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ABSTRACT

As a consequence of fuel cost escalation and increased stringent engine emission
regulations, interest in counter-rotating open rotor engines (CRORS) has been
renewed. R&D efforts are currently ongoing to develop the technologies required to
ensure the appropriate levels of structural integrity, noise, vibrations and reliability.

The assessment of the impact of the main low pressure preliminary design and control
parameters of CRORs on mission fuel burn, certification noise and emissions is
necessary to identify optimum design regions. These assessments aid the
development process when compromises need to be performed as a consequence of
design, operational or regulatory constraints. These assessments are not possible with
the state-of-the-art aero-engine preliminary design simulation tools.

Novel 0-D performance models for counter-rotating propellers (CRPs) and differential
planetary gearboxes, as well as 1-D and 0-D performance models for counter-rotating
turbines (CRTs) were developed and verified using available data. These models were
used to create 0-D pusher geared (GOR) and direct drive (DDOR) open rotor engine
performance simulation modules allowing the independent definition of the design and
operation of each of the two counter-rotating parts of the CRP and CRT.

A multi-disciplinary preliminary design simulation framework was built using the novel
engine performance modules together with dedicated CROR aircraft performance,
engine geometry and weight, gaseous emissions and certification noise simulation
modules. Design space exploration and trade-off studies were performed and minimum
fuel burn design regions were identified for both the pusher GOR and DDOR. A 160
PAX aircraft flying a business mission of 500 NM was chosen for these studies.

Based on the assumptions made, the main conclusions of these studies are as follows.

 Fuel burn reductions of ~1-2% are possible through optimised propeller control

» The propeller diameter for minimum mission fuel burn lies between 4.26 and 4.7 m

» The design nozzle pressure ratio for minimum mission fuel burn lies between 1.55
and 1.6

» CRPs with 13 or 14 blades per propeller provide minimum mission fuel burn

* Increasing spacing between the propellers reduces noise significantly (~6 EPNdB for
each certification point) with a relatively small fuel burn penalty (~0.3-0.5%)

» Relative to unclipped designs, 20% clipped CRPs reduce flyover noise by at least 2.5
EPNdB and approach noise by at least 4.5 EPNdB. The corresponding fuel burn
penalty is ~2 % for a GOR and ~3.5% for a DDOR.

« Sideline and flyover noise can be reduced by increasing the diameter of the CRP and
appropriately controlling CRP rotational speeds. Approach noise can be reduced by
either reducing the diameters or the rotational speeds of the propellers.

» The rotational speed of the forward propeller for minimum noise is higher than that for
minimum mission fuel burn for all the studied CROR designs.

* Regardless of clipping, reducing the rotational speed of the rear propeller relative to
the forward propeller reduces noise and, to a certain limit, also mission fuel burn.
(further reductions in rotational speed would have an adverse effect on fuel burn)

» An increase in the number of blades results in an increase in certification noise.

The main recommendations for further work are as follows.

* Integrating the 1-D CRT model with the 0-D DDOR performance model in order to
assess the impact of different CRT design criteria at engine and mission levels

» Developing preliminary design methods to account for changes in aircraft weight and
aerodynamics due to changes in engine design and required cabin noise treatment.
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NOMENCLATURE

Abbreviations

0-D dimensionless (zero dimensions)

1-D, 2-D, one, two and three dimensions

3-D

AEA Association of European Airlines

ATF Advanced Turbofan

BETA Parameter used to define the position of a point in a constant speed
line of a compressor map

BPR Bypass Ratio

Clipping Reduction _of rear prop(_—:'ller diameter with respect to the forward
propeller diameter (defined as a roman symbol).

CFM CFM International (consortium between GE and SNECMA)

CR Counter Rotating

CROR Counter Rotating Open Rotor

CRP Counter Rotating Propeller

CRPe CRP PROOSIS components used for engine calculations

CRPv CRP PROOSIS components used for verification calculations

CRT Counter Rotating Turbine

CRT-DPe  1-D mean line code used to size a CRT

CRT-DPv  1-D mean line code used to verify the 1-D performance methodology
developed for CRTs

CRT-OD 1-D mean line code used to predict OD performance of a CRT

CRT-k Known CRT design used for verification purposes

CcuU Cranfield University

DDOR Direct Drive counter rotating Open Rotor

DP Design Point

DPGB Differential Planetary GearBox

DREAM valiDation of Radical Engine Architecture systeMs

EAS Equivalent Air Speed

El Emissions Index

EPNL Effective Perceived Noise Level

EU European Union

EU ETS European Emissions Trading Scheme

viii



FF Form Factor of the velocity triangles of a CRT

FOB Free On Board or Freight on Board

Foo Maximum engine take-off thrust at ISA SL as approved by the
certificating authority

FPR Fan Pressure Ratio

GE General Electric

GOR Geared counter rotating Open Rotor

GTF Geared Turbofan

Hermes Aircraft performance simulation code developed by Cranfield
University

HP High Pressure

HPC High Pressure Compressor

HPT High Pressure Turbine

ICAO International Civil Aviation Organisation

IGV Inlet Guide Vane

IP Intermediate Pressure

IPC Intermediate Pressure Compressor

IPT Intermediate Pressure Turbine

ISA International Standard Atmosphere

LP Low Pressure

LPC Low Pressure Compressor

LPT Low Pressure Turbine

LTO Landing and Take-Off

M Mach number (also defined as Roman symbol)

MF Mid Frame (frame between the IPT and LPT or CRT)

MTOW Maximum take-off weight (also defined as Roman symbol)

NASA National Aeronautics and Space Administration

NOXx Nitrogen Oxide

NPR Nozzle Pressure Ratio (also defined as Roman symbol)

NUMECA  CFD software

oD Off Design

OEM Original Equipment Manufacturer

OR Open Rotor

P&W Pratt & Whitney

PAX Passengers



PC

PCM
PROOSIS
SFC

SLS

SME
SNECMA
SPL

SR
Stage-DP
Stage-OD
TENOR
TET

TOC

TR

UHC

USA
WeiCo

ZETA

Personal Computer

Pitch Change Mechanism

PRopulsion Object Oriented Simulation Software

Specific Fuel Consumption (also defined as a Roman symbol)
Sea Level Static

Small and Medium Enterprise

Société Nationale d'Etude et de Construction de Moteurs d'Aviation
Sound Pressure Level

Single Rotating

Calculation brick used in the 1-D mean line CRT DP calculations
Calculation brick used in the 1-D mean line CRT OD calculations
TEra Noise module for Open Rotor

Turbine Entry Temperature (K)

Top Of Climb

Torque Ratio (also defined as Roman symbol)

Unburned HydroCarbons

United States of America

Preliminary mechanical design code developed by Chalmers
University

Parameter used to define the position of a point in a constant speed

line of a turbine map

Roman Symbols

A

Aeff

Aeff rel

Alt

Adgisk
AxialChord
AR

BETA

bladey,
c
CL

Area (m?)

Effective flow area (m?)

Effective flow area with respect to relative velocity (m?)
Altitude (m)

Propeller disk area (Tr* - hub area) (m?)

Axial blade chord

A function of aspect ratio of the blade (-)

Parameter used to define the position of a point in a constant speed

line of a compressor map
Blade height (m)

Speed of sound (m/s)

Lift coefficient



Clipping Reduction of D; with respect to D, (-).  Clipping = 100M

D, Dy
Chord Blade chord
Cp Power coefficient (-)
Cp o7 Overall CRP power coefficient (calculated using Pw;+Pws,) (-)
Cp Specific heat capacity at constant pressure (J/(kg K))
Cre Reynolds correction for Yp (-)
Cr Thrust coefficient (-)
Cv Specific heat capacity at constant volume (J/(kg K))
D Diameter (m)
dISA Deviation from ISA temperature (K)
Drag Aircraft Drag (N or kN)
El Emissions index (-)
EINOXx NOx emissions index (-)
FAR Fuel to air ratio (-)
FF Form factor of the velocity triangles of a CRT
Fn Net thrust (N or kN)
Fg Gross thrust (N or kN)
Foo Maximum engine take-off thrust at ISA SL as approved by the
certificating authority (kN)
h Specific enthalpy (J/kg)
Heat Heat rejected by an engine component (W or kW)
ht Total specific enthalpy (J/kg)
hum Specific humidity (kg water / kg dry air) (-)
i Incidence (°)
J Advance Ratio (-)
LHV Low heating value (kJ)
K Constant (-)
k Shroud seal clearance (-)
KE Kinetic energy (J or KJ)
KEincrease Increase in kinetic energy (J or KJ)
Kip Propeller efficiency technology factor (-)
Lp Propeller power loading (PWmech/Adisk) (kW/mZ)
M Mach number (-)
m mass (kg)
m mass flow rate (kg/s)
M*relgut Guessed relative outlet Mach number in 1-D mean line CRT code
M*10.75 Critical Mach number for propeller compressibility corrections
Mo Flight M (-)
Mabs Absolute Mach number (-)
MTOW Maximum take-off weight (kg)
Mrel Relative Mach number (-)
N Rotational peed (rpm)
n Rotational peed (revolutions/s = N/60)
Np Number of blades of a propeller(-)

Xi



Nb
NbStages
NbSeals
NPR

nR

o]

P

P3

Ps

Pt

Pt rel
PQA

PR

Pw

PwR
PWstage

RAM

rR
SE

SF

SFC
SIOpeMcor
Stagger

T3
tmax
tre
Ts
Tt

Tt rel
TOA
TR

Vo
Vabs
Vind
Vrel

Number of blades of a turbine (-)

Number of stages (-)

Number of seals in a turbine shroud (-)

Nozzle Pressure Ratio (Pthozztein/ Pamb) (-)

Speed ratio of the CRT or CRP (n1/ n; = N1/ Ny) ()

Turbine throat opening (m)

Pressure (Pa)

Total pressure at combustor inlet (Pa)

Static pressure (Pa)

Absolute total pressure (Pa)

Relative total pressure (Pa)

Modified propeller power coefficient (-)

Pressure ratio (-) (Compressors = Pt,/Ptin. Turbines = Ptn/Ptoy)

Power (W or kW)

CRT Power Ratio (PWgrum1 / PWarum1) (-)

Power extracted in a turbine stage (W or kW)

Torque (Nm)

Gas constant (Cp — Cv) (J/(kg K))

Ram drag (N)

Radius (m)

Radius ratio of the gears of a DPGB (rpjanet/fsun) (-)

(Space) / (mean radius of curvature of the blade suction surface

between the throat and the trailing edge) (-)

Scaling factor used to scale a component map (-)

Specific Fuel Consumption (g/(kN s)) (fuel flow rate/Thrust)

Mach number effects correction slope (-)

Blade stagger angle (°)

Temperature (K)

Time (s)

Total temperature at combustor inlet (K)

Maximum turbine blade thickness (m)

Trailing edge blade thickness (m)

Static temperature (K)

Absolute total temperature (K)

Relative total temperature (K)

Modified propeller thrust coefficient (-)

Torque Ratio (-) Q1/Q; for the CRP
eruml/erumZ for the CRT
Qcarrier / Qring for the DPGB

Mid span blade tangential velocity (m/s)

Velocity (m/s)

Flight velocity (m/s)

Absolute velocity (m/s)

Propeller induced velocity (m/s)

Relative velocity (m/s)

Jet velocity (m/s)

Xii



Weight

Weight of the aircraft (kg)
Pressure loss coefficient of profile losses (-)

Yp1 Pressure loss coefficient of profile losses of an axial inlet turbine
stage (-)

Yp2 Pressure loss coefficient of profile losses of an impulse turbine stage
)

Ypa Low subsonic speed pressure loss coefficient of profile losses (-)

Ys Pressure loss coefficient of secondary losses (-)

Ysa Low subsonic speed pressure loss coefficient of secondary losses (-)

Yt Total pressure loss coefficient (-)

Ytc Pressure loss coefficient of tip clearance losses (-)

Yt Pressure loss coefficient of trailing edge losses (-)

Z12 Axial distance between roots of the forward and rear propellers (m)

ZETA Parameter used to define the position of a point in a constant speed
line of a turbine map

Greek Symbols

a Absolute flow angle (°) used in 1-D CRT calculations

B Relative flow angle (°) used in 1-D CRT calculations

B’ Relative flow angle (°) sign adapted to loss calculations conventions

Bo7s Blade angle at 0.75 radius (°) used in CRP calculations

Bmetal Blade metal angle (°) used in 1-D CRT calculations

B’ metal Blade metal angle (°) sign adapted to loss calculations conventions

A Variation (out-in)

y Heat capacity ratio (Cp/Cv) (-)

n Efficiency (-)

n* Guessed value of efficiency (-)

NNET Propeller net efficiency (-)

p Density (kg/m°)

1 Dynamic viscosity kg/(m s)

) Stage loading coefficient (Ah/ U?) ()

® Flow coefficient (V, /U) (-)

¢p Kinetic energy loss coefficient of the profile losses (-)

Gre Kinetic energy loss coefficient of the trailing edge losses (-)

¢ ax Kinetic energy loss coefficient of the trailing edge losses of an axial
inlet turbine stage (-)

Pimp Kinetic energy loss coefficient of the trailing edge losses of an
impulse turbine stage (-)

( Enthalpy loss coefficient (-)

Qind,, Angular velocity induced by Propeller 1 on Propeller 2 (rad/s)
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1 INTRODUCTION

1.1 Context

This section presents the counter rotating open rotor engines (CROR) in the
present civil aviation context. It also provides a historical view of the use and
developments of CRORs as well as the technological challenges they face. The
need for a multi-disciplinary preliminary design assessment of this engine
architecture at mission level is identified. A literature review of the existing open
rotor preliminary design assessments, simulation tools and modelling
methodologies is also included. These elements conduce to the definition of the
project objectives and methodology and put the contribution to knowledge of this
PhD thesis into perspective.

1.1.1 Civil aviation
There are four main factors that currently influence the civil aviation industry:

» Market demand: Over the past 20 years, the air transport industry has
experienced a constant average growth of 5% per year [Ref. 1]. The same rate
of growth is forecasted for the next 20 years [Ref. 1]. The short range market is
the largest contributor to this growth. In USA, Europe and the emergent
economies such as China and India more than half of the passengers fly for
less than two hours. In the USA in 2007 there were two connecting passengers
for every local passenger [Ref. 2] suggesting that long range flights are normally
fed from other short range flights.

» Fuel price: Although the price of Jet-A is highly unstable, an average increase
tendency has been observed since 1999 (Figure 1). From January 2000 to July
2011, the average of the USA airlines global operating cost increased by 163%
[Ref. 4]. In this same period, the fuel price increased by 267% being one of the
main drivers of the global operating cost (insurance increased by 56% and
airport fees by 62%) [Ref. 4]. In 2007, fuel cost represented 37% of the direct
operating cost, and 23% of the global operating cost of the average European
airline [Ref. 5]".

! This was the last “Operating Economy of AEA Airlines” report published by the Association of
European airlines. More recent European airlines cost statistics were not found.
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Figure 1: U.S. Gulf Coast Kerosene Jet-A Spot Price  FOB Apr 90 - Apr 11 2
» Certification:

0 Gaseous emissions: In 1998 air transport deemed was responsible for 7.2%
of global transportation emission, in terms of greenhouse gases and other
pollutants, and it was estimated to be 10.9% in 2010 [Ref. 3]. Engine
gaseous emissions regulations have became more stringent since
December 2007, in particular with respect to landing and take-off (LTO) NOx
emissions. Engines applying for certification after December 2007 are
required to comply with the requirements stated in the ICAO Annex 16
Volume Il [Ref. 6].

o0 Noise: Aircraft noise regulations have become more stringent since 2006.
Aircraft applying for certificate of airworthiness after January 2006 have to
comply with the requirements defined in Chapter 4 of the ICAO Annex 16
Volume | [Ref. 7].

» European Emissions Trading Scheme (EU ETS): The EU ETS is a regulatory
framework that obliges the main EU CO, emitters to monitor their CO;
emissions, report them, and pay a proportional allowance. According to article
16 in Ref. 8, the emissions from all flights arriving at and departing from
European airports, should have been included in the EU ETS from 2012.

To ensure economic and environmental sustainability of the civil aviation sector in
the present context, significant improvements in terms of fuel burn, gaseous

2 Plotted using data published by the US Energy Information Administration on its website
http://www.eia.gov.




emissions and noise must be achieved by aircraft and engine manufacturers as
well as operators, without diminishing the present comfort, safety and security
standards. Bodies like the Advisory Council for Aeronautics Research in Europe
(ACARE) have set ambitious intermediate and long term targets for civil aviation
including improvements in fuel burn, gaseous and noise emissions, and safety
amongst others. The ACARE goals for 2020 are reductions of 50% in perceived
noise, 50% in fuel burn and CO, and 80% in NOx emissions relative to year 2000
in-service technologies [Ref. 47]. For 2050 the goals are reductions of 65% in
perceived noise, 75% in fuel and CO,, and 90% in NOx emissions relative to year
2000 technologies [Ref. 48]. These improvements can be achieved by
implementing technologies for novel aircraft and powerplant systems as well as
optimising operational rules [Ref. 9]. With respect to the 2020 goals, ACARE further
suggests that improvements in propulsion technologies alone could contribute to
reductions of 6dB per operating point, 60 to 80% NOx emissions and 15 to 20%
fuel consumption relative to year 2000 engines.

“In the present situation, the key for the airlines economic success is the
introduction of right sized new aircraft. For this reason there are very high
expectations on the 100 to 200 airliners replacements” [Ref. 2]. This statement
describes the market needs at the start of this research project (2008).
Consequently this work focuses on 100 - 200 passenger aircraft which correspond
to the payload of Airbus A320 and Boeing 737 families.

During the first year of this PhD project, the main aircraft manufacturers were about
to launch their 100-200 passengers (PAX) replacement programmes and were
evaluating the following engine technologies:

« Advanced high bypass ratio turbofan (ATF) proposed by IAE and CFM: The
high bypass ratio turbofan is the engine technology currently used in the
Airbus and Boeing aircraft families (Figure 2). They were developed during
the 60s and they are nowadays approximately 20% more efficient than their
initial versions, thanks to the gradual introduction of technological
improvements. The extensive introduction of the latest advances in
aerodynamics, materials, cooling and burner technologies can still yield
further efficiency improvements. In July 2008, the CFM consortium started
developing their next generation turbofan engine, named LEAP, promising
to be 16% more efficient than today’s best engines [Ref. 10]



Figure 2: High bypass ratio turbofan engine [Ref. 1 16]

Geared Turbo Fan (GTF) proposed by Pratt & Whitney (P&W): The GTF
consists of a turbofan engine in which the fan is linked to the low pressure
turbine (LPT) through a gearbox. This gearbox allows the LPT and the fan to
rotate at their optimum speeds, increasing the engine overall efficiency.
P&W announced that the first GTFs to be certified on a 150 passenger
aircraft will be 15% more fuel efficient than a year 2000 turbofan [Ref. 11].
This technology also offers lower noise levels and higher resistance to
foreign objects ingestion than conventional turbofans, due to the relatively
lower fan rotational speeds.

Counter Rotating Open Rotors proposed by Rolls Royce and CFM: The
CROR is an advanced turboprop with counter rotating propellers (see Figure
3). The first CROR preliminary designs and demonstrators date from the
80s (after the two severe oil crises of the 70s). They were designed to fly
faster than turboprops (cruising at M0.75 - 0.85, very close to turbofan
powered aircraft) while significantly reducing the fuel consumption with
respect to turbofans due to their relatively higher propulsive efficiency [Ref.
12]. Three successful technology demonstrators were flown at the end of
the 80s but significant development efforts were still required to ensure the
appropriate levels of structural integrity, noise, vibrations and reliability [Ref.
13]. At the end of the 80s as the oil price reduced significantly and since
environmental impact was not considered to be as important as today, the
required development efforts were not economically justified. Consequently,
none of the demonstrated concepts were selected to power commercial
aircraft and the CROR development activities were abandoned. A
description of the CROR benefits, the different possible engine architectures
and the technological challenges associated to them is provided in section
1.1.2.
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Figure 3: CROR engine [Ref. 117]

Still today, the introduction of the CROR technology into the commercial
aviation represents a major challenge for engine and aircraft manufacturers,
as well as for certification authorities due to the differences with respect to
conventional turbofan technology.

During the course of the present research project, the ATF and the GTF were
selected to power the new generation 100 to 200 PAX aircraft, as shown in Table 1.

Engine ATF GTF Both
LEAP-1B LEAP-1C | PW1500G | PW1400G | LEAP-1A/PW1100G
Air-framer Boeing Comac Bombardier Irkut Airbus
Country USA China Canada Russia France - Europe
Programme 737 Max C919 CS series MS-21 A320 neo
PAX 108 - 215 168 - 190 100 - 145 | 150 - 230 124 - 220
Launched in | Aug 2011 Dec 2009 July 2008 | Dec 2009 Dec 2010
First delivery 2017 2016 2013 2017 2015

Table 1: 100 — 200 PAX aircraft programmes launched  since January 2008

The CROR engines were not selected for the aircraft programmes listed in Table 1
since they were not mature enough to be certified in the required timescale. At the
same time, open rotors appear to have a higher technology readiness level than
thermal efficiency enhancing disruptive technologies like wave rotors, pulse
detonators and constant volume combustors. Consequently, the CROR is a strong
candidate to power the next generation civil aircraft and its multi-disciplinary
preliminary design assessment is the focus of the present research work.

1.1.2 Open rotor engines

Open rotor (OR) engines, also called prop-fans, are advanced turboprop engines
capable of flying at relatively high subsonic speeds (Mach 0.7 to 0.85) and altitude
(35000ft to 39000ft) while maintaining high propulsive efficiency [Ref. 14].



Conventional turboprop engines can be efficiently used up to a flight Mach number
(Mo) of 0.6, but further increase in flight speed results in drastic efficiency losses
due to compressibility effects [Ref. 15]. The OR high efficiency operation at high
speeds is possible thanks to the use of advanced propeller designs incorporating
highly loaded, swept back and transonic profiled propellers [Ref. 14]. The previously
mentioned propeller features were investigated in wind tunnels during the 40s and
50s [Ref. 16 to Ref. 18], but were not brought into flight demonstrators until the late
70s [Ref. 14] due to the success that turbojets and turbofans were having at that
time. The term prop-fan was introduced by Hamilton Standard in 1975 [Ref. 19]
which presented this concept as an unducted turbofan offering the fuel benefits of
the turboprop engine.

OR engines can be classified as either single rotating open rotors (SROR)
(equipped with a single propeller) or counter rotating open rotors (CROR)
(equipped with two counter rotating propellers) (Figure 4). These engines are also
called single rotating propfan and counter rotating propfan respectively.

Figure 4: Single rotating OR [Ref. 20] and Counter  rotating OR [Ref. 14]

The propeller or propellers can either be mounted in front or at the rear of the OR
engine. When the propeller is located in front of the engine it “pulls” the aircraft and
it is called a puller or tractor OR. On the contrary, when the propeller is located at
the rear of the engine, it “pushes” the aircraft and it is called pusher OR. Figure 5
shows the four possible OR configurations with respect to the type and location of
the propeller.
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Figure 5: Possible open rotor engine configurations [Ref. 14]

The pusher CROR can be geared or direct drive. The geared architecture features
a conventional LPT and its power is transmitted to the counter rotating propeller
(CRP) through a gearbox. The direct drive engine has a stator-less counter rotating
turbine (CRT) and each propeller is directly linked to one of the two drums
composing the CRT. The direct drive puller CROR is not realistic from a
mechanical point of view because it requires four concentric shafts. The SRORs
are both geared, since a conventional LPT is not feasible at the required propeller
rotational speeds. The specific features, advantages and challenges of the different
OR configurations are described in the following sections.

1.1.2.1 Improving engine efficiency: benefits of th e OR technology

The aim of an aircraft engine is to produce a propelling power. For achieving this,
the engine accelerates a certain amount of air, and a certain amount of fuel is
burned. Consequently engine overall efficiency can be expressed as:
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This implies that the overall efficiency of an aero-engine can be improved by either:

A) Improving thermal efficiency

Theoretically, the thermal efficiency of a simple gas turbine cycle (simple Brayton
cycle) can be improved by increasing the pressure ratio of the compressors and the
combustion temperature. In practice, the maximum thermal efficiency is dictated by
the maximum temperature that the high pressure turbine blades can withstand and
other technological factors such as the effectiveness of blade cooling technologies
and coating technologies [Ref. 21]. An additional limiting factor is the capability to
manufacture very small compressor blades (with acceptable performance), which
are necessary for the final stages of very high pressure ratio compressors. Figure 6
shows an estimation of the theoretical thermal efficiency of a simple gas turbine
cycle using year 2000 technologies (component efficiencies, materials and blade
cooling)®. According to this study, the highest thermal efficiency is achieved at
pressure ratio 50 and turbine entry temperature 2200K. It can also be seen that a
realistic year 2000 engine operating at pressure ratio 35 and turbine entry
temperature 1700K is only 2% less efficient. This suggests that the technological
challenges associated with high pressures and temperatures may not be justified
unless new materials and cooling technologies are developed.
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Figure 6: Estimation of a simple gas turbine cycle thermal efficiency using present
technology [Ref. 21]

More complex gas turbine cycles, such as the intercooled recuperative cycle, could
offer improvements in terms of thermal efficiency [Ref. 22]. At the present, they

® Further details of the assumptions used to produce this figure are provided in Ref. 21.



appear to be justified for long range aircraft only, due to the voluminous required
heat exchangers and the associated installation penalties [Ref. 22 to Ref. 24].
Alternative combustion technologies such as wave rotors, pulse detonation and
constant volume combustion may also offer improvements in terms of thermal
efficiency, but they appear to have relatively low technology readiness levels [Ref.
25].

B) Improving propulsive efficiency

The engine net thrust, produced by the acceleration of the air going through it, can
be expressed as suggested in Eq. 4. Consequently, the propulsive efficiency can
be expressed in terms of the flight and jet velocities”.

Fn=m(V; - V,) [Eq. 4]
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It can be seen that propulsive efficiency can be increased by reducing the jet
velocity, provided that the jet mass flow is increased in order to maintain a required
level of thrust. In a conventional turbofan, the jet mass flow and its acceleration can
be directly related to the bypass ratio (BPR) and the fan pressure ratio (FPR)
respectively. For a given core technology and selected BPR, an optimum FPR can
be found. Details of this optimisation process can be found in Ref. 26. These
optimisations were also reported in Ref. 27 and Ref. 28 and optimum FPR vs. BPR
charts were provided. A simplified® version of this chart (for a bare engine) is
presented in Figure 7 for a wide range of BPRs [Ref 244].

Two zones can be distinguished with respect to the evolution of the propulsive
efficiency:

e Low and moderate BPRs (1-30) for which the BPR has a significant
influence on propulsive efficiency.

< High to very high BPRs (>30) for which the BPR has a relatively low impact
on propulsive efficiency.

* The presented expressions are simplified assuming that the inlet and outlet mass flow rates
are the same, considering average velocities, not considering rotating components of velocities,
pressure thrust, and that the thrust is produced in the same direction as the flight. These
simplifications are done in order to simplify the equations since they are introduced to build the
argument and are not to be used for fully rigorous calculations.

® The efficiencies of the components are kept constant. The rotating components of the
velocities of the inlet and outlet airflows are not considered. A detailed calculation would need to
adjust the efficiencies of the components and introduce discontinuities when different
technological solutions are used. This figure is presented for illustrative purposes only. The
values corresponding to rigorous calculations (for BPR from 1 to 25) can be found in Ref. 27
and Ref. 28.
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Figure 7: Optimum FPR and propulsive efficiency vs. BPR at a typical cruise condition

Modern TFs used in the 150 PAX class aircraft have BPRs between 5 and 6. At
cruise conditions, their FPR are approximately between 1.6 and 1.8. It can be seen
(Figure 7) that the increase in BPR could yield significant improvements in
propulsive efficiency. As BPR is increased, FPR and the rotational speed of the fan
have to be reduced. The reduced fan rotational speed results in an increase in the
number of stages of the LPT as well as larger LP shafts (due to the high torques).
At a certain value of BPR, the use of a gearbox (that decouples the rotational
speed of the fan and the LPT) is required to obtain optimum engie weight and fuel
consumption. An alternative to avoid the use of a gearbox could be a counter
rotating turbine which gives place to the contra-fan concepts (Figure 8) such as the
RB529 [Ref. 28]. The propulsive efficiency of a 12-14 BPR GTF or a contra-fan
appears to be around 10% higher than that of a modern TF [Ref. 28].

Further increases in BPR would impose the need of a variable area bypass nozzle
or a variable pitch fan in order to maintain a stable fan operation at low flight
speeds [Ref. 26 and Ref. 28]. This operational limit is close to 1.4 FPR [Ref. 27].
The NK-93 (not yet certified) is an example of this technology, featuring a geared
variable pitch counter rotating fan that enables a BPR around 17 [Ref. 29]. Figure 9
shows a section view of the NK-93 engine as well as a real prototype mounted on
an aircraft next to a conventional turbofan. The relatively large nacelle diameter of
this engine concept compared to a TF can be appreciated in the picture. The bigger
nacelle results in higher weight and drag as well as strong limitations in terms of
aircraft integration that reduce the final benefits of these concepts.
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Figure 8: Rolls-Royce Contra-fan RB529 concept [Ref . 118]

Figure 9: NK-93 prototype engine [Ref. 119, Ref. 12 0]

A further increase in BPR would require the elimination of the nacelle, resulting in
OR engines. At typical cruise conditions, the FPRs of SRORs and CRORs are
approximately 1.03 [Ref. 14] and 1.08 [Ref. 14 and Ref. 30] respectively. These
values of FPR correspond to a BPR close to 50 for CRORs and 100 for SRORs. It
can be seen from Figure 7 that the improvement in propulsive efficiency of a SROR
over a CROR would be marginal. More over, the CR configuration is capable of
delivering the same thrust at a reduced propeller diameter (enabling reduced
propeller tip speeds) and offers the advantage of recovering the swirl on the
propellers exit flow (not considered in Figure 7). For these reasons, a CROR can
offer a higher propulsive efficiency than a SROR at high subsonic flight speeds (9%
more efficient at 8000 ft (~2438 m) and 140kts climb [Ref. 15], and 5 to 6% more
efficient at a 35000 ft (10668 m) and M 0.8 cruise [Ref. 31]). This could be
beneficial at a mission level, since time is a first order variable affecting mission fuel
consumption. Figure 10 presents installed® propulsive efficiency trends for different
engine concepts at different cruise M.

® Installed efficiency includes engine installation drag such as the nacelle and the pylon drag.
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Figure 10: Installed propulsive efficiency trends [ Ref. 14]

To summarise, it has been shown that there is a higher potential to improve the
propulsive efficiency than the thermal efficiency of a single engine at the present
technological level. The CROR offers a significantly higher propulsive efficiency
than other high BPR shrouded concepts while presenting a similar degree of
complexity (gearbox, variable pitch and challenging installations) making it a
promising candidate to power future aircraft.

1.1.2.2 Geared CROR
Pusher configuration

Figure 11 shows an artists impression and section view of a pusher geared CROR
(GOR). It comprises a two spool gas generator and a power turbine that drives a
counter rotating propeller through a differential planetary gearbox. The turbine gas
flow is discharged to the atmosphere through a fixed area convergent nozzle.

Note that the propellers are driven by the LPT and the front compressor
(intermediate pressure compressor (IPC)) is driven by the intermediate pressure
turbine (IPT). This applies to the OR concepts presented in the following sections.

In the particular design of Figure 11, the shafts which drive the CRP pass through
the hot gas exhaust. The pitch angle of the propellers can be adjusted through a
pitch change mechanism (PCM) in order to control the rotational speeds of the
propellers.
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Figure 11: Artists impression and section view of a pusher GOR [Ref. 32]

Between the LPT and the CRP modules there is a relatively big frame called exit
frame (EF). This frame is a key structural component of the engine since it supports
the gearbox and CRT (two heavy modules).

The gearbox oil is cooled by cold fuel coming from the aircraft tanks and external
air. The cooling air flow enters through a specific air intake installed in the nacelle
(not seen in Figure 11), passes through a heat exchanger and is finally discharged
to the atmosphere. At low flight speeds, the unforced airflow through the cooling
system is not enough to reject the produced heat. For this reason, a dedicated
blower is installed and used at low flight speeds (powered by the high pressure
(HP) shaft).

Figure 12: Pusher OR engine rear fuselage installat  ion [Ref. 121]

Pusher OR engines are typically installed at the rear of the aircraft as suggested in
Figure 12. Note that the CRP is behind the engine pylon.

13



Puller configuration

Figure 13 shows an artists impression and section view of a puller geared CROR
(GOR). It has the same core engine definition as the pusher GOR. The LP shaft
goes through the engine core and drives the CRP through a gearbox located at the
front of the engine. This configuration has a longer air intake (behind the CRP
blades) and a shorter exit nozzle than the pusher GOR. The PCM is visible in
Figure 13.

PCM Intake

—

Gearbox —

Figure 13: Artists impression and section view of a puller GOR [Ref. 32]

Puller OR engines are typically installed on the wings as suggested in Figure 14
and the CRP is directly exposed to the free stream air.

Figure 14: Wing mounted puller OR engine (Antonov A n-70) [Ref. 122]
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1.1.2.3 Direct drive CROR

The direct drive CROR (DDOR) can only be realistically produced as a pusher
configuration and would be typically rear fuselage installed (Figure 12). A puller
configuration with the CRP on the front of the engine would require two extra shafts
going through its core.
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Figure 15: Artists impression and section view of a pusher DDOR [Ref. 33]

Figure 15 shows an artists impression and section view of a pusher DDOR. It is
formed by a two spool gas generator (same nomenclature as for the GOR), a CRT
that drives a CRP and discharges to a fixed area convergent nozzle. Figure 16
shows a cross sectional drawing of a CRT. It is formed by an internal and an
external drum (mounted on a central beam) to which the turbine blades are
attached. These drums rotate in opposite directions generating opposite torques
which are directly transferred to the CRP. The forward propeller is directly linked to
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the first CRT stage and the rear propeller to the last stage. It can be seen in Figure
16 that the first and last stages have longer chords than the rest of the turbine
stages. This is due to the structural functions they perform. Note that there are no
turbine outlet guide vanes in this engine configuration.

Similarly to the GOR, the DDOR features a PCM enabling the control the CRPs
rotational speeds. The PCM can go through the CRT structural blade rows (the fifth
and last blade rows in Figure 15, or the first and last in a design such as the one
shown in Figure 16) or can be integrated outside the CRT as suggested in Ref. 35.

An important characteristic of this engine configuration is that the CRT, CRP, the
exhaust nozzle and even the after body are rotating parts. Consequently, the last
fixed component of the engine is the mid frame (frame connecting the IPT with the
CRT, marked as MF in Figure 15) and all the LP modules are supported by it. This
makes it a key structural engine component. At the same time, the MF is exposed
to the hot gas stream exiting the IPT and therefore it requires a relatively high
cooling airflow to ensure its structural integrity. This cooling flow is mainly taken
from the back of the IPC and in the example of Figure 15 it is conduced through a
bypass duct and injected back to the main gas stream through cooling holes in the
MF.

Figure 16: CRT cross sectional drawing [Ref. 34]

1.1.2.4 Existing OR engines and demonstrators

Several CRP aircraft were built during the 40s and 50s. Some of them used gas
turbines (such as the Armstrong Siddeley Python engine) and others used piston
engines (such as the Rolls-Royce Griffton engine). Some of them were powered by
a single engine while others, such as the Fairey Gannet, used the Double Mamba
which combined the power of two engines to drive both propellers. Figure 17 shows
two of the first CRP aircraft that flew in 1946 [Ref. 36].

16
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Figure 17 a: Westland Wyvern [Ref. 123] b: FX-11 prototype aircraft [Ref. 36]

During this period, CRPs were mainly used for military aircraft as they had smaller
diameters than conventional propellers thereby allowing simpler installations and
shorter landing gears. However, they were not designed to operate at the flight
speeds for which CRPs may offer significant advantages with respect to SRPs (see
Figure 10). The early CRP designs had lower reliability and required higher
maintenance than SRPs and were consequently not economically justified for civil
aviation [Ref. 37]. The only CRP engine to be introduced to the civil market was the
Russian NK-12 powering the Tupolev Tu-114 (Figure 18) which was designed for a
cruise speed of My = 0.7 and remained in service for about 15 years in Russia.

Figure 18: Tupolev Tu-114 ! [Ref. 124]

During the 60s, the progress of propeller engines radically reduced as engine
manufacturers focused their efforts on the development of turbofans [Ref. 14]. After
the oil crisis of the 70s, in order to maintain the economic viability of civil aviation,
there was a need for significant fuel burn reductions. This, once again, raised the

" From Figure 18 it can be seen that the length of the forward landing gear is relatively large. A
similar aircraft with SRPs would require even longer landing gear or a low wing aircraft
configuration.
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interest for propellers. The NASA Advanced Turboprop (ATP) project was launched
in 1973 and led the main efforts of the USA to develop high speed propeller engine
technologies. The project aimed to develop design calculation methods, gearbox
designs, propeller designs, engine installation technologies and cabin noise
treatments [Ref. 20]. Initially, a series of high speed and high efficiency propeller
blades (SR-1 to SR-7 and CR-1 to CR-5) were designed manufactured and tested.
The SR series and CR-1 to CR-3 used existing NACA airfoils, while only CR-4 and
CR-5 used specifically designed advanced high speed airfoils (PF-1 airfoil series)
[Ref. 31]. It can be seen that these blade series are different from the conventional
blades used for the NK-12 civil engine (Figure 19).

iee

SR-1&1M SR-2 SR-6 SR7 CR-1/CR-2

J7Jq

CR-4

Figure 19: Example of ATP project SR and CR lade se ries [Ref. 31]

The Large-Scale Advanced Propeller (LAP) sub-project was subsequently
established, to provide a deeper understanding of the real scale SR propellers
mechanical characteristics, to ensure that they could operate with the infinite-
fatigue life necessary for commercial aircraft propellers. Specific engine installation
aspects were then studied and wind tunnel tested. Cabin acoustic liners were also
designed as part of this project. Finally, SR and CR gearboxes and pitch change
mechanisms were designed built and tested under the APET and AGBT sub-
programmes. Ultimately, several flight demonstrators were launched:

« The Propfan Test Assessment (PTA) was set to improve knowledge on
noise characteristics of SRORs to determine if: (a) the cabin noise treatment
weight penalties were acceptable, and (b) propfan-powered aircraft could
meet community noise standards [Ref. 38]. A 9 ft (~2.7 m) diameter
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propeller comprising 8 SR-7 blades was tested on a Gulfstream Il business
jet (Figure 20). This SR propeller was designed to cruise at My = 0.8 and
35000 ft (10668 m) and it was tested up to Mg = 0.85 at 40000ft (12192 m).
Cabin, en route and community noise as well as structural vibrations were
recorded and used to validate the SR-7 blades as well as its design tools
and process.

Figure 20: NASA PTA SR-7 SROR Gulfstream Il demonst rator [Ref. 20]

The Unducted Fan Engine (UDF, also known as the GE-36 or GE-UDF) was
a DDOR developed collaboratively, led by NASA, SNECMA and General
Electric. It featured a modified F404 gas generator and a 12 stage CRT
driving an 11.7 ft (~3.6 m) diameter CRP. It was designed to cruise at 35000
ft (10668 m), Mg = 0.78 and to deliver 25000 Ibf (~111.2 kN) of thrust at
take-off. It was first flown on a Boeing 727 in an 8x8 blade configuration
[Ref. 39] and later flown on an MD-80 in 8x8 and 10x8 blade configuration
[Ref. 40]. The objectives of these two flight demonstrators were to obtain
operability, performance, acoustics and vibration data for the complete flight
envelope. The first test flight identified the need for blade modifications to
reduce the blade stress levels produced by an unpredicted coupling with the
fuselage flow field [Ref. 20]. After these modifications, the UDF-727 flight
program was completed and demonstrated satisfactory operability and
performance up to 35000ft (10668 m) and My = 0.85 [Ref. 39]. A significant
reliability demonstration was also achieved during the transatlantic flights to
and from the 1988 Le Bourget airshow. Several cabin acoustic liners were
also tested [Ref. 20]. Subsequently, the UDF-MD-80 demonstrator was
launched to further investigate the installation effects, operability and noise
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characteristics of this engine on board of an MD-80. 8x8 and 10x8 CRP
configurations were tested in the same conditions and compared. It was
expected that increasing the number of blades of the forward propeller
would reduce 5dB in blade passing noise. The 10x8 design proved to be
only 3dB quieter than the 8x8 [Ref. 40] but it was concluded that further work
was required to meet the FAR-36 noise certification requirements applicable
at the time [Ref. 20].

\ L SN -

REREARANNIN

Figure 21: UDF flight demonstrators (top) Boeing 72 7, (bottom) MD-80 [Ref. 20]

« P&W-Allison built the 578-DX GOR engine in collaboration with NASA. This
project used technologies developed in the ATP project, but was not part of
it. The 578-DX was designed to fly at 30000ft (9144 m) and My = 0.77, used
the gearbox technology developed during the AGBT sub-project and flew on
an MD-80 [Ref. 41]. A peculiarity of this design is that the core flow exited
the engine through a series of pipes before the propeller module (Figure
22). It was predicted that these gases would produce high fluctuations on
the pressure field ingested by the CRP and be a dominant source of noise.
This could be avoided on a product engine by exiting the core flow
downstream the propeller or by using an annular nozzle. However both
solutions were not feasible in the demonstrator timescale. The 578-DX was
a successful demonstrator which contributed to the better understanding of
aircraft/engine interactions, near and far field acoustic characteristics and
established the GOR as a competitive alternative to the UDF DDOR [Ref.
42].
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Figure 22: P&W-Allison 578-DX GOR demonstratorona n MD-80 [Ref. 125]

During the 80s, two main research efforts were active in Western Europe. France
launched a national funded collaborative project called “Concept d’'Helice pour
Avion Rapide en vue d'une Meilleure Economie” (CHARME). Part of the aims of
this project were to improve the methods for the design of CRPs. ONERA was the
main contributor to this work and very little information has been made public [Ref.
43 and Ref. 44]. In the United Kingdom, Rolls-Royce, Dowty Rotol, British
Aerospace and the Aircraft Research Association (ARA) established a collaborative
project to develop advanced CROR concepts. During 1985 and 1986, a 30 in CRP
test rig (Rig-140) was designed by Rolls-Royce. It was then commissioned and
used during 1988 and 1989 in the ARA transonic wind tunnel to acquire
performance, and noise data and to perform detailed aerodynamic investigations
[Ref. 45].

In the Soviet Union, Ivchenko Progress ZMKB started the developments of the D-
236 in 1979. It was a puller three spool GOR demonstrator with a 4.2 m diameter
8x6 CRP designed to fly at 11000 m and Mg = 0.7 and produce a take-off thrust of
16500 Ibf (73.4 kN) [Ref. 46]. It flew on an llyushin 1I-76 in 1987 and then on a YAK-
42E-LL in 1991 (Figure 23). This demonstrator then evolved into the D-27 engine
which has a 4.5 m diameter CRP and is designed to cruise at 11000 m and Mg =
0.7 and produces 21200 Ibf (94.3 kN)of thrust at take-off [Ref. 46]. This engine is
still in operation on a prototype Antonov An-70 aircraft (Figure 23).
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Figure 23: Russian puller OR demonstrators (L) D-23 6 [Ref. 46], (R) D-27 [Ref. 126]

All the previously described demonstrators proved to be at least 20% more fuel efficient
(at any flight power setting and speed) than TF engines using the same level of
technology [Ref. 39, Ref. 40, Ref. 42 and Ref. 46].

1.1.2.5 Challenges of CROR technology

Although CRORs demonstrated significant potential to reduce fuel consumption,
many remaining challenges still required significant development efforts [Ref. 13].
At the end of the 80s as the oil price reduced significantly and since environmental
issues were not a top priority, the required development efforts were not
economically justified and the OR development activities were shelved. Some of
these challenges were:

At aircraft level:

1. Cabin and community noise : Despite all the efforts done to reduce CROR
noise, none of the demonstrators met the FAR-36 noise certification applicable at
the time [Ref. 20]. One of the main challenges of CROR is meeting the current
(Chapter 4) and anticipated future noise certification requirements which are more
stringent than those of the 80s. High levels of cabin noise were also recorded [Ref.
53]. Figure 24 presents the main CROR noise generation mechanisms. Unlike TFs
which produce broad band noise, CRORs produce high levels of tonal noise
dominated by the blades operation and their interactions.

In the case of a pusher configuration the CRP noise is increased by the ingestion of
the pylon wake and the interaction with the fuselage boundary layer. It was recently
proved that blowing air through the pylon trailing edge is an effective way to
mitigate these effects [Ref. 115]. In the case of a puller configuration the CRP noise
is increased by the interaction with the engine intake [Ref. 55].
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Figure 24: CROR noise generating mechanisms [Ref. 5 4]

At cruise speeds, the CRP tips operate in a transonic regime. The shock waves
produced result in very high noise levels at a very short distance from the fuselage
[Ref. 56]. The noise is transmitted through the fuselage structure and high noise
levels are perceived at unexpected large distances [Ref. 53]. Figure 25 shows the
sound pressure levels (SPL) measured at the SRP planes during the PTA flight
tests.
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Figure 25: Cabin sound pressure level at the SRP pl  ane (PTA demonstrator) [Ref. 53]

The tonal noise produces higher levels of annoyance to passengers than the same
level of broad band noise. For this reason psychoacoustic tests are required to
determine the necessary cabin treatment and damping mechanisms to ensure the
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correct level of passengers comfort [Ref. 56]. The required acoustic liners and
damping systems increase the aircraft weight increasing the mission fuel burn [Ref.
56 and Ref. 53].

The noise generated by rear mounted engines is expected to be easier to isolate
than the noise produced by wing mounted engines which are located approximately
at the centre of the cabin. The engines location with respect to the fuselage has
also an influence on the certification noise as parts of the fuselage may shield or re-
direct noise.

2. Fuselage and structural components fatigue: As it was mentioned before,
the CRP blades operate at transonic regimes during cruise. The shock waves
produced in the CRP create an unprecedented challenge associated with the
design of fatigue resistant fuselage skins structures. Furthermore, these vibration
effects can be amplified at high aircraft incidences, when the CRP receives the
wing wake. Sonic fatigue tests of structural pieces are required to build a better
understanding of this mechanism [Ref. 56]. The specific reinforcements adopted to
overcome this problem would result in weight penalties that are directly translated
into fuel burn penalties.

3. Engine installation: Figure 26 presents a hypothetical installation of a 14 ft
(4.26 m) diameter puller CROR on a low wing aircraft compared to a TF. It can be
seen that a low wing installation is not feasible and a high wing aircraft
configuration as the An-70 would be required to install such engines. High wings
result in aircraft structural weight penalties since specific reinforcements are
required to re locate the landing gears. An alternative to avoid the high wing aircraft
configuration is to mount the engines at the rear of the fuselage like the UDF and
P&W-Allison demonstrators. This integration requires long pylons and significant
structural reinforcements on the rear part of the fuselage which is also heavy, and
impacts the aircraft longitudinal weight balance. It is interesting to note that long
range or high capacity aircraft require four engines that can only be installed on a
high wing aircraft configuration. A thorough description of the implications of the
installation choices at aircraft level (weight, aerodynamics, noise, safety, etc) can
be found in Ref. 58.

Figure 26: CROR and TF installation on a low wing a  ircraft [Ref. 57]
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4. Aircraft aerodynamics: Rear mounted OR engines operate in a complex flow
field resulting from the combined effects of the wing wake, the pylon wake and the
fuselage boundary layer. Furthermore, at low flight speeds, the propeller produces
a great stream contraction and during reverse thrust operations the flow is
inversed. All these specific effects and interactions create unique aerodynamic
problems [Ref. 56]. As an example, the UDF blades required two consecutive sets
of design modifications after the first test flights since the stress levels resulting of
the flow interactions were higher than predicted [Ref. 20]. The loss of the
effectiveness of the rear control surfaces due to the unusual flows was also
observed during the UDF flight tests [Ref. 56].

Wing mounted ORs also offer specific aerodynamic challenges since the propellers
operate at a wide range of angle of attack (rear fuselage mounted ORs benefit from
aircraft wing “downwash” which reduces the range of the angle of attack).
Furthermore, as cruise speeds rise above M 0.75, the flow acceleration caused by
the propeller creates shocks over the wings raising considerably their drag [Ref.
58].

5. Safety and airworthiness: To be accepted in civil air transport, the OR aircraft
must meet the same safety standards achieved by modern turbofan aircraft [Ref.
60]. This means that the OR, despite the added complexity (variable pitch, gearbox
or CRT, etc), must match the standards set by the turbofans which have fixed pitch
fan blades and a nacelle capable of retaining a released fan blade. Amongst
others, the following issues have to be adequately addressed:

* It has to be proven that the advanced blades can be produced with infinite
fatigue life characteristics [Ref. 53]. This is specially challenging since the
aerodynamic excitations over the CRP are highly unknown as previously
highlighted. At the same time, the centre of gravity of the tip sections are
outside of the blades root projection and generates out of balance induced
vibrations [Ref. 61]. Moreover, an infinite fatigue life of the propeller hub has to
be demonstrated. The engineering practices and tests are consolidated for
compact propeller hubs located at the front of the engine, but are not developed
for large diameter hubs which could be less stiff and operate in the hot back
end of the engine [Ref. 60]. The placement of critical speeds and the flutter
characterisation of advanced CRPs also required further investigation in order
to ensure the correct levels of blade integrity [Ref. 31].

» It has to be proven that in the event of a blade loss the aircraft airworthiness is
not compromised. Consequently, the blade debris should not affect the
pressurised cabin zone and the control surfaces, and the vibrations produced
by the unbalanced engine should not compromise the aircraft structural integrity
[Ref. 58].

» The CRP has to be resistant to foreign objects ingestion. During the 578-DX
ground test campaign, a 5/8 inch (~1.5 cm) bolt of the test facility failed and
went through the CRP. Two forward blades and a rear blade were damaged
and had to be repaired [Ref. 41]. In the case of rear mounted ORs, debris
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coming out from the landing gears may impact the propellers [Ref. 58] and this
issue requires special design efforts.

« The PCM has to ensure that it is very unlikely that a propeller can be blocked
close to the 90° of incidence. This situation would be catastrophic since the
aircraft controls will not be able to balance the amount of drag produced by a
large diameter propeller in a blocked position [Ref. 60]. The auto-feather
capability is therefore to be considered for the PCM design.

6. Public perception: The Rolls-Royce Clyde was the first turboprop engine to be
certified under civil regulations but was never sold since it was perceived as an old
technology engine compared to the recently developed turbojets. This example
shows that a successful engine not only needs to be certified but also to be
accepted and wanted by the market. A poll carried out by United Airlines during the
80s showed that only 50% of the passengers would accept flying on an OR aircraft
[Ref. 59]. This could have been caused by previous experiences of travelling in old
propeller aircraft built in the 40s and 50s which were considerably less reliable than
the 80s turbofan aircraft. A more recent poll (not yet published) shows an
improvement of the public perception of OR engines.

At engine level

1. Small core size: For a given level of thrust, an OR has a lower core mass flow
rate than a TF (due to its higher overall efficiency). Consequently its performance
and operation is very sensitive to bleeds and core power off-take [Ref. 56]. At the
same time, CRORs require relatively high bleed mass flows to cool the hot LP
components such as the CRP roots, CRT, gearbox, PCM and the MF of the pusher
CRORs which support the heavy LP assembly. For example in the case of the UDF
demonstrator, approximately 20% of the IPC inlet mass flow was bled to cool the
MF only. This large amount of bleed was required because an existing core was
used for the demonstrator which imposed mechanical and thermal constraints. A
CROR product would require between 20 and 25% of the IPC inlet mass flow rate
for all engine cooling purposes, whch is considerably higher than the cooling flows
of year 2000 turbofans (10 - 15%). New materials, manufacturing processes,
innovative designs and highly efficient cooling systems are required in order to
produce lightweight and reliable LP components which do not compromise the
engine performance.

2. Thrust reverse: Wind tunnel tests showed that very large amounts of reverse
thrust (up to 60% of take-off thrust at Mg = 0.2) can be generated by a CROR [Ref.
62 and Ref. 245]. These tests were done at static propeller pitch settings. A
dynamic application of reverse thrust from a forward thrust position is more
challenging since the blades have to pass through a fully stalled position and
recover the attachment of the flow. As an example, for variable pitch TFs, despite
extensive research carried out in the US and UK at the end of the 70s, adequate
levels of reverse thrust following a dynamic selection of reverse pitch in a variable
pitch TF were only demonstrated for forward speeds lower than 60 kts (~Mg = 0.09
at sea level and ISA conditions). Both the UDF and 578-DX were only tested in
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dynamic reverse thrust during 100kts (~Mg = 0.15 at sea level and ISA conditions)
ground rolls [Ref. 39, Ref. 40 and Ref. 42]. A further challenge for the reverse thrust
dynamic transition is to ensure the correct loading on the propellers to avoid over
speeds of the LP system. Another issue that requires careful design efforts is the
aerodynamic operation of the core intake at reverse thrust setting and the ingestion
of the hot exit gases which the propeller may re-circulate towards the intake [Ref.
65].

3. PCM: A detailed 3-D view of the 578-DX PCM can be found in Ref. 41. It is a
highly complex system that has to ensure high reliability and precision while
operating at high levels of mechanical stress. This is especially challenging for the
pusher configurations because the PCM operates in a hot environment [Ref. 55]. A
failure in the PCM could result in catastrophic events and therefore it has to
demonstrate a high level of reliability [Ref. 66]. The two most dangerous mal
functions are the blockage of the propellers close to 90° (previously described) and
the failure to impose a minimum propeller loading which could result in propellers
and LP system over speed Ref. 66.

4. Mechanical design of the blades:  More experience is required to ensure
infinite fatigue life of CRP blades with novel shapes [Ref. 53]. Mounting the blades
on a hot rotating structure around the exhaust end of the engine (pusher
configuration) makes it a more difficult challenge [Ref. 55]. The blade root design is
a key element of its structural integrity as well as its aerodynamic performance.
Large CRP hub diameters and thick blade roots resulted in high inter blade M and
choke on both the suction and pressure side of the blades during high speed wind
tunnel tests [Ref. 14]. This structure was propagated until blade mid radius being
responsible for an efficiency loss of approximately 3% [Ref. 31]. An efficient
aerodynamic design of the blade roots is more difficult for blades requiring large
pitch variations to produce reverse thrust [Ref. 31].Improvements in materials and
manufacturing processes are required to produce safe blades with thin transonic
profile roots [Ref. 14].

5. Gearbox reliability and oil cooling technologies: During the first years of the
ATP project, gearbox reliability was identified as one of the key challenges of
geared CROR engines [Ref. 66]. Consequently, two ATP sub-projects were
devoted to the development of advanced gearbox technologies targeting a mean
time between unscheduled removals of 30000 hours [Ref. 20]. The designed
counter rotating gearbox was tested on ground for 550 hours and in flight for 20
hours [Ref. 42], which is not enough to demonstrate the reliability objectives. No
detailed information was found regarding the D-27 gearbox reliability. A further
challenge is the design and integration of highly efficient and compact gearbox oil
cooling technologies. An inefficient oil heat exchanger increases the engine weight
and the drag produced by the required cooling airflow.

6. Maintainability and acceptable maintenance cost: CROR engines are
mechanically more complex that fixed pitch TFs. For this reason they risk of having
higher maintenance costs that may offset the economical benefit of the fuel
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savings. Ref. 67 predicts that the maintenance cost of a CRORs propeller and
gearbox would be 12% higher than a TFs fan and thrust reverse actuator. Ref. 68
predicts an equivalent maintenance cost for TFs and CRORs in 1990 taking into
account the advances in health monitoring systems. Accurate maintenance costs
can only be known after a product has accumulated a large amount of service
hours. Another challenge is to maintain the same mean time between overhauls
than TFs while being mechanically more complex and having a radically different
architecture. As a comparison, the most popular modern turboprops have a mean
time between overhaul close to 8000 hours while a CFM-56-7B is close to 23000
hours [Ref. 69]. Finally, a compact and modular design is required to facilitate
maintenance operations of the LP modules.

