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“The bottom line for
mathematicians is that the
architecture has to be right. In
all the mathematics that I did,
the essential point was to find
the right architecture. It’s like
building a bridge. Once the
main lines of the structure are
right, then the details
miraculously fit. The problem is

the overall design..”

Freeman J. Dyson, Interview
with Donald J. Albers






Abstract

This thesis describes various aspects of the development of a multi-disciplinary
aero engine conceptual design tool, TERA2020 (Techno-economic, Environmen-
tal and Risk Assessment for 2020), based on an explicit algorithm that considers:
engine performance, engine aerodynamic and mechanical design, aircraft design
and performance, emissions prediction and environmental impact, engine and

airframe noise, and production, maintenance and direct operating costs.

As part of this research effort, a newly-derived semi-empirical NO, correlation
for modern rich-burn single-annular combustors is proposed. The development
of a numerical methods library is also presented, including an improved gradient-
based algorithm for solving non-linear equation systems. Common assumptions
made in thermo-fluid modelling for gas turbines and their effect on caloric prop-
erties are investigated, while the impact of uncertainties on performance calcula-
tions and emissions predictions at aircraft system level is assessed. Furthermore,
accuracy limitations in assessing novel engine core concepts as imposed by cur-

rent practice in thermo-fluid modelling are identified.

The TERA2020 tool is used for quantifying the potential benefits from novel
technologies for three low pressure spool turbofan architectures. The impact of
failing to deliver specific component technologies is quantified, in terms of power
plant noise and COy emissions. To address the need for higher engine thermal
efficiency, TERA2020 is again utilised; benefits from the potential introduction of
heat-exchanged cores in future aero engine designs are explored and a discussion
on the main drivers that could support such initiatives is presented. Finally, an
intercooled core and conventional core turbofan engine optimisation procedure
using TERA2020 is presented. A back-to-back comparison between the two

engine configurations is performed and fuel optimal designs for 2020 are proposed.

Whilst the detailed publications and the work carried out by the author, in a
collaborative effort with other project partners, is presented in the main body of
this thesis, it is important to note that this work is supported by 20 conference

and journal papers.






Contribution to knowledge

I. Contribution to the development of a multi-disciplinary aero engine concep-
tual design tool, within a collaborative environment. The tool is based
on an explicit algorithm and is targeted towards identifying an appropri-
ate design space where more complex and time-consuming tools could be
utilised. The author’s efforts focused on the development of (i) a new engine
performance code, (ii) a numerical methods library, (iii) a new emissions
prediction and environmental impact code, (iv) and the enhancement of
existing codes for engine lifing, direct operating costs and aircraft design

and performance.

II. Assessment of future environmentally friendly jet engine systems, using the

developed tool, including;:

e Assessment of the impact of thermo-fluid modelling uncertainties on
performance calculations and emissions predictions at aircraft system
level, and identification of accuracy limitations in assessing novel con-

cepts as imposed by current practice in thermo-fluid modelling.

e Quantification of potential benefits from low pressure spool technolo-
gies for three turbofan architectures and the impact of failing to deliver

specific component technologies, for long and short range applications.

e Quantification of potential benefits from the introduction of heat-
exchanged cores in turbofan engines and identification of fuel optimal

designs for year 2020 entry into service, for long range applications.

It is likely that detailed studies and such tools exist internally in companies.
Nevertheless, it is worth having such a tool and future aero engine assessments
available for the broader research community. Whilst the detailed publications
and the work carried out by the author, in a collaborative effort with other
project partners, is presented in the main body of this thesis, it is important to

note that this work is supported by 20 conference and journal papers.
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Chapter 1

Introduction

1.1 Problem area

Public awareness and political concern over the environmental impact of civil
aviation growth (predicted at 5.9% per year in 2007 [1]) has improved substan-
tially during the past 30 years. As the environmental awareness increases, so
does the effort associated with addressing NO, and CO, emissions by all the
parties involved. In the Vision 2020 report [2], made by the Advisory Council
for Aeronautical Research in Europe on European aeronautics, goals are set to
reduce noise and emissions produced by the ever increasing global air traffic.
Emissions legislation, set by the International Civil Aviation Organisation and
it’s Committee on Aviation Environmental Protection, is becoming ever more
stringent, creating a strong driver for investigating novel aero engine designs

that produce less COy and NO, emissions.

On the other hand, airline companies need to continuously reduce their oper-
ating costs in order to increase, or at least maintain, their profitability. This
introduces an additional design challenge as new aero engine designs need to be
conceived for reduced environmental impact as well as direct operating costs.
Decision making on optimal engine cycle selection needs to consider mission fuel
burn, direct operating costs, engine and airframe noise, emissions and global
warming impact. A tool following a Techno-economic, Environmental and Risk
Assessment (TERA) approach is required to conceive and assess engine designs

with minimum environmental impact and lowest cost of ownership in a variety of
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emissions legislation scenarios, emissions taxation policies, fiscal and air traffic

management environments.

Within the European collaborative project VITAL (enVIronmenTALly friendly
acro engines) [3], key low pressure spool technologies for three different turbofan
architectures are being investigated, targeting step reductions in engine CO,
and noise emissions. As part of the VITAL effort, a number of universities
cooperate on establishing a platform for multidisciplinary system analysis, the
TERA2020 environment. The tool is targeted towards identifying an appropriate
design space where more complex and time-consuming tools could be utilised;
it is capable of evaluating the technology progress achieved within the project
on engine/aircraft system level as well as performing scenario studies of next
generation turbofan engines. The activities within the VITAL project specifically
target year 2020 entry into service, thus the acronym TERA2020.

Within the European collaborative project NEWAC (NEW Aero engine Core
concepts) [4], enabling technologies are also researched for four new engine core
concepts and three different lean-burn combustion concepts, with the objective of
improving core thermal efficiency and reducing NO, emissions. The TERA2020
tool from VITAL, is being developed further to assess the economic and envi-
ronmental impact of the new technologies being researched in NEWAC and to
undertake sensitivity and optimisation studies about the new engine configu-
rations. New technologies researched under the umbrella of NEWAC include:
intercooling, intercooling with recuperation, improved compressor blade aerody-
namic design and blade tip rub management, aspirated compression systems,
active control of compressor surge and tip clearance, and active control of a

cooled cooling air system.

1.2 Fuel efficient aero engine designs

CO, emissions are directly proportional to fuel burn, and therefore any effort
to reduce them needs to focus on improving fuel consumption. Fuel burn for a
turbofan engine can typically be improved by:

1. Reducing engine weight and size.

2. Reducing engine Specific Fuel Consumption (SFC).
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Reducing engine weight results in a lower aircraft maximum take-off weight,
which in turn leads to reduced thrust requirements for a given aircraft lift to drag
ratio. Reducing engine size — predominantly engine nacelle diameter and length
— reduces nacelle drag and therefore also leads to reduced thrust requirements.
For a given engine SFC, a reduction in thrust requirements essentially results in

lower fuel consumption.

Lower engine SFC can be achieved by improving propulsive efficiency and thermal
efficiency. Improving component efficiencies, as well as reducing other losses
in the cycle, such as duct pressure losses and cooling flows, is another way of
improving engine SFC. Modern CFD-assisted 3D blade designs however, are
already quite aggressive and limited benefit may be envisaged by such future

advancements in terms of loss reduction [5].

In the following sections, three important research questions will be set with
respect to improving engine thermal and propulsive efficiency, and simultaneously

reducing COy and NO, emissions.

1.2.1 Propulsive efficiency

Improvements in propulsive efficiency — and hence engine SFC at a given thermal
efficiency — can be achieved by designing an engine at a lower specific thrust (i.e.
net thrust divided by fan inlet mass flow). This results in a larger fan diameter,
at a given thrust, and therefore in increased engine weight, which can partially,
or even fully, negate any SFC benefits. Propulsive efficiency improvements at a
constant weight are directly dependent on weight reduction technologies such as
light weight fan designs and new shaft materials. Increasing engine bypass ratio
aggravates the speed mismatch between the fan and the low pressure turbine.
Introduction of a gearbox can relieve this issue by permitting the design of these
two components at their optimal speeds, and can hence reduce engine weight, as

well as improve component efficiency. The first research question therefore rises:

How low can we really go on specific thrust?
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1.2.2 Thermal efficiency

Improvements in thermal efficiency — and hence engine SFC at a given propulsive
efficiency — can be achieved for conventional cores mainly by increasing engine
overall pressure ratio (OPR). At a given OPR there is an optimal level of com-
bustor outlet temperature T, for thermal efficiency. However, at a fixed specific
thrust and engine thrust, an increase in T, can result in a smaller core and
therefore a higher engine bypass ratio; in some cases, a potential reduction in
engine weight can more than compensate for a non-optimal thermal efficiency.
Increasing OPR further than current engine designs is hindered by limitations
in high pressure compressor delivery temperature at take-off. Increasing T, is
limited by maximum permissable high pressure turbine rotor metal temperatures
at take-off and top of climb. Increasing turbine cooling flows for this purpose is
also fairly limited as a strategy; cooling flows essentially represent losses in the
thermodynamic cycle, and increasing them eventually leads to severe thermal

efficiency deficits [6}/7]. The second research question therefore rises:

How high can we really go on OPR and T,?

1.2.3 CO; and NO, emissions

Aggressive turbofan designs that reduce COy emissions — such as increased OPR
and T, designs — can increase the production of NO, emissions due to higher
flame temperatures. Designing a combustor at very low air to fuel ratio levels is
also limited by the need for adequate combustor liner film-cooling air as well as
maintaining an acceptable temperature traverse quality [§8]. The third research

question therefore rises:

What is the trade-off between low CO, and NO,?

1.3 Research aim and objectives

An aero engine multidisciplinary design tool, TERA2020 (Techno-economic, En-

vironmental and Risk Assessment for 2020), that helps to automate part of the
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aero engine conceptual design process, was further developed in this project in
order to be successfully utilised for exploring the three research questions pre-
sented in Section [I.I} The tool is based on a modular design and features a
sophisticated explicit conceptual design algorithm. TERA2020 considers a large
number of disciplines typically encountered in conceptual design, such as: en-
gine performance, engine aerodynamic and mechanical design, aircraft design
and aerodynamic performance, emissions prediction and environmental impact,
engine and airframe noise, as well as production, maintenance and direct operat-
ing costs. Individually developed modules are integrated together in an optimiser
environment; a large amount of information is available after every design itera-
tion and can be used for many purposes such as technology impact assessment,

sensitivity and parametric studies and multi-objective optimisation.

In a nutshell, the work described in this thesis attempts to:

1. Present important aspects of the development of a sophisticated explicit
algorithm that can help automate part of the aero engine conceptual design

process.

2. Discuss the derivation of new models — and the further development of ex-
isting ones — that are suitable for optimising the novel engine configurations
studied under the NEWAC project.

3. Present system numerical improvements with respect to improving compu-
tational speed, reducing non-convergence cases, and eliminating numerical
noise problems hindering TERA2020 optimisation capability in the VITAL

project.

4. Assess the impact of fluid modelling uncertainty on performance calcula-
tions and emissions predictions at aircraft system level and identify ac-
curacy limitations in assessing novel engine core concepts as imposed by

current practice in thermo-fluid modelling.

5. Quantify potential benefits from novel technologies for three low pressure

spool turbofan architectures, as developed under the VITAL project.

6. Quantify potential benefits from the introduction of heat-exchanged cores
with variable geometry features in future aero engine designs, as developed
under the NEWAC project.
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7. Quantify potential benefits from the introduction of novel lean-burn com-
bustion technology, as developed under the NEWAC project, coupled with

future novel aero engine designs.

1.4 Thesis overview

The main contents of this thesis have been organised in the following chapters:

e In Chapter [2| the developed aero engine conceptual design framework is

presented.

e In Chapter[3] developments carried out by the author on individual TERA2020

modules are discussed.

e In Chapter [4] the impact of fluid modelling uncertainty on performance
calculations and emissions predictions at aircraft system level is assessed.
Accuracy limitations in assessing novel engine core concepts as imposed by

current practice in thermo-fluid modelling are identified.

e In Chapter |5, the potential benefits from various low pressure spool com-
ponent advancements are presented, and the impact of failing to deliver
specific component technologies is quantified, in terms of power plant noise

and CO, emissions.

e In Chapter [0, an assessment of various novel engine core technologies and

concepts coupled with lean-burn combustion concepts is presented.

e In Chapter 7| various aspects are presented of an intercooled core and con-
ventional core turbofan engine optimisation procedure using TERA2020.
A back-to-back comparison between the two engine configurations is per-
formed and fuel optimal designs for year 2020 entry into service are pro-

posed.

e In Chapter [§] overall conclusions are drawn from the work carried out and

recommendations for future work are made.

Additional information to support the work carried out for this project is pre-

sented in the following appendices:
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e In Appendix[A] various aspects of project management, quality control and
dissemination reflecting the development of a multi-disciplinary conceptual

design tool within a collaborative environment are discussed.

e In Appendix [B] information is given in spreadsheet format on the choice

of design variables for the optimisation process described in Chapter [7]

e In Appendix [C] some of the component characteristics used with the newly

developed performance code are presented.






Chapter 2

Framework Development

Various aspects of the development of a multi-disciplinary aero engine conceptual
design tool, TERA2020 (Techno-economic, Environmental and Risk Assessment
for 2020), are described - as carried out under the umbrella of European Frame-
work 6 and 7 collaborative projects VITAL, NEWAC and DREAM. The tool
can assist in the transition from the traditional, human-based design procedure
to a partially-automated process, and considers the following disciplines: en-
gine performance, engine aerodynamic and mechanical design, aircraft design
and performance, emissions prediction and environmental impact, engine and
airframe noise, and production, maintenance and direct operating costs. The
proposed explicit conceptual design algorithm minimises internal iterations, re-
duces system complexity and improves computational speed; through a good set
of constraints, it will also give an optimal aero engine conceptual design that
will be feasible in terms of engine certification and customer requirements. As
part of the project overall long term ambition, the continuous refinement of the
TERA2020 algorithms is leading to an independent research tool that can help
quantify risks and assess the impact of gas turbine design on the environment,
by comparing and helping to rank future technologies and design concepts for

civil aviation on a formal and consistent basis.

N.B. The work presented in this chapter has been a collaborative effort between
Cranfield University, Rolls-Royce and Chalmers University and has been pub-
lished in the following paper:
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K.G. Kyprianidis, S.O.T. Ogaji, P. Pilidis, R. Singh, A.M. Rolt,
and T. Gronstedt. Aero Engine Conceptual Design - Part I Multi-
Disciplinary Framework Development. AIAA Journal of Propulsion

and Power, 2010. under preparation.

2.1 Introduction

2.1.1 Conceptual design tools - a brief review

The current state of the art in multidisciplinary engine simulation tools is rep-
resented by NASA’s (National Aeronautics and Space Administration) extended
suite of tools: NPSS (Numerical Propulsion System Simulation), WATE (Weight
Analysis of Turbine Engines), FLOPS (FLight OPtimization System), and ANOPP
(Aircraft Noise Prediction Program). As described by Claus et al. [9] and Ly-
tle [10], NPSS can tackle different levels of modelling fidelity, from simple thermo-
dynamic cycle calculations to full 3D whole-engine CFD (Computational Fluid
Dynamics) simulations. WATE [11-13] is an object-oriented computer code that
can been used to predict the dimensions and weight of different gas turbine en-
gine configurations at component level, based on cycle parameters from NPSS.
FLOPS [14] is an aircraft conceptual design code that can be used for aircraft siz-
ing and mission analysis using information from WATE and NPSS. ANNOP [15]
is an engine and airframe noise prediction code that can predict certification
noise levels and noise power distance curves, based on aircraft dimensions from
FLOPS and engine information from NPSS and WATE. Several successful at-
tempts have been made to integrate these codes together and produce engine
design results at aircraft system level; for some of the most recent efforts the

interested reader can refer to Antoine et al. [16] and Mercer et al. |17].

The EDS (Environmental Design Space) tool is being developed collaboratively
by The Georgia Institute of Technology and the Massachusetts Institute of Tech-
nology within PARTNER (Partnership for AiR Transportation Noise and Emis-
sions Reduction) [18]. The tool consists essentially of an integration of the NPSS,
WATE, FLOPS and ANNOP codes and various emissions predictions method-
ologies. EDS provides the capability to estimate source noise, exhaust emis-

sions, and performance for potential future aircraft designs under different policy
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and technological scenarios. FAA (Federal Aviation Administration) is currently
sponsoring the development of ETS (Environmental Tool Suite), a larger suite of
tools of which EDS is part of. The main aim of this effort is to conduct research,
and develop, verify, and validate analytical tools to better understand the rela-
tionship between noise and emissions and different types of emissions, as well as
to provide the cost benefit analysis capability necessary for data-driven decision
making. ETS is intended to be used for supporting the FAA domestic anal-
yses and ICAO CAEP (International Civil Aviation Organisation, Committee
on Aviation Environmental Protection) analyses, and therefore decision making

with respect to long term and global legislation [19].

Genesis is a gas turbine aerodynamic and mechanical design tool developed by
Rolls-Royce; it can be used to define the basic engine geometry, as well as pre-
dict engine weight and cost using correlations based on a database of Rolls-
Royce engines. A preliminary design process for military engines that utilises a
hybrid combination of Genesis, RRAP (Rolls-Royce Aerothermal Performance)
and other tools is presented in Jones et al. [20]. The tool developed can be used
to quickly define and refine gas turbines engines within a design procedure that

considers engine performance attributes as well as Through Life Costs (TLC).

MTU Aero Engines’ software package for the preliminary design of airborne
and stationary gas turbines, MOPEDS (MOdular Performance and Engine De-
sign System), is described by Jeschke et al. [21]. The tool can perform multi-
disciplinary and multi-point analysis considering all major gas turbine engine
components and their interrelations. The transition from the preliminary design
phase to the detailed design phase is also handled by the system, with prelim-
inary design results being transferred to higher fidelity 1D and 2D models for

detailed component design.

The GISMO software, as described by Avellan and Gronstedt [22], is a generic
simulation and modelling environment for conceptual design and analysis of air-
craft and engines. Engine performance and weight predictions are first carried
out with the GeSTPAn (General Stationary and Transient Propulsion Analysis)
code [23], and the results are then transferred to the aircraft design modules
for further analysis; this is an iterative process, with the engine and aircraft be-
ing redesigned in every loop, and is repeated until all the aircraft performance

requirements set are satisfied.
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The next three codes discussed cannot be considered as full conceptual design
tools. Nevertheless, they do consider some important aspects of engine and

aircraft conceptual design:

GasTurb [24] is a user-friendly gas turbine performance simulation code that
can evaluate the thermodynamic cycle of a predefined set of engine architec-
tures, both at design and off-design. Recent additions to the program allow
the preliminary geometrical design of a gas turbine engine including disc stress

calculations.

PIANO (Project Interactive ANalysis and Optimisation) [25] is a user-friendly
aircraft preliminary design and analysis tool. It can be used to design and predict
the performance of conventional aircraft configurations including emissions and

costs.

GSP (Gas turbine Simulation Program) [26] is a flexible object-oriented tool for
gas turbine engine performance analysis [27]. Additions to the code presented
by Shakariyants et al. [28,29] have extended the tool’s capabilities to in-flight
exhaust emission studies, while work by Montella and van Buijtenen [30] has
allowed the evaluation of the impact of component design on engine overall per-

formance.

2.1.2 Conceptual design tools - lessons learned

The aero engine industry is in constant search for more efficient and environ-
mentally friendly power plants. Along with a continued progress in air traffic
management, aircraft structures and aerodynamics, lighter and more efficient
engines are being projected. Current and future engine noise and emission certi-
fication requirements make the search for optimal engines truly multidisciplinary.
Decision making on optimal engine cycle selection has to consider mission fuel

burned, operating cost, engine and airframe noise and environmental impact.

Each of the conceptual design tools presented in this brief review has its’ merits
and shortfalls. Unnecessary nested loops/iterations in the conceptual design al-
gorithms are often encountered which increases system complexity and reduces
computational speed while lack of code modularity - present in some of them -

affects the system’s maintainability and extendability. More importantly, most

12



Konstantinos G. Kyprianidis Framework Development

codes fail to consider one or more important disciplines for engine conceptual
design, which can severely hinder the degree of realism during design space ex-

ploration.

