimo major improvements are obtained. Once
the number off lines is decided, the calculation of the interngectpoints is
performed. For each speed line thmtersection points with the selectgdines
are computed by solving the following system:

B(x@), y®) = 5,
x = p,(t) (A.11)

y=p,(t)

This system can be solved numerically. The soluibtained is one specific
value oft. This value, substituted in the interpolating pagnialsp;, p. andps,
permits the calculation of the values o, rcomp and neomp for each point of
intersection.

Once the system for all speed lines is solved,va set of data is obtained,
which can be distributed on a regular grid, forrbgdall thevx i couples £, Ncorr)-
For each point of this grid all the values of theuatitiesmeorr, I'comp @ndscomp are
known: finally it is possible to implement thredfdient 2D interpolations on the
domain of the two variable®,(Ncor). Linear interpolation can be adopted, but
also higher order approximations can be used.
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A.4 Interpolation Error

A criterion for choosing the best method of intdgton is here addressed
together with how to determine the good rules faiding a g function that
minimizes the interpolation error. For this purpose quantitative method is
developed to determina priori a valid estimate of the interpolation error. The
following metric indexes are used:

1) Maximum absolute error: for eao, rc andsycompit identifies the point of
maximum absolute deviation (may be three differpnints) between
measured and interpolated values;

2) Maximum relative error: for eaafor, rc andsycomp it identifies the point of
maximum relative deviation between actual and pukated values. For
example, foime we have:

‘mcorr—real - rT]:orr—interp
err =

max-rel —
rncorr—real

(A.12)

3) Mean relative error: for eadimcor, re andzcomp it calculates the average of
the relative deviation values between measuredraarpolated values.
The two global relative errors, mean and maximuafc(dated over all the values
of Meorr, F'eomp @Nd7comp, represent a quantitative indication of the gyatif the
type of interpolation used. These errors providevadid measure of the
interpolation accuracy, which can be used to comgdferent methods.

A.5 Interpolation Error Minimization

To simplify the choice of a correg function, an optimization method is
introduced in the present method to find the indk&fion parameters which
locally minimize the mean interpolation error usiag Sequential Quadratic
Programming (SQP) algorithm. This procedure is aigpported by the fact that
interpolation error minimization, either mean orximaum, as previously seen, is
of utmost importance to perform a good performaginaulation. The mean error
can be expressed as a function of all the prewidad curve parameters,(m, p,
a). It is clear that such an algorithm cannot gute@rthe achievement of a global
minimum. In fact, this procedure is better usedptimize thes function shape
when a reasonable starting set of parameters isedefotherwise sometimes it
could lead to incorrect results, which by the wag always be detected through a
visual observation of the map output.
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Figure 8.6. Example of map built with a very baitiah curve parameter set.
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Figure 8.7. Final map resulted from interpolatiomoe minimization. Note that the same
experimental points of Figure 8.6 are used.

Nevertheless, the abovementioned minimization neuts useful not only to
locally optimize a particular parameter set, bsbab provide a reasonable set of
curve parameters starting from a very bad initel $o assess the power and the
limitations of this method, in Figure 8.6 an extmyninaccurate initial map
output is created using the Composite method. Bkegthe minimization routine
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leads to the map output of Figure 8.7; since theimam error changes from over
100% to 0.823% and the overall mean error from 82230 0.058%, the new
parameter set represents a consistent improvementared to the previous one.
What is of particular interest in the future deyeteent of the optimization routine
is the possibility to implement a more complex mnization function, capable to
take into account other important criteria, (thosdéined in the introduction), not
only the mean interpolation error. Remember thateerental data is always
affected by measurement uncertainty and sometimastarpolated map which
minimizes the interpolation error is not always thest choice for the engineer.
However, to make a further step towards automafioncompressor map
interpolation, it is necessary to quantify adeqglyaggery single criterion.
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