7. CRT seals and blade containment: The high pressure ratio large diameter
seal required at the front of the CRT is a potential source of leakage and in-service
deterioration and considerable design efforts are required to ensure its satisfactory
operation [Ref. 28]. Another challenge for the mechanical design of the CRT is to
ensure blade retention capabilities of the stressed external rotating drum (instead of
a static casing).

1.1.2.6 Recent efforts to develop CROR technologies

As a response to the fuel price escalation of 2007/2008, the interest in CROR
engines was renewed. It was believed that the progress made during the previous
30 years in the fields of computational techniques, aerodynamics, control,
materials, instrumentation and health monitoring, mechanical design and
manufacturing processes could provide the basis to develop CROR engines able to
meet present certification and market requirements. Consequently, several efforts
were made to apply these advances to the design of CROR components and
systems.

USA

In 2008 GE and NASA reconditioned some of the test facilities used during the 80s.
Subsequently they developed and wind tunnel tested new blade designs targeting
to meet present noise level requirements (Chapter 4 of the ICAO Annex 16 Volume
I) [Ref. 50 and Ref. 51]. The results of these test campaigns are not available in the
public domain.

Although it was not a publicly known effort, some university thesis sponsored by
P&W show their present interest for CRORs [Ref. 52].

Europe

After the publication of the ACARES vision for 2020 [Ref. 47], the EU has launched
several projects in which industrial manufacturers, universities and research
institutes collaborate to develop sustainable technologies. The following chart
shows the continuous efforts done in the field of engines through the 5" and 6"
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Framework Projects and their contributions to the DREAM project (valiDation of
Radical Engine Architecture systeMs).
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Figure 27: Aircraft engine European collaborative p rojects [Ref. 49]

The DREAM project was aiming to design, integrate and validate new engine
concepts based on pusher CROR architectures to reduce:

e 27% fuel consumption and CO, emissions with respect to the year 2000
engines (this represents a 7% step beyond the ACARE 2020 objectives)

e noise emissions by 3dB per operation point compared to the year 2000
engines [Ref. 49].

DREAM started in 2008 and finished in 2012 and successfully matured the
technologies offering the potential to go beyond the ACARE objectives for fuel
consumption, achieving a TRL of 4-5 during the project. These technologies are
now being further developed within the CLEAN SKY programme [Ref. 70].

The consortium, led by Rolls-Royce, was composed of 44 partners from 13
countries, including all the European leading engine manufacturers, key research
institutes, universities and SMEs, providing the best expertise and capability from
the EU aeronautical industry and Russia.

The efforts were divided in five sub-projects (SP) addressing the main DREAM
issues:

SP1 Whole engine architecture (Led by SNECMA): Work Package 1.1 performed
detailed specific designs of pusher CROR engines (using original equipment
manufacturers (OEM) detailed tools) incorporating the technologies developed
during the DREAM project, and compared them against the projects overall targets.
Work Package 1.2 explored a broad design space to identify the trade-offs of fuel
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burn, certification noise and emissions with respect to the main LP preliminary
design parameters of both GOR and DDOR pusher configurations. These two sets
of assessments, performed at different levels, contribute to a better understanding
of the open rotor technology, its potential and its main design trade-offs. The Work
Package 1.2 was led by CU and is the framework of this PhD project. Note that
only pusher OR engines were studied within the DREAM project. This is the reason
why the puller CROR configuration is not assessed in this thesis.

SP2 Geared open rotor (Led by Rolls Royce): Developed advanced propeller
blades, installed noise reduction through pylon blowing, PCM technologies, as well
as LPT and hot structures for a pusher GOR.

SP3 Direct drive open rotor (Led by SNECMA): Developed advanced propeller
blades, LPC and CRT technologies for a DDOR.

SP4 Innovative systems (Led by MTU): Developed innovative active control and
vibration damping systems applicable to both OR and TF engines.

SP5 Alternative fuels demo (Led by Turbomeca): Selected and performed
combustion tests of alternative fuels. Synthetic fuels were tested and proved to be
compatible with the aviation Jet-A for a limited temperature range. The compatibility
temperature range does not fully cover the present civil aviation flight envelope.

Further CROR technologies are being developed within the CLEAN SKY EU
collaborative project and a flight demonstration is scheduled for the end of 2016
[Ref. 70].

Apart from the press communications and some research publications, limited
technical information about recent developments is available in the public domain
due to their strategic importance. Appendix A presents the result of an extensive
patents search conducted during the course of the PhD. The main patenting fields
are: engine architecture, CRP mechanical design, PCM design, CRP blades design
and control for noise reduction, propellers anti icing, cooling for structural
components, gearbox oil cooling, CRT mechanical design, core flow exhaust,
vibration monitoring, pylon design and engine installation on the aircraft. This gives
an indication of the areas in which companies are currently working.

1.1.3 Multi-disciplinary preliminary design assessm ents

As presented in section 1.1.2.5, CRORs have significant potential to reduce aircraft
fuel burn, however there are challenges that need to be addressed both at aircraft
and at engine level. Currently, diverse efforts (refer to section 1.1.2.6) are being
devoted to develop novel solutions in order to overcome the main challenges.
Some of these solutions may impact different aspects of the engine and aircraft
design, operation and performance.

For example, a noise reduction technique for a DDOR may require a slower
operation of the CRP. This would result in slower CRT rotational speeds (they are
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directly linked) which would reduce its design point efficiency (constant turbine
diameter and number of stages) and therefore increase the engine specific fuel
consumption (SFC). Furthermore, as the CRT is less efficient, a higher core mass
flow rate would be required to maintain the same thrust level, and an additional pair
of CRT stages may also be required (depending on the reduction in rotational
speed). As a result, not only is the engine less efficient, but it is also heavier and
both aspects consequently increase the mission fuel consumption. Another
possible noise reduction technique is to blow air through holes in the trailing edge
of the engine pylon. The required air flow would be bled from the core of the
engine, affecting its performance, operation and weight. It is then clear that a multi-
disciplinary assessment at mission level of the impact of the main preliminary
design parameters of CRORs is required to assist the design process of these
engines.

The A380 was the first aircraft for which a compromise between engine efficiency
and noise had to be done in order to comply with the strict noise regulations at
Heathrow airport [Ref. 240]. In the case of CRORSs, it is likely that this compromise
may need to be done and therefore it is necessary to quantify the impact of the
various noise reduction techniques on fuel burn.

A design space exploration (or parametric study) is an effective way to carry out
these assessments and establish the trade-offs between the desired design
variables (CRPs diameters, rotational speeds, etc.) and the overall mission
performance (mission fuel burn and time, LTO emissions, certification noise, etc.).
A broad design space exploration is a useful tool to identify the optimum design
regions to be explored in further detail with dedicated design tools. Additionally, it
aids the development process when compromises need to be performed as a
consequence of design, operational or regulatory constraints. This can be particularly
interesting for assessing novel architectures, such as the CRORs, since all the
specific technical solutions may not be known before hand and it would be very
time consuming to evaluate each one independently.

The simulation tools used to perform design space explorations (or parametric
studies) at preliminary design level are based on physics, simplified design
methods, correlations built using previous experience. They also include non
dimensional characteristics of components (0-D), and require relatively simple
geometrical definitions (normally 1-D or 2-D). Due to their simplified nature, these
tools are normally used to calculate design trends and tradeoffs, while absolute
values and the technical feasibility of particular designs are obtained from detailed
design efforts. The nature and complexity of the tools may vary according to the
stage of the project, knowledge of the particular technology, required level of detalil
and available computational power.

The following paragraphs present a review of the existing OR preliminary design
multi-disciplinary assessments and preliminary design aero engine simulation tools,
available in the public domain.
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1.1.3.1 Existing multi-disciplinary OR engine asses  sments
1.1.3.1.1 Recent assessments

Four recent (2006 - 2012) multi-disciplinary CROR engines assessments were
found. The four of them analyse particular aircraft and engine designs and use
different methods and simulation tools.

Assessment 1

Ref. 71 compares the performance of a conventional TF, a GOR and a DDOR for a
162 passenger, 3250 nm range aircraft cruising at Mg = 0.72. The mission fuel
burn, total and LTO cycle NOx, and certification noise levels were calculated for the
reference mission using the three different engine alternatives. The results were
subsequently compared showing the potential benefits of the OR technology. This
assessment was carried out using the state of the art NASA preliminary design
evaluation tools.

Firstly, the aircraft was sized using FLOPS [Ref. 74] and PDCYL [Ref. 75] aircraft
preliminary design tools. Secondly, suitable GOR and DDOR engine performance
simulation models were developed using NPSS [Ref. 76]. Ref. 72 describes the
performance modelling methodology developed for both a DDOR and a GOR using
NPSS. Thirdly, the engine dimensions and weight were estimated using WATE
[Ref. 78 and Ref. 79], a mechanical preliminary design tool. Finally, a mission®
calculation was performed using FLOPS, to assess the previously sized GOR and
DDOR. The NOx emissions were calculated using the empirical correlations
presented in Ref. 77. The CRPs noise emissions characteristics at different power
settings were obtained from F31/A31 acoustic wind tunnel test results (conducted
during the 80s). They were subsequently scaled from a model to real size and
speed. The effective perceived noise levels (EPNL) at the three certification points
produced by the CRP was calculated using ANOPP [Ref. 80]. The study concluded
that CRORs may offer 40% reduction in mission fuel burn and 80% reduction in
LTO NOx with respect to a year 1990 turbofan. These conclusions are highly
dependent on the assumptions made at aircraft level (acoustic liners weight, rear
mounted engines required structures, etc) which are not explicitty mentioned.
Accurate values for these assumptions would typically come from a detailed design
effort. More over a year 1990 TF is compared to OR engines and there is not a
clear statement on the overall pressure ratio, turbine entry temperature (TET) and
combustor technologies assumptions for each engine.

The tools and methodologies used for this study are analysed in the following
paragraphs. Their potential for CROR design space explorations is assessed.

& Only the mission range is provided in this report (the detailed mission profile is not presented).
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Aircraft performance: The aircraft performance calculation methodology
implemented in FLOPS is the state of the art used at preliminary design level. It has
been extensively used and validated for diverse aircraft applications allowing a
flexible mission definition.

Engine performance: The engine gas generator is modelled using the state of the
art performance modelling methodology. It allows different compressor, turbine,
combustor and cooling definitions. The CRP is modelled as a single propeller and
the CRT as a conventional turbine. The gearbox used for the GOR is modelled as a
single input and output shaft with an associated speed reduction and constant
efficiency.

The CRP operation is described by a global power coefficient (Cp), thrust
coefficient (Ct) and efficiency (nner) which are a function of the forward propeller
advance ratio (J;) and blade angle (Bo.7s 1)° (: denotes the forward propeller and »
the rear propeller). The particular functions to obtain Cp and nner used in Ref. 72
were obtained from wind tunnel tests. These tests were performed at various pairs
of fixed blade angles (Bo.75 1/Bo.75 2= 55.7/53.7, 56.5/54.4, 58.5/55.7 and 60.2/56.8)
and various propeller rotational speeds (keeping n; = -ny). Even though it is not
presented in Ref. 72, the power absorbed by each propeller during these tests was
measured independently, and a torque ratio was obtained for every operating point.
In addition to Ct, Cp and nuer, the CRP torque ratio (TRcrp) Can be expressed as a
function of J; and Bo7s 1. Consequently, the power balance between this CRP
characteristic and the output shafts of a differential planetary gearbox (DPGB) can
only be satisfied for one operating point, since such a gearbox delivers a constant
TRppes. An analogous situation occurs with a CRT because it delivers almost a
constant TRcrt. Therefore, a single propeller representation of a CRP needs to be
produced matching the particular DPGB or CRT torque ratio. In this case, the
power balance between the CRP and DPGB or CRT will be satisfied, but a specific
propeller characteristic is required for every different DPGB or CRT design to be
evaluated. Furthermore, it is very time consuming to produce constant TR wind
tunnel tests, since the blade angle setting is set manually for every blade. In fact,
constant TRcgrp characteristics were not found in the public domain. Moreover,
even if such a characteristic was available, the relative CRP diameters and relative
rotational speeds are not explicit parameters. Consequently, this representation of
the performance of a CRP would only valid for a specific diameter ratio and
rotational speed control law, and only compatible with a particular DPGB or CRT
design. These limitations make the single propeller representation not suitable for a
design space exploration.

The use of a conventional turbine model to describe the operation of a CRT has
several limitations. First of all, the CRT has two independent drums that can rotate

° These are the usual non dimensional parameters used to represent a single propellers
performance. Their definition and use are described in most propeller performance books and a
summary is presented in section 2.2.3.2.2.

33



at different speeds and deliver different amounts of power. The independent
operation of both parts of the CRT can not be captured with a conventional turbine
performance model. Even if a constant speed ratio is selected, the conventional
turbine representation is not appropriate because it does not provide a means of
calculating the power split between both CRT parts. Furthermore, the use of a
conventional turbine map to represent a CRT is not appropriate. Conventional
turbines generally choke on the inlet guide vanes and their maximum non
dimensional mass flow rate is relatively independent from its rotational speed. In
the case of CRTs, the choke is produced at the throat of rotating blades and
therefore the maximum non dimensional mass flow rate is highly dependant on its
rotational speed.

The DPGB used in a GOR engine has three shafts (one used as input and two as
output). It delivers a constant torque ratio (instead of speed ratio) allowing the two
propellers to rotate at different speeds. The use of a single input and output shaft
with an associated speed reduction and constant efficiency is not suitable for a
design space exploration because it does not allow the evaluation of the engine
performance at n; # n,. Moreover, the DPGBs efficiency is not constant, and is a
function of the power transmitted and the rotational speeds of the shafts.

As a conclusion, the engine gas generator is modelled using the state of the art
performance modelling methodology. It allows different compressor, turbine,
combustor and cooling definitions. Consequently it is suitable for engine design
space explorations. On the contrary, none of the specific CROR components
performance models proposed by Ref. 72 are suitable for detailed performance
modelling and design space exploration.

Engine mechanical preliminary design and weight est imation: The gas
generator components are calculated using the state of the art mechanical
preliminary design methodologies. It allows the flexible definition of compressors,
turbines, combustors, nacelles, frames, shafts and accessories. The DPGB,
propeller and CRT are not reported in the list of available WATE components™.
The weight estimation methodologies for these components are probably late
developments not yet made public. Figure 28 presents the graphical
representations of a GOR and a DDOR produced by WATE.

19 Ref. 79 is the latest reference found in the public domain describing WATE capabilities.
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Figure 28: DDOR and GOR preliminary mechanical desi  gn from WATE [Ref. 71]

The DDOR CRT is illustrated as a conventional turbine featuring stators and rotors.
Furthermore the CRT rotors are illustrated as having conventional turbine disks
instead of drums. The GOR differential planetary gearbox is illustrated as a
rectangle and its length is twice as long as those of real gearbox designs (for
example the AGBT gearbox). The shafts linking the gearbox and the propellers are
not shown and would be relatively heavy as they transmit high torques and have
large diameters. These aspects suggest that it is likely that the mechanical
preliminary design methods used for the CRT and DPGB do not have the same
level of detail and fidelity as the conventional engine components.

Gaseous emissions: The NOx emissions at ISA (International Standard
Atmosphere) sea level static (SLS) conditions are calculated from a combustor
operation curve which is a function of its inlet pressure and temperature. This
function is a characteristic of the combustor technology and therefore is applicable
to different core designs. This is the sate of the art used for design space
exploration at preliminary design level.

Certification noise: The methodology used in ANOPP to calculate the certification
noise produced by a known source is the state of the art used at preliminary design
level. It enables the calculation of the certification noise of any noise source taking
into account its directivity and spectral composition. The characteristics of the CRP
emitted noise used in Ref. 71 correspond to a particular design and no
methodology is proposed to estimate the noise of different CRP designs.
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Assessment 2

Ref. 133 presents a parametric study of the engine weight and mission fuel burn for
a DDOR on a 737-800 type aircraft with respect to its core definition (NPR, IPC PR,
HPC PR, maximum mission TET and core mass flow rate). This parametric study is
performed using the same tools and methods as Ref. 71 (Assessment 1). The
performance of the DDOR engine is modelled as a turboprop with a conventional
turbine and a single propeller. Only a parametric study of the core components
definition was performed due to the simplifications of the LP system modelling. It is
difficult to interpret the results of this study because:

« the definition of the OR aircraft and the mission profile are not presented.

« a CRT delivers an almost constant torque ratio'*. The CRP map used in
Ref. 133 was not produced at a constant TRcrp. Consequently, the power
balance between the CRT and CRP is not satisfied along an operating line.

« the variation of the cooling flows with respect to the pressure ratios of the
compressors and TET is not described. Cooling flows have a large impact
on OR engine performance as outlined in section 1.1.2.5.

e it is mentioned that the design point (DP) efficiencies of the compressors
and turbines are varied with their pressure ratios, but no details of these
variations are provided.

« no information is provided regarding the variation of the CRP DP efficiency
with respect to its definition and operation.

Assessment 3

Ref. 73 compares the performance of a GTF and a GOR for a 150 passenger, 3000
nm range aircraft cruising at My = 0.73. The mission fuel burn, total and LTO cycle
NOx, as well as direct operating costs were calculated and expressed as a
difference compared to the GTF. Both engines were designed to minimise the
mission fuel burn under certain constraints and design assumptions. The results of
this assessment are highly dependent on the assumptions made at aircraft level
(acoustic liners weight, differences in required structures for a wing mounted GTF
and a rear mounted OR, acquisition and maintenance costs, etc) which are not
explicitly mentioned. It is very likely that the difference between the rear fuselage
OR and wing mounted GTF aircraft weight was not considered since both engines
were designed to deliver the same take-off thrust. Moreover the engine design
parameters varied during the optimisation exercise are not mentioned. The
modelling methodologies used for this assessment are described in Ref. 81 and
Ref. 82 being analogous to those used in Ref. 71. The CRP performance model is a
late development not yet reported in the open literature. It uses a single propeller

' The TR variations for take-off, climb and cruise power settings are lower than 3% for the
CRTs studied in this PhD research project. Refer to Figure 68 - Figure 70 in section 2.2.3.3.2.8.
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characteristic to describe the CRT similarly to the NPSS model reported in Ref. 72.
The limitations of this methodology were previously discussed in this section. The
mechanical preliminary design model of the gearbox used to estimate the weight of
the DPGB of the GOR considered a planetary gearbox with one input and one
output. This simplification introduces an error in the weight estimation of
approximately 15% [Ref. 97]. As a conclusion, the modelling methodologies used
for the assessment in Ref. 73 and Ref. 71 are analogous. Consequently they have
the same limitations to perform CROR preliminary design space explorations.

Assessment 4

Ref. 36 estimates the difference in fuel burn between a Boeing 737-800 with a
CFM-56 and the same aircraft with a CROR for different mission ranges. The
software Advanced Aircraft Analysis (AAA) [Ref. 83] was used to perform this
assessment. It integrates correlations from existing aircraft and engines [Ref. 84]
and simplified performance equations such as the Breguet range and endurance
equations. The CROR weight and SFC were obtained by scaling the existing SRP
engine correlations. The CROR engine weight was judged to be 17% higher than a
turboprop. The CRP efficiency was considered 3% higher than the SRP and the
fuel consumption correlation was scaled accordingly. The results of this
assessment are difficult to interpret since the same aircraft is used for both engines
without considering the implications of different engine installation requirements.
Due to their nature, the methods used for this assessment (correlations from
existing designs) are very useful to rapidly evaluate conventional designs, but are
not appropriate for assessments of novel designs.

1.1.3.1.2 Assessments from the 1970s and 1980s

Five CROR assessments from the 1970s and 1980s were found in the public
domain. The first three, Ref. 85, Ref. 86 and Ref. 87 report detailed design efforts of
various military aircraft equipped with TFs, SR and CRORs. The fuel consumption
of the various engine alternatives are compared for different missions. These
studies were done by engine, aircraft and propeller manufacturers within the
framework of the ATP project. The estimated fuel savings of the SR and CROR
engine aircraft compared to the TF aircraft vary from 9% to 50% depending on the
aircraft design and mission. These assessments were performed using design tools
of aircraft manufacturers, performance decks of engine manufacturers and data
packages of propeller manufacturers. The three studies used the same SR and
CROR engine performance simulation tools. Both the SR and the CR GORs were
simulated as turboprop engines with a single propeller. P&W provided the decks to
simulate the engine cores while Hamilton Standard produced single propeller
characteristics for the CRPs. The DDOR was simulated with a deck provided by GE
and no details of the modelling methodologies were reported. All engine models
were scaled to match the specific aircraft requirements following scaling rules
provided by the corresponding engine and propeller manufacturers. Amongst these
three assessments, only Ref. 86 presents the impact of engine preliminary design
choices at a mission level. The variation in engine static thrust and mission fuel are
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presented for different propeller diameters and tip speeds at constant engine
power. These variations are only calculated for the geared SR and CROR. Figure
29 shows the variation of the mine warfare mission fuel with respect to the diameter
and tip speed of the propeller for a CR GOR. Note that both propellers (forward and
rear) have equal diameters and tip speeds.
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Figure 29: Fuel burn sensitivity analysis (CR GOR, mine warfare mission) [Ref. 86]

The fourth assessment [Ref. 88] is also the outcome of a detailed design effort by
aircraft and engine manufacturers but for a civil application. It compares a geared
puller SR and CROR in terms of mission fuel burn and noise. Both aircraft were
designed for 100 passengers and 1300 nm, cruising at Mg = 0.8 and 35000 ft
(10668 m). It also provides a parametric study of the CRP cruise efficiency with
respect to its geometrical definition. This study was done using the PANPER
software [Ref. 89]'% It is important to note that a single component and single
operating point parametric study is different than an engine parametric study
performed at mission level. Firstly, the single operating point study only captures
the changes in one operating point while neglecting the rest of the mission.
Secondly, the single component study does not reflect the impact of that single
component on the rest of the engine. The mission level simulation tools used in this
study are comparable to those used in the three previous assessments.

The fifth assessment [Ref. 114] was carried out by P&W, focusing on the design of
the suitable core for a GOR, as well as a suitable SR and a CR gearbox. This
reference contains a detailed parametric study of the engine weight, mission fuel,
and direct operating costs of a GOR with respect to the main preliminary design

!2 Ref. 89, describing the PANPER software was made public 6 years after the studies in Ref.
88. Ref. 89 existed as an internal document at the United Technologies Research Center since
1979.
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parameters of the gas generator (overall pressure ratio, pressure ratio split
between spools and design point TET).

A literature review of parametric studies of CRP noise with respect to its main
design parameters was conducted. Only one study was found [Ref. 31] and it
estimates the variation of free-field perceived noise with respect to the diameter
and tip speed of the CRP. It was performed for a 5x5 CRP producing 15000 Ibs
(66.7 kN) thrust and equal forward and rear propeller blade design, diameters and
rotational speeds.

A literature review of SROR assessments was also conducted. Ref. 66 and Ref. 90
to Ref. 95 present various SROR aircraft designs and their performance at mission
level. They were carried out by aircraft and engine manufacturers using simulation
tools comparable to those used for the CROR assessments previously described.
Diverse trade off studies of aircraft design parameters are reported in these
studies. The only reported parametric studies with respect to engine design
variables were found in Ref. 66 and Ref. 93. They both quantify the influence of the
SR propeller diameter on the mission fuel burn. Ref. 96 presents the variation in
efficiency of an advanced propeller design at cruise with respect to its tip speed
(parametric study at component level).

1.1.3.2 Aero engine preliminary design simulation p  latforms and tools

The following sections describe the engine preliminary design simulation platforms
and tools available at the beginning of this project. In particular, the limitations of
these tools to model CRORs are presented.

1.1.3.2.1 Simulation platforms

Two multi-disciplinary aero-engine simulation platforms were found in the open
literature.

1) VITAL and NEWAC TERA2020: Technoeconomic Environmental Risk
Assessment

TERAZ2020 is a multi-modular assessment and optimisation platform for civil aero
engines. It has been developed collaboratively by European universities under the
leadership of CU during VITAL [Ref. 128] and NEWAC [Ref. 129] projects. It
consists in a series of executable modules that simulate different aspects of the
engine and its use such as the aircraft mission, noise, gaseous emissions and
economics. These modules are integrated in a commercial optimizer (ISIGHT [Ref.
127]) that manages the data transfer between modules and provides a graphic
interface for TERA2020. This environment enables the user to perform sensitivity
analysis, design space exploration, multi objective optimisations among other
analyses using all or some of the TERA2020 modules.
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Figure 30: TERA2020 structure [Ref. 105]

Figure 30 shows the structure of the VITAL and NEWAC TERA2020. In the current
TERA2020 implementation, the simulation modules are executed in sequence and
no loops are required to evaluate a given engine design. The required set of inputs
are: the engine preliminary design parameters (e.g.: design point BPR, FPR, etc),
an aircraft definition and mission profile, and an economic scenario. The Engine
Performance is the first module to be executed and simulates the operation of the
defined engine along the specified mission and the noise and emissions
certification points. The results enable the Engine Dimensions and Weight module
to size the engine and subsequently the Aircraft Performance module to simulate
the desired mission. Finally, the noise, gaseous emissions and operating costs are
calculated.

The following paragraphs provide a description of each of the tools included in the
TERAZ2020 platform.

Engine performance : Turbomatch [Ref. 110 - Ref. 111], EVA [Ref. 81 - Ref. 82]
and PROOSIS [Ref. 112 - Ref. 113] are the three engine performance codes used
in the TERA2020. They calculate the engine performance operation at the defined
certification and mission points. This data is then used by the other modules to do
the mechanical preliminary design, mission performance, emissions, noise and
economic calculations. The three of them are 0-D performance simulation codes.
This means that the operation of the different components is modelled through
thermodynamic equations (based on gas properties) and component operating
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maps. The detailed geometrical definition of components is not considered™ in this
type of codes since the maps contain a complete description of the components
operation'*. This makes these tools suitable for performance studies at preliminary
design stage and it is important to differentiate it from component design tools.
None of them comprise specific CRP, CRT or DPGB components and therefore
have the same limitations as NPSS (detailed in section 1.1.3.1.1) to perform CROR
design space explorations.

Engine preliminary mechanical design: WeiCo, developed by Chalmers
University, can perform a mechanical preliminary design of an aero engine using its
performance operation and preliminary design criteria as inputs. It is based on the
methodology reported in Ref. 78 and improved during the course of VITAL and
NEWAC to reflect the state of the art technologies. It estimates the geometry and
mass of each component independently, and the complete list of available
components can be found in Ref. 82. It does not comprise DPGBs and propellers.
WeiCo also features an engine cost calculation model, developed by Stuttgart
University, but this aspect is outside the scope of this thesis.

Aircraft performance: Hermes, developed by CU, calculates an aircraft discrete
mission and the exact engine operation at every mission point [Ref. 108]. It requires
an aircraft (geometry and weight) and mission definition (flight speeds, altitudes
and aircraft configurations) and uses engine performance tables generated by the
engine performance module. It considers the aircraft as a punctual mass and
solves the motion equations accounting for the aerodynamic forces, aircraft weight
and engine thrust. The aerodynamic characteristics of the aircraft at the various
configurations (flaps and landing gears settings) are calculated from its geometry.
The existing aerodynamic model [Ref. 107] does not allow the accurate calculation
of “T” tail aircraft with the engines mounted at the rear. This module can be used to
assess novel CROR engines provided that the appropriate aircraft aerodynamic
calculation methodology is implemented.

Gaseous emissions model and environmental impact: Hephaestus, developed
by CU, calculates the gaseous emissions produced during the LTO cycle and along
the entire mission. It also calculates the global warming potential and radiative
forces of the different gaseous species for every mission segment. It uses the
engine performance along the mission, the aircraft trajectory, combustor
characteristics at SLS and the P3T3 method [Ref. 106]. This methodology is valid
for CROR engines and it can be used for its assessments.

13 Although the detailed 3-D geometrical definition of the components is not required, some
geometrical parameters such as cross sectional area, diameter or overall length may be used.

* The non dimensional (0-D) component operating maps are scaled in their various axes in
order to fit a particular design requirement. This technique is valid to a first order and its detailed
explanation and limitations can be found in Ref. 109.
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Noise model: SOPRANO, developed by ANOTEC within the FP6 project
SILENCER, can calculate the certification noise produced by an aircraft and its
engines. It uses semi-empirical correlations to predict the noise generated by the
various sources (airframe, engine fan, combustor, turbine and jet). It then uses the
landing and take-off trajectory and a propagation method to calculate the effective
perceived noise in the three certification points. SOPRANO can not be used to
assess CROR engines because it can not calculate propeller noise, and the CRP is
the dominant source of the engine.

Economic model: The economic analysis of OR engines is outside the scope of
this thesis. Details of the VITAL and NEWAC TERA2020 Economic module can be
found in Ref. 82.

2) EDS: Environmental Design Space

EDS is a multi-disciplinary engine evaluation simulation platform developed
collaboratively between the Georgia Institute of Technology, the Massachusetts
Institute of Technology (MIT), NASA, and the Federal Aviation Administration
(FAA). It is part of a larger simulation framework called Environmental Tool Suit,
which includes further simulation tools to assess fleet operations and impacts of
regulations [Ref. 104]. It integrates NPSS, WATE, FLOPS, ANOPP and other
NASA simulation tools [Ref. 104]. Its structure, data flow and data exchange
methods are similar to those of TERA2020. This simulation framework was used for
the GOR and DDOR assessment reported in Ref. 71. Its limitations to perform
CROR design space explorations are described in section 1.1.3.1.1. Older NASA
engine evaluation platforms used NEPCOMP and QNEP [Ref. 103] instead of
NPSS as engine performance simulation tool. The performance modelling
methodologies used in these two codes are comparable to those used in NPSS.
Consequently, they have the same limitations with respect to CROR modelling.

1.1.3.2.2 Simulation tools and methodologies

Two other established gas turbine performance simulation software available in the
public domain are Gasturb [Ref. 100] and GSP [Ref. 101]. None of them include
CRT, CRP or DPGB components.

No performance modelling methodology was found for CRTs at the beginning of
this research project™”.

15 Ref. 132 (published 9 months after the completion of the present research project but before
the thesis submission) proposes a performance modelling methodology for a 1+1/2 HP-IP
counter rotating turbine (see detailed description of such turbines in section 2.2.3.3). The only
reported details of this model are that it is 1-D and that losses are estimated using the method
proposed in Ref. 174. Performance maps for a 1+1/2 HP-IP turbine design are also presented in
Ref. 132. However, the operation of a high speed 1+1/2 HP-IP turbine is not representative of
the operation of a low speed LP CRT with a large number of stages (~20). For example, the
maximum turbine corrected mass flow rate for the maps presented in Ref. 132 is the same for
all the rotational speeds and speed ratios. This means that the choke condition occurs first at
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Various 2-D and 3-D CRP aerodynamics and performance calculation methods
exist which require a 2-D or 3-D detailed design of the CRP (a comprehensive
bibliography is presented in Appendix B). These methods are not suitable for a
preliminary design space exploration since a dedicated CRP has to be designed for
every evaluated engine.

The necessary three shaft DPGB performance model can be implemented from a
kinematic analysis of the gearbox and the efficiency characteristics presented in
Ref. 102.

No mechanical preliminary design and weight estimation methodology of DPGBs
was found. A method to estimate the weight of advanced propellers is available in
Ref. 99. It is proposed by Hamilton Standard (propeller manufacturer) and further
details are presented in section 2.3.

Several recent works present 3-D CFD unsteady calculations from which the CRP
certification noise can be calculated. Due to the required computational resources,
these methodologies are not suitable for a design space exploration. The only
analytical CRP noise prediction code found in the public domain was CRPFAN
[Ref. 98]. It predicts loading and thickness noise as well as the interactions
between the two propellers. However, it is not capable of evaluating broadband
noise and the noise of rotors having advanced low-noise blade designs [Ref. 71].

1.1.3.3 Summary

A multi-disciplinary engine design space exploration is required for the OR
preliminary design studies. Various existing GOR and DDOR assessment studies
were reviewed. They present the performance of specific aircraft and OR engine
designs at mission level. The limitations of the used CRT, CRP and DPGB
simulation models were identified. Only one of the reviewed studies [Ref. 86]
present the influence of LP engine design parameters on the mission fuel burn. It
shows the variation of mission fuel with respect to the CRP diameter and tip speed
(for equal forward and rear diameter and tip speed). One study [Ref. 31] containing
CRP noise trends with respect to its diameter and tip speed was found. No trade-off
studies of the mission fuel burn, noise and emissions of GOR and DDOR designs
were found. The modelling methodologies to predict aircraft performance, gaseous
emissions, engines gas generator performance and mechanical preliminary design
reported in Ref. 71 and Ref. 73 (available in the VITAL and NEWAC TERA2020
platform) can be used for a CROR design space exploration. Adequate preliminary
design methods to calculate the CRP weight and the DPGB performance and

the inlet guide vane (IGV). This is not the case for a low speed CRT with large number of
stages, where the choke occurs first at the last rotating stage (and therefore the maximum
turbine corrected mass flow rate is a function of rotational speeds). Consequently even if the
maps presented in Ref. 132 would have been available before, it would not have been
appropriate to use them for the DDOR model.
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operation were found. No methodology was found to perform a preliminary
mechanical design and weight estimation of a DPGB. No methodology to model the
performance of CRTs was found. The existing CRP performance and noise
calculation tools are not suitable for design space exploration.

1.2 Research objectives and methodology

The main objective of the present research work is to assess the variation in
mission fuel burn, noise and emissions of a pusher GOR and a DDOR with respect
to the following preliminary design and control variables:

« |PC bleed mass flow rate (for cooling and noise reduction technigues)

+ Nozzle pressure ratio (NPR) at DP*®

e Spacing between propellers

¢ Hub diameters of the propellers

* Number of blades of the forward and rear propellers

« Diameters of the forward and rear propeller

« Forward and rear propeller rotational speeds at top of climb (TOC) and take-
off (design variables)

« Forward and rear propeller rotational speeds as control variables

¢ Number of stages of LPT or CRT

« DPGB torque ratio (for the GOR)

« Efficiencies of core compressors, turbines and DPGB at DP

These assessments focus on the specific CROR LP components while the engine
gas generator technology level (overall pressure ratio and design point TET) is
fixed and is the same for the GOR and DDOR.

The present study is the main contribution of Work Package 1.2 to the DREAM
project. It is the result of a collaborative effort between CU, Aristotle University of
Thessaloniki, Stuttgart University and Chalmers University. It was performed using
a customised OR-TERA2020 framework, based on the VITAL and NEWAC
TERA2020 methodologies. While both EDS and TERA2020 were deemed to be
equally capable for performing these assessments, the TERA2020 tool was
selected as the DREAM university partners could have complete control of the
source code and integration of the modules.

In order to overcome the limitations of the VITAL and NEWAC TERA2020
simulation tools and perform the assessments defined above, the following
objectives and requirements were defined:

« Development of a 0-D performance modelling methodology for CRPs
allowing the independent definition of the forward and rear propeller design
and operation. For example, it should be capable of calculating the

'® The DP NPR defines the pressure drop across the LPT and consequently the ratio between
the core thrust and the power of the propellers.
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performance of a CRP with a clipped rear propeller operating at a different
rotational speed than the forward propeller.

« Development of a 1-D methodology and simulation tool to predict the
performance operation of CRTs. This methodology should allow the study of
different CRT designs at various operating conditions including, for example,
different rotational speeds of the rotors (both at design point and off design).

« Development of a 0-D performance modelling methodology for CRTs
resulting from studies carried out with the 1-D CRT simulation tool. This
methodology should enable the flexible definition of the CRT design and
operation in terms of its flow parameters, extracted power and the rotational
speeds of both drums.

« Implementation of a DPGB performance simulation methodology capturing
the independent operation of its three shafts.

« Development of advanced GOR and DDOR engine performance simulation
models in PROOSIS using the previously developed component models.
They should capture the effects of the variation of the previously listed LP
design and control variables on the design and off design performance of
the GOR and DDOR engines.

« Implementation of aerodynamic characteristics for pusher OR powered
aircraft in Hermes.

« Implementation of the propeller weight estimation methodology of Ref. 99 in
WeiCo.

« Development a mechanical preliminary design model of a DPGB as well as
pusher GOR and DDOR (by Chalmers University and Stuttgart University).
Development of a CROR certification noise prediction code (by Aristotle
University of Thessaloniki)’.

« Development of a CROR multi-disciplinary assessment platform, integrating
the developed engine and aircraft performance, preliminary mechanical
design and noise modules as well as the existing emissions module using
ISIGHT [Ref. 127].

" Other than these tasks, all the other tasks were performed by the author or by MSc
researchers under the direct technical leadership of the author.
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1.3 Contribution to knowledge

The overall contribution to knowledge is the assessment of the impact of the main
LP GOR and DDOR preliminary design and control parameters on mission fuel
burn, certification noise and emissions. These assessments identify the optimum
design regions to be explored in further detail with dedicated design tools.
Additionally, they aid in the design process when compromises need to be
performed as a consequence of design, operational or regulatory constraints.

Novel methodologies to model the performance of CRPs (0-D) and CRTs (1-D and
0-D) were developed. Additionally, a performance model of a DPGB was
developed. Using these component models, novel CROR engine performance
models were developed which allow the independent definition of the design and
operation of the two parts of the CRP and CRT. This is not possible with other state
of the art modelling tools.

1.4 Thesis outline

This thesis is divided into four chapters:

Chapter one presents the CROR engines in the present civil aviation context, a
literature review of the main OR technological challenges and developments, as
well as the existing OR assessments and preliminary design simulation tools. The
project objectives and methodology of the present research work are defined and
the main contributions to knowledge are presented.

Chapter two describes the development and verification of the specific CROR
simulation tools as well as the integrated multi-disciplinary assessment framework.

Chapter three presents the assessment of the impact of the main LP GOR and
DDOR preliminary design and control parameters on mission fuel burn, certification
noise and emissions.

Chapter four contains the conclusions of the assessment studies and
recommendations for further work.
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2 SIMULATION PLATFORM

This chapter presents the requirements and developments of the preliminary
design simulation tools and integrated platform required to assess the GOR and
DDOR engines. This platform, named OR-TERA2020, is the result of a
collaborative effort between universities during the DREAM project, under the
technical leadership of SNECMA. It comprises the following modules: engine and
aircraft performance, engine preliminary mechanical design and weight, gaseous
emissions and noise. The main contributions of the present research work to the
OR-TERA2020 platform are the CROR engine and aircraft performance modules.
The modelling methodologies used in the engine and aircraft performance modules
are presented in detail in this chapter. Descriptions of the modelling methodologies
of the three other modules: engine preliminary mechanical design and weight (co-
developed by Chalmers and Stuttgart Universities), CROR certification noise
(developed by the Aristotle University of Thessaloniki) and engine gaseous
emissions (developed by Cranfield University during NEWAC) are also provided.
Another contribution of the present research work to the OR-TERA2020 is the
design and integration of the framework using ISIGHT. An overview of its structure,
the calculation sequence and flow of information between the different modules is
provided in this chapter. The global understanding of the framework and its
individual modules provides a basis to interpret the results of the assessments
presented in this thesis.

2.1 Simulation platform requirements

To perform the CROR assessments, it was envisaged that the simulation platform
would be required to have the following capabilities:

« the platform and individual modules would be able to capture the variation of
mission fuel burn, certification noise and emissions with respect to the main
preliminary design and control variables for a GOR and a DDOR engine
(defined in section 1.2).

e the evaluation of an engine design would be performed in less than 30
seconds, using a standard PC, so that the execution of broad design space
explorations are possible within a maximum of five hours. This
computational limit set the types of methods used in the different modules. It
also imposed that the various modules had to be run in sequence since
iterations between modules require a significantly higher computational
power or calculation time.

The performance of the different engine designs was assessed for a fixed aircraft
definition. This is consistent with the current aircraft manufacturer and engine OEM
approach. An alternative approach could have been to match the aircraft design
(aerodynamic, structural and acoustic treatments) with respect to the engine
definition and performance in an iterative process. This approach would have
required iterations between the various OR-TERA2020 modules which is not
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compatible with the computational time requirements of the platform. Furthermore,
the development of a dedicated detailed aircraft conceptual design tool would have
also been required.

The requirements of the specific modules are presented in their respective
sections.

2.2 Engine performance

2.2.1 Requirements

Two engine performance decks, one for the GOR model and another for the DDOR
model, were required for the OR-TERA2020 platform. It was envisaged that these
decks would be able to size the thermodynamic cycle of the engine at a design
point (DP) and then calculate its steady state performance at all the off-design (OD)
conditions required by the different modules of the framework. The models included
in these decks were required to capture the variation in DP performance with
respect to the following engine design and DP cycle definition parameters:

e thrust requirement

e pressure ratios of the compressors

e power off-takes

e TET

« pressure losses of the burner, ducts and secondary air system (SAS)

¢ cooling flows

* NPR

e spacing between the propellers

« hub diameters of the propellers

« number of blades of the forward and rear propellers

« diameters of the forward and rear propellers

e rotational speeds of the forward and rear propellers

e number of stages of LPT or CRT

* TRppcs for the GOR.

The models were also required to capture the variation in OD performance with
respect to the following operational parameters:

e control variables: forward and rear propeller rotational speeds and TET (see
sections 2.2.4 and 2.2.5)

« flight conditions: Alt, My and ambient temperature (dISA). The minimum
flight speed to be simulated was My = 0.1. This is because at static
conditions and very low forward speeds, the flow field around a propeller is
very dependent on its installation. For representative predictions of the
operation of ORs at very low forward speeds, detailed engine-aircraft
installation studies are required.

« thrust and power off-take requirements
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The performance models had to be 0-D in order to comply with the computational
time requirements. The DP component efficiencies had to reflect an estimated year
2020 technology level. Technology curves were required in order to predict the DP
efficiency of the various components as a function of their preliminary design
definition and performance operation. These technology curves had to be
integrated into the DP iterative calculation process since they affect the engine
cycle definition. The direct input of DP efficiencies of the components was also
required in order to assess the impact of not achieving the efficiency targets
predicted by the technology curves.

It was deemed necessary for the performance models to incorporate preliminary
design feasibility criteria (such as maximum loadings, achievable stage turning
angles, diffusion factors, de Haller numbers, etc) for the turbomachinery
components. Mechanical feasibility criteria were also required for the mechanical
preliminary design module. These two sets of criteria had to be consistent with the
choices made for the technology curves and were used to determine the feasibility
of an engine definition. It is important to highlight that these are simplified criteria
that give an indication of the feasible design space. The detailed design and
manufacturing feasibility of an engine, taking into account all certification
requirements, can only be determined by OEMs using dedicated design tools.

2.2.2 Performance model description

The following sections describe the developed CROR engine performance models.
Firstly, the engine component models as well as their technology curves and
feasibility criteria are described. Secondly, the DDOR and GOR engine models are
presented. Finally, a description of the OR-TERA2020 performance decks is
provided.

PROOSIS was selected to develop the CROR performance models because of its
flexibility to create and modify engine component models, access to the source
code of the components, flexibility to define the mathematical methods to be used
and its capability to generate stand alone executable decks.

2.2.3 Component models

This section describes the performance models of the components used in the
DDOR and GOR engines. The CRP, CRT and DPGB component models were
developed within the present research project and are described in detail. Some
specific aspects of the conventional component models are also presented.

2.2.3.1 Conventional components

The conventional aero engine components of the CRORs were modelled using the
PROOSIS TURBO V1.0 library components indicated in Table 2. A complete
description of these models can be found in Ref. 130 and Ref. 131.
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Component TURBO V1.0 library component
Fluid model General
Atmosphere Atmosphere
Inlet InletAtm
Compressors Compressor4dSasPMapBETA
Simple ducts DuctOSasP
Shafts Shaft, ShaftStart, ShaftEnd
SAS mixer and splitter SasMixer2inlout, FS2FlowOutletSas
Burner Burner
Turbines turbineBasicMapZETA
SAS reintroduction BldBack1SasP, BldBack2SasP
Nozzle Nozzle

Table 2: Used PROOSIS TURBO V1.0 Components

Two sets of modifications were done to these components:

manipulation of the equations to improve the numerical stability of the
engine models.

use of the industry standard definitions of corrected mass flow rate and
corrected rotational speeds of compressors and turbines.

_ . Tt,
m;, 281;';5 M Tim
: _ . : . _ REF
MecoR _T instead of Mcor = T [Eq. 6]
101325 Prer
Tt;, T,
288.15 Trer

where Prer and Trer are the reference total pressure and total temperature
of the design points of the component maps used for the gamma and
Reynolds corrections. The adopted modifications do not have an influence
on the results of engine performance calculations, but provide consistency
between the different turbomachinery components and with industry
standard.

2.2.3.1.1 Technology curves and feasibility criteri  a

The DP efficiencies of the conventional components were calculated as follows:

Compressors and HP and IP turbines

The polytropic efficiency of the compressors and HP and IP turbines were kept
constant for all the designs. The selected values are judged to be representative of
year 2020 technology level for each component. The compressors and turbines
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were then consistently designed (in terms of flow path, rotational speeds and
number of stages) in WeiCo to achieve the target polytropic efficiencies. This
choice was possible because the flow path, rotational speeds, axial velocities and
number of stages of the IP and HP turbines and compressors were neither
constrained nor used as design variables for the assessments.

The feasibility of these components was ensured by the design criteria imposed in
WeiCo.

Inlet, burner, ducts and SAS components

These components were considered to have a fixed DP pressure loss expressed
as a percentage of the inlet total pressure. This was possible since no specific
geometric parameters of these components were used as input to the simulations.
Some of these values vary between the DDOR and the GOR since the
architectures are different and therefore require different ducts and SAS
components designs.

No specific feasibility criteria were used for these components.
Burner and shafts

These components were considered to have a constant DP efficiency. This was
possible since no specific shaft or burner design parameters were used as inputs.

No specific feasibility criteria were used for these components.
LPT for GOR

The efficiency of the LPT was calculated in order to capture the effects of the
desired preliminary design variables on the engine DP performance whilst
respecting the specific GOR design constraints. The DP rotational speed of the
GOR LPT is given by the DP rotational speeds of the propellers and TRppgg. Both
the DP rotational speeds of the propellers and TRppeg are inputs to the
performance model. The power extracted by the LPT at the DP mainly depends on
the propeller DP efficiency and the NPR. The inlet conditions (mass flow rate, Pt
and Tt) of the LPT depend on various engine design parameters. The number of
stages of the LPT is also an input to the performance model (2 and 3 stages LPT
concepts are studied). Both the internal and external diameters of the LPT are
constrained'®.

DP Efficiency calculation: A set of preliminary design assumptions for the LPT
were adopted in the performance and in the mechanical preliminary design and
weight estimations modules. A DP efficiency calculation procedure was developed
based on the following assumptions.

'8 The external diameter of the LPT has to be smaller than internal diameter of the CRP module.
The internal diameter of the LPT has to be larger than the diameter of the DPGB module.
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Preliminary design assumptions for the LPT:

* The mean radius (rmeani) Of €ach turbine stage is known (not equal for all the
turbine stages).

« The axial inlet velocity to every turbine stage is the same for all the stages.
Different values are used for the 2 and 3 stage turbines.

e The LPT power extraction is divided equally into the number of stages.

» The calculations are based on a constant Cp and y. (implications presented
in Ref. 109)

Both the mean radii and the axial inlet velocities for the 2 and 3 stages turbines are
taken from the work by WP.2.5 during the DREAM project reviews [Ref. 134]. This
WP performed a detailed design of a 2 and 3 stages LPT for the GOR using OEM
design methods and tools. The specific details and values are included in sections
3.2.1.1 and 3.2.3.6.2.

Proposed DP efficiency calculation and verification

The isentropic efficiency of every stage (n;isi) is obtained from the Smith chart [Ref.
109] with:

PW, pr

Pw =t Eq. 8 19
S29¢ " NbStages, pr [Ea-8]
Pw
Ahtgge = ——0 [Eq. 9]
My pTin
Ui = rmean i 2TlnLPT [Eq 10]

where Pw, ,rand m, ., are calculated during the engine matching procedure, and
n.pr is calculated from ny, n, and the DPGB definition (see Eq. 162). The mean
axial flow velocity (Va), required to read the Smith chart, is calculated by the
performance model from the LPT inlet conditions and cross sectional area, and it is
assumed constant along the stages.

After this, the outlet Tt and Pt is calculated for every the turbine stage:

_ AhtStage
ATtS'(age - C—p [Eq. 11]
Ttouti = Ttini +ATtStage [Eq 12]

1% Note that Pw,p is negative since it is extracted from the flow.
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v

[1_ TtoutiJ vt
Tt. .
Ptoui = I:>tini 1- = [Eq. 13]
Nisi
Ttini+1 = Ttouti [Eq 14]
I:)tini+1 = I:)touti [Eq 15]
Finally, the isentropic LPT efficiency (nispt) is calculated
1- TtLPTout
Tt or
NisLpT = LETin [Eq. 16]

y-1
1_(PtLPToutj ¥
I:)tLPTin
For the baseline engine the average LPT Tt was close to 950K and the following
gas properties were adopted for all the efficiency estimations:

y=1.338
Cp =1135 (J/(kg K))

Verification of the proposed DP efficiency calculation methodology

The proposed DP efficiency calculation methodology was included in the DP
calculation process for the GOR engine (the CRP and DPGB not yet described
were used in this model). The DP efficiencies of the two turbine designs presented
in Ref. 134 were calculated for the baseline GOR engine. TRppge Was selected to
match the DP LPT rotational speeds used in Ref. 134 (6056 for the 3 stage LPT
and 7570 for the 2 stage LPT) and the mean radius of each turbine stage was
obtained from the cross sectional drawings of the turbine flow paths. The total
turbine power, inlet mass flow rate and mean axial velocity at the DP were
calculated with the GOR performance model (described in section 2.2.4) during the
DP iterative calculation procedure. The obtained DP efficiencies were 0.9003 for
the 2 stages LPT and 0.9049 for the 3 stages LPT. According to Ref. 134, the DP
efficiency of the 2 stages and 3 stages LPTs are 0.9 and 0.905 respectively. The
difference between the estimations produced by the proposed methodology and the
OEM design tools is smaller than 0.03%.

Year 2020 technology

The efficiency levels calculated by WP 2.5 during the DREAM project correspond to
2009 technology. It was decided to multiply the single stage efficiencies obtained
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from the Smith chart by a factor of 1.02%° to account for the progress in turbine
technologies (sealing, materials, tip clearance control, etc) that could be achieved
by 2020.

As it can be seen, the LPT efficiency obtained with this methodology would
increase as the LPT rotational speed increases. This is true up to a certain limit in
which the increase of “speed dependant” losses is higher than the reduction of
“angle dependant” losses. In order to simulate this limit which is not considered in
the Smith chart, a maximum limit of nis .pr = 0.93 was set to this function. This value
was judged to be representative of the maximum efficiency that could be achieved
by 2020.

Feasibility: Feasibility criteria are required to asses in a simple way the
aerodynamic and mechanical feasibility of the LPT designs generated with the
simplified preliminary design assumptions. A complete feasibility study of a turbine
design would require dedicated turbine design tools and methods.

Two criteria were used:

e Stage turning angle < 120° due to geometric limitations in the design of the
turbine channels [Ref. 168].

e LPT rotational speed < 7650 rpm to ensure the mechanical integrity of the
LPT and to limit the tip Mach numbers (based on discussions with OEM).

General statement for conventional components

The exact values of the DP efficiencies, pressure losses of the conventional engine
components, as well as the LPT preliminary design assumptions are presented in
sections 3.2.1 and 3.3.1 which describe the baseline GOR and DDOR engines
respectively. The technology curves and feasibility criteria for of the CRP, CRT and
DPGB are presented in sections 2.2.3.2.5, 2.2.3.2.6, 2.2.3.3.3.1, 2.2.3.4.4 and
2.2.34.5.

2.2.3.2CRP

A description of the advanced CRP concept, its advantages and the challenges
associated to its use were described in sections 1.1.2, 1.1.2.1 and 1.1.2.5
respectively. The following sections present the CRP performance model
requirements, the proposed model, its implementation in PROOSIS and its
verification against experimental data available in the public domain.

2.2.3.2.1 CRP performance model requirements

From a performance point of view, a CRP comprises two single propellers driven by
two independent power sources. They are aerodynamically coupled (the operation

%2 Based on discussion with OEM experts.
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of the rear propeller has an impact on the operation of the forward propeller and
vice versa) because they operate in the same flow field and they are relatively
closely spaced. Both propellers may differ in terms of number of blades, blade
geometry and diameter.

The limitations of a single characteristic representation of a CRP for engine
performance calculations and design space exploration were described in section
1.1.3.1.1 (Assessment 1). In order to simulate different OR engine designs and
control strategies, it is necessary to model each propeller independently and
account for their interactions. 2-D and 3-D modelling approaches (a comprehensive
bibliography describing these methods is provided in Appendix B) are not
compatible with the time requirements of the simulation platform since a dedicated
CRP has to be designed for every evaluated engine and its performance has to be
computed at all the mission points for different control strategies.

It was envisaged that the CRP model would calculate the performance of a CRP
from the 0-D characteristics of both propellers operating in isolation, allowing a
flexible and independent definition of the:
« diameters of the forward and rear propellers (with D, < D)
« hub diameters of the propellers (both hubs have the same diameter)
e spacing between propellers
« rotational speeds of the forward and rear propellers
« the power absorbed by the forward and the rear propellers
« flight conditions in terms of altitude, temperature and flight speed. A
minimum Mg = 0.05 was considered as a requirement. The static operation
of a CRP is highly dependent on installation effects and its computation is
beyond the scope of this PhD research project. Ref. 147 gives an insight to
some specific aspects of the static thrust calculation of CRPs.

A technology curve was also required to calculate the DP efficiency of both
propellers with respect to the aforementioned variables as well as the number of
blades of the propellers. Designs with 8 to 16 blades were considered.

2.2.3.2.2 Proposed CRP performance model

First of all, a brief description of the isolated propeller operation and the non
dimensional representation of its performance are presented (based on Ref. 135).
Subsequently, a performance calculation methodology is proposed for the forward
and rear propellers of a CRP based on the operation of the isolated propellers and
their interactions.

2.2.3.2.2.1 Isolated propeller

Figure 31 shows that, by keeping the advance ratio (J defined in Eg. 17) constant
while varying the flight speed and rotational speed, the air incidence angle remains
constant over every section of the blade. A propeller can be considered as a series
of adjoining airfoils. Applying non dimensional airfoil theory, it can be deduced that
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for all the operating cases with the same advance ratio J, the resultant force vector
(the sum of lift and drag forces for all blade sections) has a defined position and
direction and its magnitude is proportional to:
« The square of the blade-air relative speed at a given section (typically 75%
blade span)
e The blade area (which is proportional to the square of the propeller
diameter)
e The air density

nND
Figure 31: Air incidence distribution along a prope ller blade [Ref. 136]

The thrust, power and efficiency for a given propeller are subsequently expressed
as:

- Vo

Eq. 17
D [Eq. 17]
V,
Fn= pVOZDZf(—Bj = pJ?n?D*(J) = pn?D*C, [Eq. 18]
n
IDwmech = pngDSCP [Eq. 19]
Nnet = Pue - En Vo =J& [Eq. 20]
I:’Wmech I:’Wmech CP

(where: Cp (power coefficient), Ct (thrust coefficient)and nne: (net efficiency) are all
functions of J, the blades angle setting and the propeller design)

Figure 32 shows a typical propeller map where the power coefficient (Cp) and net
efficiency (nner) are plotted as a function of advance ratio (J) for various blade
angle settings (typically measured with respect to the propeller plane at 0.75 r and
noted as Bo.75). This non dimensional representation allows the calculation of the

56



performance of propellers with a given design and different sizes at different
operating conditions. For example, for a given propeller design of a given diameter
operating at a given flight speed and rotational speed, and absorbing a given
power, the required blade angle can be obtained from this characteristic map. The
blade angle can then be used to obtain the propeller efficiency and subsequently
the thrust produced by that propeller at those operating conditions.
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Figure 32: Typical propeller performance map [Ref. 137]
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Figure 33: Alternative propeller performance map [R  ef. 138]

57



Figure 33 presents an alternative propeller performance map, commonly used in
literature, containing the efficiency values as contours on the Cp vs. J characteristic
map.