A Techno-economic, Environmental and Risk Assessment (TERA) approach dur-
ing the conceptual and preliminary design process for complex mechanical sys-
tems will soon become the only affordable, and hence, feasible way of producing
optimized and sound designs, if the whole spectrum of possible impacts (eco-
nomic, environmental etc.) is to be taken into account. A tool following the
TERA approach is required to conceive and assess engine designs with minimum
environmental impact and lowest cost of ownership in a variety of emissions leg-
islation scenarios, emissions taxation policies, fiscal and air traffic management
environments. This chapter presents the development of a multi-disciplinary
aero engine conceptual design tool that considers the following disciplines: en-
gine performance, engine aerodynamic and mechanical design, aircraft design
and performance, emissions prediction and environmental impact, engine and
airframe noise, and production, maintenance and direct operating costs. The de-
veloped conceptual algorithm is explicit; it minimises internal iterations, reduces

system complexity and improves computational speed.

2.2 The development of TERA2020

2.2.1 General objectives

Decision making on near term emissions legislation and taxation policies is use-
fully informed through industry studies, with respect to the impact certain leg-
islator decisions could have on the design and operation of future civil aircraft
engines. A TERA approach tool intends, mainly, to address policy evaluations
at a “macro level” looking more at how long term and global legislation can be
addressed. TERA2020 can therefore be viewed as a common tool which in the
future, and through continuous refinement with input from legislators, opera-
tors, OEMs (Original Equipment Manufacturer) and universities, could enhance
the dialogue between these parties by increasing the visibility of the impact of

different policy issues on a consistent and formal basis.

Another potential benefit from the development of TERA2020 within the Eu-
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ropean Union (EU), could be its contribution to enhanced European compet-
itiveness on a global level. In the past, product design and manufacture has
mostly been located in and driven by the markets and the legislative require-
ments of Europe, North America and Japan. These were also the markets where
the majority of the sales occurred. The large growth in developing economies is
changing the sales destination of civil aerospace products. Important proportions
of the sales now take place in these emerging economies where different design
solutions for good environmental performance may apply. A TERA approach
tool would allow the exploration of economic and environmental performance of
alternative design concepts and technologies. This could be done in a wide range
of taxation regimes, helping to identify the more competitive options in local

scenarios internationally.

The general objectives set during the development of the TERA2020 tool across
the three European Framework 6 and 7 collaborative projects, VITAL (enVI-
ronmenTALLly friendly aero engines) [31], NEWAC (NEW Aero engine Core con-
cepts) [32] and DREAM (valiDation of Radical Engine Architecture systeMs) [33]

are:

A quick assessment tool for new engine technologies.

e Assess the benefits of technologies under differing economic and environ-

mental conditions.

e Optimise a group of engine technologies by relatively simple algorithms to

differing economic and environmental scenarios.
e Progressively incorporate new and novel technologies.

e Provide initial starting points for engine designs for low economic and en-
vironmental impact that could be examined in depth by more complex and

time consuming OEM tools.
e Evaluate and optimise the study engines against the project objectives.

e Progressively develop the capacity to become an independent research tool
of choice for joint OEM ventures and provide useful information to project

partners and important stakeholders.
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The long term overall ambition is that the continuous refinement of TERA2020
algorithms will lead to an independent research tool that can help quantify risks
and assess the impact of gas turbine design on the environment, by comparing
and helping to rank future technologies and design concepts for civil aviation
on a formal and consistent basis. TERA2020 will rely on the developers of new
technologies providing data from realistic assessments of their capabilities and
attributes, so that the tool can evaluate the costs and benefits at whole engine

and whole aircraft level.

2.2.2 Origins of the TERA concept

Work in Cranfield University on the development and adaptation of TERA mod-
els for mechanical systems can be traced back to the early 90’s. TERA-oriented
developments to consider drag and weight were initiated by Vicente [34] in an
attempt to study the effect of bypass ratio on commercial aero engines designed

for long-range subsonic aircraft.

Around the same period, Dilosquer [35] initiated a study on the relationship
between long range engines and atmospheric pollution. The full spectrum of this
work [36H40], essentially took the TERA approach a step further by introducing
the influence of environmental impact and flight routes, in aero engine design

and analysis.

The research interest soon spread to industrial gas turbine systems. Gayraud [41]
identified issues in gas turbine selection for power generation and attempted to
address them through techno-economic assessments. His later work [42], focusing
on more complex systems, set the base for a decision support system for combined

cycle schemes.

During the further development of TERA for aero applications, environmental
impact assessment continued to remain a key element, as described by Whellens
and Singh [43]. Further work on genetic algorithms [44] introduced multidisci-
plinary optimization in the TERA armory of available tools and methods. These
developments served as the foundation for demonstrating how a TERA approach
could assist in the transition from the traditional, human-based conceptual de-

sign process to a more automated methodology [45].
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The potential environmental benefits from the use of Hy as an aviation fuel were
studied extensively by Svensson [46]. His work served as the basis for introducing
the capability of performing environmental impact assessments in the TERA
tool [47].

Further work on power generation schemes was carried out by Papadopoulos [48]
who investigated various thermodynamic cycles using the TERA approach. Work
by Polyzakis [49] focused on a techno-economic evaluation of trigeneration plants
i.e. gas turbine power generation combined with absorption cooling and district

heating.

Studies by Laskaridis et al. [50,51] on the potential of more-electric aircraft and
engine architectures introduced a semi-generic aircraft model for use with the
TERA tool. Tsoudis [52] worked on introducing an integrated computational
marine vessel operation environment, tailored to realistically approach the life
cycle operation of a marine gas turbine power plant, in a TERA version for

marine applications.

Work by Khan et al. [53]54] showcases how the TERA approach could be used
for liquefied natural gas equipment selection. For more details on the TERA
origins, current status and future developments the interested reader is referred
to Ogaji et al. [55,56].

2.2.3 Core partners and contributions

The core university partners involved in the development of the TERA2020 tool

are:

Cranfield University (CU)

University of Stuttgart (USTUTT)

Chalmers University (CHALMERS)

ISAE/SUPAERO

National Technical University of Athens (NTUA)

Aristotle University of Thessaloniki (AUTH)
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Figure 2.1: TERA2020 contributions.

e Universidad Politechnica de Madrid (UPM)

The contributions of the individual university partners to the development of
the TERA2020 software are illustrated in Fig. The development of the tool
has been significantly influenced by several European OEMs, the latter providing
important feedback to the university partners. The main OEMs involved in this

process are:

e Rolls-Royce
e MTU Aero Engines
e Snecma

Volvo Aero

Rolls-Royce Deutschland

e AVIO
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Figure 2.2: NEWAC SP1 partners .

e Turbomeca

e Airbus

Within NEWAC and it’s Sub-Programme 1 (SP1), an assessment is carried out
- at whole-engine and aircraft system level - of four novel engine designs that
incorporate the new technologies researched in the other NEWAC SPs. As part
of this effort, TERA2020 is used to assess the economic and environmental im-
pact of these new technologies, and to undertake sensitivity and optimisation
studies about the new engine configurations. A list of all the partners involved
in NEWAC SP1, and an example of the interactions between the TERA2020
university partners and OEMs, are illustrated in Fig. [2.2

2.3 TERAZ2020 conceptual design algorithm

2.3.1 Typical practice in preliminary and conceptual de-

sign

A typical industry approach is first to optimise an aircraft, or aircraft family,

using generic engine data, and then to optimise the engine for a detailed set of
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aircraft design requirements. The specification of this new engine starts with a
set of thrust requirements, a basic design concept and initial estimates of the po-
tential performance available from each major component and system. The next
step is to construct design and off-design performance models. Major components
are then sized and the gas path annulus is defined. Iterative design studies and
assessments are then undertaken to refine the performance model and to com-
plete a preliminary mechanical design for the engine. The nacelle lines can then
be drawn and the overall powerplant weight and drag can be assessed [57]. More
details on the preliminary design process are given by Halliwell [58], Kurzke [59]
and Kyritsis and Pilidis [60].

This process relies on the experience of the preliminary design team to produce
realistic physical and functional models. Each new engine design builds on ones
that have gone before. When new or improved technologies are invoked they are
initially modelled on the basis of target levels of performance and target space
envelopes and weights. As the research activities raise the TRL (Technology
Readiness Level) of each technology, so improved component efficiency estimates
become available and can be used to refine the whole-engine models. In estimat-
ing effects at the whole aircraft level, exchange rates are initially used for the
effects of changes in specific fuel consumption, engine weight and nacelle drag on
the aircraft’s takeoff weight and fuel burned [57].

2.3.2 The developed framework

TERA2020 is a software tool that helps to automate part of the aero engine
design process. The tool spans typical aero engine conceptual design and pre-
liminary design, featuring a sophisticated explicit modular design, as illustrated
in Fig. 2.3] addressing major component design as well as aircraft system level

performance.

Individually developed modules are integrated together in an optimiser environ-
ment; a large amount of information is available after every design iteration and
can be used for many purposes such as technology impact assessment, sensitivity

and parametric studies, multi-objective optimisation etc.

The selected modular design architecture leads to important system advantages

such as:
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Figure 2.3: NEWAC TERA2020 modular structure.

e Accelerated tool development and lower maintenance cost - Improvements
in an individual module are possible without modifications to the rest of
the modules i.e. the whole system does not need to be recompiled every

time.

e Legacy code utilisation - Existing codes can be used with TERA2020 with

minimal to no adaptation through the use of custom wrappers.

e Module plug-in/plug-out capability - Individual modules can easily be re-
placed by more sophisticated OEM propriety codes.

e Run-time flexibility - Modules can be switched-off during particular simu-
lations to improve the speed of execution, assuming their output is not of

interest to the user.

Since VITAL, NEWAC and DREAM are engine technology development pro-
grammes, a different approach - than the typical practice described in the previ-
ous section - has been adopted in TERA2020 to simplify the conceptual design
process. The TERA2020 algorithm first defines an engine thermodynamic cycle

from a set of performance parameters, and then performs a full gas path layout
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Figure 2.4: NEWAC TERA2020 conceptual design algorithm.

design. For every individual engine design, the aircraft is scaled (from a baseline
design) to satisfy the defined payload-range requirement based on the new engine

dimensions, weight and performance.

One of the major efforts with TERA2020 has been to remove - wherever pos-
sible - nested loops/iterations typically encountered in conventional conceptual
design. Use of the proposed explicit algorithm minimises internal it-
erations, reduces system complexity, improves computational speed,
and through a good set of constraints it will also give an optimal aero
engine conceptual design that will be feasible in terms of engine cer-

tification and customer requirements.

TERA2020 is not an expert system; it is a tool that requires a user with some
experience in engine preliminary design. The user needs to have a good under-
standing of engine performance and design, as well as sufficient knowledge of the

capabilities of the technologies under assessment. Results can have meaningful
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interpretations only when the underlying assumptions in the TERA algorithm

are well understood by the user.

Architectural details of the TERA2020 tool, as originally developed for the VI-
TAL project, are given in [61]. The TERA2020 conceptual design algorithm as
developed for NEWAC is illustrated in Fig. 2.4] while details are given in the

following paragraphs for each module.

2.3.3 The TERA2020 modules

2.3.3.1 Engine performance

As discussed earlier, the TERA2020 algorithm first starts by defining an engine
thermodynamic cycle from a set of input performance parameters. During this
procedure, the top of climb condition (Alt = 35000 [ft], M., ISA +10 [K]) is set
as the performance design point for the purpose of component map scaling and
nozzle area calculations. The user may alter the engine cycle at top of climb by
varying typical performance parameters such as fan pressure ratio, bypass ra-
tio, overall pressure ratio, IPC/HPC (Intermediate Pressure Compressor / High
Pressure Compressor) work split, combustor outlet temperature (T,), cooling

mass flow ratios, component efficiencies, heat exchanger effectiveness etc.

Climb, cruise and descent ratings are calculated as extended performance tables.
Important engine operating conditions are also simulated as steady state off-

design points, including:

Hot day end of runway take-off (Sea-level, M = 0.25, ISA +15 [K])
e ICAO emissions certification take-off 100% Fy (ISA SLS)

e ICAO emissions certification climb-out 85% Fy (ISA SLS)

e ICAO emissions certification approach 30% Fy (ISA SLS)

e ICAO emissions certification idle 7% Fy (ISA SLS)

e ICAO noise certification sideline (Alt = 300 [m], M = 0.26, ISA +10 [K])

22
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e ICAO noise certification approach (Alt = 118 [m], M = 0.222, ISA +10 [K])

For all these off-design operating points and ratings, the user may alter the main
engine control parameter (T, or Fy) as well as any secondary control parameters
such as low pressure turbine capacity, nozzle areas or intercooler effectiveness

schedule for engines with variable geometry.

On principle, no iterations are performed for take-off and climb thrust require-
ments, or cooling mass flow and velocity ratio re-optimisation. Constraints for
output parameters such as compressor delivery temperature, high pressure tur-
bine rotor metal temperatures, or even time between overhaul (a value calcu-
lated in the lifing part of the economics module) are only set at the end of the
TERA2020 calculation sequence.

2.3.3.2 Engine dimensions, weights and production cost

This module uses thermodynamic data from the engine performance module to
perform a full gas path layout design. For the mechanical and aerodynamic
design a component by component approach is used. The design procedure is
carried out at the appropriate critical operating condition for each component;
such conditions are typically hot day end of runway take-off and/or top of climb.
The full engine geometry is subsequently used to calculate the total engine weight

in a similar component by component approach.

The full engine geometry is also used for calculating the engine production cost
using a bottom-up approach. The engine is broken down into components, and
each component is consecutively broken down into smaller parts. The cost as-
sessment for each part is further divided into material and manufacturing cost.
The final result is an assumed typical engine and parts cost to the operator,

rather than the true unit cost.

2.3.3.3 Aircraft dimensions, weights, aerodynamics and performance
The purpose of this module is to scale the aircraft to the new engine design and

predict the block fuel for the given payload-range requirements. It uses the climb,

cruise and descent rating extended performance tables, as well as additional
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Figure 2.5: NEWAC TERA2020 typical flight cycle.

performance data for take-off, approach and landing, taxi and hold. The engine
weight and dimensions, calculated upstream in the TERA2020 sequence, are also

considered.

The aircraft drag polar and weight breakdown are predicted at component level
from the aircraft geometry and high lift device settings for the take-off and ap-
proach phases. Fuel burned is calculated for the entire flight mission profile,
including reserves, according to the requirements defined for international flights
by FAA and JAA (Joint Aviation Authorities) [63], as illustrated in Fig. 2.5

Cruise is performed at the optimum altitude for specific range (fixed cruise Mach
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number) using a step-up cruise procedure as the aircraft gets lighter. A com-
prehensive take-off field length calculation is performed for all engines operating

and one engine inoperative conditions up to 1500 [ft].

During design space exploration a rubberised’ aircraft wing model is used to cap-
ture “snowball effects” with respect to maximum take-off weight variation. It of-
fers a simplified method for aircraft scaling, that covers the major aircraft/engine
conceptual design interactions i.e. first order effects. The given aircraft configu-
ration is adapted, on a constant wing loading and aspect ratio criterion, in order
to suit the new engine design (i.e. performance, weight and geometry) as well as
to satisfy the defined payload-range requirements. Once the aircraft geometry
has been set for the aircraft design range, a second set of fuel burned calculations
is performed for the business range with the aircraft geometry fixed this time. All
aircraft performance data fed to the modules downstream in the TERA sequence

are for the business range.

As the aircraft gets lighter during the flight mission profile, less thrust is required
for cruise; therefore the engine will gradually be operated at a lower T,4. A lighter,
smaller and more efficient engine means that the aircraft will be lighter to begin
with, resulting in a lower maximum take-off weight design requirement. The
aircraft wing will therefore be resized to meet the new lift requirements while
the tail plane is also resized to retain aircraft stability. Changing the aircraft wing
and tail area essentially means that their weight will change, hence, the overall
aircraft operating empty weight will change (first snowball effect). It also means
that the drag polar will change (second snowball effect). The weight of other
components also changes in some cases; for example the landing gear systems will
be resized using the new maximum take-off weight design requirement. The fuel
tank volume is recalculated for the new wing size and a check is made to confirm
that the fuel tank volume is sufficient for the given mission. The overall aircraft
scaling procedure eventually results in lower cruise thrust and T, requirements.
In conclusion, the required cruise thrust, T4 and specific fuel consumption will
not only vary during the cruise phase to account for the aircraft getting lighter
- due to the mass of fuel consumed - but will also vary for every new individual

engine design during the design space exploration.

It is therefore hard to set a fixed mid-cruise point for which consistent analysis

I'Rubberised refers to an aircraft geometry and weight that is optimised to meet the perfor-

mance specification of the integrated engine.
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could be performed for the entire design space - this being a typical approach used
in conceptual design with fixed aircraft geometry assumption. For example, for a
12500 [km] design range mission, the cruise calculation is broken into more than
800 segments/points. The mid-cruise point could in this case be selected to be the
middle point in the distance covered during cruise, but then care should be taken
in analysing it’s variations (in terms of thrust, specific fuel consumption, and T,
requirements) as one would have to keep in mind that it’s not only affected by
engine performance effects but by aircraft design as well. Also care would need to
be taken during optimisation since this selection could result in numerical noise
every time the middle point coincides with a step-up cruise altitude change.
To avoid potential numerical unsmoothness issues, when single point mid-cruise
analysis is required, TERA2020 considers a time-averaged engine cruise operating

point which is based on the scaled aircraft actual performance results.

On principle, no iterations are performed for take-off and climb thrust require-
ments. Constraints for output parameters such as FAR (Federal Aviation Reg-
ulations) take-off field length, time to height etc. are only set at the end of the
TERA2020 calculation sequence.

2.3.3.4 Emissions and environmental impact

This module uses thermodynamic data from the engine performance module to
predict the emissions levels for the ICAO LTO (Landing and Take-Off) cycle,
as well as interpolated thermodynamic data from the aircraft module, for the

business case mission, to predict the emissions levels for the entire flight profile.

The D,NO,/F,, figure is calculated and compared against ICAO Annex 16 Vol-
ume II legislative limits [64], as well as the medium and long term technology
goals set by CAEP [65]. A large number of public domain semi-empirical corre-
lations are available in the module, each of which being suitable for a particular
combustor concept such as rich burn single annular, rich burn dual-annular, or

lean burn design.

The environmental impact of the engine/aircraft combination is predicted using
the NO,, CO, and HyO(g) emissions estimates for the entire business case flight
profile. The environmental impact is predicted in terms of global warming poten-

tial, based on a parametric model with a selected time horizon of 100 years [47]
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- rather than employing a sophisticated 3D climate model.

2.3.3.5 Noise

This module uses thermodynamic data from the engine performance module,
detailed engine component geometry from the engine dimensions and weights
module, and aircraft geometry and flap settings during take-off and approach.
These data are used for calculating the noise produced, by all major sources, for
the main ICAO noise certification points i.e sideline, flyover/cutback, and ap-
proach. The trajectory points as well as the relevant times required to reach each
point, are fixed, and therefore improvements in aircraft take-off performance are
not accounted for. Heat exchanger, auxiliary nozzle effects and combustion noise

for lean burning concepts are not considered, but airframe noise is accounted.

A cumulative EPNL (Effective Perceived Noise Level) figure is calculated ac-
cording to the ICAO Annex 16 certification procedures and compared against
the certification limits [66]. The resulting margin is fed to the optimiser and at

the end of the calculation procedure the design will be judged for its feasibility.

2.3.3.6 Economics

This module calculates the DOC (Direct Operating Costs) for the engine/aircraft
combination over a given time period using a large amount of data from all up-
stream modules in the TERA2020 sequence. Various elements can be accounted

for including;:

Aircraft utilisation times

Inflation

Fuel price volatility

Lifing considerations

Noise, CO5 and NO, taxes

The maintenance part of the DOC depends mainly on production cost and time

between overhaul calculations. Time between overhaul calculations involve a
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high pressure turbine stress, creep and fatigue analysis using material informa-
tion from the TERA2020 common material properties library and the component
geometry as designed upstream in the TERA sequence; cooling effectiveness,
thermal barrier coating effects, and average T4, values for take-off, cruise, climb,
descent, and reverse-thrust operation are considered. Weibull distributions are
utilised to account for the uncertainty of other engine components failing, in-

cluding the high pressure compressor, combustor, and life-limited parts.

The module can also perform risk analysis, to account for uncertainty in various
input parameters, but this is an extremely time consuming process. This poten-
tial capability of TERA2020 is currently reserved for single engine designs, since
it cannot yet be fully exploited for design space exploration because the code
executes too slowly. This capability is expected to be further explored in future
TERA2020 projects and eventually lead to the removal of the current TERA2020

deterministic analysis limitation and allow for robust design.

2.3.4 Engine design feasibility and optimisation

In order to speed up the execution of individual engine designs, TERA2020
attempts to minimise internal iterations in the calculation sequence through the
use of the explicit algorithm described in the previous sections. Aero-engine
designs however are subject to a large number of constraints and these need to

be considered during conceptual design.