A single propeller map is non-dimensional and is a valid representation of the
operation of propellers of any diameter (with a given design) but is not valid for
different:

Hub to tip ratios

For two propellers with different hub to tip ratios operating at the same J, the
incidence angles to each blade airfoil (and consequently the distribution of forces)
cannot be equal. This implies that for a given advance ratio and propeller pitch,
the thrust produced and power required will also be different.

Hub or nacelle shapes

The shape of the hub (for puller configuration) and the engine nacelle (for the
pusher configuration) have an influence on the flow field across the propeller. The
evaluation of the variation in propeller performance with respect to the hub or
nacelle shape is part of a detailed design effort and is outside of the scope of this
work.

Flight Mach numbers

Compressibility effects have a significant influence on the performance of a
propeller, particularly for My > 0.6. The Reynolds effects are negligible compared
to the compressibility effects for:
» thin airfoil blade designs
e Mp>0.2
» the dimensions typically used in aircraft engines and propeller wind tunnel
tests [Ref. 140].

The chosen approaches to overcome these limitations were respectively:
Hub to tip ratios

A first order approximation to account for the effects of changing the hub to tip
ratio can be achieved by rewriting Eq. 18 to Eg. 20. This time, since the hub to tip
ratio may vary, the blade area is not proportional to the square of the propeller
diameter any more, but proportional to the area of the propeller disk (Agisk defined
in Eq. 21). A set of modified non dimensional power coefficient and thrust
coefficients (denoted PQA and TQA respectively) are obtained:

D 2
A = EDZ(l—{EhJ J [Eq. 21]

V
Fn= PVOZAdiskf(ﬁj = pJI2n’D?A g f(J) = pn?DA 4 TQA [Eq. 22]
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I:)Wmech = pnngAdiskPQA [Eq 23]

Pwe _ Fn \V,

-3 TQA
Pw Pw

mech PQA

Nnet = [Eq. 24]

mech

(where: TQA, PQA and nner are all functions of J, the blades angle setting and
the propeller design)

The use of PQA and TQA to describe the performance of a propeller with different
hub to tip ratios is only a first order approximation. It can be seen in Figure 31 that
for a constant J, the angle of attack to every blade airfoil changes with the hub to
tip ratio. The calculation of a propeller is correct for the specific hub to tip ratio
used to produce its map (or PQA TQA nner functions). The error in the
calculations increases as the difference between the hub to tip ratio of the
calculated propeller and the hub to tip ratio used to produce its map increases.
For this reason only very small changes in hub to tip ratio (x5%) are assessed
within this thesis.

Flight Mach numbers

A fully rigorous performance calculation of a high speed propeller would require
the use of a series of propeller maps corresponding to different flight Mach
numbers. Based on this library of maps, the flight Mach number, advance ratio
and power coefficient can be used to determine the blade angle, propeller
efficiency and thrust. This methodology requires an extensive wind tunnel test
database for a given propeller at different flight Mach numbers which is usually
not available.

A simplified approach was adopted, based on the analysis reported in Ref. 139 for
an advanced SR propeller. A 10 blade SR-6 SR propeller was tested in a wind
tunnel at free stream velocities of M 0.6 to 0.85 (intervals of M 0.05) and 7
different blade angle settings. After having concluded that choke occurred at the
hub region and knowing that the tips were operating at Mach numbers higher
than the unity, the author of Ref. 139 tried to identify which was the section of the
propeller that dominated the transonic drag rise effects. nner for different advance
ratios and dimensionless power loadings®* was plotted against the helical Mach
number (M,??) at different blade sections. Figure 34 shows one of these plots for

! The dimensionless power loading is defined as the propeller power loading divided by the
density of the air and the free stream velocity to the power of three. A propeller flying on an
aircraft would operate close to a constant dimensionless power loading for a given power
setting. This is because the power required by an aircraft is proportional to the air density and
its flight speed to the power of three.

2 The helical Mach number at a blade section is defined as the addition of the blade tangential
velocity and the free stream velocity divided by the speed of sound. Note that these two
velocities are perpendicular.
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100% of dimensionless power loading (100% corresponds to the design cruise
condition) and My, at 0.75r (Mno75). The arrows indicate the My 75 for which nyer
decreases by 0.2% with respect to the maximum value of the curve. It can be
observed that regardless the advance ratio, nyer declines at nearly the same
Mho.7s. After a complete analysis of all the wind tunnel data, Ref. 139 concluded
that the transonic drag rise was not dominated by any particular blade section,
but that it was distributed along the entire blade. It was also deduced that in such
cases, in agreement with common practice, the conditions at 0.75 radius
represent the blade operation as a whole including compressibility losses.
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Figure 34: Effect of helical M at 0.75 blade radius  on net efficiency for 100%
dimensionless power loading (SR-6 10 blade propelle  r) [Ref. 139]
The following common features are observed between the curves of Figure 34:

e apart from the curve of J = 3.9 (which is at a very high power and speed),
the efficiency is almost constant (variations smaller than 0.25%) until a
critical value of My 75 (indicated with arrows).

« the critical Mno75 (M*n.75) is almost the same (variation smaller than 1%) for
all the curves.

« the slope of the curves efficiency vs. Mg .75 are similar after M*,9.75

These similarities can also be observed on the data presented for the other
dimensionless power loadings covering a broad portion of the propeller map.
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Based on the conclusions of Ref. 139 and the similarities existing between the
presented set of data, the following simplified approach was adopted to model the
effects of flight Mach number on the performance of a propeller:

» A propeller map produced at low speeds is used (Mng.75 < M*,0.75).

» The efficiency of the propeller is obtained from the low speed map from its
Cp and J (or PQA and J).

» The low speed efficiency is corrected with the following function:

_ *
NNeT = NNET@low speed for Mho.7s < M*no.7s

NNeT = "INET@low speed ~ (Mh0.75 -M h0-75)S|0pecorrM for Mno.7s > M*ho.75

[Eq. 25]
where the My 75 is calculated as
Vo)’ (0.75Dm? _ (Ve ¥ (V,0.75Dm )’
Muo7s =4l — | ¥|———| =4/|— | | ——
' c c c V,C
2 2 2 2
_ ﬁ N ﬁ 0.75Dmn =M, |1+ 0.75Dmn
c c V, V,
2
=M, 1+(0'75”j [Eq. 26]

and the values of M*,5 75 and Slopecomv (the slope of the decrease in efficiency
with respect to Myg.75) are inputs to the model.

2.2.3.2.2.2 Counter rotating propeller

Having introduced standard 0-D isolated propeller performance representation in
the previous section, a methodology to calculate the CRP performance is
presented in this section. The interactions between both propellers are estimated,
and the operating point of each propeller on its isolated performance map is
determined. Once the operating point of each propeller is known, total CRP values
can be computed.

Assumptions

All the reviewed 2-D CRP calculation methodologies [Ref. 141 to Ref. 146] use the
following assumptions to evaluate the flow velocities for each blade element of the
propeller:

* blade element theory assumptions [Ref. 135].

« each propeller is assumed to work on the flow field generated by the flight
speed and the effects of the other propeller. The influence of the rear
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propeller (propeller 2) on the velocity field of the forward propeller (propeller
1) is called interference velocity of the rear propeller on the forward propeller
and is denoted by Vind,; (analogous definition for Vindi,). Vindy; is
decomposed in the axial and tangential directions as Vind,;a and Vindyir
(analogous definition for Vindioa and Vind,zt).

e each propeller produces its own induced velocity (Vindy; and Vindy,). It
corresponds to the change in velocity (both axial and tangential) produced
by the operation of each propeller. Vind; for a propeller operating in a CRP
arrangement is assumed to be equal to Vind; for a SRP operating in
isolation but in the velocity field produced by the flight speed and the other
propeller®.

« the velocities induced by the other propeller have an oscillating nature. They
are replaced by time constant magnitudes equal to the time average of the
induced velocities.

- the tangential interference velocity of the rear propeller on the forward
propeller (Vind,17) is neglected for being an order of magnitude smaller than
other interference velocities [Ref. 143].

Vind,,
Vinds;a
VOim1
Vo
2mrn,
Front blade

VO‘lrnZ

2nrn,

' 21Nz

Aft blade

Figure 35: Interference velocity components of a CR P [Ref. 142]

2 This implies that the forward propeller only influences the velocity field and not the pressure
field of the rear propeller and vice versa.
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Figure 35 shows the velocity diagram of a CRP at a given blade section according
to the previously presented assumptions.

Based on these assumptions, Ref. 141 - Ref. 146 propose different ways to
estimate the performance operation of a CRP by calculating the induced velocities
iteratively using lifting line or vortex models, together with aerodynamic data of
each blade element. A radial integration and the adequate projection of the forces
acting on each blade element allow the calculation of the total propeller thrust and
consumed power. Based on the requirements of the framework and the models, an
alternative simplified methodology was used based on the following two
assumptions:

¢ Vind,1a and Vind;za are uniform for every blade element of the propeller

* Vind,,; =Qind,,r with constant Qind,,

Forward propeller calculation

The calculation of the CRP performance is done iteratively. This is because both
propellers influence each other and their equations have to be solved
simultaneously. For argumentation sake, Vind»i4 is used as an iteration variable. It
is guessed at the beginning of the CRP calculation process and is obtained at the
end. According to the module requirements, the input power to each propeller, the
diameters of the propellers, the flight speed, ambient conditions and rotational
speeds of the propellers are known (input variables). A different set of known
variables can be chosen. The selection of known variables and iteration variables is
treated in more detail in section 2.2.3.2.3.

Since Vindya is the same for every blade element, an imaginary flight velocity
(Voim1) can be calculated as

An imaginary advance ratio can be calculated for this imaginary flight condition as

V.
J, =—0imi Eq. 28
im1 n1D1 [ q ]

It can be seen that a propeller operating at a Jin: and a propeller at a J; plus an
extra axial uniform component Vind,;o have the same angle of attack to every
blade section. Consequently these two operating conditions represent the same
dimensionless point on the propeller map. The thrust produced by the forward
propeller is calculated as follows.

The propeller efficiency is read from the map using Jim: and PQA;, and corrected
for compressibility losses as defined in Eq. 25 and Eq. 26 (Mg is calculated as
Voimi/C and Jim; is used instead of J; in Eq. 26). The atmosphere and air fluid model
indicated in Table 2 are used to calculate p and c at the specified flight conditions.
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2

P .

PQA, = % with — Agigia = EDlz 1‘(%} [Eq. 29]
PN; Dy Agisia 1

NNeT1 =

Pwg, _ FNy Voim -3 TQA,

= Eqg. 30
Pw Pw ™ PQA, [Eq. 30]

mechl mechl

POA
Fn, = pnllezAdisleQAl =p n12D12Adisk1(nNETJl—QlJ [Eqg. 31]
iml

Rear Propeller calculation
The calculation of Fn, can be broken into the following four main steps:

Step 1: Obtain the inlet flow conditions for the re ar propeller.

According to the model assumptions, the inlet conditions to any section of the rear
propeller are defined by Vo, Vinda, and Qind;, . The magnitudes of these inlet
conditions are calculated using momentum theory. More sophisticated methods for
calculating these magnitudes exist (lifting line and vortex models), but they are not
necessarily more precise [Ref. 148] and require a complete 2-D analysis of the
propeller.

Axial induced velocity calculation

The momentum theory indicates that the axial auto induced velocity at the plane of
the propeller is ([Ref. 135])

Vind, gprop = 5 [Eq. 32]
This formula applied to the forward propeller results in
2 2Fn
Voim1 +pA7-1 = Voim
Vind a1 = zd'skl [Eq. 33]
with
L D 2
2
Adisk1 = ZDl [1_[D_:J } [Eq. 34]

The axial induced velocity at the plane of the rear propeller (Vind;, =Vind;jpg>)
is obtained from the axial induced velocity at the plane of the forward propeller
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(Vindy,4 1) and the stream tube contraction. The stream tube contraction model

proposed in Ref. 149 (based on vortex theory) is used:

Vind , (z) = Vind s g prop [Eq. 35]

where z is the axial coordinate of a plane with respect to the plane of the propeller
in the direction of the flow. This formula applied to the forward propeller results in

Z12
. . r
1+(212J

N
The stream contraction model described in Appendix C of Ref. 165 (based on
momentum theory and the Navier-Stokes equations for inviscid and incompressible
flow) was also tested. Both models were used for the CRP model verification
described in section 2.2.3.2.4. The difference in total CRP power and total CRP
efficiency calculated using either of the two models was smaller than 0.2%. The

observed global trends were identical for both models. The contraction model of
Ref. 149 was selected because it is simpler than the one of Ref. 165.

Tangential induced velocity calculation

The momentum theory considers that the torque applied by the actuator disk is
equal to the change in angular momentum of the flow crossing the actuator disk. At
any radial position (r) of the actuator disk, the torque balance can be written as

dQ(r) =2mpr (V, + Vind, (r)) Vind (r)r dr [Eq. 37]

Considering VindT(r):Qindr and a uniform axial induced velocity
VindA(r):VindA, the integral of Eq. 37 from the hub to the tip of the propeller
results in

Q= %T[p (V, +VindA)Qind(r4 —rh4) [Eq. 38]

and
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Qind = 5 Q . [Eqg. 39]
erp(v0 +VindA)(r4 -, )

This formula applied to the forward propeller results in

Q.

Qind;; =
421"9 (VOiml + VindAll@l) (r14 B rh4)

[Eq. 40]

Finally, Qind,, is considered to be equal to Qind,;; and therefore considered not

affected by the stream contraction. The justification for this choice is given in
section 2.2.3.2.4.2.

Step 2: Establish a point on the map of the rear pr  opeller which corresponds
to the inlet flow conditions calculated in Step 1.

Since Vindiza is equal for every blade element, an imaginary flight velocity (Vo im 2)
can be calculated as

Voimz = Vo +Vind, ;5 [Eq. 41]

Since Vind,,; = Qind;,r with constant Qind,,, an imaginary rotational speed (Nim2)
can be defined adding the tangential component of the velocity due to the rotation

of the propeller and the tangential component of the induced velocity of the forward
propeller.

2TrN;,, = 21rn, + Qind,r [Eq. 42]
and

Qind
Mimp =Nz +=— 2 [Eq. 43]

An imaginary advance ratio can be calculated for this imaginary operating condition
as

V..
J ,=—om2 [Eq. 44]
" Nim2D2

It can be seen that a propeller operating at a Jin, and a propeller at a J, plus an
extra axial uniform component Vindi;a and a tangential component of uniform
angular velocity Qind;, have the same angle of attack to every blade section.
Consequently these two operating conditions represent the same point on the
propeller map and the resultant force vectors as well as torques are equal for both
operating conditions.

66



PQAm: and Jin, define the operating point of the rear propeller on the isolated SRP
performance map (refer to Figure 33). PQAin2is calculated as follows.

Qim2 - QZ - F)Wmech im2 _— F)WmechZ [Eq. 45]

Nim2 n,

The imaginary power required to drive the propeller at n;, is then calculated as

Pw n,
I:)Wmech im2 = merc]:hz 2 [Eq. 46]
2
Pw D, |
PQA, , = 3mecg im2 with  Aggeo = EDZZ 1—{D_hj [Eq. 47]
PNimz2 D2 A giskz 2

Step 3: Obtain the thrust of the rear propeller.

As it was presented in Step 2, the resultant force vectors for real and imaginary
cases are equal. This implies that the thrust for both cases is equal and it can be
calculated as follows.

PWep,  _ FNy Voime -3 TQAIm,

= Jim2
Pw F)Wmech im2 " F)QAimZ

NNET im2 = [Eq. 48]

mech im2

POA.
FN, = pNio Do A ik a TQA 2 = pnim22D22Adisk2{nNET ”32 'sz [Eq. 49]
im2

where Nner im2 IS read from the map using Jin, and PQAin2, and corrected for
compressibility losses using Eq. 25 and Eqg. 26 (Mo is calculated as Vinz/c and Jim,
is used instead of J, in Eq. 26).

Finally, the total CRP thrust can be obtain as
Fncgp = Fny + Fny [Eq. 50]
Step 4: Calculate Vind 714

Once the operation of the rear propeller is known, its auto-induced velocity can be
calculated using Eq. 32

2 2Fn
\/VoimZ + 2 = Vjima

A

VindZZA@z =

Vind;14 is then obtained from Vind;a@z and the stream contraction as defined in
Eq. 35. Note that Vind;ia < Vindyoa@2 Since the stream contraction occurs in the
direction of the flow.
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—Zy

Vind,gs = Vindyys g 1+——2L2 [Eq. 52]

2
1+ —Zy
r

The CRP calculation process can be repeated using the obtained value of Vind21A
in an iterative process (E.qg. return to “Forward propeller calculation” in page 63).

2.2.3.2.3 Implementation

The CRP model described in section 2.2.3.2.2 was implemented in two separate
PROOSIS components as shown in Figure 36. Specific “CRP ports” were created
to transfer the variables of the forward propeller used on the rear propeller (Agiska,
Vindjia F1, N1, D1, Q1 PWmech1, Vo, P, €). Additionally a thrust and an information port
were created to transfer Fncrp and KEincreasecgp (defined in Eq. 53) to the
performance monitor.

ForwardProp 4

RearProp

Figure 36: CRP components schematic view

In addition to the equations mentioned in section 2.2.3.2.2, the PROOSIS CRP
component model comprises:

a torque balance and conservation of rotational speeds in mechanical shafts
a definition of the inertia of the propellers and extra equations required for
transient calculations

unit conversions

scaling of the SRP maps. One scalar and one adder are included for each of
the following map variables: J, PQA and efficiency.

an alternative calculation of the induced velocities required for the
verification of the model (detailed in section 2.2.3.2.4)
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a calculation of the increase in kinetic energy of the flow through the CRP,
which is required by the performance monitors (described in section 2.2.3.5)
to estimate the propulsive efficiency.

KEincreasecrp = KEincrease; + KEincreases [Eq. 53]

According to momentum theory, the increase in kinetic energy of the flow
through each propeller can be estimated as [Ref. 135]

KEincrease; = (Voimi + Vindai) Fn; [Eq. 54]

Two sets of PROOSIS components were created:

CRP-e (used for the engine calculations).

These components use the equations presented in section 2.2.3.2.2
together with the aforementioned equations. One table of the form
nner=f(J,PQA) (where the blade angle setting is not an explicit variable) is
used to represent the propeller characteristics. These components are
useful for engine cycle calculations because the rotational speeds of the
propellers are used as engine control variables and PWmech: and PWechz are
set by the engine core operation.

CRP-v (used for the model verification calculations).

These components use the equations presented in section 2.2.3.2.2 but Cp
and C+ are used instead of PQA and TQA respectively. These equations are
only valid for constant hub to tip ratios. This does not represent a limitation
since the hub to tip ratios are not varied during the verification simulations.
Two tables of the form Cp = f (J, Bo.7s) and nuer = f (J, Bo.7s) are used to
represent the propeller characteristics. These components are useful for the
model verification calculations because the available propeller experimental
tests were produced and tabulated at constant blade angle settings and
presented in terms of Cp and Cr.

Both the forward and the rear propeller maps can be displayed. The verification
components display Cp in the y axis and the engine components display

A,
%PQA in the y axis. This was done so that the maps plotted by CRP-v and

CRP-e components are identical for the hub to tip ratio at which they were
produced.

PROOQOSIS components can be used in isolation or together with other components
in order to simulate part of an engine or a complete engine. It is not necessary to
code equations sequentially in PROOSIS, as it has the capability of sorting the
equations to suit any valid set of inputs. For example:

L]

Model inputs: flight conditions, ni, Nz, PWmech1, PWmecha.

A mathematical model is generated using the equations in the same order
and as they appear in section 2.2.3.2.2.
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* Model inputs: flight conditions, J;, J2, Bo.75 1, Bo.75 2-

The equations are sorted so that n; and n; are first obtained from J,, J, and
Eq. 17. Then, Jin 1 and Jin 2 are calculated, and PQAin 1 and PQAin 2 (or Cpy
and Cp, for the CRPv model) are obtained from the propeller maps using Jim
1, Bo7s 1, Jim 2, Bo.7s 2. Finally the powers of the forward and rear propellers
are obtained respectively by rearranging Eq. 29 and Eq. 47. This specific
arrangement of the equations is used for the verification of the model since

the available experimental data is tabulated for J and 3, ;5.

In a similar manner, PROOSIS allows a flexible definition of the guesses to be used
in an iteration process. An appropriate selection of the guesses is required to
produce numerically stable models (this subject is presented in more depth in
Appendix 1).

2.2.3.2.4 Verification against existing CRP experim  ental data

Experimental CRP performance data found in the public domain was used to verify
the capability of the proposed CRP model to predict:

« the CRP performance from SRP performance characteristics

« the effect of propeller spacing on the CRP performance

2.2.3.2.4.1 Calculation of the CRP performance from  SRP characteristics

In order to verify the capability of the model to predict the CRP performance from
the performance of the CRPs, the maps of the forward and rear propellers
(operating in isolation) and some CRP operating points are required.

An extensive literature review on CRP wind tunnel tests was conducted. The
largest source of CRP performance data comes from a series of CRP
investigations carried out during the 1940s in the NACA Propeller-Research Wind
Tunnel. Other tests carried out by NACA and Stanford University were also found.
Ref. 146, and Ref. 161 - Ref. 163 contain CRP performance data for which the
SRP performance is not known and therefore can not be used in a verification
process. Ref. 150%*, Ref. 151 and Ref. 152%° contain CRP performance maps for
different CRP configurations and their corresponding SRP maps. The wind tunnel
tests reported in these references were done at a maximum speed of 110mph (~50
m/s) and the tip Mach numbers were lower than 0.4 in all cases. Consequently the
CRP maps found in Ref. 150 - Ref. 152 are low speed maps in which
compressibility effects are negligible. These low speed maps are the type of maps

* Ref. 154 - Ref. 160 contain the same information as Ref. 150. Ref. 150 presents the
performance data in a clearer manner and it was consequently used for the model verification.

% The SRP performance data of the propellers used the tests reported in Ref. 152 can be
found in Ref. 153.
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required by the CRP model. All the reported CRP operating points were produced
at n; = -n, and therefore J; = -J, and a unique J is used within this section for
expressing overall (total) CRP variables.

The SRP and CRP maps available in Ref. 150 and Ref. 152 were digitised in the
form of Cp =1 (J, Bo7s) and nner = f (J, Bo.rs) tables. The maps of Ref. 151 are
already provided in the form of tables. The CRPv PROOSIS components?®, the
digitised SRP maps and the reported test conditions (Vo, D1, D2, Dy, Z12, Bo.75 1, Bo.7s
2, hp and ny) were used to simulate the CRP operation. The following paragraphs
present the results of these simulations and the comparisons with respect to the
experimental CRP measurements.

NACA TN-689 (Ref. 151)

Figure 37 shows the forward propeller map and Figure 38 the rear propeller map
reported in NACA TN-689. They are both two blade propellers. The operating lines
(in green) in these figures correspond to the operation of both propellers in a CRP
configuration at the wind-tunnel tested blade angle settings (Bo7s 1/Bo7s 2 =
45°/43.9°, 35°/34.4°, 25°/24.7° and 15°15°). These operating lines cover the
complete range of advance ratios that can be simulated in CRP arrangement with
the SRP maps provided in the report.

0.2

[}

s

[y}
R T N

0.1+

Imaginary Power Coefficient (Cp im)

| T
1] 08 1 1.5 2 258
Imaginary Advance Fatio (Jim)

Figure 37: Operation of the forward propellerin CR P arrangement (Map from Ref. 151)

* The Atmosphere and General PROOSIS components were also required for these

simulations. Shaft end components were also connected to the output mechanical ports of the
CRP. These components are described in Ref. 130.

71



[}
s
[y}
[ T T

Imaginary Power Coefficient (Cp im)
=
|

0 0.8 1 1.5 2 248
Imaginary Advance Ratio (Jim)

Figure 38: Operation of the rear propellerin CRP a  rrangement (Map from Ref. 151)

Figure 39 and Figure 40 present the experimental and simulated nner cre’’ and
Cpr 1or2° against J for all the reported combinations of propeller blade angles in Ref.
151. The prediction of both the consumed power (represented by Cp 1o1) and the
produced thrust (represented by nner cre) IS in agreement with the experiments.
The maximum difference between the experimental and simulated nner crpe is lower
than 1% for Bo_75 1/80_75 2 = 359/34.4°, 25°/24.7° and 15°/15°, and 2.5% for Bo_75 1/80_75
2 = 459/43.9°. The maximum difference between the experimental and simulated Cp
to7 IS lower than 2.5% for Bo.75 1/Bo.75 2 = 35°/34.4°, 25°/24.7° and 15°/15°, and 3.2%
for Bo.7s 1/Bo.7s 2 = 45°/43.9°. The highest differences are observed in the regions
where the propellers operate with some sections in stall. The errors are smaller
than 1% for the operating points which are far from the stall regions.

It is not possible to find out whether the main differences come from the forward or
rear propeller, because the only available CRP performance data are Cp 1ot and

NNET CRP-

z Nnet cre IS the overall CRP net efficiency defined using the total CRP thrust and power (F;+F,
and PW1+PW2)

8 Cp 1ot IS the overall CRP power coefficient defined by Pw;+Pw,
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NACA TN-1634 (Ref. 152)

Figure 41 and Figure 42 present the experimental and simulated CRP nnet crp @and
Cp 107 Of the 30D% propeller against J for four of the reported combinations of
propeller blade angles in NACA TN-1634. This propeller is formed by a pair of three
blade 30S? propellers. Their definition and performance can be found in Ref. 153.
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Figure 41: Experimental and simulated CRP

1.8

NneT crp VS. J and blade settings

Both the efficiency and consumed power trends were correctly predicted by the
model. The maximum difference between the experimental and simulated Nner crp
is approximately 1% for Bo.7s 1/Bo.75 2 = 25/24.1 and 30/28.9, and 2.5% for the Bo.s
1/Bo7s 2 = 15/14.2 and 35/33.8. The maximum difference between the experimental
and simulated Cp 1ot is approximately 7% for Bo.7s 1/Bo.75 2 = 30/28.9 and 35/33.8,

and 4% for Bo_75 1/80_752 =25/24.1 and 15/14.2.

9 30D and 30S are the names given to the CRP and SRP respectively reported in NACA TN-

1634.
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Figure 42: Experimental and simulated C o1 vs. J and blade settings

In addition to the modelling assumptions and methods, the following two possible
sources of errors were identified:

« the SRP performance map was digitised from a poor quality image. It was
not available in the form of a table.

* the Bo7s 1/Bo.7s 2 = 15/14.2 line was created extrapolating the rear propeller
map since no SRP information is available for angles below 15°.

Similarly to what was observed in the NACA NT-689 calculations, the power
predictions are relatively accurate for low values of Cp tor and the errors increase
with Cp 1ror1. Conversely, relative to the NACA NT-689 calculations, in this case the
Cr o1 Was over predicted for all the blade angle settings.

NACA WR-L-359 (Ref. 150)

NACA WR-L-359 presents the performance of CRPs with 2, 3 and 4 blades in each
propeller. The 4 blade configuration was selected for the verification since 2 and 3
blade propellers had already been analysed (see above). Figure 43 and Figure 44
present the experimental and simulated CRP nnet cre and Cp 1ot against J for four
of the reported combinations of propeller blade angles.
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Both the efficiency and consumed power trends were correctly predicted by the
model. The maximum difference between the experimental and simulated nner crp
is approximately 1.5% for all the blade angle settings. The maximum difference
between the experimental and simulated Cp 1ot is approximately 3% for all the
blade angle settings. In this case the Cp 1ot was over predicted for the high blade
angle settings and under predicted for the low blade angle settings.

Figure 45 shows the individual power coefficients (Cp; and Cp,) obtained
experimentally, for the previously presented blade angle settings [Ref. 150]. Figure
46 shows the individual power coefficients obtained from the simulations. It can be
observed that:

« the differences between the predicted and measured power coefficients for
the Bo.75 1/Bo.75 2 = 45/44 blade angle setting are negligible.

« the differences between the predicted and measured Cp, for the Bo.75 1/Bo.75 2
= 60/58.2 and 55/53.5 blade angle settings are negligible. In these cases,
the Cp; is over predicted being responsible for the over prediction of the

Ceror.

« for the Bo.7s 1/Bo.75 2 = 50/48 blade angle setting, the Cp; is under predicted,
and the Cp, is over predicted.
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Figure 45: Experimental individual propeller C  p vs. J and blade settings [Ref. 150]
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Figure 46: Simulated individual propeller C 5 vs. J and blade settings

Model validity at high flight speeds

The experiments of the three analysed CRPs were carried out at constant n; and n;
and V, was varied to obtain the desired values of J. V, was varied between 13 mph
and 110 mph which correspond to approximately M 0.017 to 0.15 at ISA SL
conditions. The induced velocities (the interactions between propellers) at low
forward speeds are larger than at high forward speeds both in absolute value and
relative to Vo. Consequently, the induced velocities have more influence on the
operation of CRPs at low forward speeds than at high forward speeds. The
simulations previously presented show good agreement between the predicted and
the measured operation of CRPs at low forward speed. Although no experimental
data of CRPs with their corresponding SRP characteristics at high flight speeds are
available, it is expected that the model may produce results with possibly the same
level of accuracy as for low speeds.

2.2.3.2.4.2 Effect of propeller spacing on the CRP  performance

No reference with SRP and CRP performance data for different spacing between
propellers was found in the public domain. Ref. 164 contains performance data for
different spacing for the F7/A7 propeller (shown in Figure 47), but the
characteristics of the isolated SRP are not presented. For this reason only a
gualitative verification is possible. The SR-7 is probably the most similar propeller
design for which SRP data is available. The F7/A7 and the SR-7 were developed
by the same team, at the same period of time and for the same DP flight conditions.
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Figure 48 presents the simulated CRP performance at the operating conditions of
the experiments presented in Figure 47. Figure 48 was obtained using the CRPv
PROOSIS components together with scaled SR-7 maps®® and the geometric
definition of the CRP and operating conditions provided in Ref. 164. Although the
obtained values were not the same (because the propeller map was not known),
the trends and orders of magnitude of the variation of PQA, torque ratio and
efficiency with respect to the propeller spacing are in agreement with the
experimental data.

The previously performed simulations were repeated using the following definition
of Qind,, instead of assuming Qind,, = Qind,,; (see Tangential induced velocity

calculation on page 65):

Qind;, = - _ 3 — [Eq. 55%]
an (Voimz + VIndAZZ@Z)(r1COR — )
with
. —+Vi
T (Vg + Vindazog2)

Figure 49 presents the results of these simulations. It can be seen that the effect of
spacing is not correctly captured. Qind,, calculated using Eq. 55 is greater than

Qind,, because the flow is contracting. Consequently nin, obtained with Eq.55 is
greater than nin, obtained with Qind;;. The increase in niy; with the spacing

produces an increase of the Pwiy,, Q2 and Fn, and consequently an increase in
Q2/Q: and efficiency. As a result, the increase of Pwinz, Q2/Q: and efficiency with
axial spacing produced by Eqg. 55 cancel the decrease in the same magnitudes
produced by the changes in axial velocity with spacing.

% The SR-7 maps were scaled so that for the design conditions of the F7/A7 CRP, the
imaginary operaing points on both propeller maps coincide with the DP of SR-7.

¥ Momentum balance (analogous to Eq. 39) applied to the plane of the rear propeller.

% Mass flow balance to calculate the radius of the flow that passes through the forward
propeller and reaches the rear propeller.
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Figure 50 shows the tangential velocity at 0.75 radius with respect to the distance
to the propeller plane for the SR-3 propeller at its DP*. It was obtained through
CFD calculations and the modelling description can be found in Ref. 167*. It can
be seen that the tangential velocity decreases with the axial distance which is the
opposite of what Eg. 55 produces.

The simulations presented in section 2.2.3.2.4.1 were repeated using Eq. 55 and
the errors with respect to the experimental data were larger. As a consequence,
Eq. 55 is not used (Qind;, = Qind,, is used instead) in the CRP model despite

expressing the correct definition of Qind,, according to the model assumptions.

0.95
0.9
0.85
0.8

0.75

Relative Tangential Velocity
(VT(z/D) / VT(0.025)) []

0.7

Relative Spacing (z/D) []

Figure 50: Tangential velocity vs. axial distancet o propeller (SR-3 at 0.75r at DP)

Summary of CRP verification

Three different propeller designs were simulated in CRP configuration and the
results of the simulations are in agreement with the available experimental data. It
is not possible to identify potential improvements to the model with the limited
available experimental data. The level of accuracy of the CRP model was judged to
be suitable for preliminary design space exploration assessments.

% CFD results were only available for the SR-3 propeller. The results were used to demonstrate
a representative trend.

% This plot is not available in Ref. 167. It was produced from the CFD results files of the
calculations described in Ref. 167.
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2.2.3.2.5 DP CRP efficiency estimation

The DP CRP efficiency (nnet crp) is calculated using the CRP model presented in
section 2.2.3.2.2, but instead of reading the individual propeller efficiencies from
their maps, they are estimated from a technology curve. The ideal®* DP efficiency
of a SRP at constant tip speed and flight conditions (speed altitude and
temperature) is a function of

« the number of blades of the propeller (Ny)

« the power loading ( Lp = PWmech / Adisk) [Ref. 14].

Figure 51 shows the variation of ideal SRP DP efficiency with respect to Lp for 8
and 10 blade propellers (at 10668m, ISA conditions, My = 0.8 and a tip speed of
244 m/s). Ref. 14 also provides the same information for propellers with 2, 4 and

infinite number of blades.

%5 -
=
> .90
S
S
S
= .85 —
pu—
2wl
10
N N Y T g§ SR

.15
200 240 280 320 360 400 440 480 520 560
POWER LOADING, kW/m?

Figure 51: Ideal SRP efficiency vs. power loading (  Alt =10668 m, ISA, M o = 0.8, Tip speed
= 244 m/s) [Ref. 14]

It was observed that for a given loading, Ngpiadze — Nablade = ¥2 (Nablade — N2blade)- The
efficiency of a 16 blade propeller at Lp = 560kW/m? was guessed as

N16blade @560 = Nablade @560 + 5 (ﬂsblade@seo - r|4blade@560) [Eqg. 57]

The reported efficiencies of the 2, 4 and 8 blade at 560kW/m? together with the
estimated Nishade@sso  Were used to build a piecewise cubic Hermite interpolating
polynomial. Figure 52 shows the aforementioned function. This polynomial was
used to estimate Nigpade@sso- The error between the estimated and the reported
value of Nigplade@sso Was 0.35%. This polynomial was also used to estimate the
efficiencies of propellers with 9 to 15 blades at Lp = 560kW/m?.

% Only losses associated to the acceleration of the fluid in the axial directions are considered.
Viscous losses are not considered.
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Figure 52: Ideal SRP efficiency vs. number of blade s (Loading = 560 kwW/m 2, Alt = 10668
m, ISA, My = 0.8, Tip speed = 244 m/s)

The efficiency vs. Lp curves (Figure 51) between 200 and 560 kW/m? were
approximated as straight lines passing through the 200 and 560 kW/m? points for 2,
4, 8 and 10 blade propellers (data available in Ref. 14). These lines converged to
Nner = 0.975 for Lp = 0 KW/m?.

It was assumed that for a given DP flight condition and propeller tip speed, the
variation in real DP efficiency (for a given blade design technology), is a function of
the number of blades and Lp and follows the same trends as the ideal efficiency.
Consequently the real DP propeller efficiencies were estimated as follows

(0-975 - an@SSO)KLP
560

Nner (Nb’LP) =0.975- Lp [Eq. 58]

where the values of nuasso are those presented in Figure 52, and K|_p36 is a
technology factor. The effects of compressibility are already included in the CRP
model. The value of M*,075 and Slopecorm 37used in Eq. 25 are part of the propeller
technology curve since they represent the level of technology and the design
choices.

2.2.3.2.6 Feasibility criteria

During the engine assessment studies, the obtained values of Lp were lower than
400 kW/m?. Ref. 169 contains the characteristics of advanced high speed
propellers by Hamilton Standard. The reported DP loading for specific 8 blade

% K» reflects the technology level of a particular propeller design and is calculated from known
efficiency values of that design.

3 M*1q.75 and Slope.,v are calculated from data available for a particular propeller design
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propeller designs range from 260 to 560 kw/m?. Only 8 to 16 blade propellers were
considered in this PhD research project and consequently all the studied propeller
designs were judged to be feasible.

2.2.3.3CRT

A description of the LP CRT and the challenges associated to its use in the DDOR
are provided in sections 1.1.2.3 and 1.1.2.5 respectively. This type of LPT was
used in the GE-UDF, but very little information about its performance was made
public. Figure 53 shows the only available GE-UDF CRT performance map. It has
efficiency contours, but the mass flow rate lines were omitted and the power split
between the two parts of the CRT is not known. Consequently this map is not a
complete representation of the performance of a CRT.
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Figure 53: GE-UDF CRT map (n ;=n,)[Ref. 33]

The use of counter rotating HP and IP turbines is reported in more detail in the
public domain. In this configuration, the HP and IP shafts rotate in opposite
directions, and there is no stator between the HP and IP turbine blades. Figure 54
shows the two typical HP-IP counter rotating arrangements found in literature. Ref.
170 - Ref. 173 expose the advantages of these turbine configurations. Appendix C
presents a thorough bibliography of the challenges and design considerations of
HP-IP counter rotating turbines.
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Figure 54: Typical HP-IP counter rotating turbine a  rrangements

No reference proposing a performance modelling methodology or presenting
performance maps for these types of turbines was found in the public domain at the
beginning of this PhD research project (refer to foot note 15 in page 42).

The complete design of a turbine is a complex engineering project which requires
detailed design tools. The exact performance characteristics of a turbine design are
only known after it is manufactured and tested. 1-D mean line predictions are used
at preliminary design stages to estimate and optimise the gas path, velocity
triangles and airfoil-count [Ref. 175]. These types of methods provide valid trends
and a first insight into the design of a turbine [Ref. 175]. The performance of a
turbine can be predicted to an accuracy of approximately 2% [Ref. 176] using these
type of methods.

The 1-D mean line analysis was selected to calculate the DP and OD performance
of the CRT for the present preliminary design studies. A literature review on the
existing 1-D turbine calculation codes was conducted. None of the reported codes
are capable of calculating the performance CRTs. Ref. 177 presents a review of the
1-D codes developed by NASA for compressors and turbines. Two NASA 1-D
codes exist for the design of conventional axial turbines:

< TURBAN [Ref. 178, Ref. 179]: It is a very simplified calculation code in which
a stage by stage definition of the extracted power and velocity diagrams is
not possible.

« TD2-2 [Ref. 180, Ref. 181]: It is a stream tube calculation code in which the
gas path is divided in sections (minimum of 3: hub, mean radius and tip
sections) and all the flow magnitudes (including radial velocities) are
calculated along the blade span. This methodology is closer to a 2-D
calculation and it is an order of magnitude more costly than mean line 1-D
methods from a computational point of view [Ref. 180].
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Only one OD 1-D code developed by NASA is available in the public domain:

« AXOD [Ref. 182, Ref. 183]: It follows the same approach as TD2-2 dividing
the gas path in stream tubes and a minimum of 3 sections is required.
These two pieces of software were designed to be compatible and the
output of TD2-2 is used as input to AXOD [Ref. 186]. AXOD is reported to be
numerically unstable [Ref. 182].

Ref. 184 mentions a 1-D mean line code for axial turbines which is proprietary of
the von Karman Institute of Fluid Dynamics, but the reference describing this code
is not available in the public domain. Ref. 132 also mentions a 1-D calculation but
no details are provided apart from the loss model used. TURBGEO [Ref. 185] is a
1-D turbine analysis code developed at CU. Only constant axial velocity designs
can be calculated. It does not allow a flexible definition of the gas path and power
extraction per stage. Ref. 187 - Ref. 189 describe another 1-D mean line design
calculation. This model is not appropriate to calculate LP CRTs because it assumes
a choked IGV which is not the case. Furthermore, the axial velocity is considered
constant across the turbine and all the relative inlet and outlet Mach numbers of
every stage are used as inputs. This methodology can not use geometrical features
of the gas path as input and therefore does not have the required flexibility.
Following a review of the existing 1-D codes and their limitations, it was concluded
that it was necessary to develop a dedicated 1-D mean line code for CRTs.

First, 1-D mean line DP and OD calculation methodologies for a CRT were
developed and coded in Matlab. Subsequently, both the DP and OD calculation
methodologies were verified against a known CRT design (named CRT-k).
Different CRT designs were then studied with both 1-D models. The performance of
the CRT of the baseline DDOR used in the assessments is presented in detail.
Finally, a 0-D methodology to estimate the DP and OD performance of different
CRT designs was derived from the 1-D models. The 0-D model was necessary in
order to comply with the calculation time requirements of the platform.

The following sections present the requirements for the 1-D and 0-D CRT
performance models, as well as the developed models, their verification and the
implementation of the 0-D model used in PROOSIS for the DDOR assessments.

2.2.3.3.1 CRT models requirements
2.2.3.3.1.1 1-D mean line model

Three main tasks were performed:
1 - development of a 1-D mean line modelling methodology for both DP and OD
performance calculations
2 - verification with respect to the performance of a known CRT design
3 - study of the performance of different CRT designs.

Three 1-D mean line CRT codes were required to perform these three tasks: CRT-
DPe, CRT-DPv, CRT-OD. The following paragraphs present the requirements of
these three codes.
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CRT-DPe calculation code: used to estimate the design of a CRT from its
performance requirements. It was envisaged that this code would calculate the:

L]

power extraction per stage: PWstage i

gas path geometrical definition: ry in, Ttip in, fmean in, ' outs Ttip out @Nd Fmean out fOr
every stage

velocity triangles of each stage: Vabsi,, Vina, Vabsit, Gin, Vreln, Vrelat, Bin,
Vabsou, Voua, Vabsour, Oout, Vrelow, Vrelowr and Bou at every stage (see
definitions in Figure 56)

blade metal angles of each stage: Bmetalin @Nd Pmetal out

turbine outlet conditions: Tt,,: and Pt of the last stage

overall CRT isentropic efficiency: nis crr

from the:

gas properties: y and R (ideal gas is assumed, refer to section 2.2.3.3.2.1)
flow conditions at the inlet of the turbine: my,,,Ptin 1, Ttin 1 @and a;,1 (IGV
angle)

rotational speeds of both drums: n; and n;

number of stages: NbStages

blading geometrical characteristics: detailed in section D1 in Appendix D
required overall CRT power extraction and design torque ratio: PWcrT pes
and TRcrr pes

CRT inlet and outlet hub and tip radii: rhin 1, fip in 1, Mmean in 1, 'h out NbStages:
I'tip out NbStages and I'mean out NbStages

This code includes simplified preliminary design rules to distribute the power
extraction between the turbine stages and size the gas path. It was judged not to
be appropriate for a verification of the 1-D mean line methodology against the
known CRT design which was the result of a detailed design effort. Consequently,
a dedicated code (CRT-DPv) was developed to verify the modelling methodologies.

CRT-DPv calculation code: used to verify the design calculation methodology with
respect to a known CRT design. It was envisaged that this code would calculate

the:

velocity triangles of each stage: Vabsi,, Vina, Vabsiyt, Qin, Vreli, Vrelar, Bin,
Vabsout, Vouta, VabSouer, Qout, Vrelou, Vrelour and Boyt at every stage

blade metal angles of each stage: Bmetalin @Nd Pmetal out

turbine outlet conditions: Tt,,: and Pt of the last stage

overall CRT isentropic efficiency: nis crt

from the:

gas properties: y and R (ideal gas is assumed, refer to section 2.2.3.3.2.1)
flow conditions at the inlet of the turbine: m,Ptj, 1, Ttin1 and a1 (IGV angle)

rotational speeds of both drums: n; and n;
number of stages: NbStages
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* gas path geometrical definition: ry in, ip in, fmean in, M outs Ttip out &N Fmean out fOr
every stage

« blading geometrical characteristics: detailed in section D1 in Appendix D

* required power extraction in each stage: PWstage i

In order to perform a valid comparison between the calculated and known CRT
design, it is necessary to impose the exact design criteria of the known CRT on the
calculations. These design criteria are represented by the power extraction per
stage, the geometrical definition of the gas path and the blade characteristics. The
calculated blade angles, velocities and efficiencies are compared to those of the
known design. The blade angles could have been used as inputs instead of the
power extraction per stage and the simulated and the real extracted power could
have then been compared. It was preferred to use the power extraction of each
stage as an input in order to minimise the differences between CRT-DPv and CRT-
DPe codes.

CRT-OD calculation code: used to calculate the OD performance of a known CRT
design. It was verified with the performance data of the known CRT design and
then used to predict the performance of new CRT designs. It was envisaged that
this code would calculate the:

e turbine outlet conditions: Tt,, and Pt of the last stage

« extracted power and torque ratio: Pwcgrt, PWdrum 1, PWarum 2 and TRcrt

« overall CRT isentropic efficiency: nis crt

« velocity triangles of each stage: Vabsiy, Vina, Vabsint, Qin, Vrelin, Vreliar, Bin

Vabsout, Vouta, VabSouer, Qout, Velou, Vrelour and Boyt at every stage

from the:
» gas properties: y and R (ideal gas is assumed, refer to section 2.2.3.3.2.1)
« flow conditions at the inlet of the turbine: m,Ptj, 1, Ttin1 and a;,1 (IGV angle)

« rotational speeds of both drums: n; and n,

« number of stages: NbStages

* blade metal angles of each stage: Bmeta in @Nd Bmetal out

* gas path geometrical definition: ry in, Ttip in, fmean in, ' outs Ttip out @Nd Tmean out fOr
every stage

« blading geometrical characteristics: detailed in section D1 in Appendix D

This code was required to simulate a wide range of OD operating conditions:

e pressure ratios from lower than 1, (details in section 2.2.3.3.2.6) to the
choke PR. It was not required to simulate the performance of the CRT
operating in sonic or super sonic conditions.

e corrected rotational speed of the external drum relative to the design
corrected rotational speed (Ncor rdes 1) from 0.7 to 1.3

e rotational speed ratio (NRcgrr = -n1/ ny) from 0.8 to 1.2
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2.2.3.3.1.2 0-D model

It was envisaged that the 0-D CRT model would calculate the performance of a
known CRT (for which an appropriate 0-D representation is available) allowing a
flexible and independent definition of the:

* inlet flow conditions: m,Ptj, 1, Ttn1

« rotational speeds of both drums: n; and n,

A technology curve was also required to calculate the DP efficiency of the CRT with
respect to the DP inlet flow conditions, stage count, rotational speeds of both drums
and power extraction. A performance feasibility criterion for the CRT was also
needed.

2.2.3.3.2 1-D CRT model
2.2.3.3.2.1 Model assumptions, nomenclature and gen  eral considerations
General assumptions

1 - The performance of the CRT is only calculated at its mean line. The accuracy of
mean line methods is approximately 2% [Ref. 176].

2 - The working fluid is considered to be an ideal gas with constant y and Cp. The

air properties are used for the present model. The implications of these
assumptions for performance calculations can be found in Ref. 109.

3- The expansion process occurring between the inlet and the outlet of the stage is
assumed to be adiabatic.

Gas Path geometry assumptions

1 - The outlet conditions (Pt, Ps, Tt, Ts, velocities) and gas path geometry of a
stage are equal to the inlet conditions and gas path geometry of the following stage
(no inter stage duct considered). This was assumed in order to obtain a continuous
gas path shape on the design code avoiding nested iterations while calculating an
unknown stage with an unknown inter stage duct. A rigorous calculation should
consider the real starting and ending point of each blade row and model the inter
stage region as a duct considering its shape. The errors introduced by this
assumption were calculated for the known CRT (for which the inter stage ducts are
known) and were found to be smaller than 0.3% in all the calculated parameters at
DP. Figure 55 presents the gas path geometry of CRT-k (a known CRT design)
based on this assumption.

Each blade row is considered as a turbine stage. According to this definition, CRT-k
has 20 stages. Note that the first and last stages have larger axial chords because
of the mechanical functions they perform.
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Figure 55: Gas path geometry of CRT-k (same scale f  or x and y axis).

2 - The studied CRT designs have the blade rows perpendicular to the axis of
rotation (as in Figure 55).

3 - The mid radius at any stage inlet may not be equal to the mid radius at the
stage outlet. In fact, the studied designs have large variations in mid stage radius
as can be seen in Figure 55. For this reason, the difference between the inlet and
outlet mean blade tangential velocities (Ui, and Ugy) has an impact on the mean
line calculations, and is therefore considered in the velocity triangles. Figure 56
presents the velocity triangles of a turbine stage as well as the nomenclature used
and sign convention. Blade speeds of consecutive stages have opposite directions
and there is no fixed stage apart from the IGV. Mabs and Mrel are the Mach
numbers corresponding to the absolute (Vabs) and relative velocities (Vrel)
respectively.

VinA

Sign convention

VoutA

UOUI

Vabs;

Vrel . Vrelg,r

Figure 56: Stage velocity triangles, definitions an d sign convention
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Blade geometrical design assumptions

1 — The channel between two blades is convergent and the throat of the convergent
channel is located at the rear part of the blade (segment AB on Figure 57). This is
the appropriate blade design for low speed CRTSs.

IV

Figure 57: Cascade geometry assumptions

2 — The blades are designed to have zero incidence at DP (the inlet blade metal
angle (Bmetwa in) is equal to the DP Biy).

3 — The flow deviation model proposed in Ref. 194 is used to provide a relationship
between Bout and Bmetal out for both DP and OD operation.

4 — The inlet and outlet effective absolute and relative flow areas are calculated
using Eq. 59 and Eq. 60 respectively.

T
Aeff = A sk cos(ﬁaj [Eq. 59]
Aeffrel = A cos(l Bj [Eq. 60]
disk 180 '

This assumption is reasonable as there is only a small variation in relative exit
angles (< 5° and the dimensions of the trailing edges are relatively small compared
to the blade spacing.

Losses calculation methods

1 - 1-D mean line methods are based on the calculation of the velocity triangles at
the stage inlet and outlet and require loss correlations to model the stage efficiency.
Ref. 190 and Ref. 191 are two theses which review and compare all the loss
models for axial turbines available in the public domain. The most accurate of the
reviewed models allowing DP and OD calculations and not requiring a detailed
geometrical definition of the blade is the one proposed in Ref. 192 and Ref. 193.
Ref. 192 proposes a method for calculating the losses at zero incidence (Bin =
Bmetal in)- Ref. 193 provides a method to correct the losses calculated by Ref. 192 for

Bin # Bmetal in-

93



The correlations presented in Ref. 193 were verified for incidences between -50°
and +70°. This incidence range allows the evaluation of severe OD operations.
Consequently, the aforementioned loss model was selected for the present mean
line code.

The different losses calculated with the selected method are first expressed as total
pressure loss coefficients. Then they are added into an overall total pressure loss
coefficient (Yt), which for a cascade is defined as

Pt —Pt
Yt=—m __out [Eq. 614]
Ptout - PSout

for a rotating cascade with equal inlet and outlet diameter is defined as

Ptrel,, —Ptrel

out out

For a rotating cascade with different inlet and outlet diameters the Yt is defined as

_ Ptrel s —Ptrel,,
Ptrel,, —PSou

Yt [Eg. 61c]

since the Ptrel varies from the inlet to the outlet due to the change in stage radius
and it is no longer possible to relate directly the outlet conditions with the inlet
conditions using Yt.

General considerations

1 - The used isentropic efficiency, both for the turbine and for the stages is the
total-to-total isentropic efficiency (defined in Eq. 62). This is because the velocity in
the flow is “useful” for the downstream component which can be either the exit
nozzle or the subsequent turbine stage>®.

Nis = I Itin l Itout q
IS ht. —ht [ ]

in out is

2 - Two main calculation bricks are used in the three developed 1-D mean line CRT
codes in order to calculate the expansion process occurring in a stage:

e Stage-DP calculation brick, used in CRT-DPv and CRT-DPe.
e Stage-OD calculation brick, used in CRT-OD

These two calculation bricks are first described and subsequently the complete
CRT codes are presented.

% A detailed discussion about the use of total-to-total, total-to-static and static-to-static
isentropic eficiencies can be found in Ref. 194,
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2.2.3.3.2.2 Stage-DP calculation brick

Stage-DP used in CRT-DPv, CRT-DPe to calculate the exit conditions of a turbine
stage, from the inlet conditions, exit geometry and required power extraction.

Input

* gas properties: y, R, Cp

* inlet gas path geometry: ryin, lipin, fmeanin @Nd Adgisk in

» outlet gas path geometry: r out, rip outs M'mean out aNd Agisk out

« blading geometrical characteristics: detailed in section D1 in Appendix D

« rotational speed of the stage: n

* inlet flow conditions: m, Tsj,, Tt absi,, Psi,, Pt abs;,, Mabs;,, Pt rel;,, Tt rel;,
and Mreli,

* inlet velocities: Vabsj, Vabsint, Vina, Qin, Vreli, Vreli,r and Biq

* required power extraction: PWsage

« outlet flow conditions: TsSey, Tt abSeut, PSout, Pt abSout, Pout, MabSout, Pt reloyt
and Mrelyy

« outlet velocities: Vabsgu, Vouta, VabSoutr, Qout, VI€lout, Vrelour and Bout

« Blade metal angles: Bmetaiin aNd Bmetal out

» stage isentropic efficiency: nis siage

NOTA: Some of the input can be obtained from other input variables (E.g. Imean in
from ry in and ry, in). These variables are calculated in the main codes (CRT-DPv,
CRT-DPe and CRT-OD), and used as inputs to the calculation bricks to avoid the
repetition of calculations and minimise the calculation time. The same comment
applies to the output variables.

The outline of this calculation is the following:

Step 1 - calculate Tty from Tt and Pwsiage, as well as Vabsg,r from Vabsiqr,
the annulus geometry, n and PWstage.

Step 2 - guess Nis stage (Quessed value noted as N*is stage)

Step 3 - calculate the exit velocity triangle

Step 4 - calculate the stage losses

Step 5 - calculate njs siage from the inlet conditions and the losses

Step 6— repeat steps 3 to 5 until (r]*is stage ~ Nis stage)/ Nis stage < tolerance. The
calculated njs stage IS USed as N*;s stage fOr the next iteration.
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Step 1: calculate Tt ¢ and Vabs qur

Pw
Aht =ht,, —ht;, = ——29° [Eq. 63]

m

Note that Pwsiage is expressed from the point of view of the fluid, being negative for
turbines since the power is extracted from the fluid.

Aht
ATt =Tt,, - Tt,, = C_p [Eq. 64]

Tty = Tt, +ATt [Eq. 65]

out

Vabs,,r is calculated from a momentum balance (deduction available in Ref. 195,
page 213)

_Aht+Ug, Vabs ¢

vabs, 1 = [Eq. 66]
UOUt

where U, is calculated as

UOUt = rmean out 2T|n [Eq 67]

Step 2: guess Nis stage

At this step, Vabsyt is known, but Vabs,, and the static conditions at the outlet of
the stage are not known. These magnitudes depend on the stage efficiency. In
order to calculate the exit conditions, ns swage IS guessed (guessed value noted as
N*s stage)- 1he calculated exit conditions are subsequently used to calculate the
stage losses and their corresponding nis smge Which is checked against n*s stage in
Step 6. An initial guess of N*s stage = 0.9 is used for all the stages.

Step 3: calculate the exit velocity triangle using N*is stage

Using ideal gas equations, Pt abs,, can be calculated as

v
1 _ Tt abS out y_l

Tt abs,

Ptabs,,, =Ptabs;,|1- [Eq. 68]

*
n is stage

Voua IS calculated iteratively using Eq. 69 to EQ. 74. Voua is Used as a guess, and a
Newton-Raphson solver is used to minimise the error defined in Eq. 75 (tolerance
10®).

Aoy = @arctan(MJ [Eq. 69]
n OUtA
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Vabs,, = % [Eq. 70]
cos(lso aout)

Mabs, is obtained solving Eqg. 71 (equation 1.11 in Ref. 196) with a Newton-
Raphson solver.

Vabs,, _ y-1 20
—= = Mabs ;YR 1+TMabsOut [Eq. 71]

out

The capacity (gout) and the effective outlet area are calculated using Eqg. 72 and Eq.
73 respectively (equation 1.9 in Ref. 196)

~(y+1)
2(y-1)

-1
Qout =Mabs, VR(:H YT Mabsoutz) [Eq. 72]
peff, . = VT tout [Eq. 73]

OU'[PtOUt

An outlet flow area (A*gisk out) Can be calculated and compared to the real outlet
area. These two magnitudes are equal for the correct Voya.

Aeff
A*diskout = T[OUt [EQ- 74]
003(180 aoutj
* —A.
ErrorA gq = (A disk out AdISkOUt) [Eqg. 75]
Adisk out

Once the absolute outlet velocities are known, the relative outlet velocities can be
calculated as

VreloutT = VabsoutT _Uout [Eq. 76]
Bout = @arctan[vre—l"””J [Eq. 77]
mn OutA
Vrel.. = VoutA [Eq. 78]
out T
008(1.80 Bout}

The outlet static pressure and temperature are calculated as (equation 1.7 and 1.8
in Ref. 196)
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PSout = Plou v [Eq. 79]

(1+ —V; 1|\/|absout2jy'l

TSout = _It"”‘ [Eq. 80]
1+ YT Mabs,
and the outlet density as
PSOUt
=t Eqg. 81
Pout Tse,R [Eq. 81]
The relative outlet total temperature and pressure are calculated as
Ttrel,, =Ts +Vre—IOUt2 [Eq. 82]
out out ch
A
-1
Ptrel,, = Psout(Tt "o jV [Eq. 83]
out
and the relative outlet Mach number as
Cout = % [Eq. 84]
Mabs,,
Mrel,, = Vreloy, [Eq. 85]

out
Step 4: Calculate the stage losses

The loss calculation requires the blade metal angles, which are calculated as
follows

Bmetal in = B in [Eq 86]39

Bmetal out IS Obtained solving the following equation with the calculated values of B out
and Mrely, (deviation model proposed in Ref. 194 including the adequate blade
geometric definition).

% Blade geometrical design assumption 2, page 93
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Bout = Bmetal out for Mreloy=1
Bout = 1.154 Bretal out -11.5 + 0.615 Chord for 0 < Mrelo,< 0.5
Linear variation between both for 0.5 < Mrely:< 1
[Eqg. 87]

Mrelyy: at the design point is lower than 0.5 for all the stages of the studied CRTs
and the solution of this equation does not require iterations.

The total stage pressure loss Yt (defined in Eq. 61) is calculated following the
procedure indicated in Ref. 192 and Ref. 193. This procedure, customised for the
sign convention defined in Figure 56 and the used blade geometric design, is
detailed in Appendix D.

Step 5: calculate nisswge from the inlet conditions and the losses

In order to evaluate the efficiency of a stage, the ideal and real outlet conditions are
required. First of all, the ideal Pt rely js Of the stage is calculated from the real outlet
conditions (obtained in Eq. 83) and the definition of the total loss coefficient (Eq.
61c).

Ptrel,, s = Yt(Ptrel,, —Ps,,)+Ptrel., [Eq. 88]

Finally, using the relationships between total and static magnitudes, Tsqu is and
Ttout is can be calculated as

y1

Ps Y
TSyyis = Ttrel,, | ——ut Eq. 89
outis OUt(Pt relout . J [ q ]
y-1
Pt y
Ttoutis = Tsout is(PSOUt J
out [Eq. 90]

After calculating Tty is, the isentropic efficiency of a stage with a total pressure loss
coefficient Yt can be obtained as
N — Ttin 'Ttout

is stage Tt Tt -

in — !toutis [Eq. 91]
Step 6: Check the error in  njs siage @nd iterate accordingly

The calculated nis stage IS US€d as N*is swge IN Step 2 for the next iteration. This
iteration scheme proved to be numerically robust for the studied CRTs.
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2.2.3.3.2.3 Stage-OD calculation brick

Stage-OD used in CRT-OD to calculate the exit conditions of a turbine stage, from
the inlet conditions, exit geometry and blade geometrical definition.

Input
* gas properties: y, R, Cp
* inlet gas path geometry: ryin, fipin, fmeanin @Nd Adgisk in
» outlet gas path geometry: r out, rip outs M'mean out &Nd Agisk out
« blading geometrical characteristics: detailed in section D1 in Appendix D
« blade metal angles: Bmetal in aNd Bmetal out
« rotational speed of the stage: n
* inlet flow conditions: m, Ts;,, Ttabs;,, Psi, Ptabs;, Mabs;, Ptrel,, and
Mrel;,
* inlet velocities: Vabsi, Vabsint, Vina, Qin, Vreln, Vreli.r and Bin

Output
« outlet flow conditions: TsSey, Tt abSout, PSout, Pt abSout, Pout, MabSeu, Pt reloyt
and Mrelgy
« outlet velocities: Vabsgut, Voua, VabSoutr, Qout, VI€lout, Vrelour and Bout
» stage isentropic efficiency: nis siage

NOTA: Some of the input can be obtained from other input variables (E.g. I'mean in
from ry in and rg, in). These variables are calculated in the main codes (CRT-DPv,
CRT-DPe and CRT-OD), and used as inputs to the calculation bricks to avoid the
repetition of calculations and minimise the calculation time. The same comment
applies to the output variables.

The outline of this calculation is the following:
Step 1 - calculate the ideal stage exit conditions
Step 2 - guess Mrely,: (guessed value noted as M*relyy)
Step 3 - calculate the stage losses
Step 4 - calculate the Mrel,,: from the losses and ideal exit conditions

Step 5 - repeat steps 3 and 4 until (M*relgy - Mreloy)/ Mrelyy: < tolerance. The
calculated Mrely,: is used as M*rely, for the next iteration.

Step 6 - calculate the exit velocity triangles and exit flow properties

Step 1: calculate the ideal stage exit conditions

First, the outlet isentropic conditions in a rotor are calculated using the conservation
of rothalpy (expressed in the relative frame) and the equations of an isentropic
expansion of an ideal gas (Eq. 93).
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Uy’ —U;,°

Ttrel,, =Ttrel,, + °“tch [Eq. 92]
2
Ttrel y-1

Ptrel,, i =Pt reli”(Teloi:t] [Eq. 93]

Then Mrely, is is calculated in an iterative process. M*rely is iS guessed, then the
exit relative angle Bout is is calculated from Eq. 87 using the guessed M*rely is, and
Mrelyyt is is obtained solving Eq. 94 and Eq. 95 with a Newton-Raphson solver.

Tt
Aeff reIout is = Adisk out COS(@ Boutisj [Eq' 94]

. 2(y-1)
m,/ Tt rel -
- = Mreloutis‘\l VR(:H' Y L [Eq- 95]

T _“Mrelyys”
Aeff rel Pt relgys 2 outis j

the obtained Mrelyis is used as guess for subsequent iteration steps until
(M*relyy is- Mreloytis)/ Mrelyy is is smaller than a fixed tolerance value.

Finally, the static isentropic outlet conditions are calculated using the relationships
between static, total conditions and M.

Ttrel,,

Tsout is — V—l [Eq. 96]
1+ =Mrel ;.
2
Ptrel
I:>Sout is ~ outls v [EQ- 97]
(1+ ygereloutissz_l

The real expansion taking place in the rotor would reach the same static pressure
as the ideal expansion. Consequently

I:)Sout = I:)Soutis [Eq. 98]
Step 2: guess Mrel o (guessed value noted as M*relqy)

The real outlet conditions are a function of the ideal outlet conditions and the stage
losses. At the same time, the losses are a function of the outlet conditions. For this
reason, the solution of the real expansion requires an iterative process. M*relo is
used as a guess. Subsequently the stage losses are calculated as well as the real
exit conditions. The obtained Mrely: is compared against the guessed M*relgy.
Mrelout is IS used as initial value for M*relgy
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Step 3: calculate the stage losses

First the exit relative angle (o is calculated from Eq. 87 using the guessed M*relq.
Then the stage losses are evaluated following the procedure described in Appendix
D (using M*relqyy).

Step 4: calculate Mrel o, from the losses and ideal exit conditions

Pt rel o is obtained from the ideal outlet conditions and the loss coefficient (using
the definition of Eq. 61)

Ptrel ... +Ps .Yt
Pt relout = OUtllj_ Yt out

[Eq. 99]

Mrelyy is subsequently calculated solving Eq. 101 (capacity equation). The relative
effective area is first calculated using Bou (Obtained in step 3).

Tt
Aeff relout = Adisk out COS(@ Boutj [Eq- 100]

~(v+1)

. 2(y-1)
m,/ Tt rel _
ut Mreloutq/yR(1+yTerelout2j [Eq. 101]

Aeff rel,, Ptrel,

Step 5 - check the error in Mrel ; and iterate accordingly

The obtained Mrel, is used as guess for subsequent iteration steps until
(M*relgy - Mrelow) / Mrelgy is smaller than a fixed tolerance value. This iteration
scheme proved to be numerically robust for the studied CRTs.

Step 6 - calculate the exit velocity triangles and exit flow properties

Once the relative outlet conditions are defined, the static and absolute magnitudes
are determined, as well as the velocity triangles. First the static temperature, air
density and speed of sound are evaluated as

Ttrely,,

Tsou = 1 [Eq. 102]

1+—y2 Mrel,,,

PSOUt

= Eq. 103
Pout Ts,,R [Eq ]
Cout = VRTSout [Eq. 104]
Then, the relative exit velocity triangle is calculated as
Mrel

Vrel,, = ——2¢ [Eq. 105]

out
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Tt
VoutA = Vrelout COS(@ Boutj [Eq- 106]

(T
Vrely o = Vrel sm(lB—OBoutj [Eq. 107]

Then, the absolute exit velocity triangle is calculated as

VabsoutT = VreIoutT +Uout [Eq- 108]
Vabs

Aoyt = @arctan(—o‘”j [Eqg. 109]

n OUutA

Tt

Vabs,,; = Voua cos(ﬁaoutj [Eq. 110]

Vabs
Mabs, =—¢ [Eq. 111]

out

The total outlet temperature and pressure are subsequently calculated as

Ttout = TSout %‘Q’;‘“Z [Eq. 112]
Ptoy =Ps out[ Tou jy_l [Eq. 113]
out
Finally, ATt and ns siage are calculated
ATt =Tt , —Tt;, = ?:_r;t [Eq. 114]
1 Mo
Nis stage :% [Eq. 115]

1_(Ptout Jv
Pt,.
2.2.3.3.2.4 CRT-DPv code

A brief description of CRT-DPv as well as the complete list of input and output
variables can be found in section 2.2.3.3.1.1. This code uses Stage-DP calculation
brick described in section 2.2.3.3.2.2.
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Outline of the calculation:
Step 1 - calculate the inlet conditions to the first stage
Step 2 - use Stage-DP to calculate the outlet conditions and blade metal angles

Step 3 - store the absolute outlet conditions of the stage as inlet absolute
conditions of the following stage, and calculate the inlet conditions
relative to the following stage

Step 4 - repeat steps 2 and 3 for all the turbine stages

Step 5 - calculate the overall turbine isentropic efficiency (nis crt) and pressure
ratio (PRCRT)

Steps 1, 3 and 5 are described in Appendix E.

2.2.3.3.2.5 CRT-OD code

A brief description of CRT-OD as well as the complete list of input and output
variables can be found in section 2.2.3.3.1.1. This code uses Stage-OD calculation
brick described in section2.2.3.3.2.3.

Outline of the calculation:
Step 1 - calculate the inlet conditions to the first stage
Step 2 - use Stage-OD to calculate the outlet conditions

Step 3 - store the absolute outlet conditions of the stage as inlet absolute
conditions of the following stage, and calculate the inlet conditions
relative to the following stage

Step 4 - repeat steps 2 and 3 for all the turbine stages

Step 5 - calculate Nis CRT: PRCRT; PWCRT. PWdrum 1, PWdrum 2, TRCRT and the power
ratio of the CRT (PwRcgt defined in Eq. 120)

Steps 1 and 3 of CRT-OD are identical to steps 1 and 3 of CRT-DPv described in
Appendix D. Step 5 of CRT-OD comprises the following calculations in addition to
those of step 5 of CRT-DPv.

IDWdruml = me ZATti [Eq. 116]
i=odd stages

PWgumz =MCp Y ATY, [Eq. 117]
i=even stages

I:)WCRT = me(Ttout NbStages _Ttinl) [Eq- 118]
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~—PWgrum1 Quruma = —PWgrum2
o rum T
Moy N2 oA
30 30

Qarum1 = [Eq. 119]

note that n; is positive and n, is negative and Qgum 1 and Qgum 2 have opposite
signs.

TRepr = ~Quarum1 and PWR ey =

[Eq. 120]
erum 2 P drum2

2.2.3.3.2.6 Verification of the 1-D mean line model ling methodology.

The developed 1-D mean line DP and OD methodologies were verified against a
known 20 stage CRT design (CRT-k). Only limited information about CRT-k can

be presented in this thesis due to non disclosure a greements. Consequently,
the values on the axes are sometimes omitted.

CRT-DPv was executed using the input corresponding to the DP of CRT-k (gas
path geometry presented in Figure 55). The conservation of mass flow rate and
rothalpy was verified for each stage. The calculated Bmeta ot @and Mrelgy: Were
verified with respect to those of CRT-k (Figure 58). The obtained values and trends
are close to those of CRT-k.
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Figure 58: Calculated Bmetaiowr @nd Mrel o for CRT-k

Figure 59 shows the DP velocity triangles of the first and last four stages. The inlet
velocities are plotted in blue while the outlet velocities are plotted in red. The full
lines represent the absolute velocities and the dotted lines represent the relative
velocities.
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Stage 2

Stage 1
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Stage 4

Stage 3
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Tangential velocity

Stage 18

Stage 17

AI20jo A [RIXY

Tangential velocity

Tangential velocity

Stage 20

Stage 19

AI20jA [eIxy
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Tangential velocity

(first and last 4 stages)

Figure 59: Estimated DP velocity triangles of CRT-k
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The value of one division in the y axis is the same for all the plots. The value of one
division in the x axis is the same for all the plots (but not the same as the y
division). The difference between U, and Uy can only be seen in the first stage
due to the used scale.

Despite the fact that the torque delivered to both parts of the turbine is equal, it can
be seen that the outlet swirl is lower than the inlet swirl®®. This is due to the
increased axial velocity in the last stages. Reduced outlet swirls are desired in this
type of turbine to reduce losses in the nozzle (note that there is no outlet guide
vane). The calculated exit swirl is close to that of CRT-k as is the calculated
efficiency (88.8%).

OD calculations were performed using CRT-OD, the input data corresponding to
CRT-k and the calculated blade metal angles. The difference between the
performance obtained with CRT-DPv and CRT-OD using the DP inlet conditions
and rotational speeds as inputs is of the order magnitude of the numerical
tolerances set in both codes. This shows that the methods used in both codes are
consistent. The performance predictions at reference cruise and take-off points are
close to those of CRT-k.

2.2.3.3.2.7 CRT-DPe code

A brief description of CRT-DPe as well as the complete list of input and output
variables can be found in section 2.2.3.3.1.1. This code uses Stage-DP calculation
brick described in section 2.2.3.3.2.2 and includes preliminary design criteria to split
the power between the stages and size the gas path.

Outline of the calculation:
Step 1 - calculate the inlet conditions to the first stage
Step 2 — calculate the power extracted in each stage

Step 3 — guess the stage Imean out @and calculate ry, o following the gas path design
criteria.

Step 4 — use Stage-DP to calculate the outlet conditions and blade metal angles
Step 5 — repeat steps 3 and 4 until getting a target Mrelgy

Step 6 - store the absolute outlet conditions of the stage as inlet absolute
conditions of the following stage, and calculate the inlet conditions
relative to the following stage

Step 7 - repeat steps 3 and 6 for all the turbine stages

Step 8 - calculate nis crT, PRcrT

** Note that the maximum y value of the last plot is 50% higher than the maximum value of the
other plots
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Steps 1, 6 and 8 of CRT-DPe are identical to steps 1, 3 and 5 of CRT-DPv
described in Appendix E. Steps 2, 3 and 5 contain the CRT preliminary design
criteria and are described below.

Before describing the used preliminary design criteria, three design considerations
are presented:

Consideration 1: number of stages

The mechanical design of a CRT with two drums (Figure 60) requires an even
number of stages. In that case, the first and the last stages are used to transmit the
power to the propellers and as structural support of each drum. An odd number of
stages requires highly complex structures in order to ensure the mechanical
integrity of the CRT and transmit the power to the CRP*!. For this reason only even
number of stages are considered in this PhD research project.

Figure 60: CRT cross sectional drawing [Ref. 34]

Consideration 2: gas path geometry

1 - Both parts of the CRT share the same gas path with both the internal and
external drums following a smooth, continuous curve. The changes in cross
sectional area are relatively small from one stage to another (except for the first
and last ones). At the same time, variations in Ts are relatively small across the
turbine (~2.5% change in each stage). As a consequence, the changes in axial
velocity are relatively small from one stage to the following one. This can be seen in

“LIn order to understand the mechanical complexity of having an odd number of stages, the
reader is challenged to find a mechanical arrangement allowing the installation of a further
turbine stage at the front or at the back of the CRT of Figure 60. Note that the connections of
the extra stages are not possible thought the top of the CRT since the propellers are directly
linked to the first and last stages.

108



the velocity triangles of Figure 59. The mean line of the CRT also follows a smooth
curve.

2 - The inlet hub and tip radius of the first stage are set by the mid frame which is
located between the IPT and CRT. The outlet hub and tip radius of the last stage
are set by the exit nozzle.

3 — It can be observed that ry, and r, are rapidly increased in the first stages. This is
done in order to increase Ui, and Uy and reduce the loading of the stages. Once
the maximum ryp is achieved, it is gradually reduced so that the outlet constraints
can be satisfied. ryj, is constrained by the hub diameter of the propellers and the
equipment required on the blade roots.

4 - Three preliminary design criteria are used in CRT-DPe to define the gas path:

« The axial chords of the first and last stages are known (AxialChord; and
AxialChordypsiages). The axial chord of the rest of the stages is the same for
every stage and for every CRT design (AxialChordin).

* TIypis defined as follows:

o for stages 1 to 10, ry in €quals the ry in of CRT-k (Figure 55).
According to the model assumptions, ip outi = Fipin i+1-

o for the last Stage (NbStageS), rtip in NbStages = rtip out NbStages

o for all the stages from 11 to NbStages-1, ry, in iS defined by the
straight line between rip in 10 aNd rip in Nbstages.

Figure 61 shows the definition of the outer drum, according to the
aforementioned design criteria, for two CRTs with 18 and 24 stages
respectively. The dotted vertical lines delimit two consecutive stages.

* 1, for every stage is calculated so as to obtain Mrely, = 0.4 (except for the last
one because the outlet geometry is defined by the nozzle requirements). This
is done to obtain low compressibility losses and similar outlet blade angles
across the turbine (this point is explained in the paragraph below).
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tip

tip

Axial distance

Figure 61: Tip radius definition of two CRT designs with 18 and 24 stages

Consideration 3: velocity triangles

1 — TRcrt has a large impact on the design feasibility of a highly loaded CRT with
large number of stages. The impact of TRcrr on the velocity triangles of a highly
loaded CRT is shown in the following two examples:

Example 1: TRcrr =1

Figure 62 shows the velocity triangles of the first six stages of a CRT defined by the
following parameters at DP:

* |GV angle = 35°

» constant and equal axial velocity for all stages: Va = 100 m/s

e constant and equal mean radius for all stages: rmean = 45 m

e ng =900 rpm and n; = 1000 rpm

 NbStages = 16

* TRerr=1

» first stage enthalpy change: Aht ; = -7.15 kJ/kg

» last stage enthalpy change: Aht 15 = -7.15*(10/9) kJ/kg

« enthalpy change for even stages: Aht ¢yen =10 kJ/kg

» enthalpy change for odd stages: Aht 44q =9 kJ/kg

Note that this is a relatively highly loaded design which requires a flow turning
angle close to 100°. It can be seen from Figure 62 that the even stages have the
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same absolute and relative angles (except for stage 16 which is not shown). The
same repetition is observed for the odd stages apart for the first one. This is
because TRcrtr = 1 and Va and rnean are conserved across the turbine. In the case
of a real turbine with TRcgrr = 1, the variations in V, and ryean produce relatively
small variations in the flow angles, but the similarity of the angles amongst even
and odd stages is maintained (see Figure 58 and Figure 59)

200

100

Axial Velocity

200

100

Axial Velocity

o

Axial Velocity

|
! »
| |
* : RS :
-100 0 100 200 250 -100 0 100 200
Tangential velocity Tangential velocity

Figure 62: Mid radius velocity triangles ofa CRTw  ith TRcrr =1
Example 2: TRcrr = 0.9

Figure 63 shows the velocity triangles of the first six stages of a CRT defined by the
same DP parameters as the CRT of Example 1, except from n,. In this case, n, =
900 rpm, and in consequence TRcrt = 0.9. It can be seen that the angles vary from
stage to stage. This is due to the fact that TRcrr # 1 and Va and rpean are
conserved across the turbine.

The distance between the two higher vertices of the velocity triangles is
proportional to the torque of the stage (Aht/U). The outlet velocity of a stage is the
inlet velocity of the following stage. This means that two consecutive velocity
triangles share one of the two higher vertices. As a consequence, if the torque of
two consecutive stages is the same, the triangles have their two vertices in the
same place. If TRcrr # 1 the vertex of the exit velocity triangle changes from stage
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to stage and the inclination of the velocity triangles increases from stage to stage. If
TRcrT < 1 the triangles are inclined to the left, while if TRcrr > 1 the triangles are
inclined to the right.

In a real CRT, rmean and Va change from stage to stage, but the inclination of the
velocity triangles is required in order to achieve TRcrr # 1. Bout 6 IN €xample 2
(TRcrt = 0.9) is approximately 15° higher than Boy s in example 1 (TRcrt = 1). It is
also important to highlight that the velocity triangles vary along the blade span to
maintain the radial equilibrium in the flow. As a consequence, the outlet angles at
the tip are higher than at the hub. This makes stage 6, the last feasible stage of this
CRT. Stage 8 would result in an exit angle at the tip close to 85° which is non
feasible (Ref. 199).

Stage 1 Stage 2
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Axial Velocity
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| |

| |
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0 | R : b :
-100 0 100 200 -100 0 100 200
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Figure 63: Mid radius velocity triangles of a CRTw  ith TR =0.9

It is concluded that for highly loaded CRTs with large number of stages, the
feasibility of the blading design may be jeopardised, as the difference between
Qdrum 1 @and Qgnum 2 IS increased. For this reason, only CRTs with TRcgrr = 1 were
considered for the assessments.

2 — The shape of the velocity triangles has an impact on the blade feasibility (see
above) and the stage losses. The stage reaction is used in conventional turbines to
establish the shape of velocity triangles. This factor can not be defined for a CRT
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since there is no stator. A form factor (FF) can be defined to establish the shape of
the velocity triangles of two consecutive stages:

FF = 0 => inlet relative velocity to stage 1 is axial
FF =1 => outlet relative velocity stage 2 is axial

Figure 64 shows three pairs of velocity triangles corresponding to two consecutive
stages of a CRT with TRcrr = 1 and FF = 0, 0.5 and 1 respectively (the blade
speeds at inlet and outlet were considered equal for simplicity of the drawings).
Point C is defined as the point where Uq 1 and U, » coincide. A and B are the
upper vertices of the velocity triangles

Vabs,,; = Vabs, ,»

§_—_-—_-_-_—_

Figure 64: Form factor definition for CRT consecuti ve stages

For two consecutive stages with TRcgrt = 1, Uin 1 = Uout 1 = Uin 2 = Ugut 2 @and constant
Va, FF = 0.5 minimises the losses and the maximum blade metal angles in both
stages. In this particular case, the velocity triangles of stage 1 are symmetric to
those of stage 2 (the inlet and outlet velocity triangles of a stage are not
symmetric). In the case, of different rotational speeds (consequently different blade
tangential velocities), the losses in both stages and the maximum blade metal
angles are minimised with point C centred with respect to A and B.

In real CRTs, U and V4 vary from stage to stage, and so does FF. The variations in
FF across the CRT are relatively small since the variations of V5, and U are
relatively small and TRcgrr = 1 (refer to Consideration 3 1 in page 110). Although
the FF is not maintained constant across the CRT, FFs close to 0.5 (or with C
centred with respect to A and B for n; # ny) are desirable in order to ensure the
feasibility of the blade design and minimise stage losses.
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After having introduced some design considerations, Steps 2, 3 and 5 of CRP-DPe
are described.

Step 2: calculate the power extracted in each stage
Four preliminary design criteria are used in Step 2:

1 — Pwsage 1 is defined so that C for stage 2 is centred with respect to A and B.
Since TRcrr = 1, this criteria implies that C is approximately centred for all the
following stages (refer to Consideration 3 1 and 3 2 in pages 110 - 114).

2 — Constant ATt is considered for even and odd stages from 2 to 10 (ATteyen may
not be equal to ATt,qq). The stage pressure ratio increases from stage to stage, and
so does V, (for constant Mrelyy). At the same time, rmean increases and therefore
the increase in turning angles is relatively small.

3 — Constant ATt/Tt;, is considered for even and odd stages from 11 to NbStages-1
(ATt/Tti, even may not be equal to ATt/Tt, oqq). At stage 10, ryean Starts reducing, Tt
has been considerably reduced in the first 10 stages (~200 K), and constant ATt
would result in increasing turnings and cross sectional areas (for constant relative
exit Mach numbers). For this reason a constant ATt/Tt, (which also corresponds to
constant pressure ratio) is more appropriate.

4 - PWstage Nbstages 1S defined as to satisfy the required power extraction in drum 2.

The power extracted in each stage (PWstage i) iS calculated from:
* inlet absolute tangential velocity: Vabsiy1 1
* inlet mass flow rate: m
* number of stages of the CRT: NbStages
« total temperature at the inlet of the CRT: Ttj,1
e both drums rotational speeds: n; and n;
« required overall CRT power extraction: Pwcgr (negative magnitude)
« mean radius at the inlet of the CRT: I'meanin1
e assumed values of: rout1 and rmean 2 (those of CRT-k are used)

Outline of the calculation:

Step 2.1 — calculate the required temperature drop in each of the two drums of
the CRT (ATtreq drum 1 and ATtreq drum 2)

Step 2.2 — calculate the blade tangential velocities for the first two stages
Step 2.3 — guess ATt;

Step 2.4 — calculate the power extracted in each stage using the guess value of
ATt; and the established preliminary design criteria

Step 2.5 — calculate the temperature drop in each of the two drums of the CRT
(ATtdrum 1 and ATtdrum 2)

Step 2.6 — repeat steps 3 to 5 until
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(ATtdrum 1- ATtreq drum ]_) / ATtreq drum 1 < tolerance

Steps 2.1 to 2.6 are described in detail in Appendix F. A discussion about the
geometrical assumptions done in Step 2.2 is provided below.

Discussion about assumptions of Step 2.2

rin 1 IS known before designing the CRT, but roy 1 and rmean 2 are not. A rigorous
calculation to obtain the point C centred for the second stage would first require to
solve the power distribution, then solve the two first turbine stages, and finally verify
the radius assumptions. These nested iterations are computational costly and doing
them does not grant that the C points of all the velocity triangles are centred. To
avoid this complexity, values of roy 1 and rmean 2 0f CRT-k are assumed for this
calculation.

In order to obtain the point C centred for every velocity triangle, further more costly
iteration schemes and more sophisticated design rules to split the power across
stages and shape the gas path are required.

Example of application of the power distribution fu nction

Figure 65 shows an example of the power distribution obtained for a CRT defined
by

° PWCRT =-8.4 MW

* Vabs;;t1=60m/s

e m=20Kkg/s
 NbStages = 24
e Tiny =1200 K

N; = 800 rpm and N, = -900 rpm

S~ 18 77777 [ - - - - - - - TT- - - - T - - - -r - - - I - L. e e B
| | | | | | | | | |
< 0 ] e Eenstages|
> ol e % e e e . 1 | = oddsStages |
< | | | | | L4 | | | T T —
— | | | | | | [ ] | | | | | |
| | | | | | I ° I | | o
s LI T U T T S N A, SO S S
[a) 14F---- Co T [ R . [
o 1 1 1 1 1 1 " e 1 1 o
2 | | | | | | | | | L] | | | |
T .
S 1 1 1 1 1 1 1 1 1 1 1 o
I | | | | | | | | | | | o
(0] | | | | | | | | | | | o
= 10----- -——-- e B T e |——— -4 - - —f--—-—t-———F—-
) L | | | | | | | | | | |
> I I I I I I I I I I I ®
S | | | | | | | | | | | o
2 8 1 1 1 1 1 1 1 1 1 1 1 L
2 4 6 8 10 12 14 16 18 20 22 24

Stage Number (-)
Figure 65: Power distribution for CRT (n 1 #n5)

It can be seen that the Pwcrt, TRcrr and preliminary design criteria are satisfied.
The velocity triangles can not be drawn before solving completely the CRT.
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Step 3: guess the stage r mean ot @nd calculate r , o« following the gas path
design criteria

The gas path design criteria detailed in pages 108 — 110 are used to determine
tip out fOr €very stage. rmean out IS guessed, and ry oyt is calculated as

Fhouti = meanouti — ( I'tip outi = 'mean out i) [Eq 121]

This allows the calculation of Agsk out» @and subsequently all the required input to
Stage-DP calculation brick are known.

_ 2 2
Agiskouti = r[(rtipini ~Thini ) [Eq. 122]
Step 5: repeat steps 3 and 4 until getting a target ~ Mrel oyt

Mrelyy: = 0.4 was selected as design criteria for all the stages (except for the last
one for which the Mrely is calculated from the input outlet geometry). The value of
I'mean out Which results in Mrely: = 0.4 is obtained with a Newton-Raphson solver (not
with a direct iteration as in the calculation bricks). The feasible range of I'nean out Was
constrained to [0, rijp, - 0.05]. The maximum limit was set to ry, - 0.05 to avoid small
areas which result in M > 1 (the 1-D mean line model was developed for subsonic
speeds).

2.2.3.3.2.8 Baseline CRT evaluation

CRT-DPe and CRT-OD were used to predict the DP and OD operation of the CRT
of the baseline DDOR engine design used for the assessment studies. The
following DP requirements for the CRT were obtained from the engine
requirements (described in section 3.1.2), the baseline design choices (detailed in
section 3.3.1) and preliminary performance calculations at DP:

* Inlet flow: m=13.7 kg/s, Ptj,1 = 226.5 kPa and Ttj,; = 1068 K

« |GV angle: o, =35°

e required power extraction: Pwcgrr = -5.8 MW

* TRerr=1

e rotational speeds: N; = -N, = 860 rpm

« number of stages: NbStages = 20

e gas properties: y = 1.338 and R = 287 J/(kg K) based on the mean CRT

temperature

Figure 66 shows the obtained power distribution across the 20 stages. Unlike the
example of Figure 65, ATt for stages 2 - 10 is equal because PWRcgT = 1.
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Figure 66: DP power distribution with stages (basel ine CRT)
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Figure 67: DP velocity triangles of stages 10-13 (b aseline CRT)

Figure 67 shows the velocity triangles of stages 10 — 13. It can be seen that
although the axial velocity increases and tangential velocity decreases from stage
to stage, the C point is approximately centred with respect to A and B for all the
velocity triangles.

The calculated DP n;s crr Was 0.881. This value was judged to be representative of
a year 2020 CRT design®.

42 Although the loss correlations correspond to year 1990 technology levels, the obtained n;s crr
was judged to be representative of a year 2020 CRT design. It is important to note that the loss
model used does not consider mechanical and windage losses (no correlations to estimate
these two types of losses for CRTs were found in the public domain). This may be the reason
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Figure 68 - Figure 70 present the OD performance of the baseline CRT at speed
ratios 1, 0.8 and 1.2 respectively. The speed ratio (nRcrr) is defined as
-ng _—N;

nR == =— Eg. 123
CRT n, N, [Eq ]

The corrected rotational speed relative to the design corrected rotational speed is
defined as

n. N
N corpdes = ——2n— = —<R [Eq. 124]

i CORDes Ni COR Des

where n; cor is calculated using Eqg. 7. The corrected mass flow rate is obtained
using Eq. 6, and PRcgr is obtained using Eq. E 35 (Appendix E). The selection of
the variables presented in the performance maps of a CRT is provided in
2.2.3.3.3.2.

The dotted rectangle in the efficiency chart of Figure 68 highlights the approximate
region for which the correlation of secondary losses is used outside the limits for
which it was validated. This region corresponds to very low idle settings which are
only used during some segments of the descent. The incidence angles are within
the limits of the correlations for the rest of the map.

why the overall turbine efficiency is over predicted with respect to the level of technology of
1990.
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Figure 69: Baseline CRT performance maps at nR
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It can be seen that mcor at the DP PRcrr varies by approximately 20% for
N1icor Rdes D€tween 0.7 and 1.3. Such large variations in mcor are characteristic of
turbines with unchoked nozzle guide vanes (the only guide vane in a CRT is the
IGV which is unchoked). Even when the turbine is choked, m cor varies with n; and
n, because choke occurs in a rotating stage and this phenomenon is largely
affected by n; and n.. It is interesting to note, that although at DP Mrely, = 0.4 for
all the stages, an increase in mcor of approximately 2% results in Mrelyy, = 1
(choke condition) in stage 19 and PRcrt = 14.5. Figure 71 shows the total pressure
loss coefficients (Yt) for every stage at the choke condition for Nicor rdes = 1. It can
be seen that the losses increase exponentially across the turbine and this is due to
the increase in incidence angle from stage to stage. The exponential increase of Yt
across the turbine and the relationship between Mrely,: and Prelyy: (EQ. 95) explain
that a only a 2% increase in mcor results in Mrely, = 1 at the back of the CRT.
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Figure 71: Stage Yt at choke condition as % of DP Y t

Figure 68 - Figure 70 show that some operating points have PRcrr < 1. At these
operating conditions, the CRT behaves as a compressor rather than as a turbine. In
fact, for severe OD conditions, the last stages of the CRT may act as compressing
stages. The white dot in the mass flow chart of Figure 68 indicates the first point of
the nicor raes = 1 line for which Stage 20 acts as a compressor stage. Figure 72
shows the velocity triangle at this operating point (values of velocities omitted). It
can be seen that Vabsg 7 is larger than Vabs;, + and therefore the flow absorbs
energy and is compressed. All the operating points of the Nicor rees = 1 line which
have lower PRcrr than the white dot, represent OD conditions for which at least
one stage acts a compressor.
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Figure 72: Velocity triangles of Stage 20 operating as a compressor stage

It can be seen from the maps, that variations in TRcgrr are smaller than 5% for
PRcrt > 3. For PRcrt < 2.5 the variations in TRcrt increase and this is due to the
propagation of losses across the turbine and the torque unbalance produced by the
compressing stages.
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Figure 73: Baseline CRT performance map (in format  of UDF CRT map, nR crr = 1)
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Figure 73 shows a performance map of the baseline CRT (TRcgr not included) in
the format of the available CRT map from the UDF (Figure 53)*. It can be seen
that the efficiency contours of both figures have similar shapes.

2.2.3.3.3 0-D model

Different CRT designs can be studied with CRT-DPe and CRT-OD. The variation of
the performance with respect to the number of stages, rotational speeds, required
power and inlet conditions can be quantified both at DP and OD conditions. The
impact of the main preliminary design criteria on the overall performance of the
CRT could also be assessed by including minor modifications to CRE-DPe. For
example, the power distribution and velocity criteria could be modified so that the
relative exit speed of the last stage of the CRT is axial. The resultant CRT would
have lower efficiency, but the exit flow would rotate at the same speed as the exit
nozzle and afterbody, and therefore reduce the losses of these components. Trade-
off studies of the impact of CRT design choices at engine and mission levels are
possible if the 1-D codes are integrated within the engine performance code. This
integration was performed, but the calculations proved to be numerically unstable
and approximately 3 hours were required for an engine DP calculation®.

In order to comply with the time requirements of the simulation platform, a 0-D
methodology to calculate DP and OD performance of CRTs was derived from the
1-D analysis. The 0-D methodology does not have the same level of fidelity as the
1-D methodology. This limitation is acknowledged and it is recommended that
further work is performed to integrate the 1-D codes within the engine performance
code and use them for the DDOR assessments®. The following paragraphs
describe the developed 0-D methodology for both DP and OD performance
calculations.

2.2.3.3.3.1 0-D DP performance modelling methodolog vy

A 0-D methodology to estimate the DP nis crr Of a given CRT design was
developed. It requires the following input:

e gas properties: y and R

43 N1 cor Rrdes 1S USed instead of N /1/T'[in . The difference between these two magnitudes is a
multiplication by a constant. Analogously, PRcgrr is used instead of Ah/T;,.
** 3 hours were required for a DP calculation because all the engine design parameters are

solved simultaneously, and approximately 130 CRT designs were performed. A parametric
study where two parameters are varied in 10 steps would require 2 weeks of calculations.

%> Extensive work on numerical methods is required in order to achieve a stable engine
calculation including the 1-D codes.
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« flow conditions at the inlet of the turbine: m, Pti, 1, Ttin1
e rotational speeds of both drums: n; and n,

« number of stages: NbStages

» required overall CRT power extraction: Pwcrt

Outline of the calculation:

Step 1 - define two representative stages. One, representative of drum 1 and
the other one representative of drum 2.

Step 2 - obtain the n;s for the two representative stages

Step 3 - calculate n;s of a turbine comprising NbStages/2 repetitions of the two
representative stages.

The following paragraphs describe steps 1 to 3.
Step - 1: define two representative stages.

Two representative stages (rd1 and rd2) of each drum are defined. Ahtg, and Ahtgy
are calculated as

Aht
Aht,y, = CRT [Eq. 125]
(1+PwR)NbStages,/2
where
Ahtegr = PWFRT [Eqg. 127]
PWR =~ Waum1 _ =M [Eq. 128]

PWgum2 Ny
Note that only designs with TRcrr = 1 are considered.
The velocity triangles of a representative stage are defined as follows
« the point C is centred with respect to A and B
* Vinraia = Voutrdra = Vinraz A = Voutraza = Va

I'mean in rdl = mean out rd1 = Imean in rd2 = Imean out rd2 = Imean rd and Consequently
Urdl = rmean rd 2Tlnl and Urd2 = rmean rd 2T|n2 [Eq- 129]

Figure 74 shows the velocity triangles of two representative stages (with n; # ny)

according to the previous definition. The red and blue triangles correspond to rd1
and the dotted grey triangles to rd2.
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Urdl Urd2

Figure 74: Velocity triangles for a CRT representat  ive stage

The used values of V and rnean rg are the average of axial velocities and mean radii
of all the stages of the baseline CRT.

The stage loading coefficient ({ = Ah/U2 ) and flow coefficient (® = v, /U) can be
calculated for the two representative stages as

Wrar = _Ahrzdl and Wra = _Ahrgz [Eq. 130]*
U U
rdl rd2
Pq :V—A and Py = V—A [Eg. 131]
Urdl Urd2

Step — 2: obtain the n;s for each the two representative stages

Ref. 171 proposes a methodology to calculate the ns siage Of @ CRT stage from its
stage loading and flow coefficient. Figure 75 shows the results of these calculations
in the form of a Smith chart. The majority of the stages of the baseline CRT are
located inside the dotted rectangle in Figure 75. It can be seen that in this region a
reduction in g would result in an increase in stage efficiency. The maximum
increase in stage efficiency for any of the stages of the baseline CRT is of the order
of 1%, even if the loading is halved. Larger variations in efficiency are expected
knowing that the baseline CRT is a highly loaded design. Moreover, this result is
not in agreement with the 1-D simulations which suggest larger changes in
efficiency. As a consequence, the methodology proposed in Ref. 171 was judged
not adequate and a novel method was required.

“6 Note that Aht = Ah since Vabs;, = Vabs,,
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Figure 75: CRT stage Smith chart from Ref. 171

The following paragraphs describe a methodology to calculate njs siage from y and
@, for a CRT stage with the velocity triangles defined in Step 1.

The isentropic efficiency of a rotating turbine stage can be defined as*’

hin _hout hin _hOUt
- _ [Eq. 132]
is stage hin _hout is (hin _hout)+(h0ut _hout is)

The enthalpy loss coefficient is defined as [Ref. 176]
h h

g = —out ~out is [Eq. 133]
htrel,, —hou
Using the definition of total enthalpy, { can be expressed as
{= Nout ~Nout is - Nout ~Nout is - Nout = Nout is [Eq. 134]
_ 1 '
ht relOUt hOUt (hout + 1 VreloutzJ - |”'out 2 VreIOUtZ

" Total-to-total efficiency is equal to static-to-static efficiency since Vabsin = Vabsout.

127



and therefore

1

h Rout is :EVreloutZZ [Eq. 135]

out

Combining Eq. 132 and Eqg. 135 the stage efficiency can be written in terms of
enthalpy change, enthalpy loss coefficient and relative outlet velocity

~Ah 1
Nis stage = 1 = I > [Eq 136]
—Ah+ - Vrel, 27 14 Vrelou™¢
2 - 2Ah

Vrelo,: and Ah can be written in terms of the stage loading and flow coefficients.

2
2 _ Va _y 2 1 _y 2 2
Vielou” = (COS (Bout )J ‘A cos’ (Bout ) ' (1+ an (BOUt )) i=a. 1371

The stage loading coefficient (W) and flow coefficient (®) are defined as

- Ah

g = 52 [Eq. 138]*
Vv

d=-A Eq. 139
U [Eqg. 139]

and a relationship between Ah and V, can be obtained using the previously defined
coefficients.

2 2
P _Va

W -Ah

[Eq. 140]

Combining Eq. 136, Eqg. 137 and Eq. 140, n, can be written as a function of ¥, ®
and Bout.

1 a .
nisstage:{l"'w:l :|:1+VA2(1+tan2(B°Ut))Z:| :|:l+ cD2(:|‘-|-tanz([?’out))Z

—2Ah —2Ah 2y

[Eq. 141]

Finally a simple correlation to obtain{ from the flow parameters is required. Ref.

200 proposes the following correlation to predict both profile and secondary losses
from the blade turning angle and blade chord to height ratio:

“8 Note that Aht = Ah since Vabs;, = Vabs,,
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2 .
{=0.025 1’{@} 1432 /ialChord [Eq. 142]
90 blade,,

The baseline CRT has an average chord to height ratio of 0.3. The constant (0.025)

of the correlation was adjusted in order to obtain the levels of efficiency predicted
by the 1-D code. The used loss correlation is

2
1:0.018(1{%) J(1+ 3.2(0.3)). [Eq. 143]

Finally, Bi, and (o, are obtained from w and @ (the deduction of Eq. 144 and Eq.
145 is presented in Appendix G).

L)
Bin = @arctan 2 [Eq. 144]
Tt
lIJ +
T +1
180
Bout = 7arctan ZT [Eq. 145]*

Nis a1 @nd Nis g2 are calculated using Eq. 141, Eq. 143 - 145 and Eqg. 130 -131.

Figure 76 shows njs swmge @s a function of y and @ according to the previously
described calculation method. The dotted rectangle highlights the region where the
stages of the baseline CRT are located. It can be seen that a reduction in Pwcgrr or
in rotational speeds would result in an increase in Nis stage-

9 Bin and By obtained from Eq. 144 and 145 are both positive for the studied CRTs. This does
not respect the sign convention defined for 1-D calculations, but it is not required for 0-D
calculations.
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Figure 76: Smith chart for CRT stage

Step — 3: calculate n;js of a turbine formed by NbStages/2 repetitions of t  he
two representative stages.

The temperature drop in the two representative stages is calculated as

ATt = Agtrdl and ATt g, = Agtfdz [Eq. 146]>°
p p

The CRT is assumed to be formed by NbStages/2 repetitions of the two
representative stages. The outlet conditions of each stage are calculated from Tt ;,
ATtg; and nis g (rd i correspond to rd1 for odd and rd2 for even stages) using the
following equations.

Ttoui = Tty + ATt [Eq. 147]

outi

* Note that Ah and AT are negative since power is extracted from the flow.
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Y

1- Tt out; v
U T

I:V[outi = tini Nierai
isrdi
Ttini+1 = Ttouti
1:iniﬂ = Ptouti

Finally, nis crt is calculated as

Tt out NbStages
Ttin 1

1

NiscrT = )

1- F)tout NbStages T
Pt

inl

[Eq. 148]

[Eq. 149]

[Eq. 150]

[Eq. 151]

Verification of the 0-D DP calculation against 1-D  calculations

The 0-D DP nis crr calculation methodology was extensively verified against the
results of CRT-DPe. The change in nis crr With respect to the changes in design
parameters of the baseline CRT design (defined in section 2.2.3.3.2.8) were
studied with the 0-D and 1-D methods. Two examples are presented below.

Figure 77 shows the variation of nis crr With respect to the rotational speed
(keeping ni = -ny) predicted with both methods. Figure 78 shows the variation of
Nis crT With respect to the number of stages.

0-D prediction

® 1-D prediction
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Figure 77: Impact of rotational speed on DP
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It can be seen that for these two examples, the 0-D method produces the same
trends as the 1-D method, and that absolute errors are smaller than 0.2%. In both
cases the 0-D model over predicted nis crr. This is due to the simplified loss
estimations and gas path assumptions. In the case of the change in the number of
stages, the average rmean predicted by the 1-D code was smaller than the rmean
assumed for the 0-D calculations.

The same level of agreement between the 1-D and 0-D DP predictions were
obtained for changes in Pwcgr, Tt 1 and m.

Feasibility criteria

The CRT design is judged feasible if both representative stages have turning
angles < 120° (turning angle = Bi, + Bou calculated using Eq. 144 and Eq. 145).
This is due to geometric limitations in the design of the turbine channels with
turnings above 120° [Ref. 168].

2.2.3.3.3.2 0-D OD performance modelling methodolog vy

Considering constant gas properties (y and R), and ignoring Reynolds effects, the

OD performance of a given CRT design (with no variable geometry and no cooling
flows) which operates unchoked is defined by three parameters:

— rh\/Ttin 1

o Mero =
COR
IDtin 1
n =M
¢ 1COR —
\/Ttin 1
_—n
* NRcgr .
2
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This is because:

« at agiven Mcor, Mabs, ; is fixed because Aeffi, ; is fixed (see Eq. E1 in
Appendix E)

e atagiven n; cor, the Mach number of Uy, 1 is fixed since rmeanin 1 is fixed, and
\ Tt 1 reflects the speed of sound at the inlet.

« with Mach numbers fixed for both the inlet air and mean blade speed, the
incidence to the blades in stage 1 and Mrel;, ; is fixed. Consequently, the
total pressure loss coefficient (Yt) (not considering Reynolds effects) and the
power output is fixed (by similar velocity triangles).

« with fixed power output, and fixed Mach number corresponding to Ugy 1,
Mreloyt 1 and Mabs,,: 1 are fixed

« with fixed Yt and static to relative total inlet pressure (function of Mreli, 1),
pressure losses are a fixed fraction of Pt rel i, 1. Consequently, given that the
power extraction is fixed, PR across the stage is fixed.

» with fixed PR in stage 1 and PWstage 1, Ttin 1/Ttour 1 @nd nis 1 are fixed.

« with fixed Tt 1/Ttoy 1 @and considering Tty 1 = Ttin 2, Ttin 2 can be written as K
n,

VTt K

Ttn1 and N, oo = . Consequently a fixed nRcgrr and n; cor result

in a fixed ns cor.
* Afixed nycorresults in a fixed Mach number for Ui, » as for Uin 1

« following the same argument as for stage 1, with fixed inlet flow and blade
Mach numbers in stage 2, PR in stage 2, PWstage 2, Ttin 2/Ttout 2 @and njs 2 are
fixed.

« this is repeated for all stages, and finally PRcrr, Nis crr and TR are fixed.

Gamma and Reynolds corrections are required to account for changes in the fluid
properties and viscous effects (which change with temperature and fuel to air ratio).
The corrections defined in sections 5.2.3 and 5.2.4 of Ref. 109 were used. These
corrections were already implemented in the conventional turbine component in
PROOSIS.

For different CRT designs, the baseline CRT maps are scaled making the real
cycle DP coincide with the DP of the CRT map. The use of a scaled map to
represent the performance of an unknown turbine design for preliminary design
calculations is discussed in Ref. 109 (section 5.10.9). The conventional turbine
scaling factors (F5.10.4 in Ref. 109) were used and an additional one was defined
for nRcrT as

NRcrT = NRCRT map - SFiR [Eq. 152]
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It was not necessary to define a scaling factor for TRcrr because only designs with
TRcrT = 1 were considered.

2.2.3.3.4 Implementation

The CRT model described in section 2.2.3.3.3 was implemented in a single
PROOSIS component as shown in Figure 79.

ZETA Map -t
Zounter

Ratating o

CRT

Figure 79: CRT component schematic view

The existing TurbineBasicMapZETA component of the TURBO V1.0 library was
used as a basis for the implementation of the CRT (described in Ref. 130 and Ref.
131). This component models a conventional un-cooled turbine and uses a ZETA
map°'. Figure 80 shows the inheritance tree for the conventional un-cooled turbine
component of the TURBO V1.0 library.

GaslnGasOut

L 4

absTurbine 1
absTurbineMap turbineBasic
]
absTurbineMapBasic

absTurbineMapZETA turbineBasicMapZETA

Figure 80: Conventional un-cooled turbine inheritan ce tree (TURBO V1.0 Library)

An analogous set of components with the same inheritance structure was created
for the CRT. The required modifications were introduced in the components

*! Ref. 130 and Ref. 131 describe the ZETA map format. ZETA is a parameter used to define
the position of a point in a constant speed line of a turbine map
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highlighted in blue in Figure 80. The second shaft was added in the GasTurbo
component creating a GasTurbo2 component. The definition of TRcrr (EQ. 120)
and nRcrr (Eq. 123) together with the torque balance, conservation of rotational
speed and continuity of inertia of the second shaft were included in GasTurbo2.
absTurbine2, turbineBasic2, absTurbineBasic2 and AbsturbineMap2 contain the
same equations as the conventional turbine components. The additional scaling
factor for nRcrt (EQ. 152) was included in absTurbineMapZETAZ2 together with the
variables defined in absTurbineMapZETA. TurbineBasicMapZETA2 has the
equations of TurbineBasicMapZETA (nRcrt added to the map reading functions) as
well as an additional equation to obtain TRcrr from the CRT maps.

The CRT maps shown in Figure 68 - Figure 70 were implemented in PROOSIS in
the form of four tables:

* Nis crT = T ( NRCRT map, N1 COR Rdes; ZETA)

* Mcog = f (NRCRT maps N1 cor Rdes, ZETA)

* TR =f ( NRcRT map, N1 cor Rdes; ZETA)
* -Ahtcrt/Tin1 = f ( NRcRT maps N1 cor Rdes; ZETA)

-Ahtcrt/Tin 1 is used instead of PRcrt to maximise the similarities with the existing
conventional turbine models in PROOSIS. These two parameters have the same
physical meaning and a univocal relationship between them can be established
[Ref. 109 section 5.10].

N; corrdes 1S Used instead of n, ooy for practical reasons

A non physical parameter, ZETA, was used to divide the corrected speed lines in
equal intervals. This was done for numerical stability purposes.

The CRT maps are not displayed because PROOSIS does not allow the
visualisation of a collection of maps for a single component. Even if this was
possible, it would only have been possible to plot the operating points with NnRcrt
values for which there is a map.

The DP efficiency calculation (technology curve) described in section 2.2.3.3.3.1
was implemented as a function which is used to scale the efficiency map during the
engine DP calculation.

2.2.3.4 DPGB

The GOR uses a DPGB to transmit the power from the LPT to the CRP as
described in section 1.1.2.2. This allows the use of a high speed (and consequently
highly efficient) conventional LPT while keeping low rotational speeds on the
propellers. However, there is a weight penalty and mechanical complexity
associated with this system.
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A complete description of the mechanical configuration of a DPGB is provided in
Ref. 202. Figure 81 shows the general arrangement of a DPGB. It has the following
three shafts:

¢ Sun shaft (connected to the Sun gear)
« Carrier shaft (connected to the centre of all the planet gears)
* Ring shaft (connected to the exterior ring)

RING GEAR

FLANET CARRIER

PLANET GEAR

Figure 81: DPGB mechanical arrangement [ Ref. 202]

A three free shaft DPGB differs from a conventional two shaft gearbox in the
following ways:

< A conventional two shaft gearbox has one input shaft and one output shaft.
A DPG however, may have one input shaft and two output shafts or two
input shafts and one output shaft.

« A conventional two shaft gearbox has a fixed input/output shaft rotational
speed ratio imposed by the relative diameters of the gears. Conversely, the
three shafts of a DPG have fixed torque ratios imposed by the relative
diameters of the gears. The rotational speeds of two of the shafts can be
independently imposed and the rotational speed of the third shaft is an
outcome of the energy balance of the DPGB.
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As a consequence, the operation of a DPGB is defined by the rotational speeds of
two of the shafts and the torque of one shaft®. In the case of the GOR engine, the
sun shaft is used as input and the ring and carrier shafts are used to drive the CRP.
The rotational speeds of the propellers (ring and carrier) are imposed by the control
of the engine, and the torque of the sun is imposed by the operation of the LPT.

The DPGB requires a dedicated oil system since it operates at a much lower
temperature than the oil of the gas turbine (~100°C difference) [Ref. 201]. It also
requires a dedicated oil-air cooling system, because the fuel (usually used to cool
the engine oil) can not absorb the amount of heat generated by the gas turbine and
the gearbox>® [Ref. 203]. This air-oil cooling system is installed in the nacelle of the
GOR. It requires an air intake (called scoop) and a blower (small compressor
powered by the HP shaft) to ensure a minimum air flow at low flight speeds. The
exit of the cooling air is radial (it can not reach the exhaust nozzle) and therefore
does not generate useful thrust. This system generates ram drag at all flight speeds
and consumes mechanical power at low flight speeds.

2.2.3.4.1 Model requirements

It was envisaged that the DPGB model would calculate

» the unknown rotational speed: either nsyn OF NRing OF Ncarrier
* the two unknown torques: either QRing QCarrier or QRing QSun or QCarrier QSun

from:
* two rotational speeds: either Nring Ncarrier OF NRing Nsun O Ncarrier Nsun
» one torque: either Qsun Or Qring O Qcarrier

» the gearbox torque ratio: TRppgg - Qcarier
- QRing

» the design rotational speed of the Sun shaft: ngyn pes
» the design torque of the Sun shaft: Qsun pes

It was also envisaged that the model would include the air cooling system and
calculate

« the ram drag produced by the cooling air flow: RAMscoop

« the kinetic energy of the air flow at the inlet and outlet of the cooling system:

KEScoop in KEScoop out
from:

« the flight conditions: Alt, Mo, deviation from ISA conditions (dISA)
« power consumed by the blower: PWgiower

°2 The rotational speed of any two shafts can be imposed and the torque of any of the three
shafts can be imposed.

>3 Note that fuel efficient engines have a lower fuel flow requirement and therefore a lower fuel
cooling capacity.
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A technology curve and feasibility criteria were also required for the DPGB
performance model.

2.2.3.4.2 DPGB performance model

Ref. 204 presents the force equilibrium equations of an ideal DPGB (equations 1.60
a-c in Ref. 204). Eq. 153 and Eqg. 154 are derived from the force equilibrium
equations. The mechanical efficiency is included to reflect the real operation of the
DPGB.

QRing = _QSun (l+ ZrR)ﬂ mech DPGB [Eq- 153]

QCarrier = 2Q Sun (1+ rR)n mech DPGB [Eq- 154]

with

R = rPlanet [Eq. 155]
rSun

It can be seen that the relative size of the gears impose a torque ratio rather than a
speed ratio as in conventional 2 shaft gearboxes. The torque ratio of the gearbox
can be calculated as

— QCarrier — 2qun (1+ rR)r]Mech DPGB _ 2+2rR

TRoecs = = QRing B Qqun {1+ 2/R)Nyecn ppes 1+ 2rR [Fa- 156]
The power balance on the DPGB is

Nmech bpeBPWsun + PW carrier ¥ PWging =0 [Eq. 157]
with

Pw; =Q;n;2n [Eq. 158]

Equations 153, 154,156 and 157 enable the calculation of the output variables from
the input. First rR is obtained from TRppecs uUsing Eq. 156, then the unknown
torques can be calculated from Eq. 153 and Eqg. 154, and finally the unknown
rotational speed is calculated from Eq. 157. Note that PROOSIS is capable of
arranging the equations to suit any valid combinations of known and unknown
variables.