Constraints in TERA2020 are applied through the optimiser environment proce-
dures at the end of the calculation sequence i.e. after the the economics module
has been executed. During a numerical optimisation TERA2020 will select a
new set of input design parameters for every iteration and the resulting com-
bination of aircraft and engine will be assessed. Using user specified objective
functions the optimiser will home in on the best engines, determining the ac-
ceptability /feasibility of each engine design through the constraints set by the
user. Infeasible designs will be ruled out, while non-optimum design values will
result in engine designs with non-optimum values for the objective function se-
lected. The optimiser will therefore avoid regions in the design pool that result

in infeasible or non-optimum engine designs.

Design constraints set by the user can include among others:
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e Take-off T3y and other important performance parameters.

e FAR take-off field length for all engines operating and balanced field length

for one engine inoperative conditions.
e Time to height.

e LTO D,NO,/F,, vs. ICAO certification limits and CAEP medium and

long term goals.
e Cumulative EPNL vs. ICAO certification limits.

e Engine time between overhaul.

For example, during a block fuel optimisation all engine aircraft combinations
which do not fulfil the take-off and time to height criteria set will be ignored
as infeasible. Due to the underlying physics of the TERA2020 system, this will
lead to an optimum engine and aircraft combination for the defined objective
function. All large engines will produce heavier aircraft with more drag and thus
higher block fuel weight. Engines which are too small will not deliver enough

thrust to satisfy the take-off and time to height criteria.

2.4 Conclusion

The research effort presented in this chapter focused on various aspects of the
development of a multi-disciplinary aero engine conceptual design tool for assess-
ing the impact of technology advancements on future turbofan engine emissions
and direct operating costs. Firstly, a brief review of some conceptual design
tools was carried out and the merits and shortfalls of such tools were discussed.
The development of a new conceptual design tool, TERA2020, was presented;
this work was based on lessons learned from previous efforts and considered the
following disciplines: engine performance, engine aerodynamic and mechanical
design, aircraft design and performance, emissions prediction and environmen-
tal impact, engine and airframe noise, and production, maintenance and direct

operating costs.

The main findings can be summarised as follows:
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e From the conceptual design tools reviewed, most codes failed to consider
one or more important disciplines for engine conceptual design, which can
severely hinder the degree of realism during design space exploration.. Un-
necessary nested loops/iterations in the conceptual design algorithms were
often encountered which increased system complexity and reduced compu-
tational speed, while lack of code modularity - present in some of them -

affected the system’s maintainability and extendability.

e To conceive and assess engines with minimum environmental impact and
lowest cost of ownership in a variety of emission legislation scenarios, emis-
sions taxation policies, fiscal and air traffic management environments, a
Techno-economic, Environmental and Risk Assessment (TERA) approach

tool is required.

e The new tool developed, TERA2020, can assist in the transition from the
traditional, human-based aero engine conceptual design procedure to a

partially-automated process.

e The proposed explicit conceptual design algorithm minimises internal it-
erations, reduces system complexity and improves computational speed;
through a good set of constraints, such an algorithm will give an opti-
mal aero engine conceptual design that will be feasible in terms of engine

certification and customer requirements.

As part of the project overall long term ambition, the continuous refinement of
the TERA2020 algorithms is leading to an independent research tool that can
help quantify risks and assess the impact of gas turbine design on the environ-
ment, by comparing and helping to rank future technologies and design concepts

for civil aviation on a formal and consistent basis.

2.5 Outlook

Various aspects of the development of a multi-disciplinary aero engine conceptual
design tool, TERA2020, have been discussed in this chapter. In the next chap-
ter, details will be given on developments carried out on individual TERA2020
modules by the author. A brief description of TERA2020 modules developed by

other project partners will also provided.
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Chapter 3

Module Development

In this chapter, details are given on developments carried out on individual
TERA2020 (Techno-economic, Environmental and Risk Assessment for 2020)
modules by the author; this includes the derivation of a semi-empirical NO, cor-
relation for modern rich-burn single-annular combustors. A brief description of

TERA2020 modules developed by other project partners is also provided.

N.B. Parts of the work presented in this chapter have been a collaborative effort
between Cranfield University and Aristotle University of Thessaloniki and have

been published in the following papers:

K.G. Kyprianidis and A.I. Kalfas. Dynamic Performance Investi-
gations of a Turbojet Engine using a Cross-Application Visual Ori-
ented Platform. RAeS The Aeronautical Journal, 112(1129):161-169,
March 2008.

K.G. Kyprianidis, R.F. Colmenares Quintero, D.S. Pascovici, S.O.T.
Ogaji, P. Pilidis, and A.I. Kalfas. EVA - A Tool for EnVironmental
Assessment of Novel Propulsion Cycles. In ASME TURBO EXPO
2008 Proceedings, GT-2008-50602, Berlin, Germany, June 2008.
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3.1 Engine performance

This section provides a brief review of existing gas turbine performance codes,
and discusses various aspects of the development of a performance code tailored
to meet the needs of the TERA2020 tool.

3.1.1 Gas turbine performance codes - a brief review

In the past four decades many gas turbine performance simulation programs
have been developed. During this period, these programs have evolved from
simple engine specific performance codes to complex object-oriented generalized

performance tools capable of simulating arbitrary engine configurations.

The first static generalised code known to the author, GENENG/GENENG II,
was developed at the NASA (National Aeronautics and Space Administration)
Lewis Research Center in the United States by Koening and Fishbach |67,68] and
was tested on several engine cycles. The code could simulate the design point
and off-design performance of turbofan engines with two or three streams and
up to three spools, and turbojet engines with one or two spools. Novel features
in the program for obtaining sub-derivatives of these configurations essentially

provided the user with the capability of simulating variable cycle engines.

At Cranfield University in Britain, another static generalized simulation program,
TURBOMATCH, was developed by MacMillan [69]. Based on the TURBO-
MATCH scheme, Palmer and Cheng-Zong [70] developed the generalized simula-
tion code TURBOTRANS. Owing to its modular structure the code was capable
of simulating the dynamic behavior of arbitrary gas turbine engines with arbi-
trary control systems. The term arbitrary refers to radically new, non-standard,
engine configurations, and can be used for example in the case of a gas tur-
bine engine with four different control systems; including the main fuel flow, the

afterburner fuel flow, the bypass ratio and the nozzle control systems.

In The Netherlands, NLR’s (Nationaal Lucht- en Ruimtevaartlaboratorium) need
for a generalized simulation program with a graphical user interface resulted in
the development of GSP (Gas turbine Simulation Program) [26,27[71]. The soft-
ware uses a friendly object-oriented environment that makes it quite flexible in

terms of adapting to the specific needs that arise with new projects. It was orig-
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inally developed at the Delft Technical University based on NASA’s DYNGEN
code [72].

At Chalmers University of Technology in Sweden, Gronstedt [23,/73] used a
pseudo object-oriented approach in developing GeSTPAn (General Stationary
and Transient Propulsion Analysis), a generalized simulation program capable
of predicting the steady state and transient performance of virtually any practical

aero engine configuration.

A study by Drummond et al. [74] of NASA revealed the need for abandoning
older methods and moving on to the development of object-oriented simulation
programs. The argumentation behind this transition is based on the fact that
the development of a new engine design is strongly linked to the development of
each engine component. Therefore, the need for linking various computational
tools together grows stronger as new engine designs become increasingly more
complicated. To ease integration efforts, new tools should be developed using

object-oriented languages based on a common framework.

NASA’s generalized simulation program NPSS (Numerical Propulsion System
Simulation) [9,/10] is based on the NCP (National Cycle Program) architectural
framework and forms the current state of the art in gas turbine performance
simulation. The NCP program provides the object-oriented platform necessary

for linking different computational tools together [75].

PROOSIS (PRopulsion Object Oriented SImulation Software) [76H78] is a flex-
ible and extensible object-oriented gas turbine performance simulation environ-
ment developed by a consortium of European universities, research institutes
and corporate companies. The tool features an advanced graphical user inter-
face allowing for modular model building using either the standard or any custom

library of engine components.

3.1.2 Code development

While the cost of a personal computer and its accommodating hardware has
decreased significantly since its first appearance in the 1980’s, this is not the
case with simulation software. Software development costs have been increasing

constantly and will continue to do so in the near future. High demands by users
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for graphical user interfaces and generalized features, impede the development
process and tend to lead to continuous modification of complex and expensive
codes. Furthermore, in the case of legacy codes, the people capable of carrying

out significant modifications are often limited to the original authors.

Developments in programming tools and software engineering methods have
eased the process of creating new applications. Main examples of this trend
are the new object oriented programming systems and visual development en-
vironments. Latest practice among new releases is the inclusion of an internal
programming language within the main application and the possibility of linking
to other applications and their programming environments through a common

platform or architecture (also referred to as cross-application environments).

Several issues were encountered with the use of the TURBOMATCH code within
the VITAL (enVIronmenTALly friendly aero engines) [31] and NEWAC (NEW

Aero engine Core concepts) [32] projects, including:

e Insufficient modelling fidelity for several components with respect to the
needs of the NEWAC project (fan, variable geometry turbine, intercooler,
recuperator, variable geometry dual-nozzle, secondary air system and thermo-
fluid model). Also the use of component characteristics is restricted mainly

to a small hard-coded selection.

e Inflexible formulation of the mathematical model to be solved limiting the
number of parameters that can be used to control the engine, and especially

for configurations with variable geometry features.

e Convergence, numerical noise, and computational speed issues.

In order to resolve these issues and rigorously model the performance of the
engine configurations studied within NEWAC, a semi-generic gas turbine per-
formance simulation code was developed. The code has its roots in earlier work
carried out by the author at Aristotle University of Thessaloniki (AUTH); the
original source code was based on a cross-application visual-oriented platform
and was successfully used for predicting the transient performance of a military
turbojet engine [79,80]. For the purposes of this project, the code was exten-
sively modified in order to conform to object-orientation programming standards
(inheritance, polymorphism, data binding etc.) as described in [81,82], and par-

tially conforms to international standards [83-87] with respect to nomenclature,
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Figure 3.1: Engine performance model components.

interface, object oriented environment and standard performance methodology.
The code was also extended with more rigorous models based on public do-
main information @,, for the following engine components: fan,
compressor, secondary air system, variable geometry cooled turbine, variable

geometry nozzle, intercooler, and recuperator.

Further improvements to the scheme focused on the development of a current
state of the art numerical solver (described in Section [3.5) and a rigorous thermo-
fluid model (described in Chapter 4)). The former, significantly improved com-
putational speed and reduced non-convergence cases, and essentially eliminated
numerical noise problems. These three issues, formed an important bottleneck in
the integration of TURBOMATCH within VITAL TERA2020. To further reduce
non-convergence cases, the smoothness of all component maps was significantly

improved using the commercially available tools SmoothC and SmoothT [94}/95].

The developed code is capable of simulating the steady state and transient perfor-
mance of arbitrary engine configurations assembled from the engine components
illustrated in Fig. (3.1}
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3.1.3 Engine models
3.1.3.1 Deck description

Within the NEWAC project, the developed performance code is used to generate
TERA2020 compatible engine performance rubber decks for: i) the short and
long range applications of the direct drive fan intercooled core configuration,
ii) the long range application of the geared fan intercooled recuperated core
configuration, and iii) the long range application of the baseline direct drive fan

conventional core configuration. The developed engine performance models are

illustrated in Fig. [3.2] Fig. [3.3] and Fig. respectively.

For each configuration, two models are created; a design point cycle model and an
off-design one. No component maps are used and no iterations are performed in
the former; in the latter suitable component maps are used and a mathematical

model needs to be set and solved.

The code initially carries out a design point calculation at top of climb conditions
(Alt = 35000 [ft], M., ISA +10 [K]) to determine the scaling factors for the
different component maps and the cross sectional areas of the bypass and core
nozzles - a dual-nozzle system is used for the heat-exchanged configurations.
The various off-design points can then be simulated and all the necessary engine
performance data required by other TERA modules are produced. More details
about the off-design cases simulated have already been given in Section [2.3.3.1]

For defining a particular engine operating point, different parameters can be
selected such as combustor outlet temperature, fuel flow rate, net thrust, and fan
rotational speed. Variable geometry features in the Low Pressure Turbine (LPT)
and the dual-nozzle system are addressed using secondary control parameters
such as Variable Guide Vanes (VGV) angle and nozzle throat areas. Where
the model’s mathematical description is concerned, the necessary independent
variables and residuals are selected automatically by the code. The user may
intervene in this process and select the parameters manually but this is not a
trivial task; wrong choices can lead to mathematical models that have multiple
or even no solutions. Methods from the LISIS library are used for solving the
mathematical model formed (i.e. system of non-linear equations) and these are

discussed in detail in Section [3.5] An example of such a mathematical model is
given in Table [3.1]

36



‘Topowt 9oueMLIO}Ad SUISUD URJOQINY 910D PO[OOIIAU] :7'¢ 9INSBI

Module Development

Konstantinos G. Kyprianidis

e
w

tl
suogpuog bl
uod ubysaq s1 201

{ Yeus d1

{ Heys di

HEUS dH

g
- Z3
e i d | 19sn10 |
=quy_ g mm — @ _4._ 190 [g— + oaH sz
i o M Jajoodiaju)

]

(%]
P Nm
=quy 8eL | N O |
~A_X =4
2
g
3

37




‘[opowt 9dueMLIO}Idd QUISUS URJOQINY 9100 PajeIodnoal Pa[oodI] (¢'¢ dINSTI ]

Konstantinos G. Kyprianidis

Module Development

iy
W

L8
suopuoy ybind
juled ubiseq s1 5oL

Heys di

Heys di

1

HeYs dH

..om_._u:onm__
ool Lo1d1 b . lauwing  |-a—pg—— —

HM

(g7 —

1M
HEH

i

8|zZoON
juabiaauon

FEILLLYEN]

A

[

g
_— zs
=gy sc mm
- §

(]

o

PR 29

Qi ol wm ——p Jong ssedkg vej—o

o

3

S

38




‘[opour douruLIONOd SUISUS URJOGINY) 9I0D [RUOIJUSAUO)) :f'¢ OINSI

Module Development

iy
w
i
suonpuod b4
jujod ubyseq s1 201

Weus di }

yeys di F—

{ Heys dH

1asnyg
b Jauwing .l._.m|ﬂ odn [*

21— adid Jer [ag-|
1

T

12nQ 18INO Jd| |#SZT—|

w
ajzzoN
juaBiaauon

8|2zoN
juebieauc)

Konstantinos G. Kyprianidis

39




Konstantinos G. Kyprianidis

Module Development

4

61

61

%101,

ISNIYY 10N

Bolde 1eody T,

9[uR QURA OPING A[(RLIRA

SSOUOATIDOYH

QouRR( ISTLIYY 1N
9ouR[R(q MO SSBN
9ouR[R( MO[} SSRIN

oouR[R( MO SSRIN
QouRR( ASIOUS WIRAIIS P[O))
ooure[e( ASIoUD UIRAI)S J0H

9ouR[R( MO[} SSRIN
9ouR[R( MO} SSRI\
goue[e( MOJ SSeIN

9oUR[R(Q MO SSBI\

9OUR[R( SSOULAIIIYH
90UR[R( MOY SSRIN

ooue[eq danjerodwa],
90UR[R( MOJ SSBIN

goueeq Mop ssewt diJ,
90UR[R( MO} SSRUI J00Y]

ooue[eq YIOA
goue[eq NIOA
9ouR[R( NIOA

BOIR JROIY T,
oryer ssedAq

XTI YO UWIRDI)S PIO))
XTI[J yeoY Weal)s j0[

rloq dejy
eloq dejy
eoq dey
omjeraduroy) jo1In()
rloq dey

rloq dejy
aunjeroduwoy,
MO} SSRIN
oryer ssedAq
eloq dewr diT,
rloq deuwr j00Y
MO SSRW PAYISILIOD J9[U]
poods euoryejoy
pooads Teuoryejoy
poads Teuoryeloy

IOJTUOUL 9OURULIONIO
9[ZZOU I9[00DIOIU]
o[zzou ssedAg
12991ds 18[000I0UT
9[ZZ0u 910))

103ReI0dNOOY

aurqany axnssexd mory

ourqany oInssord o)RTPOULIO)U]
ourqany aanssoxd ySryg

Iouwingg

10ssaxduoo aanssexd ySIy
ID[00DIYU]

Jossoxduoo aanssord ojerpourIaju]
(mop SuryemoImol)

poolq Surfess posumssord dsTp urg

ueg
oyeIU[

1eys oanssoxd ySiyg

Jyeys aanssaxd ojerpauLIaju]
)yeys aanssaxd mory

Idjeurered [01)U0D QUISUH

[enpisoy

olqerres juopuadopuf

Juouoduod duISu

"TWO)SAS 9[ZZOoU-Tenp AIPUO0d3 d[(RLIRA ® PUR dUI]IN) dInssord
MO[ AI1OWOAS S[(RLIRA ® [[}IM OULSUS URJO(IN) 9100 PaJRIddNIaI PO[O0IISIUL TR 10 [OPOUL [ROTJRWDJRW © Jo ojdwexsy] :1°¢ 9[qR],

40



Konstantinos G. Kyprianidis Module Development

3.1.3.2 Component modelling

A brief description of the modelling carried out for each engine component is
presented in this section. Only the features relevant to the engine configurations
studied in this thesis are described. Some of the component characteristics used

with the newly developed performance code are presented in Appendix [C]

The thermo-fluid model used is discussed in detail in Chapter [d] The atmosphere
component is used for calculating the ambient pressure and temperature for
the given altitude and temperature difference from ISA (International Standard
Atmosphere) conditions according to [96]. The intake component is used for
calculating the free stream total conditions and momentum drag for a given
value of flight Mach number and inlet mass flow. The outlet total pressure is

then calculated assuming a certain level of pressure losses as a function of the
flight Mach number [88].

In the fan component, separate characteristics are used for the fan root and fan
tip. The calculations do not account for Reynolds number effects. However, the
movement of the dividing streamline at deviating off-design bypass ratios is ac-
counted for using the methodology described in |71]. Compressor characteristics
are also used for the Intermediate Pressure Compressor (IPC) and High Pressure

Compressor (HPC) components.

The pressure drop in the various duct components is expressed as a fraction of
the component’s inlet total pressure. The recirculating flow used for the fan disc
pressurised sealing is simulated as a constant fraction of the IPC inlet mass flow.
The IPC handling bleed flow is mixed with the main flow in the bypass duct
component. This handling bleed is only required for the flight and ground idle
operating points, as well as for approach. The required customer bleed flow may
be extracted either from the IPC or the HPC component. The actual amount

extracted varies with flight altitude.

The intercooler component is positioned between the IPC and the HPC. Inter-
cooler effectiveness can be calculated at off-design using either the correlation
presented in [88] or a scaled component characteristic; either temperature effec-
tiveness or the standard textbook thermodynamic definition may be used. The
pressure drop in the intercooler is specified as a fraction of the total pressure at

the inlet of each stream, hot and cold. Both “hot” and “cold” pressure losses are
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considered for each of the two streams.

The recuperator component is used for transferring heat from the LPT outlet
to the combustor inlet. At off-design conditions the recuperator effectiveness is
calculated using a scaled component characteristic. The pressure drop in the
recuperator is specified as a fraction of the total pressure at the inlet of each
stream, hot and cold. Both “hot” and “cold” pressure losses are considered for

each of the two streams.

The High Pressure Turbine (HPT) cooling flow is extracted from the HPC outlet
and only a part of it is consider to do work in the rotor; Nozzle Guide Vane
(NGV) and blade cooling, as well as sealing requirements are considered. In the
intercooled recuperated core turbofan engine configuration, the HPT cooling flow
is extracted from the recuperator cold stream outlet; this practice improves the
engine’s Specific Fuel Consumption (SFC) since more energy can be recuperated
for a given recuperator effectiveness level and despite the consequent increase
in cooling air requirements [88,97]. The Intermediate Pressure Turbine (IPT)
cooling flow is extracted a bit earlier in the HPC compression process and only
a part of it is consider to do work in the rotor; NGV and blade cooling, as well
as sealing flow requirements are considered. The LPT sealing and outlet casing
flows are extracted much earlier in the HPC compression process; a part of the

former is consider to do work in the rotor.

For the burner component a correlation from [8§] is used to estimate combustion
efficiency based on combustor load and volume. The “can” volume is estimated
at the design point from the correlation proposed in [88] assuming a typical load
value for aero engine combustors. The pressure drop is expressed as a fraction of
the component’s inlet total pressure and both “hot” and “cold” pressure losses

are considered.

For cooled turbines, the equivalent single stage efficiency definition is used in
the expansion process modelling, as described in [92]. Turbine characteristics
are used for the HPT, IPT, and LPT components. The fraction of the turbine
cooling air that does work in the rotor is mixed with the turbine main inlet flow
at the rotor inlet. The corrected mass flow values read from the turbine map
correspond to this engine station. The fraction of the turbine cooling air that
doesn’t do work in the rotor is mixed at the outlet of the turbine rotor and is

therefore not considered in the efficiency calculation. All calculations for cooling
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effectiveness, rotor blade metal temperature, and cooling flow mixing pressure

losses follow the approach described in [6].