The mechanical efficiency of a DPGB operating with the sun as input and the ring
and carrier as output (as in the GOR engine), is a function of Qs,n and ngy, [Ref.
203]. Figure 82 presents the efficiency map for a 12000 HP (-9MW) DPGB as a
function of the Qsyn rdes aNd Nsyn Raes (digitised from Figure 12 Ref. 203).

Q
QSun Rdes — Sun [Eq. 159]
QSun des
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— nSun — NSun

Nsun Rdes — - [Eq. 160]
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Figure 82: Nmechoree as function of Q sunrdes @NA N sun rdes [REF. 203]
This efficiency map was used for the assessment studies.
The heat rejected by the DPGB is calculated as
Heatppgg =Pwgy, (1_ Nmech DPGB) [Eq. 161]

2.2.3.4.3 DPGB cooling system model

The cooling system was modelled using an intake, a compressor with no map (to
simulate the blower), a duct (to simulate the heat exchanger) and a convergent
nozzle. The existing components in the PROOSIS TURBO V1.0 library were used
(described in Ref. 130 and Ref. 131). The efficiency of the compressor and the
pressure loss in the duct were kept constant for all the operating conditions. The
blower is activated below a specific flight speed and it consumes a constant fraction
of the HP shaft power. RAMscop and KEscoop in @re calculated by the inlet
component, and KEscoop out IS Calculated by the nozzle component. The mass flow
rate through the system is a function of the flight conditions and the power
consumed by the blower.
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This simplified approach was judged acceptable because the ram drag of the
cooling system was evaluated to be lower than 0.5% of the thrust of the engine at
any condition. A rigorous modelling would require:

e simulating the blower as a compressor with an associated map, and its
rotational speed linked to the rotational speed of the HP shaft.

« knowing the fraction of the total heat generated by the DPGB that is cooled
by the air (the rest is cooled by the fuel).

« modelling the heat exchanger using a pressure loss correlations such as the
ones described in Ref. 205.

« calculating the geometry of the heat exchanger for each evaluated engine
design.

2.2.3.4.4 Technology curves

The mechanical efficiency of the DPGB at TOC was considered 0.99 for all the
studied engine designs. According to Ref. 201 and Ref. 206, the efficiency of large
high speed DPGBs for geared aero engines is governed by the lubrication system
and meshing losses are negligible. Ref. 206 lists the key aspects of the design of
the lubrication system that influence the efficiency of this type of gearboxes. Ref.
201 suggests that using modern lubrication techniques the mechanical efficiency of
a DPGB is expected to be 0.99 at TOC. Note that the DPGB is designed at take-off,
where the transmitted torque is approximately double than that at TOC (which is
the DP for the aerodynamic design of turbomachinery components).

The following parameters of the cooling system of the DPGB were considered fixed
for all studied designs:

« efficiency of the blower

« fraction of HP power consumed by the blower

« flight speed range for which the blower operates
e pressure drop in the heat exchanger

* the nozzle area

2.2.3.4.5 Feasibility criteria

A DPGB design is considered feasible if its external diameter is smaller than the
hub diameter of the last stage of the LPT. This allows the installation of the DPGB
inside the LPT exhaust duct (see Figure 11).

The dimensions of the DPGB are calculated by WeiCo using the rotational speeds
and torques of each of the three shafts at take-off (see details in section 2.3). The
gears are designed with standard modules and teeth. Mechanical failure criteria
(pitting and tooth breakage) are used to ensure their integrity.
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The mechanical design of the DPGB and its maximum diameter fixes both the
maximum and minimum feasible values of TRppgs. This can be deduced from the
relationship between rR and TRppsg (EQ. 156 plotted in Figure 83).

e Minimum TRppgg limit: For a given rsy, (designed for a given Qsyn and Nsyp),
I'rianet iINCreases (and consequently the diameter of the DPGB increases) as
TRppcs decreases. The minimum TRppgg iS determined by the maximum
diameter set to the DPGB.

e Maximum TRppgg limit: For a minimum rpjanet (designed for a given Qcarrier
and Ncarrier), f'sun iNcreases (and consequently the diameter of the DPGB
increases) as TRppgp iNcreases. The maximum TRppgg is determined by the
maximum diameter set to the DPGB.

TR

orce = Qcarrier / _QRing

Figure 83: rR vs. TR ppeg for a DPGB (Eq. 156)

The cooling system has a fixed design which is judged feasible. Its installation in
the nacelle is also judged feasible for all the studied GOR engines. The intake is
located next to the intake of the core flow (as on the P&W Allison 578-DX see
Figure 22), and the heat exchanger is located between the IPC and the nacelle
where there is enough space.

2.2.3.4.6 Implementation

DPGB

Figure 84 shows the schematic view of the DPGB component in PROOSIS. The
component contains the equations presented in section 2.2.3.4.2. Eq. 157 was
substituted by Eq. 162 (which is obtained from Eq. 157, Eq. 153, Eqg. 154 and 158)
in order to improve the numerical stability of the simulations.

Nsun = nRing 1+ Zm ~Ncarrier 2+ Zm [Eq- 162]
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In addition to the aforementioned equations, the inertial equations required for
transient calculations as well as an efficiency map reading function were included.
The efficiency map is a table of the form Nmech = f (Qsun Rdess Nsun Rdes). The yellow
dot in Figure 84 indicates the heat rejection port.

Carrier
& Sun
Ring =

o
POGE
Figure 84: DPGB PROQOSIS component schematic view

DPGB cooling system

Figure 85 shows the air cooling system for the DPGB. The following components
from TURBO V1.0 library were used: InletAtm, Duct0OSasP and Nozzle (complete
descriptions available in Ref. 130 and Ref. 131). Two components were created for
this specific application:

» ShaftBlower: It contains all the equations of the Shaft component of TURBO
V1.0 library (Ref. 130 and Ref. 131) and an additional fractional power off-
take which is activated below a given flight speed.

» Blower: It contains the equations of the Compressor component of TURBO
V1.0 library (Ref. 130 and Ref. 131) apart from those related to the
mechanical and heat ports which were deleted to simplify the calculations.
The white port on the blower and ShaftBlower transmits the value of the
power (in kW) to be used by the blower.

—YY—a
HE-e
Pt—o

Blower

|
| KE
Ft |
| @
@
Mozzle

L
HP Zhaft

Figure 85: PROOSIS schematic view of the air coolin g system for the DPGB
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2.2.3.5 Performance monitors
2.2.3.5.1 Requirements

Two different performance monitors were required, one for the DDOR and another
one for the GOR. This is because the GOR has two separate air flows (core flow
and DPGB cooling flow) and the DDOR has only one air flow (core flow).

It was envisaged that the performance monitors would calculate:

- overall engine pressure ratio, overall compression ratio, overall expansion
ratio and overall compression and expansion efficiencies

e core net thrust: Fncere

e engine net thrust: Fn

« SFC

« thermal, propulsive and overall engine efficiencies: nn, Nerop, Nov

« flow properties at stages 2, 3, 4, 5 and 7°*.
« engine inlet mass flow rate: m;,

« fuel flow rate and fuel low heating value: my,,; and LHVie
e nozzle gross thrust and inlet momentum drag: Fgnozzie and RAMinjet
e CRP thrust: Fcrp

* inlet flow and exhaust nozzle kinetic energy: KEinet and KEnozze
* increase in flow kinetic energy due to the CRP: KEjncrease crp

In the case of the GOR, the following inputs were also required:

» DPGB cooling system scoop momentum drag: RAMscqop
» kinetic energy at the inlet and outlet of the DPGB cooling system: KEscoop in
and KEScoop in

2.2.3.5.2 Performance monitor for the DDOR

The performance monitor for the DDOR includes all the equations from the
absMONITOR component of the TURBO V1.0 library (Ref. 130 and Ref. 131). This
component contains all the equations to calculate overall engine pressure ratio,
overall compression ratio, overall expansion ratio and overall compression and
expansion efficiencies.

The core and engine net thrusts are calculated as

Fn = anozzle + RAMinIet + I:nCRP [Eq- 163]

engine

I:ncore = anozzle + RAMinIet [EQ- 164]

> Stage 2 = first compressor inlet. Stage 3 = last compressor outlet. Stage 4 = first turbine inlet.
Stage 5 = last turbine outlet. Stage 7 = exhaust nozzle inlet.
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SFC is calculated as

SFC =106 _Muel for  Fn#0

nengine
SFC=0 for Fn=0 [Eqg. 165]

A specific definition for Fnengine = O is required to avoid a division by zero which
would result in an error. The 10° factor is required to obtain SFC in g/(kN s)

The thermal and propulsive efficiencies are calculated as

r]Th — KEnozzle _KEinIet +KEincreaseCRP [Eq. 166]
mfuel I-HVfueI
Fn,,gine Vi
Ner op ~ srome 2 [Eq. 167]
KEnozzle _KEinIet + KEincreaseCRP
with
-RAM,
V, = " inlet [Eq. 168]

minlet

Finally the overall engine efficiency is calculated as

Nov =Nt r]Prop [Eq. 169]

Figure 86 shows the PROOSIS schematic view of the DDOR monitor component.

FgPropeller
Wuel @ ]

KE_prap

Ft7
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Figure 86: DDOR performance monitor PROOSIS schemat ic
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2.2.3.5.3 Performance monitor for the GOR

The performance monitor for the GOR contains the same equations as the monitor
of the DDOR, except from Eq. 163, Eq. 166 and Eqg. 167 which are replaced by Eq.
170, Eqg. 171 and Eq. 172 respectively.

I:nengine = anozzle + RAMinIet + I:CRP + RAMScoop [Eq' 170]
Ny = KE ozzie ~KEiniet + KEincreasecrp _KEScoop in +KEScoop out [Eq. 171]
Th = - :
rnfuel I-HVfueI
FNrgine Vi
Ner op = engne 0 [Eq. 172]
KE ozzie ~KEiniet + KEincreasecrp _KEScoop in +KEScoop out

These equations take into account the effect of the air flow of the DPGB cooling
system on the overall engine performance.

Figure 87 shows the PROOSIS schematic view of the GOR monitor component.

FoFropeller

KE_Prop
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Fdrag KE_GBox Scoop (In/Out)
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YWy I GBox Scoop Drag
KE_in Ft?
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FgCore

| l KE out
St e Stie gy 15

Figure 87: GOR performance monitor PROOSIS schemati ¢

2.2.4 GOR engine model

A PROOSIS GOR engine model was created using the developed CRPe, DPGB,
Blower, ShaftBlower and GOR performance monitor components as well as the
existing conventional components listed in Table 2 (section 2.2.3.1). Figure 88
shows the GOR engine schematic. The GOR performance monitor is omitted from
Figure 88 for visualisation purposes.
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It can be seen that there is no inlet component for the engine core. The inlet and
compressor components were modelled as a single component which included the
equations of both components. This was done to eliminate the need for guessing a
mass flow rate and improve the numerical stability of the model. Although
PROOSIS is capable of rearranging the equations of the model, it was observed
PROOSIS required 8 guess to match the engine core when an Inlet component
was used. Appendix H shows a matching procedure for the core of a CROR (valid
for a GOR and DDOR using fuel flow or TET and the rotational speeds of the
propellers as handles) showing the 7 required guesses and checks. The additional
guess required by PROOSIS was the mass flow rate of a component of the core.
This introduced strong numerical instabilities, since the mass flow rate of the core
was also determined by the rotational speed of the IPC and the BETA>® parameter
of the IPC, which PROOSIS also required as guesses. Appendix | presents good
practices to improve the stability of performance calculations in PROOSIS
comprising the elimination of unnecessary guesses.

The rectangular component located next to the atmosphere and general
components contains the Smith chart used to estimate the efficiency of the LPT
stages at DP.

The heat ports of the DPGB and the duct of the air cooling system (ScoopDuct)
were not connected. This is because the fraction of heat generated in the DPGB
which is cooled by the fuel system is not known. A rigorous approach to model the
impact of heat exchanges on engine performance would require modelling the
engine and DPGB oil systems together with the air cooling and fuel cooling system
(including a precise model of the fuel tanks in order to calculate the temperature of
the fuel).

One of the unconnected bleeds of the IPC is used to cool the propeller environment
and is also used as variable bleed to ensure a minimum surge margin at low power
settings. The bled mass flow is discharged directly to the atmosphere, and for this
reason the bleed port is unconnected.

As it was explained in section 2.2.3.4, the rotational speeds of two shafts of the
DPGB have to be fixed in order to obtain the rotational speed of the third shaft. For
this reason two rotational speeds have to be independently controlled in the GOR
engine. The selected control variables are both propellers rotational speeds and
these are adjusted by changing the pitch angles of the propellers (and therefore
their power consumption). Consequently, the GOR engine has three main control
parameters: TET and n; and n,. This is not the case in turbofan engines with fixed
pitch fans where only the TET is controlled (apart from variable bleeds and IGVs).
This additional 2 degrees of freedom can be used to implement fuel burn and noise

* BETA is a parameter used to define the position of a point in a constant speed line of a
compressor map.
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reduction control strategies. This was investigated during this PhD research project
and is reported in Chapter 3.

All the shaft components were set to “Steady State Calculation” because only
steady state performance calculations are required by the OR-TERA2020 platform.

A mathematical model was created using the following set of input.

Input:
« heat loss of compressors, turbines and ducts
« rotational speeds of the propellers: n; and n;
+ fuel flow and fuel conditions: My, Ptiuel, Ttuel

« flight conditions: Alt, Mg and dISA

The solution of this model requires three main iteration blocks with the following set
of guesses

Engine core
« BETA parameters of the compressors: BETApc and BETAupc
« corrected rotational speeds of the compressors relative to their design

values: Ncor Rdes ipc @NA NcoR Rdes HPC
« ZETA parameters of the turbines: ZETApt, ZETAupt and ZETApr

CRP
« induced velocity of the rear propeller on the forward propeller: Vindzia

DPGB cooling system
+ corrected mass flow rate of the DPGB cooling system: Mcog seoop

2.2.5 DDOR engine model

A PROOSIS DDOR engine model was created using the developed CRPe, CRT-
0D and DDOR performance monitor components as well as the existing
conventional components listed in Table 2 (section 2.2.3.1). Figure 89 shows the
DDOR engine schematic. The DDOR performance monitor was omitted from
Figure 89 for visualisation purposes.

The merged inlet and compressor component was also used in the DDOR to
improve the stability of the model (refer to page 147).

The consideration presented in section 2.2.4 regarding the heat management
system of the GOR also applies to the DDOR.

A variable bleed on the IPC is required to ensure its stable operation at low power
settings, as for the GOR engine. It is modelled in the same manner as for the GOR
(refer to page 147).
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Although the two parts of the CRT are aerodynamically coupled, both can rotate at
different speeds. The rotational speeds of the CRT drums are equal to the
rotational speeds of the CRP. n; and n, can be adjusted by changing the pitch
angle of the propellers and therefore their power consumption. For this reason the
DDOR engine has three main control variables: TET, n; and n,. This is not the case
in turbofan engines with fixed pitch fans where only the TET is controlled (apart
from variable bleeds and IGVs). This additional 2 degrees of freedom can be used
to implement fuel burn and noise reduction control strategies. This was investigated
during this PhD research project and is reported in Chapter 3.

A mathematical model was created using the same inputs as for the GOR engine
model. The solution of this model requires two main iteration blocks, one for the
engine core and another one for the CRP. These two iteration blocks use the same
guesses as in the GOR engine model*.

2.2.6 OR-TERA2020 performance decks

Two engine performance decks, one for the GOR model and another for the DDOR
model, were produced for the OR-TERA2020 platform. They are stand alone
executables generated by PROOSIS and they can run in any PC with a Windows
32 bit operating system. The two decks perform the same series of calculations but
for the different engine models (GOR and DDOR). They read three input files
(which define the engine design and mission points to be simulated) and write four
output files (3 input files for other OR-TERA2020 modules and a log file). The
definition of the input and output files can be found in Ref. 207 and an overview is
provided in section 2.7.

The performance decks do the following calculations:
1 - Engine sizing at DP

The DP performance for the CROR engines is TOC. It is defined as Alt = 35kft
(10668m), dISA = 10 and My = 0.73 according to the definition of the aircraft used
for the assessments [Ref. 208]. A TET of 1725 K is used at this point (see section
3.2.1.1). At TOC, the aircraft requires 5 400 Ibf (24.03 kN) thrust per engine and
250hp (~186.4 kW) of mechanical power off-take per engine [Ref. 208]. During this
first calculation the core is sized to meet the thrust requirement while the
component maps are scaled to suit the engine definition and match the DP
efficiencies calculated by the technology curves. This is an iterative process and all
the variables are solved simultaneously since they are all very closely linked. The
standard procedure to calculate a DP in PROOSIS® was found numerically
unstable. It did not converge if the initial values of the guesses of the engine model,

%% ZETAcrr is used in the DDOR model instead of ZETA pr.

" The standard procedure to calculate a DP in PROOISIS is produced by the wizzards
available in the software and examples can be seen in the ENGINE V1.0 library.
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scaling factors and areas were not close enough to the final solution (~5%
difference was the maximum limit). For some other DP variables (design rotational
speeds and design powers) the behaviour was random, for some engine designs,
the calculation converged if the initial values were close enough to the solution and
for other engine designs it only converged if the initial values were far enough from
the final values. This problem was solved in previous TERA projects by creating a
function to initialise all the variables to be solved at DP. The creation of this function
requires a large effort which involves solving all the engines to be assessed,
starting with the baseline and making small changes in the design parameters so
that the calculation is initialised close to the solution. This process can not be done
automatically, and manual changes have to be done to the initial values because
some of the variables (design rotational speeds and design powers) cause
instabilities if they are initialised too close to the solution. A different approach was
taken in this PhD research project, which consists in defining a novel DP
calculation method and not using the conventional method available in PROOSIS.
This method is described in detail in Appendix | together with further good practices
to improve the stability of performance calculations in PROOSIS. The developed
DP calculation method converged for all the assessed CROR engines in less than
2s, using a unique set of initialisation values. The proposed DP calculation method
and good practices are also part of the contribution of this PhD project because
they enable the creation of flexible and robust performance simulation models with
PROOSIS, which was not possible before.

The performance feasibility criteria of the components are checked once the DP
calculation has been completed. If the design is judged non feasible, the deck stops
the calculations and writes on the log file that the design is non feasible. If the
engine is judged feasible, the calculations are continued.

2 — Calculation of take-off TET

Take-off TET is calculated imposing the engine thrust and power off-take
requirements at the take-off point: 22 000Ibf (~97.8kN) of thrust, Alt = 1150ft
(=350.5m), My = 0.20, dISA = 28K and HP-shaft power off-take 250hp (~186.4kW)
[Ref. 208]. The CROR engines are flat rated for temperatures below ISA+15.
Consequently, all the take-off and climb performance calculations for ambient
temperatures below ISA+15 are first carried out at ISA+15 (“corner point” condition)
using the appropriate value of TET and then repeated at the appropriate ambient
temperature maintaining the thrust levels obtained at the corner point.

3 — Calculation of engine performance at the noise certification points

The engine performance is calculated at the following three points:

e Sideline: My = 0.2, dISA = 10, Alt = Om, take-off power setting
e Cutback: My = 0.2, dISA=10, Alt = 500m, climb power setting
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«  Approach: Mo = 0.2, dISA=10, Alt = 120m, Fnengine = 31 kN*®

The engine performance at these three points is used by the noise prediction
module to estimate the engine certification noise. The definition of Alt and M, for
these three points was provided by the developers of the noise module. At the
approach point, the variable bleed of the IPC is controlled to ensure a minimum IPC
surge margin of 10%.

4 - Calculation of engine performance at the ICAO e missions certification
points

100%, 85%, 30% and 7% take-off thrust settings are simulated at Alt = 0, Mg= 0.1
and dISA = 0. The 100% take off-thrust is obtained using the previously calculated
take-off TET and considering that the engine is flat rated for dISA < 15. Although
emissions regulations do not yet exist for CROR engines, these calculations were
not performed at static conditions as the ICAO regulations require for turbofan
engines. This is because the installed static thrust of a CROR is highly dependent
on installation effects, and therefore the uninstalled static thrust of a CROR may not
reflect directly the installed levels of emissions.

5 - Calculation of engine performance at the climb points of the mission

The engine performance is calculated for the climb points defined in the mission
input file. The specific mission profile used for the CROR assessments is presented
in section 3.1.3. The first 1000 ft of the climb are calculated at take-off power
setting (using take-off TET and flat rated for dISA < 15) and all the points above
1000 ft are calculated at climb power setting (using TOC TET and flat rated for
dISA < 15)

6 - Calculation of engine performance at the cruise points of the mission

The engine performance is calculated at the cruise My for a range of desired cruise
thrusts and altitudes. The aircraft performance module selects the most efficient
altitude to cruise (see details in sections 2.4.1 and 3.1.4.1), and the required thrust
to maintain the flight level at every cruise point. The simulation of a range of
altitudes and thrust levels avoids the iterations between the engine performance
and aircraft performance modules (which would be numerically costly).

7 - Calculation of engine performance at the descen t points of the mission

The engine performance is calculated for the descent points of the mission defined
in the mission input file. For these points, the fuel flow is controlled to obtain a fixed

°% 31 kN per engine is the estimated thrust required to keep a constant approach speed at
maximum landing weight and Mg = 0.2, dISA = 10, Alt = 120m.
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rotational speed of the HP shaft™, instead of a TET or thrust level. The IPC bleed is
also controlled during descent points to ensure a 10% surge margin.

8 - Calculation of engine performance at the points required for the
mechanical preliminary design

The preliminary mechanical design of the engine components is done taking into
consideration the operation of the engine at TOC, take-off and mid cruise:

* TOC: as defined for the DP calculation

* take-off: Take-off TET, Alt =0, My = 0.25 and dISA = 15

* mid cruise: Alt = 35 kft (10668 m), My = 0.75 and Fnengine = 4000Ibf (~17.8
kN)

The engine performance at these three points is simulated.
Engine control for performance calculations

The engine control strategy used at every mission point and power setting is an
input to the performance decks. The used control for the GOR and the DDOR are
presented and discussed in sections 3.2.2 and 3.3.2 respectively.

2.3 Engine preliminary mechanical design and weight

The engine mechanical preliminary design and weight module used in the OR-
TERA2020 platform was developed by Chalmers University and the University of
Stuttgart. It follows the approach proposed by Ref. 209. It consists in estimating the
engine components dimensions from performance operating data and appropriate
design criteria and the weight from the dimensions and materials properties. The
turbomachinery and mechanical components are sized in consistency with the
choices done in the performance module (technology curves and gas path
definitions for the LPT and CRT). The performance operation of the engine at TOC,
take-off and mid cruise are used as input for the mechanical preliminary design of
the engine. The definition of the input and output files of WeiCo can be found in
Ref. 207 and an overview is provided in section 2.7.

The design strategies of the various engine components suggested in Ref. 209
have been extensively updated during the VITAL and NEWAC projects based on
the state of the art design criteria and engine data. Containments, discs, CRTSs, hot
and cold structures models (not reported in Ref. 209) were included in order to
increase the accuracy of the predictions.

In order to predict the weight of GORs and DDORs, three main tasks were
performed:

* A minimum rotational speed is required to ensure the required levels of transient

performance, to ensure the correct operation of the seccondary air system and to maintain the
auxiliary equipment (driven by the HP shaft) in operation.
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« development of a preliminary design methodology for DPGBs
« implementation of a propeller weight estimation method
« set up the engine architectures in WeiCo

Development of a preliminary design methodology for DPGBs

This model was developed by the University of Stuttgart. A description of this model
is available in Ref. 211(confidential document), and a summary is provided below.

This module estimates the dimensions and weight of a DPGB, the shafts that link it
with the LPT and propellers as well as the cooling system for the DPGB. It requires
the following input:

« rotational speeds of the propellers and LPT at take-off

e sun power at take-off

« maximum gearbox diameter (hub diameter of the last stage of the LPT)
« diameter of the sun shaft (calculated by WeiCo as LP shaft)

« Distance between LPT and forward and rear propellers

The gearbox is designed at take-off (Alt = 0, dISA = 15 and My = 0.25) because
torques are maximum at this operating condition. The mechanical preliminary
design of the DPGB is based on the calculation of the mechanical strength of the
gears. The geometry of the gears is determined iteratively by guessing the module
(only standard modules are used) and number of teeth in the sun gear, and
verifying the margin with respect to pitting and tooth breakage criteria. The weights
of the remaining components of the DPGB (bearings, casing, oil system and
internal structures) are calculated in proportion to the weight of the gears. The
required coefficients of proportionality are obtained from data available in Ref. 212.
This preliminary design model also calculates the length of the DPGB. This is used
to calculate the length of the Sun, Carrier and Ring shafts which are used to
estimate their weights.

The design of the DPGB is considered feasible if its diameter is inferior to the hub
diameter of the last stage of the LPT.

Implementation of a propeller weight estimation met hod

Ref. 99 suggests a method for estimating the weight of advanced propellers. The
weight of a propeller is first calculated for a reference propeller with a reference
number of blades, reference tip speed and reference maximum absorbed power.
The weight of the reference propeller is a function of its diameter, and this function
is provided for puller propellers with 8 and 10 blades. Then the weight of the
reference propeller is corrected with respect to the real tip speed, and real
maximum absorbed power. The weight obtained with this method includes the
weight of the retentions, actuators, pitch control system and anti-icing system.

This method was updated to reflect the weight of puller propellers which have
relatively large hub diameters. The weight of each blade of the reference puller
propeller is calculated as suggested in Ref. 210.
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Mplade 1Ref = 4-552(D1 - Dhl)z'6 [Eq. 173]

Mpjade 2Ref = 4-552(D2 —Dn, )2'6 [Eq. 174]

Then the weight of each blade is corrected for tip speed and maximum power
loading as suggested in Ref. 99%°.

03 0.3
m,D L ke—off /Nb
m, = mbladelRebel( 15;) { Pl@ta;; [Nos [Eq. 175]
0.3 0.3
m,D L ke—off /Nb
m, = mbladeZRebeZ( 1;;) ( PZ@tag; [Noz [Eq. 176]

The propeller power loading (Lp) is calculated using the power of the propellers at
the mechanical design take-off point (Alt = 0, dISA = 15 and Mgy = 0.25)

Finally the mass of the CRP is calculated as
Mepp =My +M,
GOR and DDOR engine architecture in WeiCo

The following mechanical components were configured in WeiCo to model the
DDOR:

IPC HPT

Intermediate frame HPT transition duct
HPC IPT

Combustor Rear frame

HPT CRT

HPT transition duct CRP

IPT Hot nozzle
Intermediate frame HP and IP shafts
HPC Accessories
Combustor Nacelle

The GOR engine was configured with the same mechanical components except
from the CRT which was substituted by a conventional LPT. The DPGB and the LP
and propeller shafts were also included in the GOR engine.

% Note that the loading correction in Ref. 99 does not include the number of blades, but it can
be seen that the 8 blade propeller weight can be obtained from the 10 blade propeller weight
applying Eq. 175.
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2.4 Aircraft performance

The aircraft performance module used in the OR-TERA2020 simulation platform is
Hermes V5D, a customised version of Hermes V5 (user manual Ref. 224). It
calculates the aircraft performance in a discrete form using the aircraft definition
(mass and geometry or drag polars), engine performance tables and mission profile
as inputs. Its main outputs are the time, covered distance, fuel consumed and
engine operation for every mission segment. The definition of the input and output
files of Hermes V5D can be found in Ref. 207.

The following paragraphs provide a description of the used modelling methodology
and the outline of the calculations performed by Hermes V5D. The differences
between Hermes V5 and Hermes V5D are highlighted.

2.4.1 Modelling methodology

The aircraft performance modelling methodology used to calculate take-off, climb,
cruise, descent and approach phases is described in Ref. 225 (chapter 10). It is
based on the following main assumptions:

e pitching, rolling and yawing moments are null and therefore the aircraft can
be considered as a punctual mass.

- the climb angle and the angle between the thrust vector and the aircraft
fuselage are small. Consequently their cosines are approximated to 1 and
their sines are approximated to O.

« only changes in altitude and horizontal position are considered (2-D
trajectory).

« the mission is defined in a discrete manner and the motion equations are
integrated numerically. The accuracy of the performance calculations is a
function of the time steps used to define the mission.

These assumptions are acceptable and commonly used at preliminary design level
for civil aircraft which do not perform “violent” manoeuvres [Ref. 227]. Rigorous
aircraft performance calculations considering the 6 degrees of freedom of the
aircraft are described in Ref. 227.

The landing performance calculation method described in Ref. 225 is also used in
Hermes V5D. It is based on the estimation of the landing time and a constant
engine operation during this phase.

Ref. 225 proposes to calculate the fuel consumption during the taxiing phases
using an input taxing time and fuel flow. This simplification does not reflect the
variations in taxing fuel consumption with respect to the aircraft load. Hermes V5D
calculates the taxing phases as ground rolls at 3 m/s (using the same methodology
as the take-off ground roll). The engine fuel consumption is calculated from the
required thrust for the ground roll and the input engine performance table at taxing
rating.
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Figure 90 shows the generic form of a mission as it can be defined in Hermes V5D.
The mission profile and fuel planning calculations follow the requirements for
international flights as defined by FAR 121, JAR OPS 1. Note that the range is
equal to the distance covered during climb, cruise and descent.

Cruise

Descent

CHmb Descent

Hold

Approach

Approach & Landing

A
\
A
\

Range Diversion

Figure 90: Generic form of a mission in Hermes V5D [Ref. 224]

The following paragraphs describe some specific details of the implementation of
the performance modelling methodologies proposed in Ref. 225 for the different
mission phases.

General calculations

The atmospheric conditions are evaluated for every point of the mission using the
international standard atmosphere definition.

The aerodynamic characteristics of the aircraft (drag polars) can be calculated from
its geometric definition following the procedure described in Ref. 226 or can be
included in the input files (this is not possible in Hermes V5). A fixed aircraft design
is used for the assessments of the present PhD research project (refer to sections
3 and 3.1.1). Its drag polars (at different aircraft configurations) were included in the
code of Hermes V5D and can be selected using a flag in the input file.

Take-off, climb, descent and approach calculations

The take-off, climb and approach profiles are defined in Hermes V5D following the
FAR and JAR procedures.

The climb and descent profiles are defined in terms of altitude (Alt) in meters and
flight equivalent air speed (EAS) in knots. The engine thrust for every climb and
descent point is an input to the aircraft performance module (calculated by the
engine performance module). Consequently, the range covered in a climb or
descent segment, the spent time and the rate of climb or rate of descent are
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obtained integrating the motion equations along the segment. Note that the exact
trajectory of the aircraft can not be defined in Hermes V5D®. In order to avoid
iterations in the integration of the motion equations, the weight of the aircraft is
considered constant along any segment. The rate of climb or descent (dAlt/dt) and

the change in velocity with altitude (0V,/dh) are considered constant along a

segment. The rate of climb is calculated using the average velocity, lift and drag of
the segment. According to the model and the aforementioned assumptions, the rate
of climb or descent can be calculated as

|:(Fni + Fni+1)_ (Drag i +Drag i+1)i| (VOi +Vy i+1)
OAIt| _ 2 2Weight;
ot |i Voi + Vo ir1) (Vo irs = Voi)

29 (Alt;,, - Alt;)

( [Eq. 177]%
1+

where Weight is the weight of the aircraft and the sub indices i and i+1 correspond
to the climb or descent points.

The error introduced by the constant derivates and aircraft weight and average
velocity, drag and lift assumptions was calculated for the reference mission using
the baseline GOR (defined in sections 3.1.3 and 3.2.1 respectively). Errors in rate
of climb were < 0.03%, and errors in rate of descent were < 0.01%.

Hermes V5 calculates the rate of climb (or descent) considering three points and
averaging the rate of climb (or descent) of two consecutive segments. As a
consequence the performance of a climb or descent segment depends on the
performance of the following segment. This requires the definition of additional
segments at the end of the climb and the descent which do not correspond to the
flown mission.

Cruise calculations

The cruise segments are specified in terms of My, possible cruise altitudes and
duration. The number of cruise segments is calculated from the cruise time and the
duration of the cruise segments. The duration of the last cruise segment is
calculated in order to obtain the exact guessed cruise time®®. At every cruise point,

%1 The definition of the trajectory of the aircraft would require a table of engine performance at
different thrust levels for every climb and descent point. In this way, a rate of climb or descent
can be imposed, the required thrust is calculated, and the fuel consumption is obtained from the
engine performance tables.

%2 Eq. 177 is Eq. 10.16 of Ref. 224 considering constant derivates along a segment as well as
average velocity, lift and drag.

% In Hermes V5, apart from the first and last segments, all the cruise segments have the input
duration. The first and last segments have half of the input duration. As a consequence, the
total duration of the cruise is a discrete variable and this produces numerical instabilities in the
mission calculation because the total cruise duration is used as a guess.

158



the aircraft aerodynamic efficiency® is calculated at the current flight altitude and at
a higher allowed cruise altitude. The aircraft would climb to a higher altitude if it
provides a higher aerodynamic efficiency and a minimum climb rate of 300 ft/min
can be achieved®.

In order to avoid iterations in the integration of the motion equations of the aircraft,
the weight of the aircraft is assumed to be constant along any cruise segment. The
calculated variations in aircraft weight along cruise segments were smaller than
0.05% for all the simulations performed (1min cruise duration used). For an
average cruise segment, a 0.05% variation in aircraft weight results in a 0.045%
variation in required thrust and 0.019% variation in the segment fuel consumption.

Steady state level flight conditions are assumed for the cruise segments.
Consequently the lift of the aircraft is equal to its weight and the required thrust of
the engines is equal to the drag of the aircraft. The fuel consumption and operation
of the engines for a cruise segment are calculated by linear interpolation of the
cruise engine performance tables (input to the aircraft module) using the required
thrust.

2.4.2 Outline of the calculations

Hermes V5D can perform two different calculations:

a) obtain the maximum range (and the corresponding mission performance) for
a given payload and fuel load

b) obtain the fuel load (and the corresponding mission performance) for a
given payload and mission range

In the present PhD research project, a fixed mission range (calculation b) is used to
assess the variation in mission fuel burn produced by changes in engine
preliminary design parameters. Consequently, only the calculation b is presented in
this section. In this case, the aircraft performance along a mission is calculated
iteratively because the required fuel load, distance and time to TOC as well as the
descent distance and time are not known. The fuel load and cruise time are
guessed and the calculated mission range and required fuel load are used as
checks. The two guesses are solved simultaneously using a Newton-Raphson
solver. The calculation procedure is as follows:

1. Guess fuel load and cruise time using a Newton-Raphson solver

2. Verify if (aircraft weight + payload + fuel load) < MTOW

3. Perform taxi-out and take-off calculations (take-off field length, consumed fuel
and time)

® The aircraft aerodynamic efficiency is defined as lif/drag ratio. For a given aircraft

configuration, the maximum efficiency altitude is a function of the aircraft weight.

® The minimum climb rate criteria is not verified in Hermes V5.
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10.

11.
12.

13.

14.

Perform climb calculations for every climb segment:

a. Evaluate aircraft weight. Calculate lift and drag as well as read the engine
thrust from the engine input file for the two points defining the segment.

b. Calculate the average rate of climb (Eq. 177), distance and time needed to
cover the segment.

c. Calculate the fuel burnt during the segment.
Calculate the overall climb time, range and fuel burn.

Calculate the number of cruise segments from the guessed cruise time and
input cruise segment time. The duration of the last cruise segment is calculated
in order to obtain the exact guessed cruise time.

Perform cruise calculations for every cruise segment:
a. Evaluate aircraft weight, drag and lift

i. Evaluate drag/lift for a higher altitude and decide which altitude to fly (the
allowed cruise flight levels are input).

b. Calculate the required thrust to maintain cruise speed (from the force
balance).

c. Interpolate the engine cruise table to calculate the operating point of the
engine (SFC as well as Tt, Pt, mass flow rate and FAR at the engine
sections required by the emissions model)

d. Calculate the fuel burned and distance covered during the segment.
Calculate overall cruise time, range and fuel burn

Obtain the altitudes of every descent point as (final cruise altitude — landing
altitude) / number of descent segments. Note that the final cruise altitude is not
known a priori.

Perform descent calculations for every descent segment:

a. Evaluate aircraft weight. Calculate lift and drag as well as read the engine
thrust from the engine input file for the two points defining the segment.

b. Calculate the average rate of descent (Eq. 177), distance and time needed
to cover the segment.

c. Calculate the fuel burnt during the segment.
Calculate overall descent time, range and fuel burn.

Perform the landing and taxi-in calculations or diversion mission calculations
which are done as additional climb cruise and descent phases.

Obtain the mission totals and required fuel load from the mission fuel and
reserve requirements.

Calculate the errors to be used in the Newton-Raphson solver:
a. (calculated range - specified range)/ specified range
b. (calculated fuel load - guessed fuel load)/ calculated fuel load

Points 1-14 are repeated until the errors are smaller than a defined tolerance.
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2.5 Engine gaseous emissions

The emissions and environmental impact module used in the OR-TERA2020
framework is the same as in NEWAC TERA2020 [Ref. 213]. It is capable of
calculating emissions at ground level and altitude for burner designs with known
emissions index characteristics (defined below) based on the P3T3 or Boeing 2 *°
methods®’. The following paragraphs provide a summary of the modelling
methodology used in this PhD research project and the outline of the calculations
performed by the emissions module. The definition of the input and output files of
the emissions model can be found in Ref. 207.

2.5.1 Modelling methodology

The P3T3 method [Ref. 216] is used in the present PhD research project because it
predicts emissions more precisely than the Boeing 2 method for a known
combustor technology [Ref. 214 and Ref. 215]. The P3T3 is a method to predict the
emissions index (El) of different gaseous species at any engine operating
condition. Eq. 178 defines the EI for NOx (EINOx). The EI of the other gaseous
species are defined analogously.

EiNOx = N Xemites - (ko) [Eq. 178]
mfuelt (kg/ S)(S)

The mass of the various gaseous species are calculated from the emissions
indexes the fuel flow and the time that the engine operates at a given regime.
According to the P3T3 method, the Els of the different gaseous species at a given
engine operating condition are calculated as [Ref. 216]:

n m
EI=Elgs sa@T3 P3 FAR o (19(hums 15p-hum))
PBSLS ISA@T3 I:'A\RSLS ISA@T3

[Eq. 179]

% The Boeing 2 method is not described in this thesis because it is not used. This method is
described in detail in Appendicees C and D of Ref. Ref. 217

%7 The emissions model also has the capability of of estimating the El characteristics for lean
burners from engine performance data. This capability is not used in this PhD research project
since lean burners are not assessed.
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The required data is:

350

300

250

200

150
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combustor inlet Pt: P3
combustor inlet Tt: T3

o m
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m and n coefficients (characteristics of the combustor technology)®®
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Figure 91: Estimated P3T3 NOx and CO characteristic ~ curves for the CFM56-7B27/3

The

CFM56-7B27/3 burner characteristic curves were used for the CROR

assessments. This combustor and engine technology was chosen because it was
the latest engine certified by CFM at the beginning of the present PhD project (June

2006
base

[Ref. 218]). The characteristic curves were produced using the ICAO data
and the engine performance model for the baseline short range turbofan

engine model in NEWAC TERA2020 (developed by National Technical University
of Athens matching the performance of the CFM56-7B27/3 available in the public
domain). Figure 91 shows the three characteristic curves used to predict NOx

%8 Ref.

216 proposes values of m and n for various combustors technologies.
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emissions in the present assessment studies. The El curves of CO and unburned
hydrocarbons (UHC) were also included in the emissions module.

2.5.2 QOutline of the calculations

First the CO,, CO, NOx, H,O and UHC emissions at the certification points are
calculated. Then, they are integrated to calculate the totals emitted throughout the
LTO cycle (defined in Figure 92). Then NOx, CO and UHC are compared to the
ICAO regulations. Finally the CO,, CO, NOx, H,O and UHC emissions are
evaluated for all the mission points using the performance data produced by the
aircraft performance module.

ICAD Reference LTO Cycle

Operating Mode Thrust setting Time in operating mode,

minutes

Take-off 100 % Fao 07

Climb 85 % Fou 2.2

Approach 30 % Fao 4.0

Taxi/ground idle 7% Faa 26.0
k — 3000 fi HH&

\ Climb-Out

Take-0MT Final
Approach

Taxi-Out

Taxi-In

Figure 92: ICAO LTO cycle definition

2.6 Engine noise

The noise module of the OR-TERA2020 was developed by the Aristotle University
of Thessaloniki and is called TENOR (TEra Noise module for Open Rotor). It
estimates the effective perceived noise levels (EPNL) produced by the two
propellers and their interaction, at the three certification points (sideline, cutback
and approach). The definition of the input and output files of TENOR can be found
in Ref. 207.

2.6.1 Modelling methodology
TENOR is a continuous model produced by fitting a Kirging approximation [Ref.
239] to the estimated certification noise of 51 different CRP designs with:

« diameter of the forward propeller (from 3.66 to 4.88 m)
« clipping of the rear propeller (from 10 to 20 %)
« spacing between the propellers (from 0.61 to 1.4 m)
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« number of blades in each propeller (from 8 to 14)
« rotational speeds of the propellers (730 < n; < 1210 and 630 < n, < 1450)

The 51 CRP designs were selected to suit the Kriging approximation method
requirements. The geometrical definition of the 51 CRP designs was generated
from a baseline blade geometry (provided by the OEMs involved in the DREAM
project) which was scaled to meet the required diameters. The scaled blades were
repeated equally spaced around the hub (fixed hub diameter) to meet the required
number of blades. The certification noise for each CRP design was evaluated
following the procedure described below:

A) The fluctuation in pressure field at a surface located close to the CRP was
obtained from unsteady CFD calculations. This was computed using the non-
linear harmonics method existent in the NUMECA CFD package. A fixed blade
angle setting was used for all take-off CFD simulations and another one for all
the approach simulations. It is important to highlight that no mixing plane was
used (see Figure 93) therefore the simulations capture all the interaction effects
between the propellers.

B) The results of the CFD simulations were used as inputs of the Ffowcs
Williams-Hawkings module implemented in the NUMECA software. This module
was used to estimate the pressure field variation and noise spectrum produced
by the CRP at a series of points following the ICAO noise flight path.

C) The EPNL at the certification points were calculated by simulating the
certification measurement procedure.

This module was verified by the Aristotle University of Thessaloniki and OEMs
during the DREAM project, but this process was not reported in the public domain.

Figure 93: Absolute Pt field around CRP obtained wi  th NUMECA [Ref. 223]
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The required inputs to TENOR are:
» Geometric definition of the propeller

o diameter of the forward propeller

o0 clipping of the rear propeller

0 spacing between the propellers

0 number of blades in the forward and rear propeller

« Engine performance data on the three representative noise certification
points defined in section 2.2.6 — 3:

0 rotational speeds of the propellers
0 thrust produced by the CRP
0 torque ratio of the CRP

< Aircraft incidence angle

The outputs of TENOR are the EPNL of the sideline, cutback and approach
certification points (in EPNdB) as well as the margins with respect to the ICAO
regulations (Ref. 7 Annex 16 Chapter 4).

TENOR is a preliminary design noise evaluation tool to rapidly explore the design
space of CROR engines. It only evaluates the noise of the CRP. A rigorous
calculation should include the noise evaluation of aircraft and other engine noise
sources. The following paragraphs demonstrate that the changes in certification
noise levels of a CROR are dominated by the changes in noise levels of the CRP.
Consequently TENOR can be used to obtain representative certification noise
trends for preliminary design studies.

2.6.2 Noise assessment of the engine core

A full engine noise assessment of the baseline GOR was performed using
SOPRANO [Ref. 219 and Ref. 220]. SOPRANO is an aircraft and engine noise
prediction code developed by Anotec during the SilenceR EU project. It estimates
the noise produced independently by the aircraft and engine components (fan,
combustor, LPT and jet) based on correlations available in the public domain
(based on geometrical definition of components and performance data). The
perceived noise levels at the three certification points are calculated from the noise
contributions of individual components by simulating the certification measurement
procedure (accounting for the propagation and installation effects).

Performance data from the baseline GOR (defined in section 3.2) and its
geometrical definition (obtained from WeiCo) were used to predict the noise
contribution of the burner, LPT and jet at the three certification points. Figure 94
presents the result of these simulations together with the CRP noise predicted by
TENOR. It can be seen that the CRP noise level is more than 10dB higher than the
noise levels of the other sources for the three certification points. This result is
consistent with the work presented by DREAM-WP.2.5 where the LPT noise
contribution was estimated to be lower than 0.5dB in all certification points [Ref.

165



221]. A similar noise level split between components is expected for the DDOR
architecture [Ref. 222]. This suggests that the changes in total engine noise are
dominated by the changes in CRP noise levels.

10dB

o Jet
— — BLPT
0 CORE
0O CRP

Sideline Flyover Approach

Figure 94: Engine noise sources contribution at cer tification points (ENPL)

2.6.3 Recommendations for noise model enhancement

TENOR was built from the evaluation of 51 CRP designs. These designs were
obtained by changing the geometric design parameters listed in section 2.6 and the
rotational speeds of the propellers. The same blade design was used for all the
studied CRPs. The blade angle setting at each certification point was kept constant
for all the studied CRPs. Consequently, the power absorbed by the CRP and TRcrp
were obtained from the CFD simulations. For example, as the diameter of the rear
propeller is reduced (keeping all the other parameters fixed), the power absorbed
by the rear propeller (Pwcrp) is reduced, the total CRP thrust (Fncrp) is reduced
and the TRcgp IS increased.

A Kriging approximation was fitted to the estimated noise levels, which are a
function of the propeller definition and rotational speeds. Fncgp and TRcgrp Were
also modelled using a Kriging approximation. Finally TENOR was built using the
geometrical definition of the CRP, n; and ny, Fncrp and TRcrp as inputs to the
Kriging approximation. Although the Kriging approximation can be used with Fncgp
and TRcgrp as inputs (because it is a function), it can not reflect the variation of
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noise with respect to these parameters because they were not varied
independently within the test cases used to build the model®®.

It is recommended to extend the CFD calculations to include different blade angle
settings or different blade geometrical definitions in order to capture the
independent variation of noise with respect to Fncgp and TRcrp. However, this was
not feasible within the time constraints of the DREAM project. This additional
capability would increase the fidelity of the model and allow engine optimisation
studies with noise as one the objectives.

2.7 OR-TERA2020 platform

The described simulation modules were integrated in a commercial optimiser
(ISIGHT) to form the OR-TERA2020 simulation platform. ISIGHT contains
mathematical algorithms which enable the user to perform sensitivity analyses,
design space explorations, optimisations among other analyses using all or some
of the OR-TERA2020 modules. It also manages the data transfer between modules
and provides a graphic interface to the platform. A detailed description of the
structure of the OR-TERA2020 platform, the implementation in ISIGHT and a
description of the input and output files is provided in Ref. 207. The following
paragraphs provide a summary of the OR-TERA2020 structure, execution
sequence and data flow as well as a description of the type of studies that can be
performed using this platform.

Figure 95 shows the structure of the OR-TERA2020 platform, the main input and
output files, the information flows and the execution sequence. Every module is a
stand alone executable that reads one or several input files, and writes one or
several output files. The input file of a module can be the output file of a previously
executed module, or it can be created by ISIGHT using previously obtained
variables. The following paragraphs describe the sequence of events that take
place during one OR-TERA2020 calculation.

% For example, noise levels obtained with TENOR are insensitive to TR and this is not the
expected behaviour.
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Step 1 - ISIGHT creates the input files which contain the engine preliminary design
variables  (Engine_Var.dat and DimensionsWeight.txt), engine  control
(AcMissionProfile.txt) variables and mission profile (AcMissionProfile.txt and
GeomMissionEngineSpec.txt). The definition of these variables depends on the
type of performed assessment (optimisation or design space exploration).

Step 2 - The engine performance module is executed. It sizes the engine to meet
the DP requirements. It simulates the operation of the engine along the specified
mission and writes the performance tables required by the aircraft module
(EngPerfData.txt). It calculates the engine performance at the noise and gaseous
emissions certification points and writes the corresponding output files
(TENORIn.txt and PerformanceResults.txt). It also simulates the mechanical
preliminary design operating points and writes the results in PerformanceWeight.txt
and the gearbox performance at take-off in GBinput.txt.

Step 3 - The engine preliminary mechanical design module sizes the engine
components and writes the total engine weight in GeomMissionEngineSpec.txt.

Step 4 - The aircraft performance module simulates the desired mission and
outputs the mission performance (AcFlightPathPerf.txt) as well as the flight path
and engine operation at all the mission points (AcFlightPathFuelConsumption.txt).

Step 5 - The noise module calculates the noise levels at the three certification
points.

Step 6 - The emissions module calculates the gaseous emissions at the
certification points, LTO cycle and along the mission.

Note that the simulation modules are executed in sequence and no iteration loops
are required to assess a particular engine design with a given control strategy
performing a given mission. This calculation sequence can be repeated for the
different engine designs, engine control strategies or mission profiles to be
assessed. It is important to highlight that only the engine (design and control) and
mission definitions can be modified in OR-TERA2020. The aircraft definition as well
as the engine performance requirements are fixed for the present CROR engine
assessments (see details in section 2.1). The aircraft definition (and consequently
the engine performance requirements) could be varied if an aircraft preliminary
design module was available and iterations between the engine performance,
engine preliminary mechanical design and aircraft performance were possible.

The feasibility of the engine design is evaluated by the feasibility criteria included in
the performance and in the mechanical preliminary design modules. If an engine
design is judged non feasible, the aircraft performance, emissions and noise
modules are not executed, and the following engine design is assessed. Additional
feasibility criteria can be included in ISIGHT based on the available variables (E.qg.:
maximum take-off TET).
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The following studies can be performed with the OR-TERA2020 platform:

Engine design space exploration for a fixed mission: The impact of the
engine preliminary design variables on the mission fuel burn, noise and
emissions (and all variables available in the platform) can be can be
assessed.

Engine preliminary design optimisation studies for a fixed mission: Any of
the calculated variables can be minimised or maximised by changing the
engine preliminary design variables’. Any of the calculated variables and
the engine preliminary design variables variable in ISIGHT can be used as
constraints in the optimisation process.

Mission profile optimisation studies for a fixed engine design. The climb,
cruise and descent profiles can be modified in order to minimise the mission
fuel burn, time or the gaseous emissions.

Evaluation of a fixed engine design flying different missions. The mission
profile, payload and range can be varied to assess the performance of a
given engine design along different missions.

Simultaneous optimisation of the engine preliminary design and mission
profile for a fixed mission duty (pay load and range).

Isolated module optimisations: Single modules or groups of modules can be
used to optimise specific aspects of the engine design. For example:

o0 the engine performance module can be used in isolation to find the
minimum fuel burn control strategy of the propellers for a given set of
operating requirements.

o0 the engine performance and preliminary mechanical design modules
can be used together to find minimum weight engine design regions.

It is important to highlight that the results of the OR-TERA2020 assessments are
based on preliminary design methods. This information can be used to identify
optimum design regions to be explored in more detail with dedicated design tools
and to assist the design process when compromises should be performed as a
consequence of design, operational or regulatory constraints.

™ Note that the certification noise can not be used as an optimisation criterion (refer to section

2.6.3).
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3 ENGINE ASSESSMENTS

CRORs have significant potential to reduce aircraft fuel burn, however there are
challenges that need to be addressed both at aircraft and at engine level (described
in section 1.1.2.5). Multi disciplinary preliminary design space exploration
assessments can be used to identify optimum design regions to be explored in
more detail with dedicated design tools and to assist the design process when
compromises should be performed as a consequence of design, operating or
regulatory constraints.

This chapter presents the variation in fuel burn, noise and emissions for pusher
GORs and DDORs with respect to:

« the control of the rotational speeds of the propellers

« the following LP preliminary design variables:

o IPC bleed mass flow rate (for cooling and noise reduction
techniques)

Nozzle pressure ratio at DP

Spacing between propellers

Hub diameters of the propellers

Number of blades of the forward and rear propeller

Diameter of the forward and rear propeller

Forward and rear propeller rotational speeds at top of climb (TOC)
and take-off (design variables)

Number of stages of the LPT and CRT

o DPGB torque ratio (for the GOR)

O OO0 O o0 O

o

The sensitivity of the mission fuel burn with respect to the DP efficiencies of core
compressors, turbines and DPGB (for the GOR) is also presented.

These assessments focused on the design and control of the specific CROR LP
components. Consequently, a fixed gas generator technology level (overall
pressure ratio and DP TET) was used both for the GOR and DDOR.

A fixed reference aircraft was used to assess the performance of the different OR
engine designs. This is consistent with the current aircraft manufacturer and engine
OEM approach. An alternative approach is discussed in section 2.1. A fixed
reference mission (maximum payload and 500 NM) was also used’*. A weighted
average of different missions could have been used to compare engine designs,
but the interpretation of the results would have been more complex and the
calculation time significantly increased.

" Ref. 234 presents overall mission performance studies and mission profile optimisation
studies of the reference aircraft with the baseline GOR coverign different ranges. This work is
the result of a collaborative effort between the author of this thesis and an M.Sc. researcher.
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The LTO emissions analyses mainly focus on NOx because:

« NOx emissions have been the focus of the ICAO gaseous emissions
certification standards (regulatory limits have been reduced three times: 1995
203 and 2007 [Ref. 6])

* CO; and H,O emissions are proportional to the amount of fuel burned

 the methods to calculate emissions produce relatively less accurate estimations
for CO and UHC than for the rest of the species. This is because the formation
of CO and the presence of UHC are highly dependant on the dynamics of the
combustion process.

The presented results are expressed as differences relative to a baseline design (a
baseline GOR defined in section 3.2.1 and a baseline DDOR described in section
3.3.1). This approach is consistent with the level of fidelity of the tools used for the
assessments.

The direct comparison of different type of engines (DDOR, GOR or even turbofans)
based on preliminary design methods may be misleading since the modelling
methodologies and assumptions are different for the various engine specific
components (as well as the aircraft). Consequently the DDOR and GOR engines
are not compared quantitatively.

First the reference aircraft is defined and its main performance characteristics are
presented. The reference mission is subsequently defined. Then the
multidisciplinary assessments of the GOR and DDOR engines are presented.

Format of the presentation of the results

The variation of the performance parameters of the CROR engines presented in
the engine control and design space exploration studies are expressed as a
percentage change relative to a reference value. This reference value is
represented in the plots with a white dot. If the reference value lies outside the
range of the plot, it is explicitly defined in the text.

3.1 Reference aircraft and mission

3.1.1 Definition of the reference aircraft

Ref. 208 defines the following top level requirements of the reference OR aircraft
used for the engine assessments of the DREAM project.

« Design PAX: 160. No additional payload is considered

e Maximum take-off weight (MTOW): 83500 kg

« The aircraft is designed to take-off at full payload and full fuel load.

e The design and operation of the aircraft should take advantage of the fuel
burn benefits of flying slower.

e Design TOC speed: Mg toc =0.73

« Design cruise speed: Mg cruise =0.75
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Take-off field length (TOFL) < 2500 m
Time to initial cruise altitude < 30 min

Rear fuselage mounted pusher CROR eng
CRP diameter < 14 ft (4.26 m)

of 2020.

Minimum initial cruise altitude: 31000 ft (9448.8 m)

ines

Both the aircraft and engine technologies correspond to an entry into service

These requirements were used to define the reference OR aircraft used for this
PhD research project. Table 3 presents the mass break down of the reference
aircraft. Figure 96 shows its low speed (Mg < 0.5) aerodynamic characteristics for
the different aircraft configurations defined in Table 4. Figure 97 presents its
aerodynamic characteristics at the clean configuration for different flight speeds’.
Table 3, Figure 96 and Figure 97 contain all the required data to define an aircraft

in Hermes V5D.