Variable geometry features are considered in the LPT modelling for the inter-
cooled recuperated core turbofan engine configuration. An efficiency penalty is
applied when the VGV angle (and as a result the turbine capacity) is varied
from the nominal setting. For the convergent nozzle components either constant
values or component characteristics may be used for determining the discharge,
thrust, and velocity coefficients. For the conventional core engine, fixed area noz-
zles are used for the core flow and the bypass flow. In the case of the intercooled
core engine however, a variable geometry dual-nozzle system is used instead for
modelling the expansion of the bypass and intercooler cold streams to ambient
conditions. If required, the total nozzle throat area can be kept constant for all
operating points in which case the dual-nozzle component tends to behave more
like a variable area mixer in terms of performance. For the intercooled recuper-
ated core engine, either a fixed area or a variable geometry dual-nozzle system

can be used for the bypass and intercooler cold stream flows.

A fixed mechanical efficiency is assumed for the High Pressure (HP), Interme-
diate Pressure (IP), and Low Pressure (LP) shaft components. Power can be
extracted from any off these shafts. For the year 2020 entry into service engine
configurations studied in NEWAC, the assumption is made that all power is ex-
tracted from the IP shaft. For the year 2000 entry into service baseline engine

set, the assumption is made that all power is extracted from the HP shaft.

3.1.3.3 Model validation

The performance models developed for the intercooled core and intercooled re-
cuperated core turbofan engines, assuming a year 2020 entry into service tech-
nology, have been calibrated against information provided within the NEWAC
project. For the intercooled recuperated core turbofan engine model for long
range applications, deviations between model predictions and OEM (Original
Equipment Manufacturer) specification are restricted for all performance pa-
rameters to roughly 2%. For the intercooled core turbofan engine model for long
range applications, deviations between model predictions and OEM specifica-
tion are also restricted for most major performance parameters to roughly 2%.

For the short range applications version of this model deviations between model
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predictions and OEM specification are restricted for all performance parameters
to roughly 2% at top of climb and mid-cruise conditions, and to 4% at end of

runway hot day take-off conditions.

| ~T/I0O =TOC -+ Mid-Cr —4% Dev. |

BPR

Figure 3.5: Deviations of TERA2020 performance model predictions from
NEWAC specifications for the long range intercooled recuperated core turbo-
fan engine.

| «~T/IO =TOC & Mid-Cr —4% Dev. |

Figure 3.6: Deviations of TERA2020 performance model predictions from
NEWAC specifications for the long range intercooled core turbofan engine.
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Figure 3.7: Deviations of TERA2020 performance model predictions from
NEWAC specifications for the short range intercooled core turbofan engine.
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3.2 HERMES

3.2.1 Introduction

HERMES is a software code developed by Cranfield University that has been
integrated into TERA2020. It utilises a large amount of engine performance
data as well as the engine weight and dimensions, all calculated upstream in the
TERA2020 sequence, and can be used to:

e Scale a nominal aircraft configuration to fit a new engine design using a

rubberised wing aircraft model that is based on first-order accuracy rules.

e Predict the block fuel for a given set of payload-range requirements for the

entire flight mission including reserves.

e Predict important performance parameters used for aircraft and engine de-
sign, such as time to height and take-off field length for all engines operative

and one engine inoperative conditions.

Details on the use of HERMES within NEWAC TERA2020 have been given
already in Chapter [2]

3.2.2 Code modifications

The code is based on work carried out by Laskaridis et al. [50,51] on the predic-
tion of aircraft performance; the aircraft modelling is largely based on the work
presented in [98,99]. For the needs of NEWAC TERA2020, the author had to

perform a full reconstruction of HERMES. Major code modifications include:

e Overhaul of the entire code including defragmentation, addition of object-

oriented structures and scientific units control.
e Complexity reduction step with respect to I/O operations.

e Addition of aircraft component weight calculation routines to improve the

rubberised wing aircraft model.
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e Addition of a fuel tank volume calculation routine.

e Step-up cruise procedures can now be performed, via a switch, at the op-
timum altitude (fixed cruise Mach number) for minimum specific fuel con-

sumption, maximum lift to drag ratio, or maximum specific range.
e Introduction of full diversion mission calculations.
e Modelling accuracy improvements for climb and descent calculations.

e Updated calibration of baseline long range and short range aircraft models
for NEWAC.

e [solation of physics from mathematics through a new aircraft model formu-
lation; the new aircraft model is formed as a system of non-linear equations

compared to the previous version that was based on a nested-loops scheme.

e The aircraft model is now solved using routines from the LISIS library (see

Section [3.5)).

e Three different calculation modes are now available: design, business case,
and parametric study. Furthermore, range can now be calculated for a

given fuel load.

As a result of these modifications, the code’s accuracy and robustness has im-
proved significantly, while all numerical noise issues previously encountered have
essentially been eliminated. Computational speed has improved by more than
two orders of magnitude and can now be considered almost negligible compared
to the execution times of other TERA2020 modules.

In the previous HERMES version, the step-up cruise procedure was performed
at optimum cruise altitude for maximum lift to drag ratio. The addition of new
options for cruise optimal altitude selection is illustrated in Fig. [3.8. The default
option used now in HERMES is maximum specific range which yields the best

aircraft performance in terms of minimising block fuel.

The parametric study calculation mode can be used to perform a variety of tasks.
An example of utilising this HERMES option for performing transport efficiency
studies is demonstrated in Fig[3.9] As illustrated, fuel burn in [It/(km*pax)], and
therefore CO4 emissions (in [kg/(km*pax)]), are lower at a given technology level

for aircraft designed to carry a larger number of passengers for smaller distances.
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Figure 3.8: Step-up cruise procedure with HERMES and the use of different
objectives for optimal altitude selection.
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Figure 3.9: Transport efficiency studies with HERMES.
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Figure 3.10: HERMES aircraft weight calculation breakdown.
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Finally, the main weight groups considered in the aircraft weight calculations car-

ried out by HERMES are illustrated in Fig. Component weight calculations
are largely based on the work presented by Torenbeek [100] and Roskam [101},102].

3.2.3 Exchange rates

Two baseline aircraft models are in use in NEWAC TERA2020; one model for
long range applications and one for short range. The former model is largely
based on public domain information available for the Airbus A330-200 and is
designed to carry 253 [pax] for a distance of 12500 [km]. The latter model is
largely based on public domain information available for the Airbus A320-200
and is designed to carry 150 [pax] for a distance of 4800 [km].

Block fuel predictions made with HERMES assume a load factor of unity and
no cargo. This is by no means a typical airline practice, and validating absolute
block fuel predictions with public domain airline data is not a trivial task as
different airlines will follow different operational practices. For example for the
long range aircraft model, the HERMES business case prediction is 10% lower
than the published annually-averaged value, given in [lt/(km*pax)], by SwissAir
for 2009 for the Airbus A330-200 [103]. This does not necessarily mean that
the HERMES business case is not a realistic one; nor that it wouldn’t fit well
with operational practices followed by other airlines. Furthermore, regional Air
Traffic Management (ATM) practices can skew available block fuel data, while
global ATM regulations may very well change significantly by 2020. It should
be noted that fuel planning in HERMES respects the requirements defined for
international flights by FAA [62] and JAA (Joint Aviation Authorities) [63].

Table 3.2: Block fuel exchange rates using the HERMES baseline long range and
short range rubberised wing aircraft models.

Exchange rate

Perturbation LR SR
1000 [kg] weight penalty 0.73% 1.26%
+1% SFC 1.28% 1.09%
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Where conceptual design is concerned, exchange rates are perhaps a better type
of parameter for evaluating the accuracy of a rubberised wing model, rather than
just simply comparing absolute values. Block fuel exchange rates produced with
the HEMES rubberised wing aircraft models are presented in Table for the
business case (assumed 5500 [km] for the long range model and 925 [km] for the
short range model) and are considered reasonable numbers [104]. When looking
at these figures, it should be kept in mind that HERMES will rescale some of
the aircraft components after the 1000 [kg] weight penalty perturbation has been
introduced in the model; the actual increase in aircraft operating empty weight
will therefore be greater than 1000 [kg].
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3.3 HEPHAESTUS

This section provides a brief review of existing emissions prediction and envi-
ronmental impact models, and discusses various aspects of the development of
HEPHAESTUS, an emissions and environmental impact prediction code tailored
to meet the needs of the NEWAC TERA2020 tool.

3.3.1 Introduction to emissions modelling

As discussed in Chapter [I} public awareness and political concern on aviation
induced pollution has improved substantially during the past 30 years; and so
have the efforts to address the problem. Ref. [105] provides a good introduction
to the impact of aviation induced emissions on the global atmosphere. A review
on aero engine pollutant emissions, and some of the technologies currently un-
der research for reducing them, is given by Wulff and Hourmouziadis [106]. For
conceptual design of more environmental friendly aero engines with novel com-
bustion technologies, the need rises for sufficiently accurate models for estimating

pollutant emissions and their impact on the environment.

Prediction models of gaseous emissions for aero gas turbine combustors typically
need to focus on the following pollutants: NO,., CO, unburned hydrocarbons and
smoke. Lefebvre [§] describes thoroughly the formation mechanisms for these
pollutants, focusing on the influence of various parameters such as temperature
and pressure. Combustion and emissions prediction models can be divided into

the following categories [107]:

e Semi-empirical

Phenomenological

3-D CRFD RANS (Computational Reactive Fluid Dynamics, Reynolds-

Averaged NavierStokes equations)

Direct Numerical Simulation (DNS)

It is evident that, although, direct numerical simulation is the most powerful

of the above mentioned methods, the associated computational time and cost is
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prohibitive. An additional disadvantage of all analytical methods is the require-
ment for a large amount of input data (i.e. boundary conditions) that are not
always readily available. Semi-empirical models are well suited for conceptual
design of novel engine concepts, since only a limited amount of data is usually
available at the beginning of such projects. The latter constraint makes the im-
plementation of the computationally more expensive phenomenological models
(for example models based on stirred reactor networks), within TERA2020, a

fairly challenging task. The author therefore argues:

For a conceptual design tool like TERA2020, that com-
bines different disciplines at a reduced level of modelling
complexity, semi-empirical models pose as the best avail-

able choice.

3.3.2 Semi-empirical correlations and P3T3 methods for
NO,

Over the years, a large amount of semi-empirical correlations have been proposed
by several authors. These models assume that the amount of NO,, is dependent

on the following three factors [3]:

e Mean residence time in the combustor
e Chemical reaction rates

e Mixing rates

A large amount of semi-empirical correlations may be found in the literature for
different combustor designs. Mellor [108] provides good insight on semi-empirical
correlations derived before the 1980’s. Lefebvre [109] proposed a model suitable
for conventional spray combustors, based on experimental data. Odgers and
Kretschner [110], Malte et al. [111], Lewis [112], Rokke et al. [113], and Rizk and
Mongia [114,]115] have all contributed semi-empirical models derived for indus-
trial and aero gas turbine combustor designs. Becker and Perkavec |116], and

Nicol et al. [117] provide an analytical review of various semi-empirical models
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derived before the mid 1990’s. Semi-empirical correlations for lean direct injec-
tion combustors calibrated with high pressure experimental data can be found
in Tacina et al. [118] while earlier efforts are presented in [119]. For modern
conventional aero engine combustors a large variety of semi-empirical correla-
tions can be found in [120-122]. For more information on recent advances on the
development of models as combustor design tools, reference should be made to
Mongia [123].

The main disadvantage of all the above models is that they will only hold well
for combustors designs of the same technology level as the original combustors
that were used for deriving these correlations (via curve fitting of available ex-
perimental data). In certain occasions, though, sufficiently accurate predictions
could be produced for other combustor designs if a limited amount of data is
available; one would need to adapt the constants in these correlations in order to
produce a good fit with the new data available [124]. On the other hand, when
no experimental data are available for insight, these correlations may result in

significantly inaccurate predictions.

ICAO maintains a large databank of EINO, measurements [125], taken at sea
level static conditions according to ICAO Annex 16 engine emissions certification
procedures [64]. For predicting emissions at altitude a variety of P3T3 methods
may be used (also known as ratio or “reference” methods). Although also semi-
empirical in nature, they are applicable to any conventional core turbofan engine
for which reference NO, data are available; these methods essentially correct
ground level measurements to an altitude condition taking into account some, or

all, of the following parameters:

Combustor inlet temperature

Combustor inlet pressure

Combustor fuel to air ratio

Combustor fuel mass flow

Flight Mach number

Specific humidity
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The P3T3 method, discussed by Norman et al. [126], uses combustor inlet tem-
perature and pressure, and FAR for correcting ground level measurements. Other
similar methodologies include the Boeing2 fuel flow method [127,/128] and the
DLR fuel flow method [129-131]. These methods take advantage of the fact that
P3 and Tj effects can be well correlated with engine fuel flow and flight condi-
tions, at least for turbofan engines without variable geometry; they can therefore
be considered as variations of the “standard” P3T35 method. The main advantage
of fuel flow methods, compared to the “standard” P3T3 method, lays with the
fact that they don’t require sensitive engine performance data. On the other
hand, the “standard” P3T3 method can provide predictions that reflect better
the influence of engine performance on NO, emissions, in those cases where en-
gine performance data are available. Existing fuel flow methods are not suitable
for heat-exchanged core turbofan engines, with or without variable geometry,
due to the different correlation of fuel flow and flight conditions with P3 and
T3. Finally, all these methods (“standard” P3T3 and fuel flow) have one issue
in common which forms their main limitation; they require EINO, measurement
data at sea level static conditions to be used as reference. In those cases where
reference measurement data are not available, for example during the conceptual

design of a novel engine configuration, P3T35 methods are of limited use.

A large selection of public domain semi-empirical correlations and P3T3 methods,
from the references discussed earlier, has been implemented in HEPHAESTUS.
Each correlation is suitable for a particular combustor concept (and technology
level) such as rich burn single annular, rich burn dual-annular, or lean burn

design.

3.3.3 Derivation of a NO, correlation for modern rich-

burn single-annular combustors

To further enhance the NO, predictions of HEPHAESTUS, a semi-empirical
correlation was derived for modern rich-burn single annular combustor designs
coupled with high OPR (Overall Pressure Ratio) cycles. The correlation is based
on a large number of engine performance data produced with the Cranfield in-
house library of engine performance models, and corresponding NO, emissions
measurement data from the ICAO engine emissions databank [125]. NO, predic-

tions produced with this correlation for a high OPR conventional core 2020 entry
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Table 3.3: NO, correlation constant and exponent default values for modern
rich-burn single-annular combustor designs.

Parameter Value
a 8.4
b 0.0209
c 0.0082
d 0.4
TF 0.0
f 19.0
P31 rer [kPa] 3000.0
ATvcomb,r@f [K] 300.0

Humg;, [kg HoO/kg dry air] 0.006344

into service turbofan engine have been verified internally within the NEWAC

project [132].

The proposed NO, correlation is described by the following equation:

p d
EINO, = (a—i—b-exp(c-Tgl))-(P ik )
3l,ref

~exp (f - (Humgy, — Hum)) (3.1)
A1—1007)1l) TF
AT’comb,ref

where P3; is in [kPal, T3y is in [K], Hum is in [kg HoO/kg dry air], and AT me
is in [K].

Default values for the constants and exponents in Eq. are given in Table
and are suitable for modern civil aero engines currently in production coupled
with rich-burn single-annular combustors, as illustrated in Fig. [3.11] These val-
ues are also suitable for a high OPR conventional core 2020 entry into service
turbofan engine based on the assumption that no major leaps will occur in rich-

burn technology over the next 10 years.

For very aggressive future cycles, with high combustor inlet temperature and

low air to fuel ratio (AFR) values, the proposed correlation could very well be
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Figure 3.11: Modern rich-burn single-annular NO, correlation fit to emissions
measurement data from the ICAO databank [125].

underpredicting NO,, emission levels. Designing a conventional rich-burn single-
annular combustor for such conditions could prove a challenging task, mainly
due to the limitations imposed by the need for adequate combustor liner film-
cooling air as well as maintaining an acceptable temperature traverse quality [8].
For such cycles, exponent TF may be used as a technology factor for matching

either experimental data or results from higher fidelity NO, prediction models,
as illustrated in Fig.

This procedure was successfully used to adapt the default correlation to available
data for some of the more aggressive cycles studied under the NEWAC project.
The deviation of the correlation predictions from available propriety data for
the NEWAC engine configurations, and from public domain data for modern
civil aero engines currently in production from the ICAO databank [125], is no
more than 10% as demonstrated in Fig. [3.13] The accuracy of the correlation is
therefore considered to be sufficient for the TERA2020 conceptual design studies.
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Figure 3.12: Example of using the technology factor to adapt the default corre-
lation to available NO, emissions data.

100
90 ~
80 A
70 A
60 -
50 -
40 1

30 B i » NEWAC Data

20 A B o ICAO Databank

----10% Deviation

Predictions

EINOx [g/kg] - Correlation

10

0 | | | ‘ | | | | |

0 0 20 30 40 50 60 70 80 90 100
EINOx [g/kg] - ICAO Databank and NEWAC Data

Figure 3.13: Deviation of correlation predictions from available NEWAC data
and public domain data from the ICAO databank [125].
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3.3.4 NO, model for lean-burn combustion concepts

Within the NEWAC project, different lean-burn combustion concepts are being
studied. Within the public domain, only a limited number of semi-empirical
correlations for lean-burn combustor are available [118}/119]. These correlations
were found to be unsuitable for predicting NO, emissions from the NEWAC

combustor designs mainly for two reasons:

e They have been based on data from experimental campaigns for lean-burn
combustor designs that are very different from the designs studied under

NEWAC; the latter designs are themselves very different from one another.

e They fail to properly consider the effects of the fuel flow split (between
the pilot injectors and the main injectors) varying for different combustor

operating conditions.

To further enhance the NO, predictions of HEPHAESTUS, a new NO, model
for lean-burn combustion concepts was introduced based on information provided
by Rolls-Royce Deutschland, Avio and Turbomeca within the NEWAC project.
Some background information on lean-burn combustion and the NO, modelling
approach adopted for HEPHAESTUS, can be found in Segalman et al [133],
Ripplinger et al. [134], Otten et al. [135], Plohr et al. [136] and Lazik et al. [137].

In the approach implemented, the combustor primary zone is first sized for cruise
conditions to balance low NO,, emissions with a good combustion efficiency. This
sizing exercise mainly involves calculating the primary zone AFR required to
achieve a fixed flame temperature value; the latter is essentially a design pa-
rameter and the fixed value chosen is known - from experience and NEWAC
experimental measurements - to provide a reasonable trade-off at first-order ac-
curacy. With the combustor overall AFR and primary zone AFR known, the
ratio of primary zone to combustor overall mass flow may be determined. The
primary zone flame temperature can now be calculated for every engine operating

point using the combustor inlet temperature and the combustor overall AFR.

The NO, emissions index may be determined for every engine operating point
using a simple correlation of EINO, with flame temperature, as illustrated in
Fig. Values calculated with this correlation need to be corrected for pres-

sure; this is because the correlation is actually a simple polynomial fit based
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Figure 3.14: Correlation of NO, measurements with flame temperature at a fixed
combustor inlet pressure for a lean-burn combustor design.

on experimental measurements taken at a fixed combustor inlet pressure. A
best-case, nominal and worst-case scenario pressure correction exponent may be

applied to study the uncertainty of the predictions made.

3.3.5 Environmental impact

3.3.5.1 Global warming potential model limitations

As described already in Chapter 2 HEPHAESTUS predicts the emissions levels
not only for the ICAO Landing and Take-Off cycle but also for the entire flight
profile (aircraft business case mission). The D,NO, /F,, figure is calculated and
compared against ICAO Annex 16 Volume II legislative limits [64], as well as
the medium and long term technology goals set by CAEP [65]. There are cur-
rently no regulatory limits set for pollutants emitted above 3000 [ft] (i.e. for
the climb, cruise and descent flight phases), despite the fact that potential reg-
ulation methodologies for such purposes have been under discussion for a long
time [126),138,|139].
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Table 3.4: Global warming potential figures for COs, HyO(g) and NO, versus
altitude (reproduced from [47]).