MTOW 83500 kg
Useful Payload = Max payload| 14400 kg
Operating empty weight 45700 kg
Fuel load 23400 kg
Maximum landing weight 76500 kg

Table 3: Reference OR aircraft weight break down

1.6
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02 -J& - &g —<&— Landing
0 | | | |
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Drag coefficient CD (-)
Figure 96: Drag polars of the reference OR aircraft ~ (non clean configurations, M (< 0.5)

"2 The aerodynamic characteristics of the aircraft at the clean configuration and M, < 0.6 are
considered equal to the aerodynamic characteristics of the aircraft at the clean configuration

and My = 0.6.
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Configuration Name | Flaps Angle (°) | Landing Gear position
Take-off 15 Down
Initial climb 15 Up
Initial climb 2 5 Up
Clean 0 Up
Approach 10 Up
Landing 30 Down

Table 4: Definition of configurations of the refere nce OR aircraft
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Figure 97: Drag polars of the reference OR aircraft  (clean configuration)

The methods used to obtain the mass break down and aerodynamic characteristics
can not be described in this thesis due to non disclosure agreements’>.

The engine pylon and nacelle drag were included in the aircraft drag and therefore
they are equal for all the studied engine designs. A rigorous calculation would
require preliminary design methods to obtain the pylon and the engine nacelle
geometry and to calculate their drag for each studied CROR engine. This limitation
is acknowledged and it is recommended that further work is performed on this area.

3 Initially, the aircraft preliminary design methods presented in Ref. 230, Ref. 231, Ref. 232
and Ref. 233 were used to estimate these magnitudes. The difference between the required
TOC thrust calculated with the different methods was approximately 20%. Consequently, it was
decided to use a higher fidelity methodology.
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3.1.2 Engine performance requirements

The thrust requirements (per engine) of the reference aircraft presented in section
3.1.1 are the following:

» Take-off: 1150 ft (~457 m), Mo = 0.20, dISA = 28 — 97.86 kN
* TOC: 35000 ft (~10666 m), Mg =0.73,dISA=10 — 24.02kN
 Cruise: 35 000 ft (~10666 m), My = 0.75, ISA — 15,57 -22.5kN

These thrust levels ensure the correct values of take-off field length, residual rate of
climb at TOC and cruise level flight at maximum load.

The reference aircraft requires 250 hp (~186.4 kW) of mechanical power from each
engine (bleed air is not required) [Ref. 208].

All the assessed CROR engines were sized at TOC in order to satisfy the TOC
thrust requirement. The take-off TET was calculated imposing the take-off thrust
requirement. Finally a check was done to verify that an acceptable surge margin of
the IPC at minimum cruise thrust could be achieved without opening the IPC
discharge valve.

3.1.3 Definition of the reference mission

A 500 NM range business mission is used for the engine assessments. It
corresponds to an average mission covered by a 160 PAX class aircraft in Europe.
The following paragraphs define the different aspects of the reference mission.

Payload: Maximum payload (160 PAX = 14400 kg)
Range: 500 NM from lift-off to touch down.

Atmospheric temperature:  ISA for all the mission points
Take-off and landing altitudes:  Sea level (0 m)

Contingency fuel: 5 min level flight at 1500ft plus 5% of mission fuel (as defined in
JAR OPS)

Taxi-out duration: 12 min
Taxi-in duration: 6 min

Climb profile: Table 5 presents the climb profile of the reference mission as well
as the aircraft configuration at every phase of the climb. The input climb profile for
the performance module is defined in steps of 500ft for Alt < 2000ft and in steps of
1000 ft for Alt < 2000 ft.
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AC Configuration Alt[m] Alt[ft] CAS[kt] M[-]
Take-off TAKE-OFF 0 153.0 0.231
152.4 500 153.0 0.233
304.8 1000 153.0 0.235
Initial climb 457.2 1500 158.0 0.245
609.6 2000 158.0 0.248
Initial climb 2 914.4 3000 178.0 0.284
1219.2 4000 208.0 0.338
1524 5000 248.0 0.410
1828.8 6000 250.0 0.420
3045 10000 250.0 0.452
Clean 3048 10000 260.0 0.470
9753.6 32000 260.0 0.721
10058.4 33000 257.7 0.730
10363.2 34000 251.9 0.730
10666 35000 246.2 0.730
10666 35000 253.6 0.750

Table 5: Climb profile definition

Note that TOC is achieved at My = 0.73 and then the aircraft is accelerated to Mg =

0.75 at cruise altitude.

Cruise: Cruise is done at Mgy = 0.75 and 35000 ft. The choice of the cruise altitude
is justified in section 3.1.4.3.

Descent profile: Table 6 presents the descent profile of the reference mission as
well as the aircraft configuration at every descent segment. The input descent

profile for the aircraft performance module is defined in steps of 1000ft.

AC Configuration Alt[m] Alt [ft] GASIkt] M[-]
10668.0 35000 253.6 0.750
9448.8 31000 277.5 0.750
9144.0 30000 280.0 0.741
3048.0 10000 280.0 0.505
2743.2 9000 250.0 0.444
Clean 2438.4 8000 250.0 0.436
2133.6 7000 250.0 0.428
1828.8 6000 250.0 0.420
1524.0 5000 220.0 0.364
1219.2 4000 220.0 0.357
914.4 3000 220.0 0.351
Approach 609.6 2000 181.3 0.284
Landing 304.8 1000 141.3 0.217
LANDING 0 136.3 0.206

Table 6: Descent profile definition

It is important to highlight that climb and descent speeds above 10000 ft are lower
than those of conventional turbofan aircraft (300-310 kt). This is done to reduce the
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mission fuel burn and take full advantage of the CROR engines as it is indicated in
the aircraft top level requirements (section 3.1.1). Ref. 234 presents a study of the
impact of the climb and descent speeds on mission fuel burn and time of the
reference mission using the baseline GOR engine (defined in section 3.2.1). Climb
speeds between 250 and 310 kt and descent speeds between 260 and 300 were
evaluated (steps of 10 kt were considered in order to satisfy current air traffic
control practices). The minimum mission fuel burn is obtained climbing at 260 kt
and descending at 280 kt. Climbing and descending at the minimum fuel burn
speeds results in a 5 min longer mission than climbing at 310 kt and descending at
300 kt.

3.1.4 Performance of the reference aircraft

This section presents the main performance characteristics of the reference OR
aircraft using the baseline GOR engine defined in section 3.2.1.

3.1.4.1 Step cruise performance

The reference OR aircraft was simulated in cruise at My = 0.75. Its initial weight
was set to 85 tons and its altitude was automatically selected by the performance
module to maximise the aerodynamic efficiency of the aircraft (lift/drag). The
possible altitudes were 31, 33, 35, 37 and 39 kft. The aircraft module also verified
that a minimum climb rate of 300 ft/min could be achieved for every step cruise
climb. Figure 98 presents the obtained aerodynamic efficiency along the simulated
cruise and Table 7 the adopted cruise altitudes for different aircraft weights. The
peaks in Figure 98 correspond to changes in cruise altitude.

T 1764 \ \ \ \ \ \ \ \ \ \ \ \ \ \
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Figure 98: Cruise altitude selection based on aircr  aft weight
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Alt (kft) (tons)
31 AC Weight > 81.8
33 81.8 > AC Weight > 74.5
35 74.5 > AC Weight > 67.7
37 67.7 > AC Weight > 61.6
39 AC Weight < 61.6

Table 7: Adopted cruise altitudes vs. aircraft weig ht

Note that for missions at ISA temperature, the 31kft cruise altitude is not used. This
is because when the aircraft takes off at its MTOW (83.5 tons), its weight at 31kft is
lower than 81.8 tons and the baseline GOR can provide a rate of climb higher than
300 ft/min.

3.1.4.2 500 to 3000NM missions

The aircraft module, together with the baseline GOR engine performance
(summary provided in Table 8) were used to simulate 500, 1000, 2000 and 3000
NM missions with maximum payload (14.4 tons).

Take-off | Mid-Climb TOC | Mid-Cruise | Mid-descent
Alt (kft) 0 18 35 35 18
Mo (-) 0.23 0.545 0.73 0.75 0.586
dISA () 0 0 10 0 0
Fn (kN) 108.54 39.43 24.03 17.79 2.36
SFC (kg/(daN*h)) 0.256 0.367 0.430 0.437 1.479
SFC (g/(kN*s)) 7.11 10.2 11.94 12.14 41.07

Table 8: Summary of baseline GOR engine performance

The four missions were simulated using the reference mission profile defined in
section 3.1.3 but allowing the optimum selection of the TOC and cruise altitude as
described in the previous section. In order to select the most efficient TOC altitude,
the aircraft performance module evaluates the most efficient start of cruise altitude.
In order to estimate the mass of the aircraft at the different possible start of cruise
points, it calculates the climb up to the different allowed cruise levels.

Table 9 presents the obtained fuel burn, distance and time for every phase of the
500, 1000, 2000 and 3000 NM missions.
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Mission Range (NM)

500 1000 2000 3000
TOC Altitude (Kkft) 39 37 37 35
FUEL BURN (Kg)
Taxi-Out: 190 196 208 220
Take-Off (Ground Roll): 46 48 53 58
Climb: 1166 1098 1261 1299
Cruise: 583 2412 5954 9837
Descent: 372 372 372 372
Taxi-In: 95 98 104 110
Mission 2166 3929 7640 11565
Mission + Taxing 2452 4223 7952 11896
DISTANCE (km) |
Taxi-Out: 2.2 2.2 2.2 2.2
Take-Off (Ground Roll): 1.2 1.3 1.4 1.6
Climb: 324.0 280.7 331.1 323.1
Cruise: 317.2 1286.7 3089.2 4948.8
Descent: 283.8 283.9 284.0 284.1
Taxi-In: 1.1 1.1 1.1 1.1
TIME (min) |
Taxi-Out: 12.0 12.0 12.0 12.0
Take-Off (Ground Roll): 0.5 0.5 0.6 0.6
Climb: 28.4 25.2 29.4 29.2
Cruise: 23.9 96.9 232.6 372.0
Descent: 29.5 29.5 29.5 29.5
Taxi-In: 6.0 6.0 6.0 6.0
Mission time 81.8 151.6 291.5 430.7

Table 9: 500 to 3000NM mission fuel, distance andt ime

Figure 99 presents the obtained mission + taxing fuel burn as a function of the
mission range.
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Figure 99: Fuel consumption vs. Mission Range at ma  x payload
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The time to TOC is lower than 30 minutes for the four studied missions. It is
important to note that the time to TOC is smaller than the climb time, since the
climb also includes the acceleration from My = 0.73 to 0.75 which is performed after
reaching TOC. In the case of the 500NM mission (Figure 100) the time to TOC is
approximately 26.5 minutes.

3.1.4.3 Reference mission analysis

The 500 NM mission obtained allowing the aircraft module to select the optimum
TOC and cruise altitudes, has a 24 minutes cruise. This does not leave enough
time for two members of the crew to serve 160 passengers. In order to increase the
cruise time a lower TOC altitude can be adopted but with an associated fuel burn
penalty. Table 10 summarises the effects of imposing the TOC and cruise altitude
on mission time and fuel burn.

TOC and cruise altitude (Alt toc) (kft) 39 37 35 33
Mission + taxing fuel (kg) 2451 2456 | 2475 | 2510
Mission time (min) 81.7 81.4 81 80.3
Cruise time (min) 24 29 33 35

Table 10: 500 NM mission for different imposed TOC  altitudes

Altroc = 35 kft provides 9 more minutes of cruise and imposes a 1% fuel burn
penalty compared to Altroc = 39 kft. Altroc = 33 kft would only provide 2 extra
cruise minutes at a cost of 1.5% extra fuel burn compared to Altroc = 35 kft.
Consequently the best compromise between increase of cruise duration and fuel
burn penalty is achieved at Altroc = 35 kft. For this reason the reference mission
defined in section 3.1.3 and used for the CROR assessments has a TOC altitude of
35 kft and the step cruise is not allowed.

Figure 100 and Figure 101 present the 500 NM mission profiles for Altroc = 39 kft
and Altroc = 35 kft respectively.
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3.1.4.4 Payload-range diagram

Figure 102 shows the payload-range diagram of the reference OR aircraft. It has

only one diagonal line because the aircraft is designed to take-off with its maximum

payload and maximum fuel load. Point A represents the mission flown at maximum

fuel and maximum payload. Point B represents the mission flown at maximum fuel
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load and no payload. Both missions were simulated using the reference mission
profile defined in section 3.1.3 but allowing the optimum selection of the cruise
altitude and not including contingency fuel. The profiles of missions A and B are
presented in Appendix J.
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Figure 102: Reference aircraft payload-range diagra m (baseline GOR engine)

3.2 GOR assessments

First the baseline GOR is defined, and then the engine control assessments and
design space exploration are presented.

3.2.1 Baseline GOR engine definition

The following paragraphs describe the preliminary design definition of the baseline
GOR. The schematic of the engine performance model of the GOR is presented in
section 2.2.4. This engine was sized to meet the engine performance requirements
described in section 3.1.2.

3.2.1.1 Core definition

Single stages HPT and IPT were chosen for the baseline GOR. This sets the
maximum achievable compressors pressure ratio. Table 11 summarises the
choices of PR and NbStages for compressors and turbines (expressed at TOC: Alt
= 35 kft, Mp = 0.73 and dISA = 28K).
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Component | TOC PR |NbStages
IPC 7 6
HPC 6.5 6
HPT - 1
IPT - 1
LPT - 3
Nozzle 1.3 -

Table 11: Baseline GOR core components PR and NbSta  ges choices

The overall compressors pressure ratio (OPR) is 45.5 and the optimum TOC TET
was estimated to be 1725 K (following the procedure described in Ref. 21 and
discussions with experts from OEMS).

The nozzle pressure ratio (NPR) is a design parameter in an OR. It sets the
pressure ratio across the LPT and consequently its extracted power. A NPR of 1.3
was chosen to maximise the LPT power extraction while ensuring positive core
thrust for the lowest thrust cruise point (required to cover nacelle vent needs).

The reference GOR engine has a 3 stage LPT. Ref. 134 indicates that an LPT with
2 stages can also satisfy the GOR engine requirements but the 3 stages design
offers a higher isentropic efficiency.

Figure 103: 3 stage LPT gas path [Ref. 134]

The DP efficiencies for the turbomachinery components of the GOR, reflecting a
year 2020 level of technology, are presented in Table 12. nis Lpr Was calculated
using the methodology presented in section 2.2.3.1.1. The isentropic efficiency of
the rest of the components was estimated by industrial experts.

Component | Isentropic Efficiency (-)
IPC 0.87
HPC 0.87
HPT 0.9
IPT 0.9
LPT 0.925

Table 12: Efficiency of baseline GOR turbomachinery components

183



Table 13 presents the estimated pressure losses in the baseline GOR ducts
reflecting a year 2020 level of technology.

Component Pressure Loss (%)
Burner 4
IPC - HPC 0.75
IPT — LPT 0.75
Nozzle Duct 2

Table 13: Baseline GOR pressure losses

Note that the nozzle duct of the GOR engine has the same length as the CRP
module (see Figure 104) and the shafts that drive the propellers pass through this
duct. Consequently, relatively high pressure losses are expected.

The burner is an annular design and its estimated efficiency is 99%.
3.2.1.2 Secondary Air System

The SAS of the baseline GOR engine was designed to satisfy its cooling and
sealing requirements. The description of the SAS is omitted due to non disclosure
agreements.

3.2.1.3 Propellers

The diameter of the two propellers of the baseline GOR is 14 ft (4.26 m).
Consequently the clipping of this propeller design is 0%.

. D,-D
Clipping =100 —1—2 [Eqg. 180]
D, =Dy,

N; = -N, = 860 rpm were selected at DP so that the propellers helical tip Mach
numbers are lower than 0.88 at DP.
The hub diameter of both propellers is 1.6 m.

The spacing between the roots of the propellers is 1.06 m (0.25 D).

DP nner Of each propeller was calculated using the methodology presented in
section 2.2.3.2.5. DP nner cre IS approximately 0.86.

The baseline CRP has 12 blades in the forward propeller and 9 blades in the rear
propeller. Note that the power loading of the forward propeller is higher than the
power loading of the rear propeller (see section 3.2.1.4). The number of blades was
selected in order to have approximately equal power loading per blade in both
propellers.

3.2.1.4 Gearbox

Figure 104 shows the arrangement and connections of the DPGB. The carrier is
connected to the forward propeller and the ring to the rear propeller. This
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configuration is adopted for all the studied GOR engines. Eq. 181 defines the
TRcrp'".

TRcrp = Q1/ Q2 [Eq. 181]

Note that the specific connection of the DPGB with the CRP selected for the GOR
results in TRcrp = TRppee (TRppae defined in Eq. 156). Theoretically, TRppes can
vary between 1 and 2 (refer to section 2.2.3.4.5), and consequently Q; = Q, for all
the studied GOR engines.

lﬂl Pl »

- ]

Gas path

Figure 104: DPGB arrangement

TRppes is 1.33. This value was selected in order to obtain the reported DP Nipr
[Ref. 134] for the selected DP N; and N..

DP Nmech bree = 99% (refer to section 2.2.3.4.4).
3.2.1.5 Gearbox air cooling system

The air cooling system of the DPGB is described in section 2.2.3.4.3. Nis Blower =
0.88, the heat exchanger and duct pressure losses are 6% and the exit area is 65
cm?. The blower is activated for Mp < 0.35 and it consumes 0.25% of the HP spool
power. For My > 0.35, the blower is not used as the ram-compression provides the
required air mass flow rate. Table 14 shows the power consumed by the blower
and the mass flow rate of air through the cooling system at different altitudes and
flight speeds at ISA +10 conditions.

" This definition results in TRcrp = TRcrr for the DDOR engine.
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Engine power Blower Air mass flow
Alt (m) M o setting power (kW) rate (kg/s)
0 0 Take-off 274 1.25
500 0.25 Take-off 27.0 1.31
1200 0.34 Climb 26.1 1.31
1800 0.42 Climb 0 0.63
10668 0.73 Climb 0 0.46

Table 14: DPGB air cooling system operation
3.2.1.6 Auxiliary power extraction

The mechanical power required by the aircraft (250 hp at all operating regimes) is
extracted from the HP shaft. This is done in order to have a unique auxiliary
gearbox covering the power extraction and starting requirements.

3.2.1.7 Components maps

Appendix K shows the IPC, HPC, HPT, IPT, LPT and propeller maps for the
baseline GOR. The IPC, HPC, HPT and IPT maps of the GOR are those used for
the 3 spool engine models in NEWAC.

The LPT map corresponds to a 3-stage high speed and highly loaded LPT,
designed for a geared turbofan (available in Ref. 235). This is the latest map
corresponding to a high speed 3-stage turbine of a geared engine for the
A320/B737 class, found in the public domain.

The map presented Ref. 203 (Figure 82) is used for the DPGB.

The SR-7 propeller map (available in Ref. 169°) is used for both propellers
because it is the latest map of an advanced high speed propeller available in the
public domain. The difference in DP power loading (Lp) between SR-7 and the
forward propeller of the baseline GOR is ~10%. The critical helical Mach number
(M*075) of the propellers is 0.89 and the compressibility correction factor
(Slopecorrw) is 0.4 as suggested in Ref. 139.

3.2.1.8 Technology curves

The DP efficiencies of the LPT and propellers were calculated using the
methodologies described in sections 2.2.3.1.1 and 2.2.3.2.5 respectively.

The mean radii of the LPT stages were obtained from Ref. 134.

The technology factor used in the technology curve of the propellers (K.p) is 1.56.
The CRP efficiency obtained with K p = 1.56 is approximately 4% lower than the

> Two SR-7 propellers are reported in the open literature: SR-7A and SR-7L. The geometrical
designs of both propellers are the same and therefore they have the same performance [Ref.
31]. SR-7L is the metalic propeller used for wind tunnel tests, and SR-7A is the composite
propeller used for the flight tests [Ref. 31].
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CRP efficiency obtained using K. p = 1 (note that the propeller efficiency decreases
as Kip increases, see Eq. 58). K p was selected to reflect the reduction in propeller
efficiency produced by low noise blade designs.

3.2.1.9 Baseline for noise studies

The noise module was designed to predict the noise of CRPs with clippings
between 10 and 20%. The baseline GOR and DDOR used for these assessments
are defined with equal propeller diameters (0% clipping) and it is not possible to
obtain the noise levels for the baseline engines. Consequently, the noise trends are
presented for various levels of clipping (explicitly mentioned in the text). In these
cases, all the engine preliminary design parameters are equal to those of the
baseline engine except for the diameter of the rear propeller.

3.2.2 Engine control assessments

The rotational speed of the propellers of a GOR engine can be independently
controlled (see section 2.2.4). This can be used to implement noise, emissions or
fuel burn reduction control strategies. The potential benefits of flexible propeller
control were not exploited in the most recent GOR demonstrators, the Allison 578-
DX, and the Ivchenko Progress D-236, which were operated at constant N; and N,
[Ref. 236 and Ref. 46].

This section presents the influence of the control of the CRP on fuel burn, noise
and emissions for the baseline GOR. Each flight phase is analysed independently.

3.2.2.1 Climb

Figure 105 presents the variation of Fn and SFC with respect to Alt and M, for an
average climb TET, ISA conditions and N; = -N» = nipes (reference point to express
variations: Alt = 35 kft and My = 0.75). The trends are similar to those of a turbofan.
The relative variation of Fn, SFC and the aircraft performance characteristics define
the optimum fuel burn climb speeds and the trade-off between climb fuel and time.
Above 10kft of altitude, a constant CAS of 260kt is used for the assessments
because it minimises the fuel consumption of the reference mission (see section
3.1.3).
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Figure 105: Fn and SFC vs. M g and Alt (dISA=0, TET = 1640K and N ;= -N;= Nipes)

The variation of SFC with respect to N; and N, is different for every climb condition,
and it follows the same trends as the cruise, take-off and descent which are
presented below.

3.2.2.2 Cruise

The cruise phase is done at Mg = 0.75. The thrust requirement decreases along the
cruise as the aircraft becomes lighter. The reference aircraft at full load requires
22.4 kN of thrust at the start of cruise and 17kN at cruise end. Figure 106a presents
the change in SFC with respect to Fn and Ny (with Ny = -N; for simplicity). Note that
the Fn vs. SFC curve of the GOR is different from the traditional “U” shape curve
for a turbofan. This is because the variations in ne,, of a CROR are small and
therefore the changes in ne, are dominated by the changes in nqm.
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Figure 106a: SFC vs. Fn (cruise) b: Optimum cruise N ; vs. Fn

(dISA = 0, Alt = 35kft, M ¢ =0.75, N; = -Np)
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The results shown in Figure 106a suggest that a fuel saving of approximately 1-2%
can be achieved by using the optimum propeller rotational speeds as opposed to
constant rotational speeds. Figure 106b presents an optimum N; schedule to
minimise fuel consumption for this flight condition (with N; = -N,). It can be seen
that low rotational speeds minimise SFC for low power settings and high rotational
speeds minimise SFC for high power settings.

The speed ratio of the propellers (nR = -Ni/N;) can also be varied and an optimum
bi-dimensional schedule of N; and N, can be produced. Figure 107 and Figure 108
show the change in SFC with N; and N, for the thrust requirements at the start and

end of cruise respectively.
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Figure 107: SFC vs. N ; and nR (Fn = 22.4 kN dISA = 0, Alt = 35kft, M o= 0.75)
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Figure 108: SFC vs. N ; and nR (Fn = 17 kN dISA = 0, Alt = 35kft, M o= 0.75)
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The shapes of the contours of the two previously presented plots are mainly
dominated by the changes in nner crp @nd nis Lpt @s it can be seen in Figure 109.
The variations in nnet cre and nis Lpr are different for different engine designs, and
consequently different GOR designs have different minimum fuel control strategies.
In order to do a fair comparison between the fuel consumption of different engine
designs they should be operated at their optimum control speeds. In the same way,
in an optimisation process, both the design and control should be optimised
simultaneously. This process is very computationally expensive and for this reason
the reference minimum SFC control strategy was used for all the studied engine
designs.

Change in CRP efficiency Change in LPT isentropic efficiency

0.9 0.95 1 1.05 11 0.9 0.95 1 1.05 11
N1 /N1 Design [-] N1 /N1 Design [-]

Figure 109: nnercre @nd nisipr VS. Ny and nR (FN=17 kN, dISA=0, Alt=35kft, M , =0.75)

Figure 110 shows the change in SFC with respect to N; and N, for an engine
design with 20% propeller clipping (radically different from the baseline). The red
dot is located in the minimum SFC point for the baseline engine. It can be seen that
the iso-SFC contours and the minimum SFC speeds of the 20% clipped GOR and
the baseline GOR are different. Despite these differences, the use of the reference
optimum control as opposed to its customised optimum control results in a 0.1%
SFC penalty. This suggests that the use of the reference control strategy is a valid
simplification to enable the comparison of different engine designs.
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Figure 110: SFC vs. N1 and nR (Fn =17 kN dISA =0, Alt = 35kft, MO = 0.75)
(Engine design with 20% clipping)

3.2.2.3 Descent

Figure 111 presents the change in SFC for a mid descent point with respect to N
and N,. The reference point used to express variations is N; = Nipes and Ny = -N,
(as in the previous figures). In consistence with the cruise trends, the minimum
SFC is achieved at low rotational speeds. Although the changes in SFC with N;
and N; are higher than for cruise (~20%), the potential mission fuel savings offered
by an optimised descent control strategy are of the same order of magnitude than
for cruise. This is because the thrust levels at descent are considerably lower than
at cruise and the fuel consumption of the descent is relatively a small portion of the
mission fuel burn (~10% for the reference mission).
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Figure 111: SFC vs. N ; and nR @ mid descent point (Fn=3kN, dISA=0, Alt=17  kft, M 4=0.57)
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3.2.2.4 Landing and take-off cycle

The control strategy used along the LTO cycle has an impact on the LTO fuel
consumption as well as on the certification noise and emissions. The take-off
control strategy has an impact on the fuel burn even outside the LTO cycle
because the DPGB is designed at take-off.

3.2.2.4.1 Take-off

Figure 112 presents the variation in SFC with respect to N; and nR for a fixed take-
off thrust (Mp = 0.2, Alt = 0, dISA = 0, Fn = 107 kN). It is dominated by the changes
in nner cre @nd nis Lpr. Note that compressibility effects on the propellers are
relatively low at take-off flight speed.
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Figure 112: SFC vs. N ; and nR at Take-off (M (= 0.2, Alt =0, dISA =0, Fn = 107 kN)

Figure 113 shows the change in DPGB and engine weight with respect to the N;
and nR. The gearbox is designed at take-off, where the transmitted torques are at a
maximum. In this study, the take-off thrust requirement was kept fixed and as N;
and N; increase, Qi, Q,, Q.prand the weight of the DPGB decrease. The change in
gearbox weight is not continuous because the gears are designed using standard
teeth sizes which are not continuous.

For some rotational speeds in the central part of Figure 113, the DPGB weight
increases as N; and/or N, increase. In these cases, the torques decrease and the
size of the teeth of the gears decrease’®. At the same time, the width of the gears
has to be increased in order to satisfy the mechanical integrity criteria, resulting in a
heavier DPGB design. It is recommended that further work is done on the
mechanical preliminary design model of the DPGB so that it calculates the lightest
feasible DPGB design as opposed to the minimum diameter DPGB design.

® The DPGB mechanical preliminary design model calculates a DPGB with the smallest
feasible diameter.
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Figure 114 shows the change in mission fuel burn with respect to the control of the
CRP at take-off. It can be seen that it is dominated by the change in gearbox
weight. Within the studied range (except for the central part of the chart), an
increase in take-off propeller rotational speeds results in a reduction in mission fuel
burn, and the impact of N; is approximately double the impact of N,.
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Figure 113: DPGB and engine weight vs. Take-off N ; and nR
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Figure 114: Mission fuel vs. Take-off N ; and nR

However, as N; and N; increase, both the sideline and flyover noise levels increase
as shown in Figure 115. Note that due to model limitations, the ranges of these
figures are different to the ranges of previous figures. At sideline, N, dominates the
noise level at relatively low N;, and N; dominates the noise level at relatively high
N;. At flyover, N; dominates the noise level at relatively low N;, and N, dominates
the noise level at relatively high N;.
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Figure 115a: Sideline Noise vs. N ; and nR b: Flyover Noise vs. N ; and nR

Figure 116 presents the variation in NOx emissions for the take-off point with
respect to the control of the CRP. The variations in LTO NOx and CO, emissions
follow the trends of SFC. The magnitudes of the variations of NOx are higher than
those of SFC due to the required changes in TET. The total mission CO, emissions
follow the mission fuel burn trends.
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Figure 116: Take-off NOx emissions vs. N ; and nR

The most fuel efficient take-off control strategies are at high rotational speeds
because the DPGBs are lighter. Ni/Nipes = 1.15 and nR = 0.85 result in a 20%
reduction in DPGB weight and 0.4% reduction in mission fuel with respect to the
reference control strategy, but requires 13 K higher take-off TET. N1/Nipes = 1.15
and nR = 0.85 results in a 4.5% penalty in LTO NOx emissions’’ and a noise
penalty of approximately 2 EPNdB for sideline and 5 EPNdB for flyover with respect
to the reference control.

" Note that take-off + climb-out NOx is approximately 65% of the LTO NOX.
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Both sideline and flyover noise can be reduced by 2 EPNdB with respect to the
reference control strategy by operating the CRP at relatively lower rotational
speeds (N1/Nipes = 0.95 and nR = 1.2). This would be at a cost of 0.3% increase in
mission fuel, 5.5% increase in LTO NOx emissions, and 10 K increase in take-off
TET with respect to the reference control.

At take-off, the engine operates at the highest TET and thrust levels and therefore
at the highest mechanical stresses. Consequently, mechanical integrity criteria of
every component should be considered when optimising the take-off control.

3.2.2.4.2 Approach

Figure 117a shows the change in SFC of the baseline GOR with respect to N; and
nR for the approach condition used for noise calculations. In consistence with the
previously presented SFC trends, the minimum SFC is achieved at low rotational
speeds.

Figure 117b presents the change in approach noise level with respect to N; and
nR. Low rotational speeds appear to be more appropriate for the approach since
they result in low fuel bun, emissions and noise. Note that for this engine design,
the noise module did not allow the calculation below 0.97 Nipes and for this reason
it is not possible to establish the exact trade-offs between noise and fuel burn.
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Figure 117a: Approach SFCvs. N ;and nR b: Approach Noise vs. N ; and nR
(Mp=0.2, alt =120 m Thrust = 31 kN)

Figure 118 presents the changes in NOx emissions for the approach phase with
respect to N; and nR. Low rotational speeds result in low emissions. It should be
noted that the NOx emissions during the approach phase, are approximately 12%
of the LTO NOx and therefore the impact of the approach control strategy on LTO
NOx is expected to be lower than 1%.
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Figure 118 : Approach NOx emissions

3.2.3 Design space exploration

This section presents the influence of the following LP preliminary design variables
on fuel burn, noise and emissions for a pusher GOR:

« |PC bleed mass flow rate used for cooling and noise reduction techniques
e Spacing between propellers

¢ Hub diameters of the propellers

e Nozzle pressure ratio at DP

* Number of blades of the forward and rear propellers

« DPGB torque ratio

¢ Number of stages of the LPT

« Diameter of the forward propeller

* Rotational speed of the forward propeller at DP (TOC)
» Propeller clipping

* Speed ratio of the propellers at DP (TOC)

The sensitivity of the mission fuel burn with respect to the DP efficiencies of
compressors, turbines and DPGB is also presented.

The variations are expressed as differences relative to the baseline GOR. In each
of the following studies, one or two design parameters are varied and all the rest
are kept equal to those of the baseline GOR.

The previously presented minimum fuel burn control is used for the performance
calculations of all the engine designs. The noise simulations at sideline and flyover
are also performed at the minimum fuel burn propeller speeds. The noise
simulations corresponding to approach are performed at N; = 1.1 Nipes due to a
limitation in the minimum rotational speed that the noise module can simulate. For
clarity, the real propeller rotational speeds are shown on all the noise plots.
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3.2.3.1 IPC bleed mass flow rate used for cooling  and noise reduction
techniques

One of the bleeds of the IPC is used to cool LP components such as the CRP pitch
changing mechanisms and seals. This cooling flow is discharged to the atmosphere
and does not contribute to the engine thrust. The bleed requirements may increase
(with respect to the baseline value) due to higher cooling requirements or for CRP
noise reduction techniques’®. Figure 119a shows the change in mission fuel burn
(Mission Fuel 1) and engine weight with respect to the extra IPC bleed requirement
(expressed as a % of the IPC inlet mass flow rate). The mission fuel burn increases
with the bleed mass flow rate, both because the engine weight and SFC increase.
The changes in engine weight are mainly due to changes in the weight of the IPC,
IPT, LPT (its inlet conditions are modified) and nacelle. Figure 119b shows the
change in the mass of pollutants emitted during the ICAO LTO cycle with respect to
the extra IPC bleed mass flow rate.

| By N B B
R || —e—LTO NOx
} | =—=LTO CO2|,

gl /=——MissionFuel1 | - ____+__1__1__| i
—8— Engine Weight :
------- Mission Fuel 2

Extra IPC bleed mass flow [%0]

Extra IPC bleed mass flow [%]

Figure 119 a: Mission fuel & eng. weight b: ICAO LTO emissions vs. extra IPC bleed

If the extra IPC bleed is only required during the LTO cycle to reduce the
certification noise, the bleed mass flow rate could be reduced to the baseline value
during the rest of the mission. The dotted line in Figure 119a (Mission Fuel 2)
depicts the change in fuel burn that results of operating this bleed only during the
LTO cycle. Although air is bled during a very small part of the mission, the fuel
penalty is relatively large due to a heavier engine that operates far from its design
conditions along the entire mission.

Ref. 237 presents the changes in installed noise levels of a GOR with respect to
the amount of pylon blowing (work carried out under WP 2.3 of the DREAM
project). The results provided in Ref. 237 together with the presented mission fuel

"8 One noise reduction technique for CRORs may be to blow air through the trailing edge of the
pylon. This reduces the vorticity of the flow behind the pylon (which is ingested by the CRP) and
reduces the noise of installed pusher CRPs [Ref. 237].
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burn trends (Figure 119), provide the trade-off between fuel burn and noise. For
example, a pylon blowing of 8% of the IPC inlet mass flow rate reduces the
installed noise by approximately 5dB in all certification points [Ref. 237] at a cost of
3.5% or 6% increase in mission fuel burn (depending on the portion of the mission
during which blowing is used).
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Figure 120: Effects of bleeding IPC air during the LTO cycle (baseline GOR)

If the extra bleed is only required during the LTO cycle, the core turbomachinery
components could be sized without considering this bleed requirement. Figure 120
shows the impact of the extra IPC bleed mass flow rate (expressed as a % of the
IPC inlet mass flow rate) on the mission fuel burn and ICAO LTO emissions for this
design choice. The penalties in terms of fuel burn are low since the engine weight
is not increased and it is operated far from its design running line only during the
LTO cycle which is a relatively small part of the mission. As the extra bleed mass
flow rate increases, CO, emissions increase since the fuel burnt is increased, but
NOXx emissions reduce since P3 reduces for this type of OD operation. As the extra
bleed mass flow rate increases, take-off TET increases. 10% extra IPC bleed
results in approximately 90 K increase in take-off TET and this may not be
acceptable. A detailed evaluation of the impact of take-off TET on turbine cooling,
components mechanical integrity and lifing is required to complete the trade-off
studies of this specific bleed operation.

3.2.3.2 Spacing between propellers

The spacing between propellers is defined as the distance (in meters) between the
roots of the blades of the forward propeller and roots of the blades of the rear
propeller. Note that for a spacing of 0.65m the distance between the forward blade
trailing edge and the rear blade leading edge is close to 0.15 m. This minimum
space is needed to ensure that the blades of the two propellers do not touch each
other at any possible blade pitch angle. The reference value used to express
variations in this study is the minimum feasible spacing. The spacing between
propellers has a relatively large impact on CRP noise levels as shown in Figure
121. Both for 10% and 20% clipped CRP designs, noise level reductions of the
order of 6 EPNdB in the three certification points can be achieved by increasing the
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spacing between the propellers to 1.35 m. The changes in approach noise of the
20% clipped are larger than for the 10% clipped design.
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Figure 121a: Noise vs. prop. spacing (10% clipping) b: (20% clipping)

The spacing between the propellers has also an effect on the performance of the
CRP. Close propellers are more efficient at DP mainly due to lower local mach
numbers and a more uniform inlet flow to the rear blades. Figure 122 shows the
impact of the spacing between the propellers on the mission fuel burn for 0%, 10%
and 20% clipped CRP designs. In order to show only the difference caused by the
spacing and not the differences caused by the clipping’®, the fuel burn of the
minimum spacing design for each clipping was used as a reference. For clippings
between 0 and 20%, the increase in spacing between propellers of 0.1 m results in
a mission fuel burn penalty of ~0.07%.

The spacing between the propellers also impacts the size and weight of the output
shafts of the gearbox, and the drag of the engine nacelle, but these differences are
not accounted in the simulations.

Changes in LTO emissions are lower than 1% for CO,, NOx and CO for the studied
spacing range.

" The variations in fuel burn with respect to clipping for a fixed spacing are presented in section
3.2.3.7.2.

199



— No Clipping

—8— 20% Clipping

0.3

0.2

0.1

Change in mission fuel burn [%]

0.5 A wewreee 10% Clipping |- -~ - -

0.4,,,,J,,,,L,,,i ,,,,,,,

"‘
5

o

07 08 09 1

Propellers spacing [m]

Figure 122: Mission fuel burn vs. spacing betweenp  ropellers

3.2.3.3 Hub diameter of the propellers

Figure 123 presents the influence of the hub diameters of the propellers on mission
fuel burn and engine weight (note that both propellers have the same hub
diameter). As the hub diameter is increased, the propeller blades are smaller and
consequently lighter®, but their efficiency decreases due to an increase in power
loading (Lp). The reduction in propeller efficiency with the increase in hub diameter
has a larger impact on the mission fuel burn than the reduction of engine weight.

Change in mission fuel [%]

02—

Change in engine weight [%]

Change in propellers hub diameter [%]

Figure 123: Mission fuel burn and engine weight vs.

hub diameter of the propellers

8 For example, a 5% increase in the hub diameter results in a 4 cm blade length reduction.
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The changes in LTO emissions with respect to the hub diameter of the propellers
are of the same order of magnitude as the changes in fuel burn. It is not possible to
asses the changes in certification noise with respect to the hub diameter using
TENOR.

It is expected that higher hub diameters would result in higher nacelle drag and
higher fuel burn penalties than those shown in Figure 123. This effect is not
considered in this study (refer to sections 3.1.1). For this reason only small
changes in hub diameter were assessed. It is also relevant to mention that the
diameter of the LPT was not changed with the hub diameter.

3.2.3.4 Nozzle pressure ratio

The DP NPR defines the pressure drop across the LPT and consequently the
power of the propellers. Figure 124 shows the change in propeller thrust at DP (as
a percentage of the overall engine thrust) with respect to DP NPR. Even for
relatively high nozzle pressure ratios (~1.6), the propeller produces almost 90% of
the overall engine thrust. Figure 124 also presents the change in DP nner crp and
Nis Lt With respect to DP NPR. As DP NPR increases, the power extracted in the
turbine decreases and consequently the stage loading of the LPT (Ah/U?) and the
power loading of the propellers (Lp) decrease. This results in an increase in both
components efficiencies. nis Lpr reaches a maximum value at a NPR = 1.48 and it is
constant for designs with lower loadings.
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Figure 124: Propeller thrust, nNnetcrp aNd Nispt Vs. NPR at DP

The increase in DP nner cre and nis et as well as the nozzle exit flow velocity
produced by the increase in DP NPR, result in an increase in nm, as presented in
Figure 125. This figure also shows the variation in DP ng,, caused by the change
in DP NPR. As a consequence of the changes in nm and nerop, Nov has a parabolic
shape with a maximum at NPR = 1.42.
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Figure 125: DP engine efficiencies and SFC vs. NPR

Figure 126 shows the change in mission fuel burn with respect to DP NPR.
Changes in mission fuel burn are larger than those of SFC due to the change in
engine weight. As DP NPR increases, the power extracted in the LPT decreases
and the weight of the LPT and CRP decrease. The change in engine weight is the
main reason why the minimum mission fuel DP NPR (~1.53) is higher than the
minimum SFC DP NPR (1.42). A DP NPR of approximately 1.53 would result in a
mission fuel saving of 1% with respect to the baseline DP NPT, but at a cost of

higher jet noise.

8 ,

====-Engine weight
— Mission fuel
—— NOx Fraction CAEP/6

Change [%]

Figure 126: Mission fuel burn, engine weight and NO

Emissions increase as DP NPR increases since the reduction in np,p With NPR is
larger for low flight speeds. Figure 126 shows the variation of fractional LTO NOXx

TOC nozzle pressure ratio [-]

X emissions vs. DP NPR
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with respect to CAEP/6 regulations. Variations in the other gaseous species are
smaller than those of NOx.

It is not possible to asses the changes in certification noise with respect to NPR
using TENOR (see section 2.6.3).

3.2.3.5 Number of blades of the forward and rear pr  opellers

As the number of blades of the CRP increases, nner crp iNcreases (as the blades
are less loaded), SFC reduces, but the weight and mechanical complexity of the
engine increase. Figure 127 presents the variation of DP SFC and engine weight
with respect to the number of blades in the forward and rear propellers (from 8 to
16 blades).

Change in TOC SFC (%) Change in engine weight (%)

15

Rear blades [-]

'
a1

Front blades [-] Front blades [-]
Figure 127a: DP SFC vs. N b: engine weight vs. N

Figure 128 presents the change in mission fuel burn with respect to the number of
blades of the forward and rear propeller for a 0% clipped CRP design (baseline).
The minimum fuel burn design has 14 blades in the forward and 13 blades in the
rear propeller (denoted as 14x13). For propeller designs with more than 14 blades,
the efficiency benefit of an extra blade is smaller than the associated weight
penalty. Figure 129 presents the variation in mission fuel burn for 10% and 20%
clipped CRP designs. Note that the contours of Figure 128 and Figure 129 do not
have smooth shapes due to the discontinuous changes in DPGB weight. The
optimum number of blades for the forward propeller does not change with the
propeller clipping. The optimum number of blades of the rear propeller increases
with clipping. This is because the penalty of an extra blade is reduced for clipped
rear propeller (smaller and therefore lighter blades) and the efficiency improvement
for an extra blade is higher (clipped propellers are more loaded).
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The number of blades of the propellers has also an impact on the engine
manufacturing and maintenance cost, as well as on its mechanical complexity.
These elements have to be considered when selecting the number of blades of the
CRP.

Change in mission fuel (%) 10% Clip Change in mission fuel (%) 20% Clip

Rear blades [-]

Front blades [-] Front blades [-]

Figure 129: Mission fuel vs. N, for clipped CRPs *

Changes in emissions follow the same trends as SFC and the variations are of the
same order of magnitudes as those of the SFC.

Figure 130 and Figure 131 show the change in noise for the three certification
points with respect to the number of blades of the propellers for a 10% clipped

8 The white dots represent the engine designs which have 10% and 20% clipped CRP designs
and the rest of the design parameters equal to the baseline GOR
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CRP. Note that the noise module is capable of assessing propellers with 8 to 14
blades. Sideline and flyover noise are dominated by the number of blades of the
rear propeller while approach noise is dominated by the number of blades of the
forward propeller. These figures together with Figure 129a present the trade-off
between mission fuel burn and certification noise for changes in Ny, for a 10%
clipped CRP GOR. For example: the Np;XNp2 = 14x13 design (minimum fuel burn
design) is 1.4 EPNdB louder in sideline, 1.7 EPNdB louder in flyover and 4 EPNdB
louder in approach than the 8x8 design. The cost of using an 8x8 design (quieter)
with respect to the 14x13 design is 2.2% in mission fuel burn.

Change in noise level [EPNdB] Change in noise level [EPNdB]

Rear blades [-]

Front blades [-] Front blades [-]
Figure 130a: Sideline noise vs. N, (10% clipping) b: Flyover noise vs. N (10% clipping)
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Figure 131: Approach noise vs. N  (10% clipping)

Figure 132 and Figure 133 present the changes in noise with respect to the number
of blades of the propellers for a 20% clipped CRP design. The number of blades in
the rear propeller of a 20% clipped design has a larger impact on approach noise
than for the 10% clipped design. These figures together with Figure 129b present
the trade-off between mission fuel burn and certification noise for changes in N of
a 20% clipped CRP GOR. For example: the 14x14 design (minimum fuel burn
design within the range of the noise predictions) is 1.4 EPNdB louder in sideline,
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1.2 EPNdB louder in flyover and 5 EPNdB louder in approach than the 8x8 design.
The cost of using an 8x8 design (quieter) with respect to the 14x14 design is 2.6%
in mission fuel burn.

Change in noise level [EPNdB] Change in noise level [EPNdB]

Rear blades [-]

Front blades [-] Front blades [-]
Figure 132a: Sideline noise vs. N  (20% clipping)  b: Flyover noise vs. N (20% clipping)
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Figure 133: Approach noise vs. N  (20% clipping)

Both for the 10% and 20% clipped CRP GORSs, the noise increases with the
number of blades in both propellers. This suggests that the increase in interaction
noise produced by an additional blade is not compensated by the reduction in
loading noise (even for highly clipped designs). These preliminary results need to
be further investigated with an enhanced noise prediction module as suggested in
section 2.6.3.

3.2.3.6 Gearbox torque ratio

This section describes the impact of TRppgg 0N mission fuel burn, certification noise
and emissions for different propeller rotational speeds (using N1 = -N, = N). TRppcs
has a large influence on the speed ratios of the different shafts of the DPGB (refer
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to section 2.2.3.4.2). Since N; and N are fixed by the control of the CRP, TRppgs
sets Nipr. The study is first carried out for a 3 stages LPT design (baseline LPT
design) and then for a 2 stages LPT design.

3.2.3.6.1 3 stages LPT (baseline GOR design)

Figure 134a shows the change of CRP efficiency due to the change in TRppgg for
different values of DP Nj. Within the studied range of Ni, nner crp iNCreases as
TRppcs decreases. This is due to a better distribution of the power loading between
the forward and rear propeller and a reduction of the CRP exit swirl. The order of
magnitude of the change in DP nner crp With TRppgg for a fixed Nj is consistent with
the aerodynamic design predictions presented in Ref. 15.

Figure 134b presents the change in nis Lpt due to the change in TRppgg for different
values of DP N;. For a given CRP rotational speed, nis pt increases as the TRppgp
decreases due to an increase in N pt (See Eq. 162) and a reduction in the extracted
power (produced by the increase in nner cre). A mMaximum achievable LPT
isentropic efficiency was set to the LPT technology curve (see details in section
2.2.3.1.1) and it is the cause of the constant efficiency area in this figure.

The white regions in the figures of this analysis correspond to non feasible LPT
designs (the boundaries between the feasible and non feasible regions on the
figures do not appear to be smooth due to the limited number of simulated
designs). The lower-right non feasible area corresponds to mechanically non
feasible LPT designs due to high rotational speeds. The upper-left non feasible
area corresponds to aerodynamically non feasible LPT designs due to low
rotational speeds and consequently high aerodynamic loading. A DPGB design
with TRppeg below 1.235 is not feasible because it would require a larger diameter
than the hub diameter of the last stage of the LPT.

Change in CRP efficiency [%] Change in LPT efficiency [%]
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Figure 134a: nNuercre VS. TRppee and N, b: NisLpr VS. TRppes and N
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Figure 135 presents the variation in DPGB and engine weight with respect to
TRppes and Nj. The discontinuities in the contours correspond to changes in the
size of the teeth of the gears (standard sizes used). The DPGB weight decreases
as N; increases, but the engine weight is relatively unaffected due to the increase
in LPT and CRP weight.
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Figure 135a: Engine weight vs. TR ppgg and N b: DPGB weight vs. TR ppgg and N

Figure 136 shows the change in mission fuel burn with respect to TRppes and Nj.
For any given rotational speed, the minimum fuel burn TRppgg coincides with the
TRppcs at which the maximum njs Lpr is achieved. A reduction in TRppgg below the
optimum value, results in an increase in engine weight which has a larger influence
on mission fuel burn than the increase in nyer cre (NO iNcrease in Nis pt).
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Figure 136: Mission fuel burn vs. TR ppgg and N
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Changes in certification emissions follow the same trends as SFC (which are
dominated by changes in nner cre and nis Lpt) and the variations are of the same
order of magnitudes as those of SFC.

It is not possible to asses the changes in certification noise with respect to TRppgs
using TENOR (refer to section 2.6.1).

3.2.3.6.2 2 stages LPT

A 2 stage LPT can also satisfy the power extraction requirements of the GOR [Ref.
134]. The 2 stage LPT requires a higher rotational speed than the 3 stage LPT
which is achieved with a lower TRppgg at a given Nj. Figure 137 shows the gas
path geometry of a 2 stage LPT for the GOR application [Ref. 134]. The dimensions
of this design [Ref. 134] were used in the technology curve to predict the DP nis pr
at different TRppge and N;. The design Nipr of this LPT is obtained with TRppgg =
1.257 at N; = 860 rpm (baseline value).

Figure 137: 2 stage LPT gas path [Ref. 134]

The reference values of efficiencies, weight and mission fuel used to express the
variations in this section are those of the baseline GOR. This is done to facilitate
the comparison between both engine design options.

Figure 138 presents the change in nner cre @and nis Lpr due to the change in TRppgs
for different values of DP N;. The trends are similar to those of the 3 stage LPT
GOR design apart from the fact that the maximum LPT isentropic efficiency level is
not achieved in this case. The LPT feasibility region is smaller than for the 3 stage
LPT design due to higher stage aerodynamic loadings.
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Figure 139 shows the change in DPGB and engine weight with respect to TRppgs
and N;. For the baseline N; (860 rpm), the GOR with a 2 stages LPT and TRppgg =
1.257% is ~ 3.5% heavier than the GOR with a 3 stages LPT and TRppgg = 1.33%%.
This is because the 2 stages LPT requires a heavier DPGB than the 3 stages LPT
GOR, and the difference in DPGB weight is larger than the weight of an additional
stage.
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Figure 139a: Engine weight vs. TR ppgg and N b: DPGB weight vs. TR ppgg and N

Figure 140 shows the variation in mission fuel burn with respect to TRppgs and Nj.
For the studied range of N;, a reduction in TRppgg results in a reduction in mission
fuel burn. This is because the increase in nner cre @and nis Lpr produced by the
reduction in TRppgg, overwhelm the gearbox weight penalty. For the reference N;
(860rpm), the GOR with a 2 stages LPT and the minimum fuel burn TRppcs

8 These values of TRppee together with N; = 860 rpm, result in the DP Nipr of the LPTs
reported in Ref. 134,
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consumes 0.8% more than the GOR with a 3 stages LPT and the minimum fuel
burn TRppge. The presented trade-offs together with manufacturing and
maintenance cost analyses can be used to identify the most economically attractive
number of stages of the LPT.
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Figure 140: Mission fuel burn vs. TR ppgg and N

3.2.3.7 Diameters and rotational speeds of the prop  ellers

This section presents the effects of changing the diameters and rotational speeds
of the propellers. In order to present the results in 2-D charts, it was decided to
divide the study in two sub-sections:

- Diameter and rotational speed: the diameters and rotational speeds of both
propellers are varied keeping N; =-N, = N and D; = D,=D.

e Clipping and speed ratio: different clippings and speed ratios of the
propellers are assessed using D; and N, of the baseline GOR.

As presented in section 3.2.3.6.1 and 3.2.3.6.2, the feasible range of CRP
rotational speeds depends on TRppge. A 3 stages LPT and a TRppes = 1.29 were
used for these studies in order to maximise the range of feasible propeller rotational
speeds that could be investigated. The variations are expressed relative to this
GOR design. The mission fuel burn of this design is 0.3% higher than that of the
baseline.

3.2.3.7.1 Diameter and rotational speed

Figure 141 presents the change in mission fuel burn with respect to the CRP
diameter (D = D; = D,) and rotational speed (N = N; = -N,). The CRP diameter
corresponding to the minimum fuel burn design is larger than 4.26 m for the studied
range of rotational speeds. The diameter of the CRP was constrained to 4.26 m to
comply with installation requirements. Figure 142 shows an extended version of
Figure 141 (D between 3.5 and 5.3 m) for a 10% clipped CRP design (weight and
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drag penalties associated with a longer pylon not considered). The CRP diameter
corresponding to the minimum fuel burn design is approximately 4.73 m for all the
studied rotational speeds. The estimated mission fuel burn reduction for a D = 4.73
m design relative to a D = 4.26 m design, is less than 0.4% and it would be even
lower if the associated installation penalties were considered. Consequently, the
CRP diameter corresponding to the minimum fuel burn is between 4.26 and 4.73
m. This result is equally valid for unclipped CRPs.
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Figure 141: Mission fuel burnvs. NandD (N=N ;=-N,andD=D;=D,)
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Figure 142: Mission fuel burn vs. N and D for 10% c¢  lipped CRP
(extended not considering aircraft level penalties)

Figure 143 shows the change in SFC with respect to D and N for the TOC and
take-off points. These two operating conditions are taken as representative
examples of high and low flight speeds and will be used to explain the trends of
Figure 141 and Figure 142. Figure 144 presents the change in engine weight with
respect to D and N.
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The trends presented in Figure 141 and Figure 142 are mainly dominated by the
changes in nner cre @and nis Lpr (Which determine the SFC) and the changes in
engine weight. For example, the mission fuel burn of engine design with D = 3.8 m
and N = 950 rpm is approximately 4.3% higher than the fuel burn of the reference
design®. It can be seen in Figure 143 that the SFC of the D = 3.8 m and N = 950
rpm design is almost 5% higher at TOC and 6% higher at take-off relative to the
SFC of the reference design. Figure 144 indicates that the D = 3.8 m and N = 950
rpm design is approximately 12% lighter than the reference design. The 5-6% SFC
penalty overwhelms the 12% reduction in engine weight resulting in a 4.3%
increase in mission fuel burn.
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Figure 143: TOC and take-off SFC vs. N and D (take- off: M= 0.25, dISA =0, Alt =0)
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Figure 144: Engine weight vs. N and D

8 The reference GOR used for this studies has TRppee = 1.29 and the rest of the design
parameters equal to those of the baseline GOR
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Note that the variation in the engine weight with N is smaller than 1% for any D
within the studied range of N (see Figure 144). This is because the weight penalty
associated with a faster LPT and CRP is balanced by the weight reduction of a
faster DPGB (see Figure 145).

Change in (engine - gearbox) weight (%) Change in gearbox weight (%)

Propeller Diameter [m]

N1 = N2 [rpm] N1 = N2 [rpm]
Figure 145: Engine and DPGB weight vs. N and D

The following paragraphs present the main factors which influence the variations in
TOC SFC with D and N (Figure 146a). Figure 147a shows the variation in TOC nyer
cre and Figure 146b shows the variation in n; pr. It can be seen that the iso-SFC
contours are similar to the iso- nuer cre CONtours but with a reduced slope in the
region where n o varies with N.
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Figure 146a: TOC SFC vs. N and D b: TOC nis.pr vs. N and D
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Figure 148: Propeller efficiency losses due to comp ressibility effects (TOC)

The changes in TOC nyer cre (Figure 147a) are dominated by the changes in power
loading (Lp) (Figure 147b) and compressibility losses (Figure 148):

As D reduces, Lp increases and as a result nyer crp decreases. Additionally,
as D reduces, the compressibility losses decrease but this change is
relatively smaller than the changes in efficiency due to the increase in Lp.

As N increases, the compressibility losses in both propellers increase (apart
from the region where they are zero for the forward propeller) making the
propeller less efficient. As the propeller is less efficient, more power is
required to produce the TOC thrust, resulting in a higher Lp and a further
reduction in NNET CrP-

8 Note that the variation in Lp, is equal to the variation in Lp, because TRppgs is fixed and Ny = -
Nz and Dl = D2
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The forward propeller compressibility losses are dominated by its tip speed (Figure
148). If the relative tip helical Mach number is smaller than 0.89, there are no
compressibility losses (white region in Figure 148). The compressibility losses of
the rear propeller are higher than those of the forward propeller. This is because
the flow reaching the rear propeller has higher axial and rotational speeds resulting
in higher relative tip helical Mach numbers. The variation of the induced velocities
has a major influence on the shape of the contours of the rear propeller
compressibility losses (Figure 148). The effects of compressibility losses of the
forward propeller on nner cre @and SFC can be seen in Figure 147 and Figure 146
respectively (change in slope of the contours). The effects of the rear propeller
compressibility losses on nner cre and SFC are more difficult visualise because
they affect all the plotted designs.