Altitude [km] CO, GWP H,O(g) GWP NO, GWP

0 1 0.0 -7.1
1 1 0.0 -7.1
2 1 0.0 -7.1
3 1 0.0 -4.3
4 1 0.0 -1.5
) 1 0.0 6.5
6 1 0.0 14.5
7 1 0.0 37.5
8 1 0.0 60.5
9 1 0.0 64.7
10 1 0.24 68.9
11 1 0.34 7.7
12 1 0.43 46.5
13 1 0.53 25.6
14 1 0.62 4.6
15 1 0.72 0.6

The environmental impact of a given engine/aircraft combination can be esti-
mated by HEPHAESTUS in terms of Global Warming Potential (GWP) using
NO,, CO, and gaseous H,O emissions estimates for the entire business case flight
profile and a parametric GWP model from the CRYOPLANE project [47] with
a selected time horizon of 100 years; this approach was chosen for its simplic-
ity and computational speed compared to employing a sophisticated 3D climate
model. GWP is an index that attempts to integrate the overall climate impacts
of an emitted pollutant over a time horizon of 100 years, essentially relating the
impact to that of an equivalent mass of CO5. The GWP values for gaseous H,O
and NO, utilised by the HEPHAESTUS environmental impact model are given
in table 3.4l

It should be noted that there are large uncertainties in environmental impact
results produced with GWP models. The Intergovernmental Panel on Climate
Change states [140]:

To assess the possible climate impacts of short-lived species and com-

pare those with the impacts of the long-lived greenhouse gases, a met-
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ric is needed. However, there are serious limitations to the use of
global mean GWPs for this purpose. While the GWPs of the long-
lived greenhouse gases do not depend on location and time of emis-
sions, the GWPs for short-lived species will be regionally and tempo-

rally dependent.

Although, GWP is now considered inadequate as a metric for short-lived species,
no consensus has been reached yet by the scientific community on a validated
metric for the environmental impact of aviation induced emissions [141]. To that
extent, Forster et al. [142] argues that it is still premature to include the effects
of short-lived species in policy schemes for aviation. Details on metrics currently

under evaluation are given in [143].

3.3.5.2 Example calculations

A simple example of the kind of output that may be produced with TERA2020
when using HEPHAESTUS is presented in Fig. [3.15] The aircraft mission profile
in this chart was assumed to be composed of the following flight phases: take-off,
climb, cruise, descent, approach, and taxi. The dotted black line illustrates the
aircraft flight path; the right hand side vertical axis has been used for plotting the
flight altitude value for each point on the curve. The left vertical axis corresponds
to the relativised cumulative GWP produced during the various aircraft flight
phases. The cumulative GWP value at the end of the aircraft mission has been
used as the denominator for the purposes of relativising the chart. This explains
why the relative cumulative GWP value at the beginning of the aircraft mission
is equal to zero, and why unity is approached during the final aircraft taxi, just

after landing.

The pollutants considered to contribute to global warming in Fig. are NO,,
CO4 and HyO with their contribution measured using GWP as a metric. Three
curves have been plotted to illustrate the individual contribution of each pollu-
tant to the cumulative GWP. According to the GWP model used, some 75% of
the total GWP is produced during cruise, while nearly 20% is produced during
take-off and climb. NO,, emissions during cruise contribute by nearly 20% to the
total GWP produced while HyO emissions contribute by 15%. CO, emissions
contribute by almost 70% to the total GWP produced during the entire flight

cycle.
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Figure 3.15: Pollutant contribution to the cumulative GWP value for a long-
range flight.

As discussed earlier environmental impact results produced with GWP as a met-
ric are subject to large uncertainties; the influence of short lived species, in partic-
ular; is highly dependent on the assumptions made in deriving the GWP model.
Nevertheless, Fig. does help illustrate how HEPHAESTUS can be used to
predict the emissions levels for the entire flight profile of a given engine/aircraft
combination, and also utilise these estimates to predict the environmental impact
using a GWP model.
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3.4 HESTIA

3.4.1 Introduction

HESTTA is a software code developed by Cranfield University that has been
integrated into TERA2020 and can be used to calculate the direct operating

costs for the engine/aircraft combination over a given time period. A large

amount of data from all upstream modules in the TERA2020 sequence are used

to account for various important elements including: aircraft utilisation times,

inflation, fuel price volatility, lifing considerations, as well as noise, carbon and
NO, taxes. Some details on the interaction of HESTIA with other TERA2020

modules have been given already in Chapter [2l The main cost groups considered

in the direct operating cost calculations carried out by HESTIA are illustrated

in Fig.
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Figure 3.16: HESTIA direct operating cost calculation breakdown.
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3.4.2 Code modifications

The code is based on work carried out by Pascovici et al. [144-147] on the
prediction of engine/aircraft direct operating costs based on information from [98|
148]. Risk analysis capabilities were added in HESTIA by Colmenares [149],
while Vigna Suria |[150] worked on turbine blade and disc stress, creep and fatigue
analysis. For the needs of NEWAC TERA2020, the author had to perform a

partial reconstruction of HESTIA. Major code modifications include:

e Overhaul of the entire code including defragmentation.
e Complexity reduction step with respect to I/O operations.

e Replacement of simplistic iterative algorithms in the stress calculations
with methods from the LISIS library.

e (Calculation of direct operating cost breakdown in various formats i.e. per

year, per flight, per block hour.

e Update of the materials database and blade lifing assumptions to consider

year 2020 entry into service engine designs.

As a result of these modifications, the code’s computational speed and robust-
ness has improved significantly, while numerical noise issues have essentially been
eliminated; the latter formed an important bottleneck in the integration of HES-
TTA within VITAL TERA2020 partially hindering the tool’s optimisation capa-
bilities. Furthermore, lifing assumptions, and consequently time between over-
haul calculations, are now more representative of year 2020 entry into service

level of technology.
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3.5 LISIS

In this section, details are given on the development of LISIS, a numerical meth-
ods library for use by the developed engine performance code, as well as HERMES
and HEPHAESTUS. The library was developed with the purpose of improving
the computational speed and stability of these codes, as well as to eliminate the
numerical noise problems hindering VITAL TERA2020 optimisation capability.
As part of this research effort, an improved gradient-based algorithm for solving

non-linear equation systems is proposed.

3.5.1 General objectives

The general objectives set during the development of the LISIS library are:

Provide a generic interface to the library in order to be used by different

codes without modifications.

e Improve computational speed compared to existing implementations within

VITAL TERA2020.

e Reduce the frequency of non-convergence cases compared to existing im-
plementations within VITAL TERA2020.

e Eliminate the numerical noise problems hindering VITAL TERA2020 op-

timisation capability.

3.5.2 Code development

For engine performance steady state simulations an algebraic equation system
may be formed (see for example Fawke and Saravanumuttoo [151]) and is typ-
ically solved using a gradient-based root-finding method. Non gradient-based
methods may also be employed for solving non-linear equations; their success
will largely depend on the particulars of the system they are applied to. Per-
haps the simplest gradient-based method available for solving multidimensional

problems is the Newton-Raphson method [152]; it uses the Jacobian matrix to
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iteratively solve the non-linear equation system formed. The Newton-Raphson

method was selected as the starting point for developing LISIS.

In LISIS, the Jacobian may be approximated by forward or central differences,
or complex-step differentiation [153154]. Central differences are more accurate
than forward differences but at a significant computational penalty i.e. twice
as many function evaluations are required to approximate the Jacobian matrix.
Complex-step differentiation is the most accurate of the three options and it’s
accuracy is independent of the differentiation step chosen. Despite the fact that
complex-step differentiation requires the same number of function evaluations
as forward differences, the function evaluations themselves are computationally
more expensive since complex calculus is required i.e. all real variables in the
function need to be transformed into complex variables as described by Martins
et al. [153].

When function evaluations are expensive, cheap approximations to the Jacobian
(or better said, cheap updates to the inverted Jacobian) may be introduced in
order to reduce computational time. The main idea here is that the Jacobian
matrix is determined using a differentiation method only during the first iter-
ation; for consecutive iterations cheap approximations (updates) are used for
the inverted Jacobian. A whole class of algorithms have been developed that

implement this idea, and are known as quasi-Newton or secant methods [155].

Through a careful study of the variations of the inverted Jacobian between engine
steady state operating points that are not far away from each other (for example
top of climb and max cruise), one can make a useful observation [156]: the
inverted Jacobian matrix does not vary significantly and may still be
reused successfully. The idea of reusing past information - avoiding costly
Jacobian evaluations in each iteration - is not a new one. Stamatis et al. [157]
describe the use of this idea for real-time transient performance simulations.
Unfortunately, little detail is provided on the potential benefits for steady state
simulations and the exact implementation carried out by the authors. With
respect to steady state simulations, a further improvement is therefore proposed
here to the class of quasi-Newton methods and has been implemented successfully
in the LISIS library:

1. The Jacobian matrix is determined using one of the differentiation methods

described above only during the simulation of the very first point.
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2. The next simulation point(s) reuse the inverted Jacobian from the last,

successfully converged, simulation point.

3. During the simulation of a given point, a Broyden update is performed on

the inverted Jacobian after every iteration step as described in [158,159].

4. The quality /accuracy of the inverted Jacobian deteriorates with every new
simulation point; if the convergence rate drops below a certain thresh-
old, the Jacobian matrix needs to be re-determined using a differentiation

method in order to restore the convergence rate.

5. For consecutive simulation points whose solutions are too far from each
other (i.e. for large jumps), the reused inverted Jacobian may no longer be
sufficiently representative of the system. This can be detected by a slow
convergence rate, numerical instabilities, and the function (model) report-
ing calculation errors. In such a case, the iteration for the new simulation
point is restarted from the original guess of the solution vector; the Jaco-
bian matrix is re-determined on that particular solution vector guess using

a differentiation method.

A similar algorithm was investigated for steady state simulations during the
development of the GeSTPAn code [23] but was never fully implemented because
of convergence problems encountered when jumping between simulation points
whose solutions are too far away from each other [156]. This important issue has

been successfully resolved in the proposed algorithm through step 5.

Although quasi-Newton methods and the modified algorithm proposed offer im-
proved computational speed, it should be kept in mind that cheap approxima-
tions to the inverted Jacobian may sometimes introduce deteriorated numerical
stability as a trade-off. As a countermeasure, backtracking needs also be em-
ployed (i.e. line search) to improve convergence (as discussed in [23.|152]) when

either:

e The function residual did not actually decrease when the full Newton step

was taken.

e And/or the function (i.e. one of the engine component models) reported

calculation errors.
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Backtracking is of particular importance in achieving very high accuracy i.e. very
small residual tolerance, and in simulating the notorious regions of a system (for
example in simulating ultra-high bypass ratio engines at idle conditions - where
the hot nozzle pressure ratio approaches unity and component efficiencies drop

significantly).

The user can choose - via the library interface - between the original “standard”
Newton-Raphson method or the quasi-Newton method described thoroughly in
Broyden [158,/159]. A switch is provided for selecting one of the differentiation
methods described earlier, as well as for reusing the inverted Jacobian from
previous simulation points. The library integration also includes a quasi-Newton
solver that utilises the Powell dogleg step procedure [160], namely MINPACK,
described by Moré et al. [161,[162] and available under a freeware license through
NetLib [163]. Therefore, MINPACK may also be selected for use during steady
state simulations and it is worth noting that this is the solver of choice for the

commercially available gas turbine performance simulation code PROOSIS.

During dynamic simulations, the original steady state set of algebraic equa-
tions representing the engine model is coupled with a set of Ordinary Differ-
ential Equations (ODE) that describe the dynamics of the system, and is hence
transformed into a set of Ordinary Algebraic Differential Equations (ODAE).
Gronstedt [231|164] presents various strategies for solving ODAE systems for gas
turbine dynamic simulations and after extended benchmarking concludes that
the “direct approach” of treating differential and algebraic variables simultane-
ously seems to perform best. Stamatis et al [157] also gives benchmarking results
for implicit and explicit integration schemes, while Petzold |165] provides a good

reference on solving ODAE sets.

A large number of ODAE solvers, coupled with the SLATEC Common Mathe-
matical Library, an extensive library of Fortran numerical routines, are together
available under a freeware license through NetLib [163]. Three of these solvers
(namely the DDASSL, the DDASPK and the DDASKR) have been integrated
in the LISIS library together with some parts of the SLATEC library.

In an attempt to reduce non-convergence cases, the FITPACK higher order sur-
face splines routines were introduced in the LISIS library; these routines are
available under a freeware license through NetLib |163] and described by Dier-

ckx |166]. Surface splines can be used to approximate component maps (i.e.

69



Module Development Konstantinos G. Kyprianidis

. ™
r~ N ™

r"
SLATEC [ MINPACK ]
-

Library
/
s e N
[ DDASSL J DDASPK ][ DDASKR ] [ FITPACK ]
.
" VAN J
4 ™
Forward
Differences

. - Central
[Cumplex-Sl&p Differentiation j[ Differences
r" ™
Jacobian Matrix Approximation
. ,.f
I ™
Standard r{EEthrﬂﬂking Newton-Raphson Backtracking
MNewton-Raphson L with Broyden Update Mewton-Raphson
L vy

Figure 3.17: LISIS library structure.

components represented by tabulations) and hence provide first-order, second-
order and third-order continuous derivatives in all map directions. Higher-order
continuous derivatives are of significant importance for dynamic simulations, as
discussed by Gronstedt , while first order continuous derivatives are im-

portant for steady state simulations.

The structure of LISIS library is illustrated in Fig. As discussed earlier the
library was mainly developed for steady state and transient engine performance
simulations. It is also used for solving the “inverse functions” in the thermo-

fluid model as well as for solving the (non-linear) algebraic equation systems

formulated by HERMES and HEPHAESTUS.
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3.5.3 Benchmarks

Despite the fact that the computational power of personal computers has been
rising constantly over the past decades - as predicted by Moore’s Law [167] - the
implementation of fast (and robust) numerical methods is of critical importance
where radical design space exploration is concerned. The performance of the
non-linear equation system solvers available in LISIS is presented in Table
and Table|3.6]in terms of number of functions evaluations required; the latter was
chosen as a metric to make results hardware-independent (i.e. independent of
computer specification), and also less dependent on the programming techniques,
language, and compiler used. Convergence is assumed to have been achieved
when the accuracy (tolerance) level set is reached for each (relativised) residual
in the model. Various conclusions may be drawn, largely confirming expectations

from the literature reviewed:

e The use of quasi-Newton methods can significantly improve computational
speed but the benefit is highly dependent on the number of independent
variables that formulate the function used, and the accuracy required. Re-
sults for the engine performance rubber deck (high accuracy option) in-
dicate an up to a three-fold increase in function evaluations when quasi-

Newton methods are not utilised.

e Reuse of the inverted Jacobian, between different simulation points, can
significantly improve computational speed but the benefit is highly depen-
dent on the number of independent variables that formulate the function
used and its nonlinearity, the differentiation method used, and the accuracy
required. Results for the engine performance rubber deck (central differ-
ences and low accuracy options) indicate an up to a twelve-fold increase in

function evaluations when the inverted Jacobian is not used.

e The computational penalty associated with using central differences is de-
pendent on the number of independent variables that formulate the func-
tion used and its nonlinearity. Reuse of the inverted Jacobian, between

different simulation points, fully alleviates this penalty.
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3.6 Modules developed by project partners

In this section the modules i.e. software codes that have been developed for
TERA2020 by other project partners are described. Details on the use of these
codes within NEWAC TERA2020 have been given already in Chapter

3.6.1 PROOSIS

PROOSIS is a flexible and extensible object-oriented simulation environment de-
veloped by a consortium of European universities (Cranfield University, National
Technical University of Athens and Stuttgart University), research institutes and
corporate companies within the integrated European Framework 6 collaborative
project VIVACE [168] (Value Improvement through a Virtual Aeronautical Col-
laborative Enterprise). The tool performs all kinds of engine simulations as
well as generic system simulation (e.g. control, thermal, hydraulic, mechani-
cal etc.). It features an advanced graphical user interface allowing for modular
model building using either the Standard or any custom library of engine compo-
nents. It is capable of both steady and transient simulations as well as customer
deck generation. Different calculation types (mono or multi-point design, off-
design, test analysis, sensitivity, optimisation etc.) can be performed. It is also
capable of performing multi-fidelity, multi-disciplinary and distributed simula-
tions. The software is currently used in the NEWAC project for generating
TERA2020 compatible rubber decks for the short and long range applications
of the contra-rotating flow-control configuration and the geared turbofan with
active core technologies configuration [169], as well as for the baseline short range
application engine. The tool is also used in TERA2020 for DREAM (valiDation
of Radical Engine Architecture systeMs) |33 to model the performance of direct

drive and geared open rotor engines.

3.6.2 WeiCo

The WeiCo software module comprises two parts, the weight and dimensions
part (Wei) and the plant cost part (Co), as illustrated in Fig. The weight
and dimensions code, developed by Chalmers University, utilises performance

data (such as pressures, temperatures, and mass flows at different engine stations)
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Figure 3.18: WeiCo structure (courtesy of Chalmers University).

to carry out a preliminary sizing of the engine. This will, among other things,
determine the necessary number of turbomachinery stages, hub and tip radii at
every stage interface, number of blades, a preliminary sizing of the combustor,
a nacelle and bypass duct geometry, exhaust nozzle geometry, inlet sizing, a
mechanical assessment of the shafts and compressor and turbine discs sizing.
Data on turbomachinery blade speed and local Mach numbers are generated
as input for the noise prediction code SOPRANO. Blade speed and geometry
are used as input for life prediction through the HESTTA code. Engine weight
and nacelle dimensions are used by HERMES to estimate total aircraft weight
as well as nacelle drag. A complete engine weight breakdown is produced at
component and subcomponent level to allow a comprehensive analysis of engine
weight. Major part of the development was carried out within the VITAL project.
Refined core modelling as well as development of a number of new architectures
has been implemented in the NEWAC project. Current work in the DREAM
project focuses on developing open rotor propeller and gearbox geometry and

weight models.
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The plant cost code has been developed by the University of Stuttgart and its
aim is to calculate the production cost of a given engine design. This comprises
scaling of a single configuration to new design constraints. The major part of the
development was carried out within the VITAL project, while new models for
individual components (active cooling air cooler, intercooler, recuperator, com-
bustor injectors, air cooled oil cooler and manifolds) have been introduced within
the NEWAC project. The output of the model is to be understood as production
cost only which reflects realistic cost trending and scaling but does not predict ab-
solute cost or selling prices. A meaningful comparison of cost is only achieved by
looking at direct production cost while assuming equal manufacturing conditions
for all investigated engines. The plant cost model uses a fully object-orientated
approach in modelling production cost. This approach was chosen because an
improved level of modelling flexibility is achieved; almost every possible engine
configuration can be represented. To derive this kind of modelling, the break-
down of an aero engine product structure was first analysed [170]. All classes
of parts with similar properties, and production cost calculation schemes, were
identified. These part classes are represented as objects within the plant cost
model and can be assembled to modules (according to the TERA2020 defined

bookkeeping) in a flexible manner.

3.6.3 SOPRANO

The SOPRANO software was developed within the European Framework 6 col-
laborative project SILENCER by the Spanish consultancy company ANOTEC.
The SOPRANO code will allow the assessment of noise generation at the en-
gine/aircraft level by means of a number of semi-empirical correlations such as
fan inlet and aft noise, airframe noise, combustor and turbine noise and jet noise.
The current implementation of the SOPRANO code does not consider open rotor
propeller or ducted counter rotating fan noise modelling. Models for the former
are developed within the DREAM project by Aristotle University of Thessa-
loniki, while models for the latter have been developed within the the VITAL
project by ISAE/SUPAERO. The noise prediction methods utilised in VITAL
and NEWAC are summarized in Table 3.7 Most of the existing methods have
been calibrated with data from previous and in-service engines. As new and
different engine concepts are being investigated, the input conditions may be out

of the validity range of the methods. Some of the models are then extrapolated
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Table 3.7: Overview of implemented noise prediction methods.

Fan and compressors Heidmann |171],
and Kontos et al. [15]
Coaxial exhaust jet Stone and Krejsa |172],
SAE ARP 876D [173]
Turbine Krejsa and Valerino |174]
Airframe Fink [175]
Noise propagation SAE ARP 866A [176],

Chien and Soroka [177],

SAE AIR 1751 [178]
Installation effects on jet noise Blackner and Bhat [179]
Contra-rotating rotors interaction tone noise Hanson [180],

Whitfield et al. [181],

Heidman [171],

Kontos et al. [15]

for the optimization investigation, and assumed to be sufficient to capture the

noise trends correctly.

The noise resulting from the semi-empirical models are projected down to the
microphone position where the sound pressure levels are converted to effective
perceived noise levels. The cumulative sum from the three ICAO certification
points - sideline, flyover, and approach - is then estimated, which allows a subse-
quent comparison of noise generated by a particular engine/aircraft combination
with the noise regulations stipulated in Vol. 1 of the ICAO Annex 16 [66]. The
existence of a code like the SOPRANO code within a tool like the TERA2020
tool makes it possible to study how new engine designs will behave under differ-
ent noise regulations and taxation polices. TERA2020 may for instance single
out designs that can satisfy stringent noise regulations (by delivering a low noise

footprint) without a major block fuel penalty.

3.7 Conclusion

The research effort presented in this chapter focused on various aspects of the
development of new models and modules for NEWAC TERA2020, and the im-
provement of existing ones. As a result of these efforts, TERA2020 has been

significantly improved. In more detail the following improvements have taken
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place within NEWAC:

e Development of new TERA2020 models and modules, and improvement of
existing ones, to be sufficiently accurate for multi-disciplinary conceptual
design of the novel engine configurations (and technologies) studied under
the NEWAC project. This includes the derivation of a semi-empirical NO,

correlation for modern rich-burn single-annular combustors.

e TERA2020 complexity reduction step - less input/output files, and more

efficient data exchange.

e A nearly three-fold improvement in computational speed for the heat-
exchanged cycles, compared to VITAL TERA2020. Significant reduction
in the frequency of non-convergence cases and elimination of the numerical
noise problems hindering VITAL TERA2020 optimisation capability.

3.8 Outlook

Details have been given on developments carried out on individual TERA2020
modules by the author, as well as a brief description of TERA2020 modules
developed by other project partners. In the next chapter, a systematic assessment
of the impact of thermo-fluid modelling on the accuracy of the TERA2020 tool
will be carried out. Accuracy limitations in assessing novel engine core concepts

as imposed by current practice in thermo-fluid modelling will be identified.
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Chapter 4

System uncertainty due to

thermo-fluid modelling

This chapter describes and compares fluid models, based on different levels of
fidelity, which have been developed for the engine performance module in the
TERA2020 (Techno-economic, Environmental and Risk Assessment for 2020)
tool. The disciplines in TERA2020 utilised for these assessments are: engine per-
formance, aircraft performance, emissions prediction, and environmental impact.
The work presented aims to fill the current literature gap by: (i) investigating
the common assumptions made in thermo-fluid modelling for gas turbines and
their effect on caloric properties, (ii) assessing the impact of uncertainties on
performance calculations and emissions predictions at aircraft system level and
(iii) identifying accuracy limitations in assessing novel engine core concepts as

imposed by current practice in thermo-fluid modelling.

N.B. The work presented in this chapter has been a collaborative effort between
Cranfield University and Aristotle University of Thessaloniki and has been pub-
lished in the following papers:

K.G. Kyprianidis, V. Sethi, S.O.T. Ogaji, P. Pilidis, R. Singh, and
A 1 Kalfas. Thermo-Fluid Modelling for Gas Turbines - Part I: The-
oretical Foundation and Uncertainty Analysis. In ASME TURBO
EXPO 2009 Proceedings, GT-2009-60092, Orlando, FL, USA, June
2009.
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K.G. Kyprianidis, V. Sethi, S.O.T. Ogaji, P. Pilidis, R. Singh, and
AL Kalfas. Thermo-Fluid Modelling for Gas Turbines - Part II: Im-
pact on Performance Calculations and Emissions Predictions at Air-
craft System Level. In ASME TURBO EXPO 2009 Proceedings, GT-
2009-60101, Cycle Innovations Committee Best Paper Award,
Orlando, FL, USA, June 2009.

K.G. Kyprianidis, V. Sethi, S.O.T. Ogaji, P. Pilidis, R. Singh, and
AL Kalfas. Uncertainty in Gas Turbine Thermo-Fluid Modelling and
its Impact on Performance Calculations and Emissions Predictions at
Aircraft System Level. Proceedings of the IMechE, Part G: Journal of
Aerospace Engineering, JAERO765, 2010. submitted for publication.

4.1 Introduction

Accurate and reliable fluid modelling is essential for any gas turbine performance
simulation software as it provides a robust foundation for building advanced
multi-disciplinary modelling capabilities [182]. Caloric properties for generic and
semi-generic gas turbine performance simulation codes can be calculated at vari-
ous levels of fidelity; selection of the fidelity level is dependent upon the objectives
of the simulation and execution time constraints. Rigorous fluid modelling, how-
ever, may not necessarily improve performance simulation accuracy unless all
modelling assumptions and sources of uncertainty are aligned to the same level.
Certain modelling aspects such as the introduction of chemical kinetics, and dis-
sociation effects, may reduce computational speed significantly and this could be
of significant importance for radical space exploration and novel propulsion cycle

assessment.

A large number of technical models are currently available in the literature for
calculating caloric properties of ideal gases [84,[88}/183-192]. Biicker et al. [183]
reviewed most of these models and argued that although some of them are ac-
cepted standards in various industrial sectors their mutual consistency can be
rather poor. Since this could result in significant discrepancies, and even in con-
tradictory results, a new technical model was developed in that study to be used
as a standard for the prediction of caloric properties of moist air and combustion

gases based on consistent sets of data.
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Some of the uncertainties of thermo-fluid modelling and the potential dangers
induced by certain assumptions in gas turbine performance have been discussed
in the gas turbine literature [5],94}/183,193-195]. Nevertheless, the actual effects
of error propagation still remain unclear with respect to gas turbine performance
calculations and multi-disciplinary simulations at aircraft system level. Cen-
gel [196] argues that “the assumptions made while solving an engineering problem
must be reasonable and justifiable”. The work presented in this chapter aims to
fill the current literature gap by: i) investigating the common assumptions made
in thermo-fluid modelling for gas turbines and their effect on caloric properties
and ii) assessing the impact of uncertainties on performance calculations and

emissions predictions at aircraft system level.

In the first part of this chapter, a comprehensive analysis of thermo-fluid mod-
elling for gas turbines is presented and the thermo-fluid models developed for the
TERA2020 (Techno-economic, Environmental and Risk Assessment for 2020) en-
gine performance rubber decks are discussed in detail. Common technical models,
used for calculating caloric properties, are compared while typical assumptions
made in fluid modelling, and the uncertainties induced, are examined. Several
analyses, which demonstrate the effects of composition, temperature and pres-
sure on caloric properties of working mediums for gas turbines, are presented.
The working mediums examined include dry air and combustion products for var-
ious fuels and Hydrogen to Carbon ratios (H/C). The errors induced by ignoring

dissociation effects are also discussed.

In the second part of this chapter, the uncertainty induced in performance calcu-
lations by common technical models, used for calculating caloric properties, is dis-
cussed at engine level. The errors induced by ignoring dissociation are examined
at three different levels: i) component level, ii) engine level, and iii) aircraft sys-
tem level. Essentially, an attempt is made to shed light on the trade-off between
improving the accuracy of a fluid model and the accuracy of a multi-disciplinary
simulation at aircraft system level, against computational time penalties. The
accuracy /uncertainty of an overall engine model will always be better than the
mean accuracy /uncertainty of the individual component estimates as long as sys-
tematic errors are carefully examined and reduced to acceptable levels to ensure
error propagation does not cause significant discrepancies. The results obtained
demonstrate that accurate modelling of the working fluid is essential, especially

for assessing novel and/or aggressive cycles at aircraft system level. Computa-
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Table 4.1: Chemical composition of atmospheric dry air.

Constituent Chemical Formula Mole Fraction y; Mass Fraction x;
Nitrogen N, 0.780840 0.755184
Oxygen O 0.209476 0.231416

Argon Ar 0.009365 0.012916
Carbon Dioxide CO, 0.000319 0.000484

tional time penalties induced by improving the accuracy of the fluid model as
well as the validity of the ideal gas assumption for future turbofan engines and

novel propulsion cycles are discussed.

4.2 Fluid modelling

The fluid model of a gas turbine simulation software generally consists of three
types of fluids; the initial working fluid (typically air), the fuel and the products of
combustion. The chemical composition of atmospheric dry air that was assumed
for the purpose of this study is highlighted in Table [4.1]

Conventionally, there are two approaches for implementing technical fluid mod-
els in gas turbine performance simulation software. Caloric properties can ei-
ther be obtained from linearly - and in some case logarithmically [182] - in-
terpolated fluid tables or from polynomial functions. Generating fluid model
tables, either from polynomial relationships such as those described in refer-
ences [88]187,(197,/198], and/or chemical equilibrium software such as CEA
(Chemical Equilibrium with Applications) [188], Gaseq [199] and CEC (Chem-
ical Equilibrium Composition) [200], is far more laborious and time consuming
than directly implementing polynomial functions. Nevertheless, fluid tabula-
tions offer several key advantages that have been discussed extensively by Sethi
et al. [182,201).

Often the need for analysing the effects of different working mediums and alterna-
tive fuels on gas turbine performance arises [201-H203|. The engine performance
module developed for TERA2020 can utilise CHEMKIN-II format libraries of

polynomials to rigorously model these effects. The structure of the fluid model
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Fuels: Jet-A, JP4, JP-5, Diesel, Natural Gas, or any H/C fuel Composition
Fluid Models: Fluid Tables (CEA), Walsh & Fletcher Polynomials,
EVA ThermolLib or any CHEMKIN-II Format Library
Constant Gaseous Composition Equilibrium Chemistry
of Working Medium (No Dissociation) (Complete Dissociation)
Fluid Tables (CEA) / EVA Thermolib or any Fluid Tables (CEA)
Walsh & Fletcher CHEMKIN-II Format Library
C, =f(T. FAR, WAR) C, = (T, Composition) C, =f(T, P =50 fatm], FAR, WAR)
h=f(T, FAR, WAR) h = (T, Composition) h =T, P=250[atm] FAR WAR)
@ =1(T, FAR, WAR) @ = (T, Composition) @ =T, P=250 fatm] FAR, WAR)
y = (T, FAR, WAR) y = f{T, Composition) y = f{T, P =50 fatm], FAR, WAR)
R =T, FAR, WAR) R = f(Compasition) R =1#T, P =50 [atm] FAR, WAR)
u =T, FAR, WAR) u = f{T, Composition) u=fT, P=>50fatm], FAR, WAR)
RANGES
Temperature (T) Range: 200 [K]— 5000 fK}
Fuel to Air Ratio (FAR) Range: 0—-FAR i
Water to Air Ratio (WWAR) Range: 0-0.10
or Mixture Composition: Any species avaifable in the CHEMKIN-If format library

Figure 4.1: Fluid model structure.

implemented is illustrated in Fig. {.1] The following types of technical fluid

models can currently be used:

e Tables of caloric properties
e Walsh and Fletcher fluid model [8§]

e Polynomial libraries based on CHEMKIN-II format [191]

The Walsh and Fletcher technical model is based on 8th order polynomial func-
tions for combustion products of kerosene and diesel for temperatures ranging
from 200 [K] to 2000[K]. Libraries in the CHEMKIN-II format, such as CEA up
to 1994 [187], and GRI-Mech [192], consist of 4th order polynomial coefficients
for various species and are typically valid for temperatures ranging from 200 [K]
to 5000 [K]. In more recent versions of CEA [18§], caloric properties are calcu-

lated with polynomial functions consisting of seven terms; these data have been
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utilised via tables and their range of validity is typically the same as with the
CHEMKIN-IT format polynomials.

For the “no dissociation” option of the developed fluid model a constant gaseous
composition of the working medium has been assumed. Composition is only
allowed to change when combustion or mixing takes place; no allowances for
dissociation have been made. The products of combustion for any hydrocarbon
will comprise only water vapour, carbon dioxide, argon, nitrogen and oxygen
(if combustion is lean). Since there is no dissociation, the composition of the
products does not change even with changes in temperature as the distributions
of moles and consequently mole fractions remain the same at any temperature.
This implies that the mean molecular weight of the gases in the products of
combustion remains constant regardless of the temperature or pressure. The
no dissociation option is suitable for any hydrocarbon with the structure C,Hj,,

where lean and stoichiometric ideal combustion is concerned.

For the “complete dissociation” option the assumption has been made that full
chemical equilibrium is reached by the working medium at every given tem-
perature and pressure. This approach considers the complex series of reaction
steps typically encounter in combustion, which can yield many major and minor
constituents when the large number of potential reactions is considered. The ex-
tensive simulations carried out with the NASA CEA code [188] that support the
“complete dissociation” option in the fluid model are described in detail in [201].
Detailed descriptions of the definition of equilibrium constants as well as the
calculation procedures are presented in reference [204]. The composition of the
main combustion products of Jet-A (i.e. the ones with mole fractions greater
than 5-107°) for a range of temperatures assuming chemical equilibrium is pre-
sented in Table 4.2l Tt can be observed that dissociation becomes first noticed

at 1500 [K], and increasingly important at higher temperatures.

Theoretically, as the temperature of the combustion products reduces due to
cooling in the burner and due to the expansion process in the turbine, dissocia-
tion should cease, and the mixture should return to the non-dissociated species
composition. In practice however, fast local chilling of the reactions - for exam-
ple due to contact with the cooler walls of the combustor or due to insufficient
residence times in the turbine - will result in some dissociated species still being
present in the final mixture (i.e. frozen composition). Generating an accurate

fluid model to account for this phenomenon is considered to be highly complex
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Table 4.2: Composition of the main combustion products of Jet-A for a range of
temperatures assuming chemical equilibrium (reproduced from [201]).

Mole fraction y;
at species specified temperature in [K]
Species 200 1500 2000 2500 3000

Ar 0.00767 0.00767 0.00767 0.00764 0.00750
CO,  0.10239 0.10239 0.10222 0.09826 0.07677
HoO  0.22960 0.22959 0.22911 0.22479 0.20588
No 0.63977 0.63959 0.63853 0.63413 0.61791
O, 0.02057 0.02038 0.01942 0.01861 0.02360
CcO 0.00000 0.00000 0.00014 0.00372 0.02325
H 0.00000 0.00000 0.00000 0.00013 0.00204
HO,  0.00000 0.00000 0.00000 0.00001 0.00003
Hy 0.00000 0.00000 0.00007 0.00137 0.00842
NO 0.00000 0.00034 0.00210 0.00614 0.01417
NOs  0.00000 0.00000 0.00001 0.00001 0.00002
N,O  0.00000 0.00000 0.00000 0.00000 0.00001
O 0.00000 0.00000 0.00001 0.00028 0.00244
OH 0.00000 0.00003 0.00072 0.00490 0.01793

“P = 50 [atm], FAR = 0.06, WAR = 0.1

since the composition of the mixture will need to be determined experimentally
using techniques such as chemical absorption or adsorption, infrared radiation
or paramagnetism [204]. The interested reader can also refer to reference |205]
for more information on advanced non-equilibrium modelling for predicting the

formation of various species in gas turbine combustors.

4.3 Rationale for fully rigorous calculations

A comparison between various methodologies for thermodynamic calculations is

presented in this section with respect to compressor performance.

The most crude of assumptions that can be made is that of perfect gas i.e.
constant cold end gas properties with C, = 1004.7 [J/(kg-K)] and v = 1.4 [8§],

and can yield inaccuracies of more than a few [K] in temperature calculations.

A more accurate calculation is based again on the assumption of a constant value
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Table 4.3: Comparison of various calculation methods for compression from the
fully rigorous approach.

Calculation method AT, ot [K]*  APW, [%]*
Constant cold end C), and vy -15.8 -0.61
Mean C),, and v 3.7 0.59

C, and v at mean component temperature 1.1 0.58
Fully rigorous approach Ref. Ref.
Assumptions: Dry air (CEA [188]),

Tein = 351.2 [K]

P.in = 110.1 [kPa]

Nejis = 0.863

PR. = 10.65 and no bleeds

*Relative to the fully rigorous approach result

of C}, and v, but evaluated at the mean component temperature. This calculation
is generally easy to perform without a computer and will yield inaccuracies of

just a few [K] in temperature calculations.

The fully rigorous calculations will involve the use of the fundamental defini-
tions of specific enthalpy and entropy and will give results whose inaccuracy is
primarily dependent on the uncertainty of the ideal gas assumption and the tech-
nical model used for calculating caloric properties. The authors of reference [88]
state that the uncertainty level in calculations using the fully rigorous approach
is approximately 0.25%, for moderate pressures and temperatures, but give no
explanation. This type of calculations is fundamental for gas turbine simulation
software since errors of even a few [K] may be considered unacceptable during
the conceptual design phase. As a calculation method it is certainly more cum-
bersome and consequently, for educational purposes, a simpler method is often
sought. Nevertheless, Kurzke [193] provides a simple way of using rigorous cal-
culation procedures i.e. enthalpy and entropy instead of C), and +, for teaching

students gas turbine theory.

A comparison of the constant C),, and v methods, relative to the fully rigorous
approach, is presented in Table for a compression calculation. The relatively
small error in the calculation of compression power implies that the error propa-
gation in the expansion calculations for a gas turbine system should also be small.

Although, on one hand this could be true (for the expansion process only), it
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tends to give the illusion that the overall system calculation will not be affected
much. In reality however, the error in the prediction of the compressor delivery
temperature will affect significantly the accuracy of the fuel mass flow prediction
- and therefore other important performance parameters such as Specific Fuel
Consumption (SFC) and block fuel estimations. Furthermore, Kurzke [5] con-
cludes that for achieving high temperatures one needs over-proportional amounts
of fuel, and that is the reason for the maximum thermal efficiency being at a tem-
perature much lower than the stoichiometric limit. The fact that fuel mass flow,
and subsequently Fuel to Air Ratio (FAR), is not proportional to the combustor
temperature increase can only be taken fully into account if rigorous fluid mod-
elling is used in the combustor component calculations. Lee et al. [195] also come
to similar conclusions for gas turbine configurations with multiple combustors.
It can therefore be concluded that the fully rigorous approach should be used in

all performance calculations, even within the educational procedure.

4.4 Computational time considerations

Estimating the performance of a gas turbine engine at aircraft system level, for a
long range mission, requires a relatively small amount of computing power. How-
ever, the required computational time for design space exploration applications
- through the use of multi-disciplinary tools such as TERA2020 - is not negli-
gible and the fluid model must therefore be chosen carefully. Tables of caloric
properties where seemingly found to be a good choice with respect to reducing
computational speed. Computational speed decreased by some 10% if the Walsh
and Fletcher 8th order polynomials were used and some 20% if CHEMKIN-IT
type of libraries of 4th order polynomials were used. For the latter choice, only
five species were taken into account: Ni, Oy, Ar, H,O, and CO,. It can be ar-
gued however, with high confidence, that these benchmarking results are highly
dependent on programming practices and as a result on the quality of the code
produced. A conclusion therefore cannot be drawn on whether using fluid prop-

erties or polynomials is best practice with respect to computational speed.

Nevertheless, following further analysis, it was safely concluded that when us-
ing a CHEMKIN-II type of library (or equivalent) the computational speed is
inversely proportional to the number of species taken into consideration. As

a rule of thumb, doubling the number of species taken into consideration will

87



System uncertainty due to thermo-fluid modelling Konstantinos G. Kyprianidis

approximately double the required computational time. Using a fluid model
that calculates thermodynamic properties at species level - rather than working
medium level, as would be the typical case with fluid tables - can be considered
a sensible choice if the effects of utilising different working mediums and/or al-
ternative fuels are to be taken into account rigorously. Potential computational
time trade-offs should not be ignored however when considering radical design

space exploration as simulations can last from a few hours to a few days.

4.5 Uncertainty for common technical models

Various technical models used for calculating caloric properties based on the
ideal gas assumption are compared in Fig. 1.2l Many professional gas turbine
performance simulation codes used in industry and research institutes have in-
corporated NASAs CEA code [188] for calculating thermodynamic properties.
This model has therefore been set as the baseline for comparison with the other
technical models. Four technical models have been used for the purpose of this
comparison: the Walsh and Fletcher 8th order polynomials [88], a special li-
brary developed for the TERA2020 engine performance module referred to here
as EVA ThermoLib, the GRI-Mech [192] library ,and an older set of 4th order
polynomials used with NASAs CEA code up to 1994 [187].

An oscillating deviation from CEA calculated values can be observed for the
models described in references [187,/192], as well as EVA ThermoLib. This is
consistent with the fact that the later three are using 4th order polynomials
based on the CHEMKIN-IT format while CEA is using more recent seven-term
functions. The Walsh and Fletcher polynomials are only valid up to 2000 [K],
for which range they show close agreement with CEA results. Caloric properties
evaluated for temperatures beyond this threshold will deviate significantly and
can be completely inconsistent with values calculated with the other models and

the expected trends.

There is currently no conclusive study in the gas turbine literature, known to
the author, that compares and ranks the various technical models discussed in
this paper in terms of accuracy. Therefore, the assumption shall be made that
none of the presented models is any better than the rest, within their respected

range of validity. Hence, the uncertainty in calculating the isobaric heat capac-
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Figure 4.2: Percentage deviation of isobaric heat capacity (left) and v (right)
calculated for dry air with commonly used technical models from CEA.

ity in the range of temperatures and pressures that the ideal gas assumption
holds well - is 0.3% while for 7 its approximately 0.1% i.e. nearly three times
lower. Essentially, the uncertainty in calculating the isobaric heat capacity from
the technical models is within the same order of magnitude as the uncertainty
induced by not accounting for real gas effects in modern gas turbine engines
currently in service |[183]. This uncertainty can propagate to gas turbine perfor-

mance calculations carried out using the fully rigorous approach.