Figure 149 and Figure 150 present the variations in certification noise with respect
to the propeller diameters and design rotational speeds for a 10% clipped CRP
design. It should be noted that due to limitations in the noise module, the propeller
is operated at 1.1 Nipes at the three certification points. These limitations are also
responsible for the absence of values in white regions of the plots. The propeller
rotational speeds indicated in these figures correspond to the real rotational speeds
of the propellers at the certification points. The maximum simulated diameter is 4.7
m which corresponds approximately to the minimum mission fuel burn propeller
diameter identified in Figure 142. These figures together with Figure 142 present
the trade-off between noise and fuel burn with respect to N and D for a 10% clipped
CRP GOR. The emissions follow the same trends as the changes in SFC for each
operating point.
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Figure 149a: Sideline noise vs. N and D b: Flyover noise vs. design N and D
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Figure 150: Approach noise vs. design N and D

As a general conclusion, sideline and flyover noise can be reduced by increasing D
and operating the CRP at the appropriate rotational speeds. For any D there is a
minimum sideline noise N. This is due to the relative variations in loading and
interaction noise of both propellers. As N is reduced, the interaction noise is
reduced, but the loading noise is increased as the thrust is kept constant. At high N,
the reduction in interaction noise produced by the reduction in N is higher than the
increase in loading noise. At low N, the increase in loading noise produced by the
reduction in N is higher than the reduction in interaction noise.

The minimum noise rotational speeds for the 10% clipped GOR with D = 4.26 m is
between 850 and 900 rpm.

The propeller tip speed corresponding to the minimum sideline noise decreases as
D increases. In reality, the variations in minimum noise tip speed with D are likely to
be larger than those obtained because of the reasons described in section 2.6.3.

The flyover noise follows the same trends as sideline noise, but the minimum N for
every D is lower in the case of flyover, as the aerodynamic loading of the propeller
is lower than that for sideline.

The approach noise is dominated by the interactions between the propellers as the
aerodynamic loadings are considerably reduced. It can be seen in Figure 150 that
the approach noise increases as D increase for a constant tip speed (function of D
and N). Consequently, the reduction in sideline and flyover noise that could be
achieved by increasing D at constant tip speed would result in a noise penalty
during approach. The trade-off between noise levels at the three certification points
is of paramount relevance since the regulations impose maximum allowed levels
for (sideline + flyover + approach) as well as for (sideline + flyover), (sideline +
approach) and (approach + flyover).

The shapes of the noise vs. N and D contours of a 20% clipped design are
analogous to those of the 10% clipped design. The variations in sideline EPNdB
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with respect to N and D of a 20% clipped design are of the same order of
magnitude than those of the 10% clipped design. The variations in flyover and
approach EPNdB with respect to N and D of a 20% clipped design are
approximately half of those of the 10% clipped design.

3.2.3.7.2 Clipping and speed ratio of the propeller s

The CRP can be clipped (D, smaller than D,) to reduce the effects of the tip vortex
produced by the forward propeller on the rear propeller. This reduces the propeller
noise but also reduces its efficiency since part of the swirl of the forward propeller is

not recovered by the rear propeller. The definition of clipping is provided in Eq. 180
(section 3.2.1.3)

Figure 151 and Figure 152 present the variations in mission fuel burn and engine
weight with respect to propeller clipping and N, for the reference values of Dy, N;
and TRppee = 1.29.
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Figure 151: Mission fuel burn vs. Clipping and N, (reference D ; and N4, TRppgg = 1.29)
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Figure 152: Engine weight vs. Clipping and N, (reference D ; and N1, TRppgg = 1.29)
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Changes in engine weight are dominated by the clipping, and the influence of N, is
relatively small. This is because the increase in LPT and CRP weight with N is
balanced by the reduction in DPGB weight. Although the engine weight decreases
with clipping, mission fuel burn increases. For all the studied values of N,, the
unclipped CRP design offers the lowest mission fuel burn. It can be seen that a
reduction in N, offers a reduction in mission fuel burn up to a certain point. The
minimum mission fuel burn for the unclipped design is achieved at N, = 700 rpm.

The following paragraphs present the main factors which influence the variations in
DP SFC with respect to clipping and N, (Figure 153a). The TOC iso-SFC contours
follow the iso- nner cre cONtours (Figure 153b) modified by the changes in nis Lpr
(Figure 154a) in the low N, region. It can be seen that the iso- nyer crp CONtours
have a change in slope due to the variation in compressibility losses of the rear
propeller (Figure 154b). The variations in compressibility losses of the forward
propeller are relatively smaller.
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Figure 154a: TOC nis.pr VS. Clipping and N , b: compressibility losses vs. Clipping and N 2
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The changes in nis Lpr With respect to N, are relatively smaller than those obtained
for changes in N; and N, (Figure 146b). This is because a simultaneous variation in
N; and N, produces a higher change in N pr than a variation in N,. Moreover, for
TRppee = 1.29 (value used for the current analysis) and the selected connections
between the DPGB and propellers, a change in N; has 30% more influence on Ny pr
than a change in N, (see Eq. 162).

Figure 155 shows the changes in the forward and rear propeller power loading (Lp)
at DP. Changes in N result in a variation in the power ratio of the propellers
because the DPGB produces a constant torque split between the two propellers.
For constant clipping, a quasi linear variation of Lp with N, can be observed for the
rear propeller, denoting the quasi linear variation in power® (the area is fixed). For
constant N, Lp of the rear propeller varies aproximately®® in proportion to change in
area. The forward propeller power (which is proportional to Lp since it has a
constant area) varies in order to compensate for the changes in CRP power ratio
(and changes in the efficiency of components).
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Figure 155: TOC Lp vs. Clipping and N »

Figure 156 and Figure 157 present the change in certification noise with respect to
the propeller clipping and N,. Note that the propeller rotational speeds indicated in
the noise figures correspond to the real rotational speed at the corresponding
operating point (1.1 Nipes) and the white dots are located at the reference N, used
to express the variations. According to TENOR, clipping has a very limited
influence (less than 1dB in the studied range) on sideline noise but has a relevant
effect on both flyover and approach noise levels. Flyover noise level can be
reduced 1.5 EPNdB by clipping 20% the rear propeller at the reference Na.
Approach noise can be reduced almost 2.5 EPNdB with the same amount of
clipping. This relevant reduction in noise would be achieved at a cost of 2% of
mission fuel burn. Figure 151, Figure 156 and Figure 157 present the trade-off

8 The variation is not linear because the total power absorbed by the CRP varies as nner crp
and nis Lp7 vary.
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between noise and mission fuel burn for any combination of clipping and N,. A
reduction in N, appears to be beneficial both from the noise and the fuel
consumption point of view for the GOR with TRppgg = 1.29. The emissions follow
the same trends as the changes in SFC for each operating point.
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Figure 156a: Sideline noise vs. Clippingand N, b: Flyover noise vs. Clippingand N,
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Figure 157: Approach noise vs. Clippingand N,

3.2.3.8 Efficiencies of compressors, turbinesand D PGB

The IPC, IPT, HPC, HPT and DPGB efficiencies were estimated for a 2020 level of
technology and were kept constant for all the studied GOR designs. The LPT
efficiency was estimated using the methodology described in section 2.2.3.1.1.
Table 15 summarises the effects of not achieving the estimated efficiency levels on
mission fuel burn.
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Change in component efficiency Ghange in mission fu el burn [%]
-1% IPC poly. eff. +0.55
-1% IPT is. eff. +0.28
-1% HPC poly. eff. + 0.46
-1% HPT is. eff. +0.41
-1% LPT is. eff. +0.89
-1% Gearbox eff. +1.04

Table 15: Mission fuel burn penalty vs. change ine  fficiency of components
3.2.3.9 Minimum fuel burn design region

Within the assumptions of the study, the GOR design which offers the minimum
fuel consumption for the reference mission lies in the following region of the design
space:

 DPNPR~15

e 3 stage LPT

b TRDPGB ~1.27

e D; between 4.26 and 4.7

* Clipping=0

* Nb; =14 and Nb, = 13

e DP N;j between 730 and 750

e DP N, between 700 and 730

*  Minimum hub diameter

» Minimum spacing between propellers

Table 16 presents the results of a mission fuel burn minimisation performed with
ISIGHT. The optimiser was allowed to modify all the low pressure preliminary design
variables listed in section 3.2.3, except for the IPC bleed mass flow rate which was
set to zero. The minimum SFC control strategy for the baseline GOR was used and
the following constraints were imposed.

 maximum dimaters of the propellers = 4.26 m (the pylon considered in the
aircraft model does not allow larger propeller diameters)

* minimum spacing between propellers = 0.65 m (refer to section 3.2.3.2)

e minimum hub diameter = 1.5 m (limited by the exit diameter of the LPT, the
size of the pitch change mechanisms and the thickness of the nacelle)

Engine Design

Core Baseline
D, =D, 4.26 m
Spacing between propellers 0.65m
Hub diameters of the propellers 1.5m
Nb, 14
Nb, 13
DP Ny 740
DP N, 715
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LPT number of stages 3
TRppcs 1.27
DP NPR 1.47

Changes relative to the baseline GOR

Mission fuel burn -3.7%
LTO NOx -4 %
Engine weight +8.7%

Table 16: Minimum mission fuel burn GOR design

The certification noise of this GOR design can not be evaluated with TENOR
because the clipping of the rear propeller is smaller than 10% (refer to section 2.6).
Minimum noise GOR designs could be identified with an enhanced noise module
(refer to section 2.6.3).

3.3 DDOR assessments

First the baseline DDOR is defined, and then the engine control assessments and
design space exploration are presented.

3.3.1 Baseline DDOR definition

The following paragraphs describe the preliminary design definition of the baseline
DDOR. The schematic of the engine performance model of the DDOR is presented
in section 2.2.5. This engine was sized to meet the engine performance
requirements described in section 3.1.2.

3.3.1.1 Core definition

The baseline DDOR has the same number of stages and PRs in the core
components as the baseline GOR (presented in Table 11). The DP TET and DP
efficiencies of the IPC HPC HPT and IPT are the same as for the baseline GOR
(presented in Table 12)

Table 17 presents the estimated pressure losses in the baseline DDOR ducts
reflecting a year 2020 level of technology.

Component Pressure Loss (%)
Burner 4
IPC - HPC 0.75
IPT — CRT 1
Nozzle Duct 1

Table 17: Baseline DDOR pressure losses

Note that the IPT-CRT duct has a relatively high pressure loss for an inter turbine
duct. This is a consequence of the relatively large difference in mean radii of the
IPT and CRT and the presence of the relatively thick struts of the mid frame which
pass through it.
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The burner is an annular design and its estimated efficiency is 99%.
3.3.1.2CRT

The CRT of the baseline engine is described in section 2.2.3.3.2.8. It has 20
stages. The first stage is connected to the external drum and the forward propeller.
The last stage is connected to the internal drum and to the rear propeller similarly
to the CRT of Figure 60. This connection between the CRT and the CRP results in
TRcrT = TRcrp (defined in Eg. 120 and Eq. 180 respectively) and NRcrt = NRcrp =
-n1/n2 = -N1/N2.

DP TRcrr = 1 for all the studied DDOR engines (refer to Consideration 3 in section
2.2.3.3.2.7). DP nis crr Was calculated using CRT-DPe (described in section
2.2.3.3.2.7) and is approximately 0.88.

3.3.1.3 Secondary Air System

The SAS of the baseline DDOR engine was designed to satisfy its cooling and
sealing requirements. The description of the SAS is omitted due to non disclosure
agreements.

3.3.1.4 Propellers

The propellers of the DDOR have the same diameters, spacing between propellers,
DP rotational speeds and number of blades as those of the baseline GOR.

DP nner of each propeller was calculated using the methodology presented in
section 2.2.3.2.5. DP nner crp iS approximately 0.86.

3.3.1.5 Auxiliary power extraction

The mechanical power required by the aircraft (250 hp at all operating regimes) is
extracted from the HP shaft. This is done in order to have a unique auxiliary
gearbox covering the power extraction and starting requirements.

3.3.1.6 Components maps

The maps used for the IPC, HPC, HPT, IPT and propellers are the same as for the
GOR. They were scaled so that the location of the DP in the maps was the same
as for the GOR.

The used CRT map is presented in Figure 68 - Figure 70. It was obtained using
CRT-DPe as described in section 2.2.3.3.2.8.

3.3.1.7 Technology curves

The technology curve of the CRT is described in section 2.2.3.3.3.1 and gives the
same result as the 1-D mean line code (described in section 2.2.3.3.2.7) for the
baseline CRT.
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The technology curve used for the propellers is described in section 2.2.3.2.5 and
the used technology factor (K.p) is 1.56 as for the GOR.

3.3.1.8 Baseline for noise studies

The noise module was designed to predict the noise of CRPs with clippings
between 10 and 20%. The baseline GOR and DDOR used for these assessments
are defined with equal propeller diameters (0% clipping) and it is not possible to
obtain the noise levels for the baseline engines. Consequently, the noise trends are
presented for various levels of clipping (explicitly mentioned in the text). In these
cases, all the engine preliminary design parameters are equal to those of the
baseline engine except for the diameter of the rear propeller.

3.3.2 Engine control assessments

The rotational speed of the propellers of a DDOR engine can be independently
controlled (see section 2.2.5). The control system of the GE-UDF demonstrator
allowed a flexible definition of N; and N, in order to enable the investigation of
noise and SFC reduction control strategies during the ground and flight tests [Ref.
33]. The only results of these investigations found in the public domain, are the
variations in SFC at take-off (operating conditions not reported) with respect to N;
with N; = -N, (figures 7.14 and 7.15 in Ref. 238). The SFC Vs. N; trends obtained
with the engine performance model developed for this research project are
consistent with those presented in Ref. 238.

This section presents the influence of the control of the CRP on fuel burn, noise
and emissions for the baseline DDOR. Each flight phase is analysed
independently.

3.3.2.1 Climb

Figure 158 presents the variation of Fn and SFC with respect to Alt and M, for an
average climb TET, ISA conditions and N; = -N, = Nipes (reference point to express
variations: Alt = 35 kft and Mg = 0.75). The trends are similar to those of the GOR.
The relative variation of Fn, SFC and the aircraft performance characteristics define
the optimum fuel burn climb speeds and the trade-off between climb fuel and time.
Above 10kft of altitude, a constant CAS of 260 kt is used for the assessments
because it minimises the fuel consumption of the reference mission. This was
calculated following the same procedure used for the studies presented in Ref. 234
(variations in CAS of 10 kt were considered).
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Change in Thrust [%]
Change in SFC [%]

Figure 158: Fn and SFC vs. M 4 and Alt (dISA =0, TET = 1640K and n ;= -Ny= Nypes)

The variation of SFC with respect to N; and N is different for every climb condition,
and it follows the same trends as the cruise, take-off and descent which are
presented below.

3.3.2.2 Cruise

The cruise phase is done at Mg = 0.75. The thrust requirement decreases along the
cruise as the aircraft becomes lighter. The reference aircraft at full load requires
22.4 kN of thrust at the start of cruise and 17 kN at cruise end. Figure 159a
presents the change in SFC with respect to Fn and N (with N1 = -N, for simplicity).
Note that the Fn vs. SFC curve of the DDOR is different from the traditional “U”
shape curve for a turbofan. This is because the variations in ne, of @ CROR are
small and therefore the changes in no, are dominated by the changes in nr.

6 T T T T T T I
| | 'T‘
| | rt Cruise —1.12
N R B e =
— (@]
=, i
Q ST NN\ S Q 1.08
—
n
R B NN\ it ietets it et ’ g
(0] 1.18) ~ 1.04
22 NN T =
g £
|
. — =
— o
0 e
0.96
15 23 16 17 18 19 20 21 22 23
Engine Thrust [KN] Engine Thrust [kN]
Figure 159a: SFC vs. Fn (cruise) b: Optimum cruise N ; vs. Fn

(dISA = 0, Alt = 35kft, M ¢ =0.75, N; = -Ny)
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The results shown in Figure 158a suggest that approximately 1-2% fuel saving can
be achieved by using the optimum propeller rotational speeds as opposed to
constant rotational speeds. Figure 159b presents an optimum N; schedule to
minimise fuel consumption for this flight condition (with N; = -N,). It can be seen
that low rotational speeds minimise SFC for low power settings and high rotational
speeds minimise SFC for high power settings.

The speed ratio of the propellers (nR = -N1/N;) can also be varied and an optimum
bi-dimensional schedule of N; and N, can be produced. Figure 160 shows the
change in SFC with N; and N for the start of cruise thrust.
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Figure 160: SFC vs. N ; and nR (Fn = 22.4 kN dISA =0, Alt = 35kft, M (= 0.75)

The shapes of the contours of Figure 160 are mainly dominated by the changes in
Nnet cre @and Nis crt. For the studied ranges of Ny and Na, nNner crp decreases and njs
crt Increases as Nq or N, increase. There is a trade-off between both efficiencies,
and for this particular design and cruise operating condition the minimum SFC is
achieved at higher rotational speeds than the optimum propeller efficiency
rotational speeds.
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Figure 161: CRP & LPT efficiencies vs. N ; and nR (Fn=22.4kN, dISA=0, Alt=35kft, M 4=0.75)
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The variations in nnet cre and nis Lpr are different for different engine designs, and
consequently different DDOR designs have different minimum fuel control
strategies. In order to do a fair comparison between the fuel consumption of
different engine designs they should be operated at their optimum control speeds.
In the same way, in an optimisation process, both the design and control should be
optimised simultaneously. This process is very computationally expensive and for
this reason the reference minimum SFC control strategy was used for all the
studied engine designs. The evaluation of the control of different DDOR designs
showed that the use of the baseline control as opposed to a dedicated optimum
control can lead to differences of the order of 0.2% in fuel burn. This suggests that
the use of the reference control strategy is a valid simplification that enables the
comparison of different engine designs.

3.3.2.3 Descent

The minimum SFC is achieved at low rotational speeds, as descent thrust is
relatively small. The optimum Ni/Nipes Values for the different descent points are
close to 0.7. Although the changes in SFC with N; and N, are higher than for cruise
(~20%), the potential mission fuel savings offered by an optimised descent control
strategy are of the same order of magnitude than for cruise. This is because the
thrust levels at descent are considerably lower than at cruise and the fuel
consumption of the descent is a small portion of the mission fuel burn (~10% for the
reference mission).

3.3.2.4 Landing and take-off cycle

The control strategy used along the LTO cycle has an impact on the LTO fuel
consumption as well as on the certification noise and emissions.

3.3.2.4.1 Take-off

Figure 162 presents the variation in SFC with respect to N; and nR for a fixed take-
off thrust (Mg = 0.2, Alt = 0, dISA = 0, Fn = 107 kN). Within the studied ranges of Ny
and N, high rotational speeds result in a reduction of SFC due to the increase in
Nis crT- Note that compressibility effects on the propellers are relatively low at take-
off flight speed.
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Figure 162: SFC vs. N ; and nR at Take-off (M (= 0.2, Alt =0, dISA =0, Fn = 107 kN)

However, as N; and N increase, both the sideline and flyover noise levels increase
as shown in Figure 163. Note that due to model limitations, the ranges of these
figures are different to the ranges of previous figures. At sideline, N, dominates the
noise level at relatively low N1, and N; dominates the noise level at relatively high
N;. At flyover, N; dominates the noise level at relatively low N;, and N, dominates
the noise level at relatively high N;.
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Figure 163a: Sideline Noise vs. N ; and nR b: Flyover Noise vs. N ; and nR

Figure 164 presents the variation in NOx emissions for the take-off point with
respect to the control of the CRP. The variations in LTO NOx and CO, emissions
follow the trends of SFC. The magnitudes of the variations of NOx are higher than
those of SFC due to the required changes in TET. The total mission CO, emissions
follow the mission fuel burn trends.
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Figure 164: Take-off NOx emissions vs. N ; and nR

The most fuel efficient and less pollutant take-off control strategies are at high
rotational speeds. Ni/Nipes = 1.3 and Ni/N, = 0.8 result in a 0.9% reduction in
mission fuel burn and 6.5% reduction in LTO NOx emissions®® with respect to the
reference control. On the contrary, Ni/Nipes = 1.3 and Ni/N, = 0.8 penalises the
certification noise by approximately 2 EPNdB for sideline and 4 EPNdB for flyover
with respect to the reference control.

Both sideline and flyover noise can be reduced by 2 EPNdB with respect to the
reference control strategy by operating the engine at relatively lower rotational
speeds (N1/Nipes = 0.95 and nR = 1.2). This would be at a cost of 0.3% increase in
mission fuel, 7% increase in LTO NOx emissions, and 10 K increase in TET with
respect to the reference control.

At take-off, the engine operates at the highest TET and thrust levels and therefore
at the highest mechanical stresses. Consequently, the mechanical integrity criteria
of every component should be considered when optimising the take-off control.

3.3.2.4.2 Approach

Figure 165a shows the change in SFC of the baseline DDOR with respect to N;
and nR for the approach condition used for noise calculations. In consistence with
the previously presented SFC trends, the minimum SFC is achieved at low
rotational speeds. The non uniformity in the SFC contours is due to the linear
interpolation used in the CRT map (PROOSIS only allows linear interpolation for 3-
D tables).

Figure 165b presents the change in approach noise level with respect to N; and
nR. Low rotational speeds appear to be more appropriate for the approach since
they result in low fuel bun emissions and noise. Note that for this engine design, the

% Note that take-off + climb-out NOx is approximately 65% of the LTO NOX.
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noise module did not allow the calculation below 0.97 N1pes and for this reason it is
not possible to establish the exact trade-offs between noise and fuel burn.

s Change in SFC [%)] Change in noise level [EPNdB]
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Figure 165a: Approach SFC vs. N ;and nR  b: Approach Noise vs. N ; and nR
(Mg =0.2, alt =120 m Thrust = 31 kN)

Figure 166 presents the changes in NOx emissions for the approach phase with
respect to N; and nR. Low rotational speeds result in low emissions. It should be
noted that the NOx emissions during the approach phase, are approximately 12%
of the LTO NOx and therefore the impact of the approach control strategy on LTO
NOx is expected to be lower than 1%.
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Figure 166 Approach NOx emissions
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3.3.3 Design space exploration

This section presents the influence of the following LP preliminary design variables
on fuel burn, noise and emissions for a pusher DDOR:

« |PC bleed mass flow rate used for cooling and noise reduction techniques
e Spacing between propellers

* Hub diameters of the propellers

* Nozzle pressure ratio at DP

* Number of blades of the forward and rear propellers

* Number of stages of the CRT

« Diameter of the forward propeller

* Rotational speed of the forward propeller at DP (TOC)

» Propeller clipping

» Speed ratio of the propellers at DP (TOC)

The sensitivity of the mission fuel burn with respect to the DP efficiencies of
compressors, turbines is also presented.

The variations are expressed as a difference relative to the baseline DDOR. In
each of the following studies, one or two design parameters are varied and all the
rest are kept equal to those of the baseline DDOR.

The previously presented minimum fuel burn control is used for the performance
calculations of all the engine designs. The noise simulations at sideline and flyover
are also performed at the minimum fuel burn propeller speeds. The noise
simulations corresponding to approach are performed at 1.15 Njpes due to a
limitation in the minimum rotational speed that the noise module can simulate. For
clarity, the real propeller rotational speeds are shown on all the noise plots.

3.3.3.1 IPC bleed mass flow rate used for cooling  and noise reduction
techniques

One of the bleeds of the IPC is used to cool LP components such as the CRP pitch
changing mechanisms and seals. This cooling flow is discharged to the atmosphere
and does not contribute to the engine thrust. The bleed requirements may increase
(with respect to the baseline value) due to higher cooling requirements or for CRP
noise reduction techniques®’. Figure 167a shows the change in mission fuel burn
(Mission Fuel 1) and engine weight with respect to the extra IPC bleed requirement
(expressed as a % of the IPC inlet mass flow rate). The mission fuel burn increases
with the bleed mass flow rate, both because the engine weight and SFC increase.
The changes in engine weight are mainly due to changes in the weight of the IPC,

8" One noise reduction technique for CRORs may be to blow air through the trailing edge of the
pylon. This reduces the vorticity of the flow behind the pylon (which is ingested by the CRP) and
reduces the noise of installed pusher CRPs [Ref. 237]
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IPT, CRT (its inlet conditions are modified) and nacelle. Figure 167b shows the
change in the mass of pollutants emitted during the ICAO LTO cycle with respect to
the extra IPC bleed mass flow rate.
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Figure 167a: Mission fuel & eng. weight b: ICAO  LTO emissions vs. extra IPC bleed

If the extra IPC bleed is only required during the LTO cycle to reduce the
certification noise, the bleed mass flow rate could be reduced to the baseline value
during the rest of the mission. The dotted line in Figure 167a (Mission Fuel 2)
depicts the change in fuel burn that results of operating this bleed only during the
LTO cycle. Although air is bled during a very small part of the mission, the fuel
penalty is relatively large due to a heavier engine that operates far from its design
conditions along the entire mission. These curves together with the variation of
certification noise of a DDOR with respect to the pylon blowing can be used to
show the trade-off between fuel burn and noise.

If the extra bleed is only required during the LTO cycle, the core turbomachinery
components could be sized without considering this bleed requirement. Figure 168
shows the impact of the extra IPC bleed mass flow (expressed as a % of the IPC
inlet mass flow rate) on the mission fuel burn and ICAO LTO emissions for this
design choice. The penalties in terms of fuel burn are low since the engine weight
is not increased and it is operated far from its design running line only during the
LTO cycle which is a relatively small part of the mission. As the extra bleed mass
flow rate increases, CO, emissions increase since the fuel burnt is increased, but
NOx emissions reduce since P3 reduces for this type of OD operation. As the extra
bleed mass flow rate increases, take-off TET increases. 10% extra IPC bleed
results in approximately 80 K increase in take-off TET and this may not be
acceptable. A detailed evaluation of the impact of take-off TET on turbine cooling,
components mechanical integrity and lifing is required to complete the trade-off
studies of this specific bleed operation.

A detailed evaluation of the impact of take-off TET on turbine cooling, components
mechanical integrity and lifing is required to complete the trade-off studies of this
specific bleed operation.
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Figure 168: Effects of bleeding IPC air during the LTO cycle (baseline DDOR)

3.3.3.2 Spacing between propellers

The spacing between propellers is defined as the distance (in meters) between the
roots of the blades of the forward propeller and the roots of the blades of the rear
propeller. Note that for a spacing of 0.65m, the distance between the forward blade
trailing edge and the rear blade leading edge is close to 0.15 m. This minimum
space is needed to ensure that the blades of the two propellers do not touch each
other at any possible blade pitch angle. The reference value used to express
variations in this study is the minimum feasible spacing. The spacing between
propellers has a relatively large impact on CRP noise levels as shown in Figure
121. Both for 10% and 20% clipped CRP designs, noise level reductions of the
order of 6 EPNdB in the three certification points can be achieved by increasing the
spacing between the propellers to 1.35 m. The changes in approach noise of the
20% clipped are larger than for the 10% clipped design.
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Figure 169a: Noise vs. prop. spacing (10% clipping) b: (20% clipping)

The spacing between the propellers has also an effect on the performance of the
CRP. Close propellers are more efficient at DP mainly due to lower local mach
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numbers and a more uniform inlet flow to the rear blades. Figure 170 shows the
impact of the spacing between the propellers on the mission fuel burn for 0%, 10%
and 20% clipped CRP designs. In order to show only the difference caused by the
spacing and not the differences caused by the clipping®®, the fuel burn of the
minimum spacing design for each clipping was used as a reference. Highly clipped
designs are less affected by the spacing than less clipped designs, and the trends
are dominated by the relative changes in propeller loading, operating points on the
propeller maps and compressibility losses. The increase in spacing between
propellers of 0.1 m results in a mission fuel burn penalty of ~0.07% for clippings
between 0 and 10% and a mission fuel burn penalty of ~0.04% for 20% clipped
designs.

The spacing between the propellers also impacts the size and weight of the
mechanisms that link the CRT with the CRP, and the drag of the engine nacelle,
but these differences are not accounted in the simulations.

Changes in LTO emissions are lower than 1% for CO,, NOx and CO for the studied
spacing range.

No Clipping
10% Clipping
=—8— 20% Clipping

o
o
o
o

Change in mission fuel burn [%]

Propellers spacing [m]

Figure 170: Mission fuel burn vs. spacing between p  ropellers

3.3.3.3 Hub diameter of the propellers

Figure 171 presents the influence of propellers hub diameter on mission fuel burn
and engine weight (note that both propellers have the same hub diameter). As the
hub diameter is increased, the propeller blades are smaller and consequently
lighter®, but their efficiency decreases due to an increase in power loading (Lp).

% The variations in fuel burn with respect to clipping for a fixed spacing are presented in section
3.3.3.7.2.

8 For example, a 5% increase in the hub diameter results in a 4 cm blade length reduction.
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The reduction in propeller efficiency with the increase in hub diameter has a larger
impact on the mission fuel burn than the reduction of the engine weight.
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Figure 171: Mission fuel burn and engine weight vs. hub diameter of the propellers

The changes in LTO emissions with respect to the hub diameter of the propellers
are of the same order of magnitude as the changes in fuel burn. It is not possible to
asses the changes in certification noise with respect to the hub diameter using
TENOR.

It is expected that higher hub diameters would result in higher nacelle drag and
higher fuel burn penalties than those shown in Figure 171. This effect is not
considered in this study (refer to sections 3.1.1). For this reason only small
changes in hub diameter were assessed. It is also relevant to mention that the
diameter of the CRT was not changed with the hub diameter.

3.3.3.4 Nozzle pressure ratio

The DP NPR defines the pressure drop across the LPT and consequently the
power of the propellers. Figure 172 shows the change in propeller thrust at DP (as
a percentage of the overall engine thrust) with respect to NPR. Even for relatively
high nozzle pressure ratios (~1.6), the propeller produces almost 90% of the overall
engine thrust. Figure 172 also presents the change in DP nner cre @and nis crr With
respect to DP NPR. As DP NPR increases, the power extracted in the turbine
decreases and consequently the stage loading of the CRT (Ah/U?) and the power
loading of the propellers (Lp) decrease.
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Figure 172: Propeller thrust, nnercre and Niscrr VS. NPR at DP

The increase in DP nner cre @nd nis crr @s well as the nozzle exit flow velocity
produced by the increase in DP NPR, result in an increase in DP nm, as presented
in Figure 173. This figure also shows the variation in DP ng,, caused by the
change in DP NPR. As a consequence of the changes in nr, and nerp, Nov has a
parabolic shape with a maximum in NPR = 1.45.
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Figure 173: DP engine efficiencies and SFC vs. NPR

Figure 174 shows the change in mission fuel burn with respect to DP NPR.
Changes in mission fuel burn are larger than those of SFC due to the change in
engine weight. As DP NPR increases, the power extracted in the CRT decreases
and the weights of the CRT and CRP decrease. The change in engine weight is the
main reason why the minimum mission fuel NPR is higher than the minimum SFC
DP NPR (1.45). A DP NPR of approximately 1.6 would result in a mission fuel
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saving of 1% with respect to the baseline DDOR, but at a cost of higher jet noise
and a longer nozzle which is undesired for installation purposes.

As the DP NPR increases, the power extracted in the CRT decreases and the CRT
and CRP weights decrease. The change in engine weight also shifts the minimum
fuel (with respect to the DP minimum) to a higher value of NPR (~1.6). A DP NPR
of 1.6 would result in a mission fuel saving of 1.15% but at the cost of higher jet
noise and a longer nozzle which is undesired for installation purposes.
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Figure 174: Mission fuel burn, engine weight and NO  x emissions vs. DP NPR

Emissions increase as DP NPR increases since the reduction in npyp With NPR is
larger for low flight speeds. Figure 174 shows the variation of fractional LTO NOXx
with respect to CAEP/6. Variations in the other gaseous species are smaller than
those of NOx.

It is not possible to asses the changes in certification noise with respect to NPR
using TENOR (see section 2.6.3).

3.3.3.5 Number of blades of the forward and rear pr  opellers

As the number of blades of the CRP increases, nner cre iNcreases (as the blades
are less loaded), SFC reduces, but the weight and mechanical complexity of the
engine increases. Figure 175 presents the variation of DP SFC and engine weight
with respect to the number of blades in the forward and rear propellers (from 8 to
16 blades).
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Figure 175a: DP SFC vs. N b: engine weight vs. N,

Figure 176 presents the change in mission fuel burn with respect to the number of
blades of the forward and rear propeller for a 0% clipped CRP design (baseline).
The minimum fuel burn design has 13 blades in the forward and 14 in the rear
propeller (denoted as 13x14). For propeller designs with more than 14 blades, the
efficiency benefit of an extra blade is smaller than the associated weight penalty.
Figure 177 presents the variation in mission fuel burn for 10% and 20% clipped CRP
designs. The optimum number of blades for the forward propeller does not change
with the propeller clipping. The optimum number of blades of the rear propeller
increases with clipping. This is because the penalty of an extra blade is reduced for
clipped rear propeller (smaller and therefore lighter blades) and the efficiency
improvement for an extra blade is higher (clipped propellers are more loaded).
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Figure 176: Mission fuel burnvs. N
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The number of blades of the propellers has also an impact on the engine
manufacturing and maintenance cost, as well as on its mechanical complexity.
These elements have to be considered when selecting the number of blades of the
CRP.

Change in mission fuel (%) 10% Clip Change in mission fuel (%) 20% Clip
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Figure 177: Mission fuel vs. N, for clipped CRPs %

Changes in emissions follow the same trends as SFC and the variations are of the
same order of magnitudes as those of the SFC.

Figure 178 and Figure 179 show the change in noise for the three certification
points with respect to the number of blades of the propellers for a 10% clipped
CRP. Note that the noise module is capable of assessing propellers with 8 to 14
blades. Sideline and flyover noise are dominated by the number of blades of the
rear propeller while approach noise is dominated by the number of blades of the
forward propeller. These figures together with Figure 177a present the trade-off
between mission fuel burn and certification noise for changes in Ny, of a 10%
clipped CRP DDOR. For example: the Np1XNp2 = 13x14 design (minimum fuel burn
design within the limits of the noise simulations) is 1.4 EPNdB louder in sideline,
1.7 EPNdB louder in flyover and 3.5 EPNdB louder in approach than the 8x8
design. The cost of using an 8x8 design (quieter) with respect to the 13x14 design
is 1.9% in mission fuel burn.

% The white dots represent the engine designs which have 10% and 20% clipped CRP designs
and the rest of the design parameters equal to the baseline DDOR

240



Change in noise level [EPNdB] Change in noise level [EPNdB]

0.8
0.6
0.4
0.2

=
N

-0.2
-0.4
-0.6
-0.8

Rear blades [-]

=
o

10 12 14
Front blades [-] Front blades [-]
Figure 178a: Sideline noise vs. N  (10% clipping) b: Flyover noise vs. N (10% clipping)
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Figure 179: Approach noise vs. N  (10% clipping)

Figure 180 and Figure 181 present the change in noise with respect to the number
of blades of the propellers for a 20% clipped CRP design. The number of blades in
the rear propeller of a 20% clipped design has a larger impact on approach noise
than for the 10% clipped design. These figures together with Figure 177 present the
trade-off between mission fuel burn and certification noise for changes in N, of a
20% clipped CRP DDOR. For example: the 13x14 design (minimum fuel burn
design within the limits of the noise simulations) is 1.4 EPNdB louder in sideline,
1.2 EPNdB louder in flyover and 4.5 EPNdB louder in approach than the 8x8
design. The cost of using an 8x8 design (quieter) with respect to the 13x14 design
is 2.3% in mission fuel burn.
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Figure 180a: Sideline noise vs. N, (20% clipping) b: Flyover noise vs. N (20% clipping)
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Figure 181: Approach noise vs. N  (20% clipping)

Both for the 10% and 20% clipped CRP DDORs, the noise increases with the
number of blades in both propellers. This suggests that the increase in interaction
noise produced by an additional blade is not compensated by the reduction in
loading noise (even for highly clipped designs). These preliminary results need to
be further investigated with an enhanced noise prediction module as suggested in
section 2.6.3.

3.3.3.6 Number of stages and rotational speeds oft he CRT

The CRT can be designed with different number of stages (NbStages). Only even
NbStages are considered in this study (see Consideration 1 in section 2.2.3.3.2.7).
Given the CRT power requirement, N1, N, and inlet flow conditions, there is a
minimum NbStages required in the CRT (set by the maximum achievable stage
turning (see section 2.2.3.3.3.1). Figure 182 presents the minimum required
NbStages of the baseline DDOR for a range of forward and rear propeller rotational
speeds (maintaining N; = -N, = N). The same plot was produced for DDORs with
CRP diameters ranging from 4.26 to 3.5 m. The rotational speeds at which the
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minimum required NbStages change, varied by less than 1% for all the studied
CRP diameters. This is because the specific power of the CRT (Pwcrt/ My, crr) iS

almost constant (given that the core PR and the NPR are fixed) and the variations
in CRT inlet temperatures are relatively small. DDORs with different core and/or
NPR definitions have different feasibility charts.
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Figure 182: CRT feasibility chart

Figure 183 shows the change in mission fuel burn with respect to NbStages for
different values of N. Within the studied range of N, the increase in NbStages
reduces the mission fuel burn. This is because the increase in nis crr Obtained by
adding an extra couple of CRT stages is higher than the weight penalty of the extra
stages.
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Figure 183: Mission fuel burn vs. NbStagesand N (N 1 =-N,)
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Figure 184 presents the change in nis crr and engine weight for all the cases
presented in Figure 183. The change in nner cre With NbStages is minimum (the
propeller loading varies less than 1%) and therefore not presented. The changes in
Nnet crp With N; are presented in the section 3.3.3.7.

2 Change in engine weight [%] Change CRT DP isentropic efficiency [%]
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Figure 184: Engine weight and  nis crr vS. NbStages and N (N ; = -N,)

It should be noted that the present results do not consider the change in the aircraft
structures weight required to fit a heavier engine and the changes in nacelle drag of
a longer engine. This would reduce the benefit offered by an extra pair of CRT
stages. Manufacturing and maintenance costs associated to the extra CRT stages
also need to be considered during the optimisation process.

Figure 185 presents the changes in gaseous emissions for the baseline DDOR with
respect to NbStages. The emissions follow the trends of the changes in SFC, which
are almost identical to those of nis crt (dashed pink line in Figure 184).
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Figure 185: LTO emissions vs. CRT number of stages  for the reference DDOR design
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3.3.3.7 Diameters and rotational speeds of the prop  ellers

This section presents the effects of changing the diameters and rotational speeds
of the propellers. In order to present the results in 2-D charts, it was decided to
divide the study in two sub-sections:

- Diameter and rotational speed: the diameter and rotational speeds of both
propellers are varied keeping N; =-N, =N and D; = D,=D.

e Clipping and speed ratio: different clippings and speed ratios of the
propellers are assessed using D; and N; of the baseline DDOR.

As presented in section 3.3.3.6, the feasible range of CRP rotational speeds
depends on the number of stages of the CRT. A 22 stages CRT is used in the
following sections in order to increase the range of feasible propeller rotational
speeds that could be investigated. The mission fuel burn of this design is 0.6%
lower than that of the baseline.

3.3.3.7.1 Diameter and rotational speed

Figure 186 presents the change in mission fuel with the CRP diameter (D = D; =
D,) and rotational speed (N = N; = -N,). The minimum fuel design for all the studied
rotational speeds is higher than 4.26 m. The diameter of the CRP was constrained
to 4.26 m to comply with installation requirements. For the baseline N, the
estimated minimum mission fuel burn D (weight and drag penalties associated with
a longer pylon not considered) is approximately 4.7 m. The estimated mission fuel
burn reduction of a D = 4.7 m design relative to a D = 4.26 m design, is less than
0.4% and it would be even lower if the associated installation penalties were
considered.
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Figure 186: Mission fuel burnvs. NandD (N=N ;=-N,and D=D;=D,)

The variation in mission fuel burn vs. N and D for a 10% clipped CRP design was
also plotted for a 10% clipped design (using D; = 4.26 m and N = 860 rpm as a
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reference). It was not possible to distinguish visually the difference between this
plot and Figure 186, and it is consequently omitted.

Figure 187 shows the change in SFC with respect to D and N for the TOC and
take-off points. These two operating conditions are taken as representative
examples of high and low flight speeds and will be used to explain the trends of
Figure 186. Figure 188 presents the change in engine weight with respect to D and
N.

The trends presented in Figure 186 are mainly dominated by the changes in nuer
crp and nis crr (that determine the SFC) and the changes in engine weight. For
example, the fuel burn of the engine design with D = 4.26 m and N = 1300 rpm is
approximately 5.5% higher than the fuel burn of the reference design®’. It can be
seen in Figure 187 that the SFC for the D = 4.26 m and N = 1300 rpm design is
almost 8% higher at TOC and 1.5% higher at take-off relative to the SFC of the
reference design. Figure 188 indicates the D = 4.26 m and N = 1300 rpm design is
approximately 10% heavier than the baseline. The combined effect of 1.5 - 8% SFC
penalty and 10% engine weight penalty result in 5.5% increase in mission fuel burn.
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Figure 187: TOC and take-off SFC vs. D and N (take- off: M ;= 0.25, dISA =0, Alt =0)
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Engine weight increases with increases in both D and N. This is because CRPs
and CRTs with higher rotational speeds are heavier (higher stresses). Furthermore,
the engine core weight increases as DP N increases because CRPs are less
efficient and a higher core mass flow rate is required.

°! The reference DDOR used for this studies has a 22 stages CRTand the rest of the design
parameters equal to those of the baseline DDOR
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The following paragraphs present the main factors which influence the variations in
TOC SFC with D and N (Figure 189a). Figure 190a shows the variation in TOC nyer
cre and Figure 190b shows the variation in n;g crr. It can be seen that the iso-SFC
contours are similar to the iso- nuer cre CONtours but with a reduction in the slope
due to the increase of n; crr With increasing N.
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Figure 189a: TOC SFC vs. D and N b: TOC niscrr vs. Dand N
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Figure 191: Propeller efficiency losses due to comp ressibility effects

The changes in nuer cre (Figure 190a) are dominated by the changes in power
loading (LP) (Figure 190b) and compressibility losses (Figure 191):

« As D reduces, Lp increases and as a result nner decreases. Additionally, as
D reduces, the compressibility losses decrease, but this change is relatively
smaller than the changes in efficiency due to the increase in Lp.

« As N increases, the compressibility losses in both propellers increase (apart
from the region where they are zero for the forward propeller) making the
propeller less efficient. As the propeller is less efficient, more power is
required to produce the TOC thrust, resulting in a higher Lp and a further
reduction in NNet cre-

The forward propeller compressibility losses are dominated by its tip speed (Figure
191). If the relative tip helical Mach number is smaller than 0.89, there are no
transonic losses (dark blue region in Figure 191). The compressibility losses of the

92 Note that the variation in Lp; is equal to the variation in Lp, because TRcgt is fixed and Ny = -
Ng and Dl = D2
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rear propeller are higher than those of the forward propeller. This is because the
flow reaching the rear propeller has higher axial and rotational speeds resulting in
higher relative tip helical Mach numbers. The variation of the induced velocities has
a major influence on the shape of the contours of Figure 191. The effects of the
compressibility losses of the forward propeller on nner cre @and on SFC can be seen
in Figure 189a and Figure 190 respectively (change in slope of the contours). The
effects of the rear propeller compressibility losses on nuer crp @and SFC are more
difficult visualise because they affect all the plotted designs.
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Figure 192: Take-off nnercre VS. D and N b: Take-off niscrr vs. Dand N
(Mo =0.25,dISA=0, Alt =0)

Figure 192 presents the change in take-off CRP and CRT efficiencies with D and N.
The trends are similar to those of TOC with the difference that no compressibility
losses take place due to the low flight speed.

Figure 193 and Figure 194 present the variations in certification noise with respect
to D and N for a 10% clipped CRP design. It should be noted that due to limitations
in the noise module, the propeller is operated at 1.15 Nipes at the three certification
points. These limitations are also responsible for the absence of values in white
regions of the plots. The propeller rotational speeds indicated in these figures
correspond to the real rotational speeds of the propellers at the certification points.
These figures together with Figure 186 present the trade-off between noise and fuel
burn with respect to N and D. The emissions follow the same trends as the
changes in SFC for each operating point.
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Figure 194: Approach noise vs. design D and N

As a general conclusion, sideline and flyover noise can be reduced by increasing D
and operating the CRP at the appropriate rotational speeds. For any D there is a
minimum sideline noise N. This is due to the relative variations in loading and
interaction noise of both propellers. As N is reduced, the interaction noise is
reduced, but the loading noise is increased as the thrust is kept constant. At high N,
the reduction in interaction noise produced by the reduction in N is higher than the
increase in loading noise. At low N, the increase in loading noise produced by the
reduction in N is higher than the reduction in interaction noise.

The minimum noise rotational speeds for the 10% clipped DDOR with D = 4.26 m is
between 850 and 900 rpm.

The propeller tip speed corresponding to the minimum sideline noise decreases as
D increases. In reality, the variations in minimum noise tip speed with D are likely to
be larger than those obtained because of the reasons described in section 2.6.3.
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The flyover noise follows the same trends as sideline noise, but the minimum N for
every D is lower in the case of flyover, as the aerodynamic loading of the propeller
is lower than that for sideline.

The approach noise is dominated by the interactions between the propellers as the
aerodynamic loadings are considerably reduced. It can be seen in Figure 194 that
the approach noise increases as D increase for a constant tip speed (function of D
and N). Consequently, the reduction in sideline and flyover noise that could be
achieved by increasing D at constant tip speed would result in a noise penalty
during approach. The trade-off between noise levels at the three certification points
is of paramount relevance since the regulations impose maximum allowed levels
for (sideline + flyover + approach) as well as for (sideline + flyover), (sideline +
approach) and (approach + flyover).

The shapes of the noise vs. N and D contours of a 20% clipped design are
analogous to those of the 10% clipped design. The variations in sideline EPNdB
with respect to N and D of a 20% clipped design are of the same order of
magnitude than those of the 10% clipped design. The variations in flyover and
approach EPNdB with respect to N and D of a 20% clipped design are
approximately half of those of the 10% clipped design.

3.3.3.7.2 Clipping and speed ratio of the propeller s

The CRP can be clipped (D, smaller than D) to reduce the effects of the ingestion
of the forward propeller tip vortex by the rear propeller. This reduces the propeller
noise but also reduces its efficiency since part of the swirl of the forward propeller is
not recovered by the rear propeller. The definition of clipping is provided in Eq. 180
(section 3.2.1.3)

Figure 195 and Figure 196 present the variations in mission fuel burn and engine
weight with respect to the propeller clipping and N, for the baseline value of D; and
N; (NbStages = 22).
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Figure 195: Mission fuel burn vs. Clippingand N, (baseline D ; and N, NbStages = 22)
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Figure 196: Engine weight vs. Clipping and N, (baseline D ; and N, NbStages = 22)

Although the engine weight decreases with clipping, mission fuel burn increases.
For all the studied values of N, the unclipped CRP design offers the lowest mission
fuel burn. A reduction in N, offers a reduction in mission fuel burn up to a certain
point. The minimum mission fuel burn for the unclipped design is achieved at N, =
750 rpm.

The following paragraphs present the main factors which influence the variations in
DP SFC with respect to clipping and N, (Figure 197a). The TOC iso-SFC contours
are similar to the iso- nuer crp contours (Figure 197b) with the slopes modified by
the change in nis crt (Figure 198a). It can be seen that the iso- nner crp CONtouUrs
have a change in slope due to the compressibility losses of the rear propeller
(Figure 198b). The variations in compressibility losses of the forward propeller are
relatively smaller.
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Figure 197a: TOC SFC vs. Clippingand N b: TOC CRP nuet vs. Clipping and N »
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Figure 198a: TOC nis.pr Vs. Clipping and N , b: compressibility losses vs. Clippingand N,

The changes in nis crr With respect to N, are relatively smaller than those obtained
for changes in N; and N2 (Figure 189b). This is because a simultaneous variation
in N; and N; reduces the aerodynamic loading of all CRT stages, while a change in
N, only affects half of the CRT stages. Furthermore, a simultaneous change in N
and N, results in a quadratic change of the aerodynamic loading of the stages
(Ah/U?), while a variation in N, only results in a linear change. This is due to the fact
that the CRT provides equal torque to both drums. In the case of an increase in Ny
and N, the forward and rear propeller powers remain almost constant, and
therefore the loading (Ah/U?) is reduced quadratically for both rotors. In the case of
an increase in N, the power of the rear propeller increases almost linearly with N,
(maintaining a constant torque ratio), and therefore the aerodynamic loading
(Ah/U?) of the stages rotating at N, decrease linearly.

Figure 199 shows the changes in the forward and rear propeller power loading (Lp)
at DP. Changes in N result in a variation in the power ratio of the propellers
because DP TRcgrr = 1. For constant clipping, a quasi linear variation of Lp with N,
can be observer for the rear propeller, denoting the quasi linear variation in power™
(the area is fixed). For constant Ny, Lp of the rear propeller varies aproximately® in
proportion to change in area. The forward propeller power (which is proportional to
Lp since it has a constant area) varies to compensate for the changes in CRP
power ratio (and changes in the efficiency of components).

% The variation is not linear because the total power absorbed by the CRP varies as the
efficiency of the CRP and CRT vary.
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Figure 199: TOC Lp vs. clippingand N ,

Figure 200 and Figure 201 present the changes in certification noise with respect to
the propeller clipping and N,. Note that the propeller rotational speeds indicated in
the noise figures correspond to the real rotational speed (1.15 Nipes) at the
corresponding operating point and the white dots are located at the reference N,
used to express the variations. According to TENOR, clipping has a very limited
influence (less than 0.5 dB within the studied range) on sideline noise but has a
relevant effect on both flyover and approach noise levels. Flyover noise level can
be reduced 2.5 EPNdB by clipping 20% the rear propeller at the reference Na.
Approach noise can be reduced almost 3.5 EPNdB with the same amount of
clipping. This relevant reduction in noise would be achieved at a cost of 3.5% of
mission fuel burn. Figure 195, Figure 200 and Figure 201 show the trade-off
between noise and mission fuel burn for any combination of clipping and N, for a
DDOR with a 22 stages CRT. A reduction in N, appears to be beneficial both from
the noise and the fuel consumption point of view. The emissions follow the same
trends as the changes in SFC for each operating point.
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Figure 200a: Sideline noise vs. Clippingand N, b: Flyover noise vs. Clippingand N,
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Figure 201: Approach noise vs. Clippingand N,

3.3.3.8 Efficiencies of compressors and turbines

The IPC, IPT, HPC and HPT efficiencies were estimated for a 2020 level of
technology and were kept constant for all the studied DDOR designs. The CRT
efficiency was estimated using the methodology described in section 2.2.3.3.3.1.
Table 18 summarises the effects of not achieving the estimated efficiency levels on
mission fuel burn.

Change in component efficiency Change in mission fuel burn [%]
-1% IPC poly. eff. + 0.65
-1% IPT is. eff. +0.32
-1% HPC poly. eff. +0.51
-1% HPT is. eff. +0.46
-1% CRT is. eff. +1.00

Table 18: Mission fuel penalty vs. change in effici  ency of turbomachinery components

3.3.3.9 Minimum fuel burn design region

Within the assumptions of the study, the number of stages of the CRT which
minimises the fuel burn of the reference mission is approximately 30. A DDOR
engine with such a large CRT was judged to be non feasible. A 22 stages CRT was
judged to be acceptable from a mechanical integration point of view (based on
discussions with OEM experts) and used as a limit in the optimisation study. The
DDOR design with a 22 stages CRT which offers the minimum fuel consumption for
the reference mission lies in the following region of the design space:

« DPNPR~1.6

e Dy between 4.26 and 4.7
* Clipping=0

e Nb;=13 and Nb, =14

e DP N;and N, ~750
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Table 19 presents the results of a mission fuel burn minimisation performed with
ISIGHT. The optimiser was allowed to modify all the low pressure preliminary design
variables listed in section 3.3.3, except for the IPC bleed mass flow rate which was
set to zero. The minimum SFC control strategy for the baseline DDOR was used

Minimum hub diameter
Minimum spacing between propellers

and the following constraints were imposed.

stage 11 and the thickness of the nacelle)

maximum number of stages of the CRT = 22

maximum dimaters of the propellers = 4.26 m (the pylon considered in the
aircraft model does not allow larger propeller diameters)

minimum spacing between propellers = 0.65 m (refer to section 3.2.3.2)
minimum hub diameter = 1.55 m (limited by the diameter of the CRT at

Engine Design

Core Baseline
D, =D, 4.26 m
Spacing between propellers 0.65m
Hub diameters of the propellers | 1.55m
Nb, 13
Nb, 14
DP Ny 750
DP N, 750
CRT number of stages 22
DP NPR 1.57

Changes w.r.t. the baseline DDOR

Mission fuel burn -2.8%
LTO NOx -24%
Engine weight +7.4%

Table 19: Minimum mission fuel burn DDOR design

The certification noise of this DDOR design can not be evaluated with TENOR
because the clipping of the rear propeller is smaller than 10% (refer to section 2.6).
Minimum noise DDOR designs could be identified with an enhanced noise module

(refer to section 2.6.3).
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4 CONCLUSIONS AND RECOMMENDATIONS FOR
FURTHER WORK

4.1 Conclusions

CRORs have significant potential to reduce aircraft fuel burn (see section 1.1.2.5),
however there are challenges that need to be addressed both at aircraft and at
engine level (see section 1.1.2.5). Currently, diverse efforts (see section 1.1.2.6)
are being devoted to develop novel solutions in order to overcome the main
challenges. Some of these solutions may impact different aspects of the engine
and aircraft design, operation and performance.

The assessment of the impact of the main low pressure preliminary design and
control parameters of CRORs on mission fuel burn, certification noise and
emissions is necessary to identify optimum design regions and to assist the
development process when compromises need to be performed as a consequence
of design, operational or regulatory constraints.

Novel methodologies to model the performance of CRPs (0-D) and CRTs (1-D and
0-D) were developed. These models were verified using available data (see
sections 2.2.3.2.4 and 2.2.3.3.2.6). Additionally, a performance model of a DPGB
was developed. Using these component models, novel CROR engine performance
models were developed which allow the independent definition of the design and
operation of the two parts of the CRP and CRT. This is not possible with other state
of the art modelling tools.

A multi-disciplinary preliminary design simulation framework (TERA-OR 2020) was
built using the novel engine performance modules together with dedicated CROR
aircraft performance, engine geometry and weight, gaseous emissions and
certification noise simulation modules. These simulation modules were also verified
with available data.

The trade-offs between fuel burn, noise and emissions with respect to the main LP
preliminary design and control variables of a pusher GOR and DDOR (160 PAX
aircraft flying a 500 NM mission and cruising at M 0.75) were presented. Minimum
fuel burn regions were identified on the GOR and DDOR design spaces.

The following sections summarise some of the main conclusions:

4.1.1 General conclusions

» The CROR architecture offers 2 additional degrees of freedom in engine control
(N1 and Ny) compared to turbofans. The minimum fuel burn control strategies for
a GOR and a DDOR were presented (rotational speeds for minimum SFC
increase with an increase in required thrust). These strategies provide 1 - 2%
mission fuel burn savings relative to a fixed N1 and N, control. Significant noise
reductions can also be achieved by adequately controlling the rotational speeds
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of the propellers during the LTO cycle. Sideline and flyover noise can be reduced
by 2 EPNdB by reducing N; and N, at a cost of 0.3% in mission fuel burn, 5.5-7%
increase in LTO NOx emissions and 10-15 K increase in take-off TET. During
approach, reductions in Ny and N, (relative to the design values) have a positive
effect on noise, fuel burn and emissions.