An interesting anomaly to observe is the unsmoothness of the curves in Fig. [4.2
This is mainly attributed to the implicit low precision in the output values from
the CEA code. The output values from the implementation of the other technical
models within the fluid model, have a much higher number of significant digits. It
is therefore expected that the curves showing the percentage deviations between
these models and CEA will not be very smooth. According to Cengel [196] “A
result with more significant digits than that of given data falsely implies more
accuracy. It is appropriate to retain all the digits during intermediate calculations
and to do the rounding in the final step”. For graphical comparisons the data
would need to be produced with a good, and similar, number of significant digits
- but that would require to access and modify the NASA proprietary CEA source

code.

4.6 Ideal gas assumption and caloric properties

In this section, an attempt has been made to study the effects of temperature,
FAR and lambda (), Water to Air Ratio (WAR), fuel and H/C ratio, and disso-

ciation (including pressure effects) on the calculation of caloric properties using
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Figure 4.3: Effects of FAR and dissociation on isobaric heat capacity (left) and
7 (right) for combustion products of Jet-A.

the ideal gas assumption. In some cases a comparison was made between the val-
ues calculated using rigorous ideal gas modeling and the values proposed in gas
turbine textbooks to be used in “illustrative calculations for teaching purposes,
or for crude ballpark estimates” [88] i.e. perfect gas assumption. Although, such
simplifications are sometimes necessary within an educational framework, it is
important for future engineers to understand the errors induced in their calcula-
tions. In reference [193], Kurzke clearly demonstrates how simplifications can be
wrong not only quantitatively, but also qualitatively, and, hence, predict wrong

trends.

Tables of caloric properties from CEA [18§] have been used for producing figures
illustrating the effects of dissociation and WAR. The no-dissociation and chemical
equilibrium models have been discussed in earlier sections. Figures illustrating
the effects of fuel chemistry have been produced using the simple no-dissociation
chemistry model and a CHEMKIN-II type of library, EVA ThermoLib, discussed

earlier in section [4.2]

4.6.1 Effects of dissociation on (), and v

The isobaric heat capacity will increase with FAR and temperature, while v will
decrease. Dissociation effects start becoming noticeable after 1500 [K], and can
induce increasingly significant deviations in €, and 7 calculations for tempera-
tures greater than 1800 [K], as can be observed in Fig. as well as Table
To a first order, dissociation effects are highly sensitive to pressure; they are
significantly less sensitive to FAR, however. The assumption of perfect gas can
induce errors in the estimated values of C, and v of as much as 30% and 5%

respectively, if dissociation effects are ignored. With dissociation effects taken
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Figure 4.5: Effects of pressure and dissociation on R for combustion products of
Jet-A (left) and effect of FAR and pressure on percentage deviation of v due to
dissociation of combustion products for Jet-A (right).

into account the errors will increase even further. The discrepancies induced by
such assumptions for compressor calculations, as well as a qualitative analysis of

the effects of dissociation, were discussed earlier.

As stated, v is highly sensitive to pressure and this can be observed more clearly
in Fig. £.4l In general, the higher the pressure the smaller the effects of dis-
sociation on v and on the rest of the caloric properties will be. For very high
temperatures and extremely low pressures which are unlikely to occur in mod-
ern gas turbine applications - the deviation of the value of v compared to values
obtained from the no-dissociation model can be as much as 12%. It can easily
be observed in Fig. that for high temperatures the error in calculating v will
drop by 1% to 3% for every order of magnitude increase in pressure. Modern
gas turbine combustors typically function at relatively lower temperatures and
significantly higher pressures and therefore the error in 7 estimation is confined

to 3%, which is still significantly high and should not be ignored.
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Figure 4.6: Effects of FAR and WAR on isobaric heat capacity (left) and v (right)
for combustion products of Jet-A.

Dissociation effects are relatively insensitive to FAR for high pressures. It was
mentioned earlier that increasing FAR will decrease v and this is generally true
whether dissociation is taken into account or not. This rule will not apply how-
ever at high temperatures and low pressures were v tends to become less depen-
dent on the value of FAR. This is mainly attributed to the substantially increased
value of the gas constant which offsets the increase in isobaric heat capacity, as
illustrated in Fig. [4.5] This occurrence was not studied for temperatures higher
than 3000 [K] since such temperatures are of limited interest for most gas tur-
bine applications. No direct conclusion can be drawn with respect to the effect
of FAR on the deviation of the chemical equilibrium value of v compared to the
value obtained from the no-dissociation model, as illustrated in Fig. [4.5]

4.6.2 Effects of water to air ratio on C, and ~y

The isobaric heat capacity will increase with water to air ratio, while v will
decrease as illustrated in Fig. [£.6] The effect of WAR is more significant on the
calculation of C),, than on 7. This is mainly attributed to the rising value of the
gas constant with WAR, essentially offsetting the increase of C); it should be
kept in mind that v is a function of €}, and R, with the value of the latter being

significantly higher for water than for dry air or combustion products of Jet-A.

4.6.3 Effects of fuel chemistry and lambda on C), and v
For gas turbine performance calculations, it is important to study the effects of

fuel chemistry in the evaluation of caloric properties for combustion products.

The isobaric heat capacity will increase with H/C ratio as illustrated in Fig.
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products (left) and percentage deviation of isobaric heat capacity values calcu-
lated for combustion products of various fuels from Jet-A (right).

As expected, the effect of H/C ratio is more important as the mixture gets
richer. Moreover, when moving from a weak mixture (A = 3) to a stoichiometric
one (A = 1), C, will not only become more sensitive to H/C ratio but also
to temperature; it can be observed that variation of the value of isobaric heat
capacity, for the same range of temperatures (300 [K] to 3000 [K]), rises from

36% for the weak mixture to as much as 44% for the stoichiometric mixture.

Some fluid models, based either on tables or polynomials, can only account for
combustion products of a particular fuel. For example, the PROOSIS (PRopul-
sion Object Oriented SImulation Software) [76-78] standard component fluid
model [182] uses caloric property tables for combustion products of Jet-A. Also,
some of the polynomials in reference [88] are presented as being suitable for
combustion products of kerosene and diesel. As discussed earlier, isobaric heat
capacity for combustion products is dependent on the H/C ratio of the fuel used.
For fuels with similar H/C ratio, minor deviations would be expected. For fu-
els with significantly different H/C ratios the errors should not be ignored, and

therefore, for fully rigorous thermodynamic calculations, appropriate tables or
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polynomials should be used. High values of FAR will also increase deviations
since the mixture tends to move further away for the original dry air composi-

tion; for FAR = 0 all deviations will be zero.

Isobaric heat capacities for combustion products of various fuels are compared
in Fig. As expected, using Jet-A tables for estimating the caloric properties
of JP-4, JP-5, and Diesel combustion productions will yield results with rela-
tively small and perhaps acceptable - errors that are within the same order of
magnitude as the uncertainty of the ideal-gas assumption [183]. One should note
however, that these errors are systematic and will essentially stack on top of the
existing uncertainty in the system. For accurate gas turbine performance calcu-
lations sources of systematic errors such as these should be removed. Especially,
for combustion products of natural gas, where deviations in isobaric heat capac-
ity compared to Jet-A can be as much as 4%, dedicated tables or polynomials
should definitely be used.

4.7 Uncertainty at component level

4.7.1 Flow area calculations

At each station of the engine the working fluid can be fully defined by a unique
set of twelve fluid-thermodynamic parameters. A typical fluid model for an
engine performance code comprises of thermodynamic functions to calculate the
unknown local flow properties, at any point (inlet, outlet or intermediate) of
any gas turbine component provided one of a set of twelve compatible input
options is satisfied. In this section the behavior of one of such functions has been
studied with respect to dissociation. The inputs used were mass flow rate, total
temperature, total pressure, FAR, and Mach number. This type of input would
typically be used during design point performance calculations for calculating

the effective flow area at a given engine station.

The effects of dissociation in calculating the total to static pressure ratio and
velocity are highly sensitive to total temperature and Mach number, as illustrated
in Fig. For high total temperatures, the discrepancy in pressure ratio can be
as much as 2% for sonic conditions, and well over 4% for supersonic conditions.

Similarly, the discrepancy in velocity can be as much as 2% for low subsonic
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Figure 4.9: Percentage deviation of total to static pressure ratio (left) and ve-
locity (right) for values calculated for chemical equilibrium from no dissociation
values.
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Figure 4.10: Percentage deviation of static temperature (left) and effective flow
area (right) for values calculated for chemical equilibrium from no dissociation
values.

conditions, and nearly 4% for supersonic conditions. As Mach number increases
in the supersonic range of values, dissociation effects become more and more

sensitive to total temperature.

The effects of dissociation in calculating the static temperature are also highly
sensitive to total temperature and Mach number, as illustrated in Fig. |4.10, For
high temperatures, the discrepancy can be as much as 5% for subsonic conditions,
and well over 9% for supersonic conditions. It was concluded earlier in this
work, that dissociation effects in evaluating caloric properties for relatively cold
components (i.e. 7' < 1500 [K]) can be negligibly small. It can easily be observed
in the same figure that the uncertainty in estimating the effective flow area for
cold components of gas turbines, such as bypass ducts and compressors, is also
negligibly small; and it is certainly smaller than the uncertainty induced by
ignoring real gas effects. The same conclusion however cannot be drawn for
relatively hot components. The errors induced by ignoring dissociation effects
during the calculation of the effective flow area of a military afterburner running

at nearly stoichiometric conditions as well as the exit area of the con-di nozzle
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Figure 4.11: Deviation of combustor outlet temperature for values calculated for
no dissociation from chemical equilibrium values for different fluid models used.

downstream, can be more than 3% and should not be ignored. Errors in velocity
and effective flow area calculations for a high overall pressure ratio (OPR) gas
turbine combustor can be as much as 2% and 3% respectively, and should also

not be ignored.

4.7.2 Heat addition and expansion calculations

As mentioned earlier, ignoring dissociation effects for hot components can result
in significant errors in performance calculations. In this section, the errors in heat
addition and expansion calculations, caused by ignoring dissociation effects, are

discussed.

Taking a compressor delivery temperature of 900 [K], combustion calculations
were performed for a range of fuel to air ratios, both with and without account-
ing for the effects of dissociation. This isolated component study was performed
using the fluid models from two commercially available gas turbine performance
simulation codes, PROOSIS and GasTurb [24]; both codes use fluid tables pro-
duced with CEA [188] to account for dissociation effects and assume full chemical
equilibrium. Results from this study are illustrated in Fig. [£.11]; consistent data

from reference [194] have also been plotted.

Wilcock et al. |[194] concluded in their study that for combustor outlet tem-

96



Konstantinos G. Kyprianidis System uncertainty due to thermo-fluid modelling

2400 50
1 PW= 36 [MW] r1
2000 4+{ FAR =0.034 + 40 —
X 1600 o130 2
] L i 3
= . -
(] LT
I: 1200 o e————pT 20 'Iq
] <
800 L0 F
400 == ---(I)---(I)---I---I T T T T T T T T 0

1100 1300 1500 1700 1900 2100 2300 2500
T41 - Turbine Inlet Temperature [K]

Figure 4.12: Deviation of turbine outlet temperature for values calculated for
chemical equilibrium from no dissociation values.

peratures (T4) less than 2100 [K] the inclusion of dissociation effects alters the
temperature by less than 1 [K|. Their results were based on a simplified dis-
sociation model that ignored NO, and OH formation. It can be seen through
Fig. that when a more rigorous version of the reaction steps is considered
then the results are significantly different. The actual temperature difference
for combustor outlet temperatures of 2100 [K] can be as much as 20 [K], if full
chemical equilibrium is considered. It can be concluded that dissociation effects
in heat addition calculations become first noticed at 1500 [K], and significant at
1800 [K]. Also, increasing pressure will tend to reduce the effects of dissociation

for temperatures greater than 2300 [K].

Ignoring dissociation effects in expansion calculations can also result in signifi-
cant errors. Taking a work requirement (PW) of 36 [MW] and a FAR of 0.034,
expansion calculations were performed for a range of turbine inlet temperatures
(T41), both with and without accounting for the effects of dissociation. As il-
lustrated in Fig. [4.12] dissociation effects in expansion calculations become first
noticed at 1500 [K], and significant at 1800 [K]. The actual difference in tur-
bine outlet temperature (Ty3) for inlet temperatures of 1800 [K] was found to be
nearly 7 [K].

It must be noted, that when dissociation effects were taken into account, full
chemical equilibrium was assumed as an ideal scenario, for both head addition

and expansion calculations. In practice however, insufficient residence times and
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fast local chilling of reactions — for example due to contact with the cooling air
— will result in full chemical equilibrium not being reached in the combustor and
dissociated species still being present in the final mixture in the turbine outlet
(i.e. frozen composition). It can therefore be concluded that even when full
chemical equilibrium is assumed, there is still significant thermo-fluid modelling
induced uncertainty in the performance calculations; determining the level of this
uncertainty experimentally for a particular engine design is not a trivial task, if

possible at all.

4.8 Uncertainty at engine system level

In this section, an attempt was made to study how the choice of the fluid model
affects engine design point performance calculations. For the purpose of this
work, various technical models were used - utilising the flexibility of the devel-
oped fluid component for TERA2020. All engine technology parameters were
kept constant including component efficiencies, pressure losses and maximum
permissible Ty levels. The differences encountered in the engine performance

predictions are discussed.

If dissociation effects are ignored, variability in the calculated values of corrected
mass flow, total pressure and total temperature throughout the gas path is con-
fined to 1%, 1.3%, and 2 [K] band, respectively. This is illustrated in Fig.
and Fig. [f.14] If dissociation effects are taken into account then the calculated
values of corrected mass flow, total pressure and total temperature can vary from
the “no dissociation” values as much as 3%, 4%, and 12 [K], respectively. These
large deviations originate mainly from the performance calculations in the high
pressure turbine and should not be ignored. They can be attributed to the differ-
ent working medium composition (and hence, different caloric properties) when

dissociation effects are taken into account.

For major performance parameters the induced uncertainty from the various
technical models is 0.3% and is of the same order of magnitude as with the
uncertainty in the calculation of isobaric heat capacity presented earlier in this
chapter. An exception to this is the hot nozzle effective area which can vary by
as much as 1%, as illustrated in Fig. [£.14] If dissociation effects are taken into

account then the calculated values of fuel mass flow and net thrust can vary by
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engine for different fluid models used.

more than 1%, while the required hot nozzle effective area can vary by as much

as 3%. The deviations in net thrust and hot nozzle effective area can mainly

be attributed to propagating errors originating from the high pressure turbine

expansion calculations. The deviations in fuel mass flow are attributed to the

errors generated in the combustor heat addition calculations when dissociation

effects are ignored. The uncertainty in heat addition and expansion calculations

at high temperatures was discussed in section [4.7.2]

4.9 Uncertainty at aircraft system level

TERA2020 was utilised for analysing the variability induced at aircraft system

level by implementing different fluid models in gas turbine calculations. First,

the performance of an intercooled engine with year 2020 entry into service level of

technology was estimated using different technical models for caloric properties.

These results were fed into the aircraft performance, emissions predictions and
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time and fuel burn (right) predictions for different fluid models used.

environmental impact modules of TERA2020. While switching from one fluid
model to another, the same design point values were used such as bypass ra-
tio, OPR, efficiency and/or pressure loss for engine components, and combustor
outlet temperature. For all fluid models, the engine was run at the same thrust
for the ICAO (International Civil Aviation Organization) emissions certification
points [64], and at the same combustor outlet temperatures for the climb and

descent ratings as well as for the mid-cruise point.

In general, the accuracy/uncertainty of an overall engine model will always be
better than the mean accuracy/uncertainty of the individual component esti-
mates as long as systematic errors are carefully examined and reduced to accept-
able levels to ensure error propagation does not cause significant discrepancies.
In those cases were dissociation is not important (i.e. for engine designs with
relatively low combustor outlet temperatures), the uncertainty of the various
technical models used for gas turbine thermo-fluid modelling can be ignored for
multi-disciplinary simulations at aircraft system level. This is due to the fact
that the overall level of confidence may be considerably low in highly concep-

tual studies; many assumptions will need to be made at this stage of the design

100



Konstantinos G. Kyprianidis System uncertainty due to thermo-fluid modelling

process and it’s the overall trends that are important rather than the absolute

values.

For the intercooled engine design studied herein the NO, emission index predic-
tions for the ICAO and mid-cruise points were found to vary by less than 1%,
as can be observed in Fig. [£.15] Accounting for dissociation is essentially more
important for take-off and climb-out where combustor outlet temperatures are
higher. Typical parameters calculated for the ICAO LTO (Landing and Take-
Off) cycle, with and without accounting for dissociation effects, can vary as much
as 0.7% and 0.3%, respectively. The error in calculating the D,NO, /F,, param-
eter can be considered negligible since the uncertainty of a P3T3 (or any other
similar) semi-empirical emissions prediction model can be as much as 20% when
extrapolating at the high OPR values expected for an intercooled cycle (typically
much higher than 50).

The total mass of each gaseous pollutant calculated for an aircraft long range
mission and its assorted Global Warming Potential (GWP) can vary as much
as 1%, as illustrated in Fig. It can be argued that taking into account
dissociation effects reduces systematic errors in the calculation of pollutant mass
and GWP. Nevertheless, these errors are also well within the uncertainty of the

environmental impact model and can therefore be considered negligible.

The predicted climb time and corresponding fuel burn reduces by 1.2% and 0.8%,
respectively, when dissociation effects are taken into account. These differences
are attributed to the increased thrust being predicted for the same combustor
outlet temperature; they are averaged out though by the cruise segment having
to last just a little bit longer to achieve a given range. Although the variability
in calculating the total time and fuel burn was found to be less than 0.25%,
as illustrated in Fig. [4.16] it should be noted that ignoring dissociation effects
will essentially introduce a systematic error in the predictions; for accurate block
fuel predictions dissociation effects should not be ignored. It can therefore be
concluded that accurate modelling of the working fluid is essential, especially for

assessing novel and/or aggressive cycles at aircraft system level.
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Figure 4.17: Percentage deviations of isobaric heat capacities calculated for dry
air considering real gas behavior from values considering an ideal gas mixture
(adapted for novel cycles from [183]).

4.10 Validity of the ideal gas assumption

The assumption of real gas is rarely used for aero engine calculations i.e. C,
being a function of temperature and pressure. In most gas turbine performance
codes, the assumption of ideal gas (sometimes also referred to as half-ideal) is
used i.e C,, being only a function of temperature. Temperatures and pressures in
the gas path will typically be calculated using the enthalpy and entropy relations
presented earlier in [88]. For teaching purposes often the assumption of perfect

gas will be made i.e. C, being constant.

A comparison of the calculated values of isobaric heat capacity assuming a real
gas from values obtained considering an ideal gas - performed for a range of
temperatures and pressure of dry air - is presented in Fig. (continuous black
lines). Compression lines for normal and intercooled cycles have been plotted
for ISA (International Standard Atmosphere) SLS (Sea-Level Static) conditions;
the ideal isothermal compression line has also been included. The plotted dashed
lines in this chart are compression lines of dry air for a polytropic efficiency of 90%

and various ambient temperatures.

For current and future novel propulsion cycles the following trends are illustrated
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in this chart:

e [t is only within a small region of low temperatures and high pressures
(upper left corner) that the discrepancies are seriously high. The ideal gas

law holds well for aero engines currently in service.

e For an intercooled cycle with a high OPR the discrepancies cannot be

ignored for rigorous performance calculations.

e Increasing OPR - which is the current technological trend in aero engine

design - diminishes the validity of the ideal gas assumption.

e Increasing the compression polytropic efficiency - which is the current tech-
nological trend in component design - diminishes the validity of the ideal

gas assumption.

e An increase in intercooler hot stream temperature drop (i.e. effectiveness)
will diminish the validity of the ideal gas assumption. This is especially true

at lower IPC pressure ratios if an intercooled turbofan design is considered.

e If the ideal isothermal compression process is to be considered - perhaps
within a novel cycle assessment - then the ideal gas assumption will not

hold and significant calculation errors will be induced.

Finally, if dissociation effects are considered, the errors induced by assuming an
ideal gas instead of a real gas are still negligible for turbine calculations since
expansion is done at generally high temperatures. It can be concluded that
real gas behavior is not negligible at high pressures and low temperatures and

particularly when approaching the condensation point of water.