« Air from the IPC can be bled and blown through the engine pylon to reduce the
noise of the CRP. A permanent extra bleed of 10% of the IPC inlet mass flow rate
results in an 8% increase in mission fuel burn. If the extra bleed is only used
during the LTO cycle and is not considered for the top of climb aerodynamic
sizing of turbomachinery components, it has a negligible impact on fuel burn, but
a large impact on take-off TET (~80-90 K increase in take-off TET for 10% extra
IPC bleed) and therefore NOxX.

» The spacing between the propellers has a large influence on certification noise
levels and a relatively small influence on mission fuel burn both for clipped and
unclipped CRP designs. A CROR with a propeller spacing of 1.35 m produces 6
EPNdB less noise for all certification points and consumes 0.3-0.5% more fuel
than a CROR with a propeller spacing of 0.65 m.

» As the diameter of the propellers (D) increases, their power loading reduce but
the compressibility losses and weight increase. D was limited to a maximum of
4.26 m due to installation constraints. For the studied range of CRP rotational
speeds (725-950 rpm for the GOR and 730-1300 rpm for the DDOR), D = 4.26 m
grants the minimum mission fuel burn. Larger values of D were simulated (not
considering the weight and drag penalty associated with a longer pylon) and the
fuel burn optimum was found at 4.7 m, offering a fuel burn reduction of 0.4%. This
reduction would be even smaller if the corresponding installation penalties were
to be considered.

« Sideline and flyover noise can be reduced by increasing D and operating the
propellers at the appropriate rotational speeds. For a given D, there is a
combination of rotational speeds (N; and N) that produces minimum sideline and
flyover noise. The minimum noise tip speeds (sideline and flyover) decrease as D
increases. The rotational speeds for minimum sideline noise, for 10% clipped
CRPs with D = 4.26 m, are between 850 and 900 rpm for both engines. The
rotational speeds for minimum flyover noise are lower than those for sideline.
These rotational speeds lie outside of the range of the noise module predictions.

» At a constant propeller tip speed, approach noise is increased with an increase in
D. The noise during approach can be reduced by reducing either D, N; or N,. The
trade-off between noise levels at the three certification points is of paramount
relevance since the regulations impose maximum allowed levels for (sideline +
flyover + approach) as well as for (sideline + flyover), (sideline + approach) and
(approach + flyover).

» Propeller clipping is an effective technigue to reduce certification noise levels.
20% clipped designs are 2.5 EPNdB quieter at flyover and 4.5 EPNdB quieter at
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approach than 10% clipped designs. The mission fuel burn penalty of 20%
clipped CRPs relative to unclipped CRPs is ~2 % for a GOR and ~3.5% for a
DDOR. Unclipped propellers offer minimum mission fuel burn for all the studied
range of CRP rotational speeds.

» The reduction of N, reduces both noise and fuel burn up to a certain value of N,
(function of the engine design). A further reduction in N, reduces noise, but
increases the mission fuel burn.

» The number of propeller blades has a significant impact on the certification noise
levels. The number of blades of the rear propeller dominates the sideline and
flyover noise, while the number of blades of the forward propeller dominates the
approach noise. An increase in the number of blades results in an increase in
certification noise for all the studied CRP designs.

» The minimum fuel consumption is achieved with a 13x14 CRP (13 blades in the
forward and 14 blades in the rear propeller) for the DDOR and a 14x13 CRP for
the GOR. These engine designs are ~0.5% more fuel efficient than the baseline
engines (12x9 CRP) but require 6 extra blades. An increased number of blades in
the rear propeller is required to minimise the mission fuel burn for clipped
designs. For both engine architectures, 2 extra rear blades are required to
minimise the fuel burn for 20% clipped designs achieving a fuel reduction of
~0.1%. The presented trends together with mechanical and cost considerations
can be used to determine the optimum number of blades of the propellers.

» The minimum SFC DP NPR is approximately 1.45 (trade-off between propulsive
and thermal efficiency) while the minimum mission fuel burn DP NPR lies
between 1.55 and 1.6. This is due do the engine weight reduction (LPT or CRT
and CRP) associated with the increase in DP NPR.

* A 5% increase in hub diameter results in a 0.15% increase in mission fuel burn.

4.1.2 GOR conclusions

» The gearbox is designed at take-off and its weight depends on the transmitted
torque. Consequently, the take-off propeller control strategy has an impact on the
fuel consumption outside the LTO cycle. A 15% increase in take-off N; and N,
relative to the design values, results in a 0.4% reduction in mission fuel burn (but
noise levels are increased).

« For fixed N; and N, the rotational speed of the LPT (N_p1) is a function of TRppgg.
The range of TRppgg Which results in feasible LPT designs (beyond this range the
turbine rotates either too fast or too slowly) for different CRP rotational speeds
(with N; = N, = N) was presented for 2 and 3 stages LPTs (Figure 138 and Figure
134 respectively). For any value of N, the difference between the minimum and
maximum feasible TRppcg is approximately 0.1 and 0.02 for GORs with 3 stage
and 2 stage LPTs respectively.
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* The diameter of the DPGB increases as N1, N> and TRppgg decrease. The DPGB
design is considered feasible if its diameter is smaller than the hub diameter of
the last stage of the LPT. For the 3 stage LPT GOR, the minimum feasible N; is
~730 rpm, the minimum feasible N, is ~660 rpm and the minimum feasible
TRppes is ~1.23. For the 2 stage LPT GOR, the minimum feasible N; is ~750 rpm,
the minimum feasible N; is ~690 rpm and the minimum feasible TRppgg is ~1.24

» At constant N; and N, a reduction in TRppgg results in an increase of N ptr and
NisLet (Within certain limits) but both the LPT and the DPGB become heavier
(larger turbine disks and planet gears required). For low clipped CRP designs, a
reduction in TRppgg also results in an increase of nuer crp due to a more
favourable power loading distribution. As a consequence, a reduction in TRppcs
reduces the mission fuel burn, provided nis pr improves. This is the case for all
the studied 2 stage LPT designs, but it is not the case for some of the studied 3
stage LPT designs (above a certain limit of N_pr compressibility losses are higher
than the potential gains associated with the reduction in aerodynamic loading).

» A simultaneous reduction of N1, N> and TRppgg (within the limits presented in the
previous point) reduces the mission fuel burn.

» The increase in CRP and LPT weight produced by the increase in design N; and
N2 (at a constant Ni take-of / N1 pes, Within the studied ranges) is approximately
equal to the weight reduction of the DPGB. As a consequence, the weight of the
GOR is practically unaffected by the design values of N; and Na.

» Within the assumptions of the study, the GOR design which offers the minimum
fuel consumption for the reference mission lies in the following region of the
design space:

o DPNPR~15

3 stage LPT

TRppge ~ 1.27

D; between 4.26 and 4.7

Clipping =0

Nbl =14 and Nb2 =13

DP N; between 730 and 750

DP N, between 700 and 730

Minimum hub diameter and spacing between propellers

O O 0O O0OO0OO0OOoOOo

4.1.3 DDOR conclusions

» A chart showing the minimum required number of stages of the CRT for different
CRP rotational speeds was presented (Figure 182).

» For the studied range of rotational speeds (730 to 1300 rpm) and number of
stages of the CRT (12 to 26), an additional pair of CRT stages results in a
mission fuel burn reduction. The fuel burn reduction due to additional CRT stages
reduces as the number of stages of the CRT increase. The presented results can
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be used together with turbine integration, mechanical integrity and economical
considerations to select the appropriate number of CRT stages.

» Within the assumptions of the study, DDOR design with a 22 stages CRT which
offers the minimum fuel consumption for the reference mission lies in the
following region of the design space:

o DPNPR~1.6

D; between 4.26 and 4.7

Clipping =0

Nb; = 13 and Nb, = 14

DP N; and N, ~ 750

Minimum hub diameter and spacing between propellers

O OO0 oo

4.2 Contribution to knowledge

The overall contribution to knowledge is the assessment of the impact of the main
LP GOR and DDOR preliminary design and control parameters on mission fuel
burn, certification noise and emissions. These assessments identify the optimum
design regions to be explored in further detail with dedicated design tools.
Additionally, they aid the design process when compromises need to be performed
as a consequence of design, operational or regulatory constraints.

Novel methodologies to model the performance of CRPs (0-D) and CRTs (1-D and
0-D) were developed. Additionally, a performance model of a DPGB was
developed. Using these component models, novel CROR engine performance
models were developed which allow the independent definition of the design and
operation of the two parts of the CRP and CRT. This is not possible with other state
of the art modelling tools.

4.3 Recommendations for further work

Further work can be done to refine the engine, aircraft and noise modules, in order
to improve the level of fidelity of the assessments. The following areas of work have
been identified.

CRP model

» Verifying the CRP modelling methodology with further experimental data
corresponding to advanced propeller designs at high forward speeds and refining
the methodologies used to estimate the induced velocities.

CRT model

 Using a fully rigorous fluid model (such as those reported in Ref. 241) instead of
ideal gas equations with constant fluid properties.

* Verifying the predictions of the 1-D mean line code in low pressure ratio regions
where the loss correlations used were extrapolated.
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» Using a more detailed loss evaluation method such as the one proposed in Ref.
242 and Ref. 243. Note that this method requires a more detailed definition of the
blade geometry and a refined 1-D blade geometry design methodology is also
required.

Engine performance models

* Integrating the 1-D mean line CRT calculation codes (both DP and OD) with the
performance code in order to assess the impact of different CRT design criteria at
engine and mission level. This requires:

0

optimisation of the numerical methods used in the 1-D codes in order to
reduce the calculation time

the design of a numerically stable procedure to solve the engine design and
the CRT design simultaneously.

» Improving the level of fidelity of the DPGB cooling system including:

0

the simulation of the blower as a compressor with a suitable map, and
linking its rotational speed to the rotational speed of the HP shaft.

the calculation of the geometry of the heat exchanger for each evaluated
engine design taking into consideration the fuel cooling system.

the simulation of the heat exchange and pressure losses of the air flow
through the heat exchanger (using correlations such as the ones described
in Ref. 205).

« Including a model to account for the variations in engine nacelle drag with respect
to the geometrical definition of the components of the core.

Engine mechanical preliminary design model

Modifying the mechanical preliminary design criteria of the differential
planetary gearbox so that it finds the lightest design as opposed to the
smallest design.

Using the CRT gas path and blading obtained with the 1-D design
methodology (integrated into the performance module) as input to the CRT
preliminary mechanical design model.

Noise model

» Extending the data base of simulated CRPs including different blade designs or
independent variations in blade pitch angles of both propellers. This would enable
the noise module to predict the changes in noise with respect to the thrust and
torque ratio of the CRP.

» Extending the ranges of simulated rotational speeds.

* Including the calculation of aircraft noise as well as ground and installation
effects.
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* Including cabin noise models in order to estimate cabin acoustic treatment
requirements.

Aircraft model

* Including a preliminary design routine in the aircraft performance module to
account for the changes in aircraft weight and aerodynamic characteristics due to:

0 changes in engine weight and propeller diameter which impact the design of
engine mounting structures and aerodynamic control surfaces

o0 changes in engine noise which impact the cabin acoustic treatment
requirements

The use of such a preliminary design aircraft module requires the iteration
between the aircraft performance, engine performance and noise modules and is
computationally costly.

Assessments

e Comparing each CROR engine design using its minimum fuel burn control
strategy. This requires the use of an optimiser within the performance module in
order to find the minimum SFC control strategy for every simulated point.

» Repeating the engine design space exploration using the enhanced engine,
aircraft and noise modules.

» Using the enhanced noise estimation module to identify the minimum noise
designs and control strategies.

» Developing and integrating additional simulation modules to assess the influence
of preliminary design variables on environmental impact, acquisition costs and
direct operating costs for CRORs.
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Appendix D — Turbine stage loss calculation method

D.1 Blading model and blade geometrical data

This section presents the blade geometrical parameters used for the loss
calculations.

1- Stagger angle

Following the preliminary design blading estimation method of Ref. 198, the blade
stagger angle (Stagger) is calculated as

Stagger = @arctan(c—ej [Eg. D 1]
m o,
where
1
SE
180 . Tt
Oy = sin (Bin _Bout) [Eq- D 2]
T 180
0.8cos| ——Bi,
180
and

=sin?| g |- g |-cos| - —sin?[ »
Cg =SIN (180[:;'”} a(cos(lsoBmJ COS(l8OBOUtJJ Sin (180[30Utj [EQ-D?’]

with

. Tt Tt . Tt Tt
o, —SINf —D;, |COS| — D +SIn| —— COS| ——
X (180 B'”J (180 B'”J (180 B"“tj (180 B"“t)

a= = = [Eq. D 4]
sin| —— B, |—sin| ——
(180 Blnj (180 BOUIJ
2 — Blade height, space, chord and number of blades
r +ro )= Ar +r,
Mean blade height: blade,, = o out +ip in)= (ot *1 ) [Eq. D 5]

2
The blade axial chord is obtained from the gas path and the inter stage spacing.
AxialChord = AxialChordpa, - 0.022 [Eqg. D 6]

The blade chord (Chord) is calculated from the axial chord and the stagger angle
as
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Chord = AxialChord [Eq. D 7]

T
cos| Stagger ——
( 99 180}

The spacing between two blades (Space) at mean radius is calculated as

_ AxialChord

0

The first and the last stages have 35 blades. This is to comply with the structural
requirements of these stages. The number of blades of all the other stages are
calculated as

Space [Eq. D 8]

Nb =int eger(zsmﬂj [Eg. D 9]
pace

and the spacing is re calculated for the integer number of blades as
Space = 2Mlmean [Eqg. D 10]
Nb

3 — Blade geometrical features

The following blade geometrical features were assumed for the CRT designs:

Diameter of the leading edge: D = 0.03 Chord [Eq. D 12]

Maximum blade thickness (tuax) divided by the chord: % =0.1 [Eq. D 13]
or

SE coefficient, used for the deviation model: SE = % [Eq. D 14]

Trailing edge thickness: ttg = 0.01 Chord [Eq. D 15]

Number of seals in the shroud: NbSeals = 2 [Eq. D 16]

Shroud seal clearance: k = 0.3 mm [Eq. D 17]

D.2 Sign convention for angles in the loss model

D.2.1 Blade and flow angles

The following conversion is required to adapt the sign convention of angles defined
in Figure 56, to the sign convention of angles used in Ref. 192 for loss calculations:

for odd stages
B’in = Bin and B’out = -Bout

B’metal in — Bmetal in B’metal out = 'Bmetal out
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for even stages
B'in = -Bin and B'out = Bout

B'metalin = ~Bmetalin B’metal out = Bmetal out
[Eqg. D 18]
a’ and B’ are the angles adapted to the sign convention used in Ref. 192,

D.2.2 Incidence

The definition of incidence (i) provided in Ref. 193 was extended to both counter
rotating stages which have different signs of Bretal in-

i =Bin ~Bmetal in for odd stages
| = Bretal in ~ Pin for even stages [Eq. D 19]

Figure D1 shows the sign convention for the incidence extended for CRTs using
the sign convention for angles defined in Figure 56.

N Incic!ence - Incidence - P

ipmetal ":‘\'\ :’/\\ /’\i .//Bmgta! mE
o L o \\\ / y e B |
Incidence + L/\&§L :__/,///,M Incidence +

LGN 7 Bl

—

odd stages even stages

Figure D1: Incidence sign convention of the used lo  ss model extended to CRTs

D.3 Losses calculation procedure

At cero incidence, the total pressure loss coefficient is calculated as

Yt=YpCry + Yg + Y + Yi¢ [Eq. D 20]
where:

Yp Cre is the profile loss coefficient corrected with respect to Reynolds number

Ys is the secondary loss coefficient
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Y+e is the railing edge loss coefficient
Ytc is the tip clearance loss coefficient
These independent loss coefficients are calculated as follows.

NOTA: The majority of the equations presented in section D.5 can be found in Ref.
192 and Ref. 193 . References are provided for all the equations which are not
found in Ref. 192 and Ref. 193.

D.3.1 Profile loss coefficient

The low subsonic speed and cero incidence profile loss coefficient (Ypa) is
calculated as

B'metalin

Bmeta“n (tMAX / Chordj Bout
o Yoo = Ypu| | Eq. D 21
( » [ P2 Pl] 0.2 [Eq ]

1
B metalin
i

out

Ypa = (YPl +

Where Yp; and Yp, are read from Figure D2

These figures were digitised and functions with appropriate interpolation methods
were created to obtain Yp; and Yp, in the calculation code.

Kp is used to correct the estimated profile losses at different Mach numbers.

K;=1 for Mrelyy < 0.2

K, =1-1.25(Mrel,,, —0.2) for Mreloy > 0.2 [Eq. D 22]
Mrel,, )’

K, =| [Eq. D 23]
Mrel,,

Kp =1-K,(1-K,) [Eq. D 24]
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Figure D2: Y p; and Yp, [Ref. 192]

The loss coefficient accounting for shock the leading edge losses (Ysnock) IS
calculated as

Y =0 for Mreliyhup < 0.4
Yoo = 0.75(Mrel;, o —0.4)7 for Mrely, nup > 0.4 [Eq. D 25]
(Eq. D 25 is extracted from Ref. 190, equation 2.5.7, page 44)
2.2
Mrel, s = Mrel, | 1+ 5.2 —J‘ [Eq. D 26]
rtip
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i r 1
Y'shock = (_hUb jY hub [Eq. D 27]
tip

2
1-(1+ Y mrel, 2 7
: . Psin 2 n
Ysrock = Y 'sHock Ps v [Eq. D 28]
out B V_l 2 Vi‘l
1 1+—2 Mrel,

The profile loss coefficient at cero incidence (Ypi=) is calculated as
Ypizo = 0-914(% YpaKp + YSHOCK) [Eq. D 29]

This profile loss coefficient is subsequently corrected for incidence. This requires to
convert Yp i to a kinetic energy loss coefficient ( ¢p-,) solving Eq. D 30

-y
_ y-1
{1— yl|\/|re|out2(12 - 1}} -1
_ 2 Mi=o
[Eq. D 30]

YPiZO - _L
1- (1+ ygereloutzj v

The change in kinetic energy loss coefficient due to incidence is calculated as
Ago? =0.778x107°x, +0.56x107 X, +0.4x10 % * +2.054x10 ), °

for 800 x; >0

Ags® =-5.1734x107°x, +7.6902x10 7,
for 0 > x,>-1000

[Eq. D 31]
where

-2

[Eq. D 32]

.,-[ 1
. DLE -1.6 008(3.80[3 metal inJ
X1 = (' ) S
pace m
008(180 B metal outJ

and the incidence (i) is calculated using Eq. D 19. This correlation was produced
with data within the range of 800 > ;> -1000, and all the OD conditions simulated

in this PhD research project where within this range.
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The total profile kinetic energy loss coefficient is calculated and converted to a
pressure loss coefficient

O’ = QPog” +OP° [Eq. D 33]

-y
—_ y-1
{1—V1Mrelout2(12—1ﬂ =
2 P

Y = y [Eq. D 34]
1—(1+y;1Mrelout2j v

Yp is the profile loss at Re = 2 x 10, For any other Reynolds number, the following
correction factor (Cge) is used.

Cre = (ij_m for Re < 2x10°
e 2x10°
Cre =1 for 2x10°<Re < 10°
Re ) ? 6
Cgre = (Fj for Re>10 [Eq. D 35]

Where Re is calculated as

o= Poui Vrel,,Chord

R . [Eq. D 36]
out
with [Ref. 197]
( +114)
&) |Ts 273
:17.1106\/ out Eq. D 37
Hou = (7.1 )273( 114J [Eq. D 37)
1+
TSOUI

D.3.2 Secondary losses coefficient

The low subsonic speed secondary loss coefficient at cero incidence Ysa is first
calculated as

005(1T B j cos| B 2
180 out C 2 180 out
Ys, =0.0334(AR) { L j e
cos( Tt B'metalinj Space / Chord cos[ T g
180 180" "

[Eq. D 33]
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where

C, T T m
=2 tan| —B'.. |+tan| —f' cos| —f3 Eq. D 34

Space / Chord ( (180[3'”j (18OB°”tD (180[3”") [Eq ]
180 Tt T
—@'., =arctan| tan| —p'., |—tan| —[3' Eq. D 35

22, = arctn|tan{ 1 | -tan{ 17 B | Eq. D 35)
and

AR = 170:25y2 - blade, / Chord for bladey/Chord <2

blade, / Chord

AR = L for blade,/Chord > 2 [Eq. D 36]
blade, / Chord

Finally the secondary loss coefficient at zero incidence (Ys i=) is calculated from
Ysa and the following Mach number corrections

Yeio =1.2YenKs [Eq. D 37]
where
AxialChord )’
K3 =| 2X1a-nord [Eq. D 38]
blade,,
[Eq. D 39]

Ks =1-K;3(1-Kp)
and Kp is the one calculated in Eq. D 24.

The secondary loss coefficient Ysi=o is subsequently corrected for incidence.

Yo = Yoiolexp (X5)+13X,° +400%,*)  for0.3>x, >0

Ys = Ysizo €XP(X2) for0> x, >-0.4
[Eq. D 40]

where
-1.5

cos l[3' :
X, = i ( DLE j_os 180 metal in
» =
T (o : Chord ™ .,
180- (180 (B metal in +B metal out )j COS(].SOB metal outj

[Eq. D 41]
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This correlation was produced with data within the range of 0.3 > X, >-0.4. Its use

was allowed outside the aforementioned range to obtain the performance of
extreme OD cases and obtain complete CRT maps. The zone of the CRT map for
which this correlation is extrapolated is indicated in Figure 68. In this region the
incidences are negative and it can be seen in figure 10 of Ref. 193 that the
variations in the loss coefficient are relatively small and linear with respect to i. It is
important to note that although these extreme points were included in the CRT
map, they do not have a significant influence on the assessment studies since the
CRT operates in this region only for some low idle descent points.

D.3.3 Trailing edge loss coefficient

The trailing edge loss coefficient is calculated as

-y
_ y-1
{1‘VZ:I'M"E|out2(1A12_ H -1
Yo = Pre [Eq. D 42]

v
1- (1+ y;ereloutz) v

where

2|Blmetal in |(B'metal in
Bou | Bou

A('pTEZ = A(-pr j(A(plm p2 - A(prz) [EQ- D 43]

and A@®ax and Ag@?mp are obtained from Figure D.

A5 r
10

05

00 !
0 A 2 3 4

Thickse /0

Figure D3: A@?ax and A@*mp vs. t1e/o [Ref. 192]

the throat opening (o) is calculated as
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Tt
0= Space COS(E Bmetal outj [Eq. D 44]

D.3.4 Tip clearance loss coefficient

The studied CRTs have shrouded rotors. The tip clearance loss coefficient is
estimated as

2
.,-[ 1
2 COS( B outj

0.78
V.. 20.37 Chord ( k j C, 180
blade,, \ NbSeals®** Chord Space / Chord T 3
cos(B‘mj
180
[Eq. D 45]
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Appendix E — CRT-DPv code

A brief description of CRT-DPv as well as the complete list of input and output
variables can be found in section 2.2.3.3.1.1. This code uses Stage-DP calculation
brick described in section 2.2.3.3.2.2.

Outline of the calculation:
Step 1 — calculate the inlet conditions to the first stage
Step 2 — use Stage-DP to calculate the outlet conditions and blade metal angles

Step 3 —store the absolute outlet conditions of the stage as inlet absolute
conditions of the following stage, and calculate the inlet conditions
relative to the following stage

Step 4 — repeat steps 2 and 3 for all the turbine stages
Step 5 — calculate the overall turbine isentropic efficiency
Steps 1, 3 and 5 are described below.
Step 1: calculate the inlet conditions to the first stage

First Mabsi, ; is obtained solving Eq. E1 (the subscript 1 denotes the first stage of
the CRT)

. 2(y-1)
my/ Tt ( y-1 2}
——————=Mabs; ,;+/ 1+ X—Mabs. Eqg. E1
Aeffml Ptinl inl yR 2 inl [ q ]
where
n _ 2 2
Aeffi, = Adiskinlcos(ls_o ainl} and  Agiskin1 = T[(rtipinl ~Thin1 ) [Eq. E2]

Then the static conditions are calculated as

Pt .
PSiny = o [Eq. E3]
(1+ y_1Mabsmlzjy_1
2
Tt .
TS, = v inl [Eq. E4]
1+ =Mabs,,,*
2
I:>Sinl
Pin1 == [Eq. E9]
"t Ts,,R
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The absolute and relative velocity triangles are calculated as

m
Vabs;,; =—— [Eq. E6]
"t pinlAeffinl
LI
Vinia :Vabsinlcos(m—oamlj [Eq. E7]
(T
Vabs ;1 = Vabsinlsln(m—oainlj [Eq. E8]
Uinl = 2Tlrmean inlnl [Eq' E9]
Vrel,
1 = @arctan(ﬁj [Eq. E11]
n in1A
— VinlA
Vrel;,, = - [Eq. E12]
COS(:LSOBinlj
Mrel, = V1€ [Eq. E13]
A VRTSinl
Finally, the relative total temperature and pressure are calculated as
2
Ttrel,, =TS + V1€lny where Cp= R [Eq. E14]
2Cp y-1
v
Ttrel  |v1
Ptrel,,; =Psj,; e [Eq. E15]
TSinl
Step 3: store the absolute outlet conditions of the stage as inlet absolute

conditions of the following stage, and calculate th e inlet conditions relative to

the following stage

The following outlet variables of to the stage i are stored as inlet for the stage i+1:

PSini+1 = PSouti
TSini+1 = TSouti
Ttiniss = Ttout

Ptini+s1 = Plouti

E2

[Eq. E16]
[Eq. E17]
[Eq. E18]
[Eq. E19]



Pini+1 = Pouti [Eq. E20]

Vabsni+1 = Vabsgyi [Eq. E21]
Vinist A= Voutia [Eqg. E22]
Vabsiniv1 1= VabSouti 1 [Eq. E23]
Qinira = A outi [Eq. E24]
Mabs ini+1 = MabSgyt i [Eq. E25]
Aeff iiv1 = Aeffoui [Eq. E2]6

The relative inlet velocity triangle is calculated as
Uini+1 = 2Tlrmean ini+1 N+t [EQ- E27]

where nj,; is the rotational speed corresponding to the following stage (n; or n,)

Vreliiar = Vabsi gt =~ Ui [Eq. E28]
n ini+1A
— Vin i+1A
Vrel i = - [Eq. E30]
COS(lBO Bin i+1J
Mreligiq = Vrelinin [Eq. E31]

VYRTSihin

The relative inlet total temperature and pressure are calculated as

vrel .2
Ttrel .., =TS, 4 +— Eq. E32
ini+l ini+1 2Cp [ q ]
A
Ttrel  \v1
Ptrelniy = PSinia B e [Eq. E33]
ini+l
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Step 5 — calculate the overall turbine isentropic e

Nis crt and PRcgr are calculated as

_ Ttout NbStages
Tt,
Niscrt = nl =)
1- (PtouthStages J Y
I:y[in 1
Pt
PRerr = 5——

Pt

out NbStages

E4

fficiency and pressure ratio

[Eq. E34]

[Eq. E35]



Appendix F — Method to calculate the stage power
distribution for a CRT in CRT-DPe

The four preliminary design criteria used in this calculation are described in page
114.

The power extracted in each stage (PWstage i) iS calculated from:

* inlet absolute tangential velocity: Vabsiy1 1

* inlet mass flow rate: m

* number of stages of the CRT: NbStages

« total temperature at the inlet of the CRT: Ttj,1

« both drums rotational speeds: n; and n,

« required overall CRT power extraction: Pwcgrr (negative magnitude)
« mean radius at the inlet of the CRT: I'meanin1

* baseline values of: roy 1 and rmean 2

Outline of the calculation:

Step 1 — calculate the required temperature drop in each of the two drums of the
CRT (ATtreq drum 1 and ATtreq drum 2)

Step 2 — calculate the blade tangential velocities for the first two stages
Step 3 —guess ATt,

Step 4 — calculate the power extracted in each stage using the guess value of
ATt; and the established preliminary design criteria

Step 5— calculate the temperature drop in each of the two drums of the CRT
(ATtdrum 1 and ATtdrum 2)

Step 6 — repeat steps 3 to 5 until
(ATtdrum 1- ATtreq drum 1) / ATtreq drum1 < tolerance

Step 1: calculate the required temperature drop in each of the two drums of
the CRT (ATtreq drum 1 and ATtreq drum 2 )

The overall change in Tt across the turbine is calculated as

Pw
ATtegr = = é;T [Eq. F1]

and the ratio of the power extracted in each drum of the CRT (PWRcgr) is
calculated as

Pw -n
PWR cpr = —amuml -1 [Eq. F2]

drum 2 n2
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Note that only designs with TRcgrr = 1 are considered. Then the required change in
Tt across each of the two drums are obtained as

ATt
ATtreq drum1 = 1+ PWCRRT [Eq. F3]
CRT
ATt reqdrum2 — ATtcrr —ATE reqdrum1 [Eq. F4]

Step 2: calculate the blade tangential velocities f  or the first two stages

The blade tangential velocities at the inlet and outlet of stages 1 and 3 (Uin 1, Uout 1,
U, assumed equal for inlet and outlet) are calculated as

U; =r;21n; [Eq. F5]

where ri, 1 is an input, while roy 1 and rean 2 are assumed (see discussion about the
limitations of this assumptions in page 115).

Step 4: calculate the power extracted in each stage using the guess value of
ATt, and the established preliminary design criteria

Aht; is calculated so that the C point of the velocity triangle of stage 2 is centred. A
momentum balance (analogous to Eq. 66) applied to stage 1 together with the
desired geometric condition of stage 2, results in

U, Aht
Aht, = (72 TR 2 JUoutl —-Vabs, 1 Ujpy [Eq. F6]
2
where
_ _ ¥R
Aht, =CpATt, and Cp= y_—l [Eq. F7]

ATt; is obtained from Aht;

Cp

ATt for 1<i < 10 is calculated following a constant ATt; for each drum and satisfying
the PWR

At;

i=even <10 = ATt 2
ATt i—ogg<10 = ATt; PWR gy [Eq. F9]

The ATt for 10< i < NbStages is calculated following a constant ATt/Tin; for each
drum and satisfying the PWR
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ATt
ATth<i=even <NbStages = —mTtin i

Ttin 10
ATt
ATt _ggas10 = ——=Tt;, | PWRgr [Eq. F10]
in 10
where
Tt = Tt T ATH [Eqg. F11]

Step 5: calculate the temperature drop in each oft  he two drums of the CRT

The temperature change across the odd stages is first calculated

ATtdruml = zATti [Eg. F12]
i=odd

ATtnpstages IS calculated to satisfy ATty,,m, = ATt eq drum 2

ATthStages = ATtreq drum2 ATtpartial drum 2 [Eq- F13]
with
ATt partial drum 2 = Z ATti [Eq- F14]

i=even<NbStages
Step 6: repeat steps 3 - 5 until ( ATtgum1- ATteqdrum1 )/ATteqaum 1 < tolerance

The iteration is performed with a Newton-Raphson solver and proved to be
numerically stable.
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Appendix G — Velocity triangle calculations for 0-D CRT
DP efficiency calculation

This appendix presents the deduction of Eq. 144 and Eq. 145 in which B, and Boy
for a CRT stage are expressed as a function of ¢ and @®. The presented

equations are valid for a velocity triangle in which (example Figure G1):
« the point C is centred with respect to A and B
* Vain=Vaou=Va

e Un=Upu=U

“2h
U

Figure G1: Velocity triangles for a CRT stage
(C centred, V aoin = Vain = Vaand U;, = Uy, = U)

Boutis calculated considering that C is centred with respect to A and B

1-Ah

E U =Va tan(Bou’()_U [Eq. G1]
- : _—Ah _V,u

dividing all the terms by U and using = T and ® ==~
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1-Ah v u 1
EW=UAtan(Bout)—U=EL|J=CDtan( out) =1 [Eq. G2]
Consequently
g
180 ot
W =2(dtan(B,,)-1) and Bou = =_—arctan < — [Eq. G3]
T

In a similar manner, Bi, is calculated considering that C is centred with respect to A
and B.

1-4h =v,tan(B,,)+U [Eq. G4]
2 U
- : _—Ah _Va
dividing all the terms by U and using = T and ® =—*~2
1-Ah _v, u_1
- =_A +—=—Ww=>dtan(B.. )+1 Eqg. G5
SO0 - U BB+ =S w = otan(B,) [Eq. G5]
Consequently
Y
180 2
g =2(dtan(B;,)+1) and Bin = =_—arctan| = [Eq. G6]
Tt
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Appendix H — Matching procedure for CROR engines
using fuel flow or TET and the rotational
speeds of the propellers as handles

The figure below shows the matching procedure for a CROR engine with fuel flow
or TET and the rotational speeds of the propellers as handles. This matching
procedure can be used to solve the engine with a direct iterative procedure. The
majority of the performance codes use solvers (Newton-Raphson, Minipack, etc)
instead of direct iterations. In this case, the same guesses are used and they are
solved simultaneously. The differences between the two variables in each rhombic
box are used as errors to be minimised by the solver.

Note that the guess of the induced velocity of the rear propeller on the forward
propeller was not mentioned. This is because this iteration is only required inside
the CRP model and does not affect the operation of the engine core.

If TET is used as a handle, the injected fuel is used as a guess inside the burner
component in order to match the required TET. It was not included in the engine
matching scheme because it is a component internal iteration.

In the case of the GOR, the mass flow rate of the DPGB cooling system is required
as a guess. It was not included in the engine matching scheme because it does not
affect the operation of the engine core.

The following specific nomenclature is used in the figure below:

« PWT: power turbine which can be a LPT or a CRT

« eff: isentropic efficiency

* NDMF: corrected mass flow rate

e HPTW, HPCW, IPTW and IPCW: power of the HPT, HPC, IPT and IPC
respectively

e May: flight Mach number
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Appendix | — Methods to improve the numerical stabi lity
of steady state engine performance
calculations in PROOSIS

The targeted readers for this appendix are PROOSIS users and developers.
Consequently the PROOSIS nomenclature and vocabulary is used.

PROOSIS is a gas turbine performance simulation code. It is capable of calculating
the steady state and transient operation of a gas turbine engine or a group of
engine components. PROOSIS documentation provides a complete description of
the software including its modelling language, mathematical algorithms and
capabilities as well as the models of the engine components available in the
TURBO V1.0 library [Ref. 112, Ref. 113, Ref. 130, Ref. 131 and Ref. 228 Ref. 229].

The DP and OD calculations methodologies proposed by the wizards of the
software and included in the sample engine library (ENGINE V1.0 library) proved to
be numerically unstable for the two CROR engines defined in sections 2.2.4 and
2.2.5. A very particular initialisation of the unknown variables was required which
could only be calculated once the final solution was known (see details in sections
2.2.6 and 2.2.4 ). The same difficulty was observed for all the engines in the
ENGINE library V1.0, and was also reported by other PROOSIS users. In order to
simulate different engine designs at various OD conditions (take-off, climb, cruise,
descent idle, and certification points), an initialisation function was required. The
creation of this function requires a large effort which involves solving the DP and
OD performance, for all the required conditions, for all the engines to be assessed.
First the DP of the baseline engine has to be solved using an engine model which
comprises components with no maps. Then the engine design variables have to be
varied in small steps to solve the DP of other engine designs. Finally all the OD
conditions of all the engine designs have to be solved varying the operating
conditions (Alt, Mo, dISA, mq,,, N1 and ny) in small steps. This process can not be

done automatically, and manual changes to the initial values have to be done
because sometimes the calculations do not converge if some of the initial values
(especially design rotational speeds and design powers) are too close to the
solution.

During the course of this PhD research project, an alternative methodology and
good practices (GPs) were developed to produce numerically stable steady state:

« engine performance mathematical models

e OD calculations

« single point and multi point DP calculations to size engine components from
performance requirements

They enabled the calculation of DP and OD performance of a wide range of CROR
designs for a wide range of operating conditions (take-off, climb, cruise, descent
idle, and certification points) without the need of a customised initialisation. The
following paragraphs describe the developed methodology and GPs. A brief



description of the process required to perform an engine simulation in PROOSIS is
first provided.

Three main steps are required to simulate an engine (or part of an engine) in
PROOSIS.

1. Creation of an engine schematic. The schematic of an engine is created using
the existing components and connecting them in the appropriate order. Then,
the properties of every component (E.g.: pressure loss of the ducts and burner,
maps of the various components, exit area of the nozzle, diameters of the
propellers, torque ratio of the gearbox, DP enthalpy drop of the turbines and
rotational speeds of the shafts, etc.) have to be defined. The properties of the
components are called “data”. If a component is not available in the libraries, it
can be created by defining the ports® and data of the component and the
equations which model the performance of the component.

2. Creation of a mathematical model (called partition). A partition of an engine is a
system of equations that contains all the equations and variables of the engine
components (n equations and m variables). Normally m > n and it is required to
define m-n variables which are called “boundaries”. The boundaries represent
external conditions which are required to be known in order to solve the system
of equations®. The system of equations may have non linear equations, or
tables (typically component characteristics and fluid properties), and
consequently it is not possible to establish an explicit solution sequence. In
these cases, the system has to be solved iteratively and the user has to define
the guesses (called “algebraics”) and PROOSIS defines the checks in the form
of errors to be minimised (called “residues”). It is important to note that unlike
other gas turbine performance codes (E.g.: Gasturb and Turbomatch); there is
no specific mathematical model for the DP calculation. During DP calculations,
the unknown data of the different components is calculated with a numerical
solver at the same time as the mathematical model is solved (details are
presented in sections 1.2 and 1.3 of this appendix).

3. Creation of an experiment. An experiment is a sequence of calculations to be
performed using the previously defined mathematical model. DP and OD
calculations can be done on the same experiment, but only one mathematical
model can be used in an experiment. For example, an experiment which
calculate the OD performance of a known engine in different operating points

% Ports are the interfaces of the components which contain the variables to be transmitted to
other components.

% E.g.: for the CROR engines defined in section 2.2.4 and 2.2.5 the selected boundaries were:
the heat rejected by the engine components, the fuel inlet conditions (Tt and Pt) the fuel flow
and the rotational speed of the propellers.

Note that flight conditions are not boundaries, but data of the atmospheric component.
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would contain several blocks in which the operating conditions are defined and
subsequently the mathematical model of the engine is solved.

.1 GPs to obtain stable mathematical models

1.1.1 Definition of the boundaries

It is recommended to use the fuel flow rate (M) as a boundary as opposed to
TET. This increases the model stability especially at low idle settings.

The mass flow rate of the core (m.,) decreases as m;,, decreases. At relatively

core

high power settings, the reduction in my,, is relatively larger than the reduction in
M.ye. and TET decreases as my, decreases. At low power settings, the

reduction in m may be relatively larger than the reduction in my,,. In these

core

cases TET increases as my,, is reduced. Consequently, two operating points may
have the same TET and different values of my,,. If TET is used as a boundary, it

may not define the operation of the engine at very low power settings. For low
power settings where the operating point can still be defined with TET, the choice
of TET as a boundary makes the model unstable at low power settings.

[.1.2 Definition of the algebraics

It is recommended to device a physically and numerically sound matching
procedure for the engine or part of an engine (such as the one presented in
Appendix H) before creating a mathematical model in PROOSIS. The mathematical
model in PROOSIS should have the same algebraics as guesses in the devised
matching procedure. If PROOSIS can not set up a valid mathematical model with
the exact algebraics required in the matching procedure, it means that it can not
manipulate correctly the equations. In this case, the equations should be
manipulated by the user until achieving a valid mathematical model which uses the
desired algebraics. If this is not done, and the amount of algebraics is higher than
the theoretically required, the mathematical model is likely to be unstable.

It is recommended not to use mass flow rate (m) as an algebraic if the simulated
engine (or part of an engine) has components with maps which define the mass
flow rate (e.g.: compressors and turbines). In these cases, the map reading
variables (such as rotational speeds, BETA and ZETA parameters) should be used
as algebraics. This is the main reason why all the engine OD simulations proposed
in the ENGINE V1.0 library are highly unstable. There are two common cases in
which m is required as an algebraic:

Case 1: Engines (or part of engines) with components with no maps (e.g.: the air
cooling system of the GOR, described in sections 2.2.3.4.3 and 2.2.3.4.6).

Case 2: Engines in which the pressure losses of the intake are a function of m or
M (this is not the case in the engines of the ENGINE V1.0 library).



In both cases, it is recommended to use mcor as algebraic instead of m because
the variations of mcor are relatively smaller than the variations of m. For the
engines models corresponding to Case 2, it is recommended to modify the
equations of the compressor and the format of the compressor map so that the only
required algebraic from the compressors are their pressure ratio (since their mcor
can be caluclated using the equations of the previous components and the inlet
M cor Which is used as algebraic).

In order to avoid the mass flow rate as an algebraic in the GOR and DDOR engines
models produced for this PhD research project ,the inlet and IPC components had
to be merged. In the case of the GOR, the equations of the DPGB had to be
manipulated because PROOSIS did not manage to obtain the rotational speed of
the Sun from the rotational speeds of the Ring and Carrier shafts (which were used
as boundaries). Eq. 162 (obtained from Eq. 157, Eq. 153, Eqg. 154 and 158) had to
be used instead of Eq. 157. The equations of the duct and secondary air system
components were also manipulated to avoid unnecessary algebraics in the GOR
and DDOR engine models.

I.1.3 Extrapolation in the characteristics of the ¢~ omponents

For some simulations, the solver may require to do large variations in the
algebraics before finding the final solution®. In these cases, some component
maps are read outside the domain for which they were defined, and

« if the extrapolation of the characteristic is set to “forbidden”, the simulation is
aborted.

- if the extrapolation of the characteristic is set to “constant”, the solver may
probably not find a solution since changes in the algebraics do not modify
the residues of the model.

In order to avoid these two situations, it is recommended to select a linear
extrapolation in all the characteristics of the engine components. In this case, the
model residues can always be defined and they always vary when the algebraics
are varied.

Additional variables can be included in the model of the components to inform the
user if the simulated points are inside the defined map or they correspond to
extrapolated points.

The same recommendation applies to the fluid properties.

% It was observed that large steps were required for some simulations despite the fact that the
initialisation of the algebraics was close to the final solution.



|.2 GPs to define stable OD calculations

It is often required to calculate the performance of an engine at a particular regime
defined by operating parameters such as thrust, power, TET, rotational speed of a
shaft or surge margin. In these cases, my, and some other boundaries or data

(such as bleed valve flows) are not known and have to be solved together with the
algebraics. In order to obtain the unknown boundaries or component data,
PROOSIS builds a function that solves the mathematical model of the engine for a
given set of the unknown boundaries and data, and calculates the error with
respect to the desired criteria. This function is used in a solver to find the
boundaries, data and algebraics that produce the desired OD operation. This
procedure is slow and can be unstable because the mathematical model may not
have a solution for a given set of boundaries and data imposed by the solver.

Instead of using the method proposed by PROOSIS it is recommended to solve all
the unknown variables (boundaries, data and algebraics) at the same time with an
niSolver. This requires the definition of a function that:

« has the unknown variables as input

e calculates the residues of the mathematical model using the FRES()
command. This command calculates all the variables of the mathematical
model (including the residues) using the latest defined boundaries,
algebraics and data (it does not solve the mathematical model). FRES()
does not produce execution errors and calculates all the variables of the
model, provided that the map extrapolation is allowed and the functions
called by the model (such as fluid functions) converge®”.

* has the residues of the mathematical model and the errors of the additional
required conditions as output.

This methodology proved to be numerically stable for all the simulated engines and
OD conditions. No specific initialisation is required. Very low idle OD conditions
converge with the initialisation of high power settings and vice versa. Convergence
can also be achieved with initialisations outside the maps of the components.

Two examples of such a function and their corresponding solvers are provided
below.

Example 1

For the gaseous emissions calculations at idle setting (Alt = 0 m, dISA=0 and M, =
0.1), it is required to impose a level of thrust (6% of take-off thrust) and a surge
margin in the IPC (10%). The following function and solver are used to solve this
OD calculation for the GOR defined in section 2.2.4.

" The stability and ranges of the used fluid models affect the stability of the engine models. If
the used fluid functions do not converge for some cases, they should be revised. An apropriate
extrapolation of these functions may be required, especially those using Mach numbers.



Solver:
TOLERANCE=1.e-8
nisolver(fcniD, 11, idAlg, freslD, info)

Function:

FUNCTION NO_TYPE fcnlD

(OUT INTEGER n, OUT REAL idAlg[], OUT REAL fresID[], OUT INTEGER iflag)
DECLS

BODY

-- Store the variables to be solved

-- FIRST, store algebraics of the model
HPC.BETA = idAlg[1]

HPC.NcRdesMap = idAlg[2]

HPT.ZETA = idAlg[3]

IPC.BETA = idAlg[4]

IPC.NcRdesMap = idAlg[5]

IPT.ZETA = idAlg[6]

LPT.ZETA =idAlg[7]

RearProp.Prop_in.Vind = idAlg[8]

Scooplnlet. WcStd = idAlg[9]

-- THEN, store data: in this case the IPC bleed
IPC.W_bld[2] = idAlg[10]

-- THEN, store boundaries: in this case the fuel flow
Burner.Fu_in.W = idAlg[11]

FRES() --Calculate the model variables including residues

-- Store the residues of the model

fresID[1] = getResidueValue(1)

fresID[2] = getResidueValue(2)

fresID[3] = getResidueValue(3)

fresID[4] = getResidueValue(4)

fresID[5] = getResidueValue(b)

fresID[6] = getResidueValue(6)

fresID[7] = getResidueValue(7)

fresID[8] = getResidueValue(8)

fresID[9] = getResidueValue(9)

-- Store the errors with respect to the additional criteria
fresID[10] = (10 - IPC.SMpct ) / 10
fresID[11] = (FnTarget - Perf.Fn) / FnTarget

END FUNCTION

The order of the definition of the variables to be solved (idAlg in this example) and
the calculated errors (fresID in this example) proved to have an influence on the



numerical stability of the solver. It is recommended to use as input variable in the
“position i” (idAlg[i]) the variable that has a stronger influence on the error in the
“position i” (freslD[i]). For example, idAlg[1] is the HPC BETA and fresID[1] is the
error in the mass flow balance on the inlet of the HPT®. Following the same
criterion, idAlg[10] is the IPC bleed mass flow rate, and fresID[10] is the error with
respect to the surge margin target. This would result in a “more diagonal” Jacobian
matrix which improves the stability of the numerical solver.

Note that it may be required to execute all the initialisation bricks (Exec_lInit()
command) of the components and/or to reset all the events of the model
(Reset_Events() command) before calling the solver or inside the function (before
calling FRES()). The need for the use of these commands is related to the nature of
the models. Details of the use of these commands are presented in Ref. 228
(chapter 10, Initialisation Issues).

Also note that this model has WAR set to zero in the atmosphere component and
does not require WAR as an algebraic.

Example 2

For the descent points of the mission, it is required to impose a corrected rotational
speed of the HP shaft and a surge margin in the IPC (10%). In this case, one of the
algebraics of the mathematical model is used as a criterion to define the desired
operating point. Consequently, it is a known variable and it is not required to be
solved. The following function and solver are used to solve this OD calculation for
the GOR defined in section 2.2.4.

Solver:
TOLERANCE=1.e-8
nisolver(fcnlD2, 10, idAlg2, freslD2, info)

Function:

FUNCTION NO_TYPE fcnlD2

(OUT INTEGER n, OUT REAL idAlg[], OUT REAL fresID[], OUT INTEGER iflag)
DECLS

BODY

-- Store the variables to be solved

-- FIRST, store algebraics of the model

HPC.BETA = idAlg2[1]

-- THEN, store boundaries: in this case the fuel flow
Burner.Fu_in.W = idAlg2[2]

-- THEN, store algebraics of the model

% Note that at low power settings the corrected rotational speeds tend to be flat and a change in
BETA results in a relatively small change in PR and a relatively large change in mass flow rate.



HPT.ZETA = idAlg2[3]

IPC.BETA = idAlg2[4]

IPC.NcRdesMap = idAlg2[5]

IPT.ZETA = idAlg2[6]

LPT.ZETA = idAlg2[7]

RearProp.Prop_in.Vind = idAlg2[8]
Scooplnlet.WcStd = idAlg2[9]

-- FINALLY, store data: in this case the IPC bleed
IPC.W_bld[2] = idAlg2[10]

FRES() --Calculate the model variables including residues

-- Store the residues of the model
fresID2[1] = getResidueValue(1)
fresID2[2] = getResidueValue(2)
fresID2[3] = getResidueValue(3)
fresID2[4] = getResidueValue(4)
fresID2[5] = getResidueValue(5)
fresID2[6] = getResidueValue(6)
fresID2[7] = getResidueValue(7)
fresID2[8] = getResidueValue(8)
fresID2[9] = getResidueValue(9)

-- Store the errors with respect to the additional criteria
fresID2[10] = (10 - IPC.SMpct ) / 10

END FUNCTION

Note that idAlg2[2] is the fuel flow and fresID2[2] is the power balance of the HP
shaft.

|.3 GPs to define stable DP calculations

The aim of a DP calculation is to obtain some unknown data of the engine
components (scaling factors of the maps, areas, efficiencies and design rotational
speeds) imposing some design criteria (E.g.: position of the DP on the maps of the
components, TET) and performance requirements (E.g.: thrust). Technology curves
may be used to estimate the efficiency of certain components during the DP
calculation. The engine operates at steady state at the DP and consequently the
mathematical model of the engine has to be solved. Some of the boundaries and
algebraics may also be unknown®®.

% In the case of the GOR engine defined in section 2.2.4, the unknown algebraics at a DP
calculation are: propeller induced velocity and mass flow rate through the gearbox cooling
system.



For this type of calculations, PROOSIS generates a function that solves the
mathematical model of the engine for a given set of the unknown data and
boundaries, and calculates the error with respect to the design criteria. This
function is used in a solver to find the data, boundaries and algebraics that produce
the desired DP operation. This procedure is slow and can be unstable because the
mathematical model may not have a solution for a given set of data and boundaries
imposed by the solver.

It is recommended to calculate the DP using the same GPs as for the OD
calculations. Note that as in the example 2 of the OD calculations, some of the
algebraics are known at DP (Ncor rdes @and BETA of compressors and ZETA for
turbines), and therefore it is not required to calculate them.

Multi point design calculations were also tested using the presented methodology
(setting the efficiency of the gearbox at take-off). The function that implements a
multi point design performs the following tasks:

1. store the data of the components (defined in the input vector)

2. store the flight conditions, boundaries and algebraics of the first point
(defined in the input vector)

3. use the command FRES() (with the appropriate initialisation) to calculate all
the variables of the model at the first point.

4. calculate the errors with respect to the design criteria of the first point, and
get the residues of the mathematical model at the first point.

5. store the flight conditions, boundaries and algebraics of the second point
(defined in the input vector)

6. use the command FRES() (with the appropriate initialisation) to calculate all
the variables of the model at the second point.

7. calculate the errors with respect to the design criteria of the second point,
and get the residues of the mathematical model at the second point.

8. steps 5 — 7 can be repeated for further operating points.

This function is used together with a solver as presented in the previous examples
to find the unknown data of the components and define the design of the engine.
These calculations also proved to be numerically stable.

Example

The DP calculation of the GOR engine defined in section 2.2.4 is presented below.
It is a single design point calculation at TOC in which the TET and thrust are
imposed as well as the position of the DP on the component maps. The efficiency
of the LPT and propellers are calculated using the technology curves described in
sections 2.2.3.1.1 and 2.2.3.2.5 respectively. Some of the input variables and
errors are omitted and replaced by “...” to avoid repetition.

The effect of the order of the unknowns and errors on the numerical stability of this
type of calculation is stronger than in the previously presented OD calculations. For
example, if the following changes in the definition of errors are done in the function
presented below, the solver is unable to find a valid solution to the DP calculation.
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fresDP[1] = (Thrust_DP - Perf.Fn)/Perf.Fn —> fresDP[35] = (Thrust_DP - Perf.Fn )/ Perf.Fn
fresDP[35] = 1- LPT.NcRdes —> fresDP[1] = 1- LPT.NcRdes

Note that in the function of the example:

« the residues of the model which correspond to mass flow balances are
defined in the same “position” as the mass flow scaling factors.

« the residues of the model which correspond to power balances in the shafts
are defined in the same “position” as the design pressure ratio of the turbines.

« the area of the nozzle is defined in the same “position” as the thrust of the
engine since it imposes the size of the core.

« the fuel flow is defined in the same “position” as TET.

Solver:
TOLERANCE=1.e-8
nisolver(fcnDP, 46, z, fresDP, info)

Function:

FUNCTION NO_TYPE fcnDP

(OUT INTEGER n, OUT REAL z[], OUT REAL fresDP[], OUT INTEGER iflag )
DECLS

BODY

Nozzle.Aexit =2z[1]
IPC.s_mapWc_in =2[2]
IPC.s_mapEff_in =7[3]
IPC.s_NcRdes in =2z[4]
IPC.s_mapPR_in  =2[5]
HPC.s_mapWc_in = z[6]
HPC.s_mapEff_in = 2z[7]
HPC.s_NcRdes in =2[8]
HPC.s_mapPR_in = 2[9]
HPT.s_mapWc_in = 2[10]
HPT.s_mapEff in =2z[11]
HPT.s_mapNc_in =2[12]
HPT.s_mapDhqT _in = z[13]
IPT.s_mapWc_in  =2z[14]
IPT.s_mapEff_in = z[15]
IPT.s_mapNc _in = 7[16]
IPT.s_mapDhqT_in =2z[17]
LPT.s_mapWc_in =2[18]
LPT.s_mapEff in  =2[19]

FrontProp.s_Eff = z[27]

LPT.NmechDes = 7[35]

10



RearProp.Prop_in.Vind =z[44]
ScooplnletWcStd  =z[45]
Burner.Fu_in.W =z[46]

FRES()

fresDP[1] = (Thrust_DP - Perf.Fn) / Perf.Fn

fresDP[2] = getResidueValue(5) --Mass flow rate balance in the nozzle
fresDP[3] = (IPC_Eff_DP - IPC.effPoly) / IPC.effPoly

fresDP[4] = 1- IPC.NcRdes

fresDP[5] = (IPC_PR_DP - IPC.PR) / IPC.PR

fresDP[6] = getResidueValue(3) --Mass flow rate balance in the HPC
fresDP[7] = (HPC_eff_DP - HPC.effPoly) / HPC.effPoly

fresDP[8] = 1- HPC.NcRdes

fresDP[9] = (HPC_PR_DP - HPC.PR) / HPC.PR

fresDP[10] = getResidueValue(1) -- Mass flow rate balance in the HPT
fresDP[11] = (HPT_eff DP - HPT.eff) / HPT .eff

fresDP[12] = (HPT_NcRdesMap_DP - HPT.NcRdesMap) / HPT.NcRdesMap
fresDP[13] = getResidueValue(2) -- HP shaft power balance

fresDP[14] = getResidueValue(4) -- Mass flow rate balance in the IPT
fresDP[15] = (IPT_eff _DP - IPT.eff) / IPT.eff

fresDP[16] = (IPT_NcRdesMap_DP - IPT.NcRdesMap) / IPT.NcRdesMap
fresDP[17] = getResidueValue(7) -- IP shaft power balance

fresDP[18] = getResidueValue(6) -- Mass flow balance in the LPT

-- The LPT efficiency is calculated using the function described in section 2.2.3.1.1
fresDP[19] = (LPTEff(LPT.pwr/LPT.F_in.W, LPT.Me_in.Nmech, NbStages, Va,
INmean) - LPT.eff) / LPT.eff

-- The low speed nnet 1 is calculated using the function described in section 2.2.3.2.5
fresDP[27] = Prop_Tech_eff ( BNbF, FrontProp.PowerLoading, K, p) - FrontProp.ETAlowMn

fresDP[35] = 1- LPT.NcRdes
fresDP[44] = getResidueValue(8)

fresDP[45] = getResidueValue(9)
fresDP[45] = (Burner.F_out.Tt— TOC_TET) / TOC_TET

END FUNCTION
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Appendix J — Profiles of the missions defining the

payload-range diagram of the reference

OR aircraft
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Appendix K — Maps of the baseline GOR components

The maps of the baseline GOR engine are presented below. The black dots on the
maps indicate the position of the DP.
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Imaginary Power Coefficient (Cp im)
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