4.11 Conclusion

The research effort presented in this chapter mainly focused on a comprehensive
analysis of typical thermo-fluid modelling for gas turbine performance codes and
the potential induced uncertainty in the calculations. The fluid model devel-
oped for the engine performance module of TERA2020 was described and the
assumptions made and the uncertainties induced were examined. Several anal-

yses, which demonstrate the effects of composition, temperature and pressure
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on caloric properties of working mediums for gas turbines, have been presented.
The working mediums examined include dry air and combustion products for
various fuels and H/C ratios. The errors induced by ignoring dissociation effects
have also been discussed. The uncertainty induced in calculations by a) using
common technical models for evaluating fluid caloric properties and b) ignoring
dissociation effects was examined at three different levels: i) component level, ii)
engine level, and iii) aircraft system level. Essentially, an attempt was made to
shed light on the trade-off between improving the accuracy of a fluid model and
the accuracy of a multi-disciplinary simulation at aircraft system level, against
computational time penalties. The validity of the ideal gas assumption for future

turbofan engines and novel propulsion cycles was discussed.

The main findings can be summarised as follows:

e In general, dissociation becomes first noticed at 1500 [K], and significant
at 1800 [K].

e Using constant values of isobaric heat capacity and ~, instead of fully rig-
orous calculations, can result in large calculation errors, and even in the
prediction of wrong trends. It should therefore be avoided even for crude

estimates within the educational procedure.

e The uncertainty of various technical models for evaluating the isobaric
heat capacity was found to be considerably high (0.3%). This uncertainty
is within the same order of magnitude as the uncertainty induced by not

modelling real gas effects in modern gas turbine engines.

e For combustion products of natural gas dedicated tables or polynomials
should be used. Errors in evaluating the isobaric heat capacity can be as
much as 4%, if the tables or polynomials used were originally produced for

combustion products of Jet-A.

e Errors induced by not accounting for dissociation effects in velocity and
effective flow area calculations, for military afterburners or high OPR com-
bustors, are significant. For heat addition and expansion calculations, the

errors are also significant at temperatures greater than 1800 [K].

e The effects of dissociation on major performance parameters during design-

point and off-design performance calculations are significant.
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e Dissociation effects can generally be ignored for NO, emissions predictions
with P3Ts methods, and perhaps for NO, environmental impact assess-
ments; the errors induced are more than an order of magnitude smaller
compared to the uncertainty of the semi-empirical prediction methods that

are typically used.

e The uncertainty of the various technical models used for gas turbine fluid
modelling can be ignored in many cases for multidisciplinary simulations
at aircraft system level. This is due to the fact that the overall level of
confidence for such a simulation may be considerably low in highly concep-
tual studies since many assumptions would need to be made at this stage
of the design process. For accurate block fuel predictions dissociation ef-
fects should not be ignored as this introduces a systematic error in the

calculations.

e For an intercooled cycle with a high OPR the ideal gas assumption does
not hold very well and if the ideal isothermal compression process is to be

considered significant calculation errors should be expected.

The main conclusion coming out of this work is that the uncertainties in gas
turbine thermo-fluid modelling are not negligible, and should not be ignored
in neither analytical gas turbine studies or within the educational procedure.
Future engineers need to be well aware of the induced uncertainty in their cal-
culations and treat their assumptions and results accordingly. Although, some
of the simplifications made were certainly justifiable for the first turbofan engine
designs - if one considers the computational means available during that period
- performance engineers should use them nowadays under caution for conceptual

design of future propulsion systems.

The accuracy /uncertainty of an overall engine model will always be better than
the mean accuracy/uncertainty of the individual component estimates as long
as systematic errors are carefully examined and reduced to acceptable levels to
ensure error propagation does not cause significant discrepancies. The results
obtained demonstrated that accurate modelling of the working fluid is essential,
especially for assessing novel and/or aggressive cycles at aircraft system level.
Where radical design space exploration is concerned, improving the accuracy of
the fluid model will need to be carefully balanced with the computational time

penalties involved.
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A strong theoretical foundation was produced in this work but additional effort
still needs to be taken to address further issues including empirical estimation
of fluid composition following fast chilling of products of dissociation, using sim-
ple but robust models. Future research activities could address further issues
including an analysis of the trade-off between improving the accuracy of multi-
disciplinary simulations at aircraft system level - by accounting for real gas effects
- against computational time penalties induced by the increased modelling com-

plexity.

4.12 Outlook

The development of a multi-disciplinary aero engine conceptual design tool,
TERA2020, was discussed in Chapter [2, while details on individual TERA2020
modules were given in Chapter [3] In this chapter, a systematic assessment of
the impact of thermo-fluid modelling on the accuracy of the TERA2020 tool was
carried out, while accuracy limitations in assessing novel engine core concepts
as imposed by current practice in thermo-fluid modelling were identified. In the
next chapters, TERA2020 will be used for studying the potential of novel low

pressure spool and core technologies for reducing engine emissions.
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Chapter 5

Low pressure system component

advancements

Improvements in engine propulsive efficiency, as a way of reducing emissions
from turbofan engines, is discussed in terms of specific thrust reduction; the
TERA2020 tool is used for quantifying the potential benefits from novel tech-
nologies for three low pressure spool turbofan architectures. The impact of failing
to deliver specific component technologies has been quantified, in terms of power

plant noise and CO, emissions.

N.B. The work presented in this chapter has been a collaborative effort between
Cranfield University, Chalmers University, Volvo Aero, and ISAE/SUPAERO
and has been published in the following papers:

K.G. Kyprianidis, D. Au, S.O.T. Ogaji, and T. Gronstedt. Low
Pressure System Component Advancements and its Impact on Future
Turbofan Engine Emissions. In ISABE 2009 Proceedings, ISABE-
2009-1276, Montreal, Canada, September 2009.

T. Gronstedt, A. Lundbladh, S.O.T. Ogaji, P. Pilidis, R. Singh, and
K.G. Kyprianidis. Aero Engine Conceptual Design - Part II: Low
Pressure System Component Advancements and its Impact on Future
Turbofan Engine Emissions. AIAA Journal of Propulsion and Power,

2010. under preparation.
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5.1 Introduction

Several efforts in the past have successfully targeted the development of mod-
els capable of making multidisciplinary assessments of gas turbine engines at
a preliminary design stage, and these were discussed in Chapter 2| However,
the nature of the work available in the public domain has been to convincingly
present the capability of the tools by means of some application examples, rather

than to focus on generating results that could be generalised.

Within the European research project VITAL (enVIronmenTALly friendly aero
engines) [31], a number of low pressure system component technologies are being
investigated. The emerging progress will allow the design of new power plants
capable of providing a step change in engine fuel burned and noise generated. An
aero engine conceptual design tool like TERA2020 (Techno-economic, Environ-
mental and Risk Assessment for 2020), can prove useful in assessing the impact
of engine component technology progress at aircraft system level for the three
VITAL configurations, i.e. the Direct Drive TurboFan (DDTF), the Geared Tur-
boFan (GTF) and the Counter-Rotating TurboFan (CRTF). By using the tool
to establish sensitivity factors a rapid assessment of the impact of research on
the three architectures may be performed. The sensitivities may be formulated
in such a way that they, whenever possible on a preliminary design stage, relate
component design parameters with engine/aircraft performance. This approach
distinguishes itself from the more simplistic approach of assuming an achieve-
ment on the module level. For instance, a Low Pressure Turbine (LPT) weight
reduction may be computed as a consequence of an increased stage loading pa-
rameter relating the stage loading directly to the aircraft performance rather

than implicitly through module weight.

For the purposes of this work, sensitivities are firstly produced relating param-
eters traditionally used to describe component performance, such as allowable
shaft torque, low pressure turbine stage loading, fan blade weight and system
level parameters. Using these sensitivities an assessment of the impact of fail-
ing to deliver specific technology advancements, as researched under the VITAL
project, is performed; the impact has been quantified, in terms of power plant
noise and CO, emissions. Inversely, these results also indicate the relative im-
portance of researching certain component technologies for different engine ar-

chitectures.
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(a) Direct drive turbofan.

R

(b) Geared turbofan.

(c) Contra-rotating turbofan.

Figure 5.1: The VITAL engine configurations [206].

5.1.1 The VITAL engine configurations

The VITAL project concentrates on new technologies for the low pressure sys-
tem of the engine, which enables the development of low noise and low weight
fan architectures for very high bypass ratio engines. To achieve these objectives,
the VITAL project investigates three different low pressure configurations, lead-
ing to low noise high efficiency power plants. The three configurations are the
DDTF supported by Rolls-Royce, the GTF by MTU and the CRTF by Snecma,

illustrated in Fig. [5.1(a), Fig.[5.1(b) and Fig. respectively.

The DDTF architecture offers a re-optimised trade-off between fan and turbine
requirements considering the low weight technologies introduced by the VITAL
programme. The GTF considers combining a fan with a reduction gear train,
to allow different rotating speeds for the fan on one hand, and the booster and
turbine on the other. The CRTF offers a configuration with two fans turning in
opposite directions, allowing for even lower rotational speeds, since the two fan

rotors split the loads involved.
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5.1.2 Enabling technologies

The technologies being built into the VITAL engines include [3,206]:
e New fan concepts with the emphasis on two types: counter-rotating and
lightweight fans.

e New booster technologies for different operational requirements; low and
high speed, associated aerodynamic technologies, new lightweight materials

and associated coating and noise reduction design.

e Polymer composites and corresponding structural design and manufactur-
ing techniques are studied in parallel with advances in metallic materials

and manufacturing processes.

e Shaft torque density capabilities through the development of metal matrix

composites (MMC) and multi metallic shafts.

e Low pressure turbine weight savings through ultra high lift airfoil design,

ultra high stage loading, lightweight materials and design solutions.

e Technologies for installations of high bypass ratio engines related to nozzle,

nacelle and thrust reverser.

5.2 Establishing the sensitivities

5.2.1 Weight and aerodynamics considerations

Engine efficiency is quantified through the specific fuel consumption parameter

SFC, which relates aircraft range R4/ through the specific range parameter SR:

Ryjc = /SR dWya)c (5.1)
Where W 4,¢ is the aircraft weight, and SR can be obtained from:
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v

SR=—"
Frror - SEC

(5.2)

Specific range SR relates the total propulsion system thrust Fy . with flight
velocity V and specific fuel consumption SFC. For a given range R4 /¢ the change
in aircraft weight W4, is equal to the block fuel. The thrust requirement along
the mission is dependent both on flight trajectory and aircraft controls as well as
the aircraft takeoff weight and aerodynamic characteristics. From this, it is un-
derstood that engine efficiency improvements will require less fuel to be carried,
which in turn will reduce aircraft wing size and aircraft empty weight, reducing
thrust requirement further. It must therefore be appreciated that to establish
sensitivities for a given technology a rubberized aircraft model is required and
its thrust requirement must be integrated over a specified mission to find the
requested values. Similarly engine weight reductions will translate to reduced
aircraft takeoff weight which will reduce the aircraft thrust requirement and con-
sequently decrease block fuel. The sensitivities of the technologies component
models have to be formulated in such a way that they, whenever possible on a
conceptual design stage, relate traditional component design parameters with en-
gine/aircraft performance. This is done in this work either through aerodynamic

improvements or weight reductions.

5.2.2 Noise considerations

Based on modelling the Sound Pressure Levels (SPL) generated by the engine
components and the aircraft, time-integrated Effective Perceived Noise Levels
(EPNL) can be estimated. In terms of noise performance, the engine is associ-
ated with the legislative limits set by ICAO [66] for particular engine operating
conditions. These limits depend on the number of engines and on the maximum
take-off weight of the aircraft. Thus, as the engine performance modelling can
predict its off-design operation, it is possible to calculate the EPNL with respect
to the three noise certification flight conditions: the sideline, the flyover and the
approach points [66]. The different noise sources (fan noise, LPT noise, jet noise

etc.) sum up logarithmically through the relation:
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EPNL;

EPNLyo = 10log Y 10710 (5.3)

i=1m

The noise sensitivity of source i on EPNLy,;, can be described by the following

partial derivative:

OEPN Ly
OEPNL;

(5.4)
It is clear from Eq. [5.3|that the absolute noise levels EPNL; for all engine related
noise sources as well as the airframe have to be established. Therefore, detailed
noise source modelling and component modelling has to be carried out for the
establishment of the noise sensitivities. The models produced for TERA2020
provide the noise sources as expected from the fundamental models and thermo-
dynamics, for all VITAL engine configurations. Data such as rotational speeds
pressures and temperatures, blade speeds and tip Mach numbers are used to
establish the component noise contributions as described previously. The sepa-
rate sources are then combined into an EPNL value expressing the overall noise
generation of engines and the airframe. The logarithmic sum, accounting for the
combined effect of the various noise sources, can be calculated using Eq.
Thus, the models developed are able to predict the relative contributions from
the different components/sources of the engines. Any changes in noise for a given
component /source will then be directly translated to an EPNL change for the

combined airframe/engine system.

5.2.3 Step change considerations

Sensitivity factors are determined by carrying out mission analysis with the rub-
berised wing aircraft model. First, a 1% deficiency in the technology parameters
is introduced and then a mission study is carried out; the impact of the change
in the generated noise and CO, emissions can then be computed. It should
be pointed out that some of the parameters relating weight and aerodynamic

technology have to be introduced as step changes. These parameters are:
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e Switch from conventional intermediate case materials to cold composites

(part in bypass stream)

e Switch from conventional manufacturing of intermediate case to titanium

fabrication

e Switch to new materials and new manufacturing techniques in the turbine

exhaust case

e Switch of shaft material (Aermet100 material to metal matrix shaft)

e Sufficient pressure ratio in the first booster stage to remove a stage

e Sufficient stage loading in the low pressure turbine to remove a stage
To accommodate these step changes in establishing the sensitivities the following
algorithm is used:

e First, the change is modelled as fully introduced.

e The weight impact of this change is then estimated.

e Finally the change in CO, generation due to a one percent weight change

is calculated.

5.3 Impact of technology shortcomings

5.3.1 Sensitivity factors and technology analysis

The main aim of the work presented in this chapter has been to compute useful
sensitivity factors and combine them with published information on the tech-
nologies developed under the umbrella of the VITAL project [3,206], in order to
assess the impact of failing to deliver expected year 2020 technology for the VI-
TAL engine configurations, in terms of power plant noise and CO, emissions. The
impact of failing to deliver expected VITAL component aerodynamic improve-
ments and weight reductions, as well as noise improvements has been quantified
and is presented in Tables[5.1] [5.2] [5.3] [5.4} [5.5], [5.6] and[5.9 These results
indicate the relative importance of researching certain component technologies

for different engine architectures.
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5.3.2 Weight and aerodynamics analysis summary

It can be observed that engine configurations for short range applications with
year 2020 projected technology will be less affected by failure to deliver low pres-
sure component advancements than their long range application counterparts,
as illustrated graphically in Fig. Inversely, reducing COy emissions, through
the technologies researched within VITAL, seems to be more challenging for en-
gines designed for short range applications. The overall benefits in terms of CO,
emissions, as a result of achieving the VITAL technologies, range from 4.7% to
5.5% for short range applications, and from 7.3% to 9% for long range applica-
tions. The study increases confidence in the TERA2020 tool since the scenario
of total failure (i.e. no progress achieved in any of the VITAL technology areas
for the time period from 2000 to 2020) results in a total COy penalty very close
to the overall goals of the VITAL project predicted by industry.

ACO, (%)

10

9

8

7

6

5 -

4 -

3 -

2 4

1 -

0 | ‘ ‘ .
Directdrive  Directdrive Gearedshort Gearedlong Counter Counter
shortrange  longrange range range rotating short rotatinglong

range range

Figure 5.2: Impact of total technology failure.

The larger “snowball” factor, i.e. the impact of a technology change after the
engine/aircraft matching has been reoptimised, typically expected for long range
applications, is confirmed by the tables. It should also be emphasized that
although the sensitivity factors, when multiplied with an achieved technology
progress, give a good estimate of its impact, the ultimate measure of technology
progress requires a complete reoptimisation of the engine/aircraft system for the

given mission.
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Figure 5.3: Impact of individual technology failure.

Looking closer at these results, it can be observed for the VITAL ultra high

bypass ratio engines that fan efficiency improvements as well as fan and thrust

reverser weight reductions will dominate the projected COy benefits, with an

emphasis on long range missions. Failure to achieve these technological goals
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will effectively more than halve any CO, benefits expected from reducing engine
specific thrust and increasing bypass ratio. It can also be observed that although
all engine configurations will benefit from the VITAL technologies, some will
benefit more than others from certain improvements. For example, low pressure
turbine weight reductions and aerodynamic improvements are much more critical
for direct drive configurations than geared solutions, as illustrated in Fig.
Similarly, the impact of improvements in shaft torque density is captured in
TERA2020 through a reduced shaft diameter resulting in reduced shaft and
surrounding components weight; for geared configurations the benefits predicted

are smaller mainly due to the lower shaft torque values encountered.

5.3.3 Noise analysis summary

As can be observed from the presented noise assessments, expected VITAL low
pressure turbine noise improvements will not be a key contributor to overall
engine noise, with the exception of the geared turbofan engine. The projected
future reduction in specific thrust of ultra high bypass ratio engines leads to
reduced blade speeds both in the turbine and fan components. In combination
with an increased bypass ratio the relative impact of low pressure turbine noise

is therefore suppressed.

On the other hand, fan noise remains the most critical noise source for high by-
pass ratio engines during take-off and fly-over. For approach conditions fan noise
continues to remain an important source of overall engine noise while airframe

noise becomes the critical contributor.

The relative importance of jet noise as a function of the mission is also quite
marked in the sensitivities produced. Since engines optimized for shorter missions
generally have higher specific thrust and corresponding jet velocities, jet noise is
relatively more important for engines designed for short range missions. In the
present work, no jet noise or airframe noise reduction technology assessments are
presented due to lack of published information on the VITAL achievements for

these noise sources in terms of EPNL.
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5.3.4 Example of capturing technology progress

In this work, the LPT stage loading coefficient, v, is defined as:

Ah
Nz

Y= (5.5)

where Ah is the enthalpy drop and U the blade speed. The Zweifel number, Z,
quantifies high lift blading and is used to determine the number of blades for a

given blade row through the expression:

S
Z=2-H-= cos’ay- (tana; — tan ay) (5.6)
c

H is the blade height, S is the blade pitch and ¢ is the blade chord. The a4
and ap represent inlet and outlet flow angles respectively. Through the Zweifel
number blade lift will relate to blade numbers which will relate to LPT weight
which gives engine weight and finally through TERA2020 a block fuel estimate

is obtained.

An example of how TERA2020 can be used to capture technology progress is
given in Fig. The cross sectional images of a three spool ultra-high bypass
ratio turbofan configuration with a direct drive fan are given for two levels of
technology; year 2000 entry into service and year 2020 entry into service with
VITAL low pressure system technology incorporated. Performance data is in
both instances set to represent technology levels expected to be available for
year 2020 entry into service engines. Note that some parts of the shafts as well
as bearings are omitted in the two figures although they are included in the total
weight estimate. Note also that the tool estimates technology improvement both

in the core and the low pressure system.

The two cross sectional drawings illustrate the level of detail of the output pro-
duced by TERA2020 while performing cycle optimization; the need for advanced
low pressure turbine aerodynamics becomes critical for engines of low specific
thrust, and hence low fan pressure ratio and corresponding rotational speeds.

The conventional LPT operates with a stage loading coefficient of 4.5 resulting
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Figure 5.4: Future ultra high bypass ratio engine designed using year 2020 VITAL
low pressure spool objective technology (upper half) and year 2000 entry into
service technology (lower half).

in a nine stage turbine, whereas the year 2020 LPT uses a value of 5.2. It is also
demonstrated how improved aerodynamics of the intermediate and high pressure
compressor components will contribute to a lighter and more compact engine.
Finally, the use of an MMC shaft can make a future engine more compact and
more space made available for the high pressure turbine discs. The Ultra-High
Bypass Ratio (UHBR) engine design illustrated in the upper half of Fig. [5.4| may
be considered as an optimal one assuming all 2020 technology targets are met.
On the other hand, the UHBR engine design illustrated in the bottom half of
the figure may be considered as uncompetitive one since important size, weight
and SFC penalties (for year 2000 entry into service technology) would shift the
optimal specific thrust and bypass ratio levels to higher and lower values respec-

tively.

5.4 Conclusion

In this chapter the TERA2020 tool was used to establish a number of sensi-
tivity factors relating traditionally used component design parameters to en-
gine/aircraft performance parameters. The resulting sensitivity factors allow a
straightforward evaluation of the system level impact of component technology
research progress. In particular, results were provided for the three VITAL engine

configurations, with respect to aerodynamics, weights and noise, for two different
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mission definitions. The sensitivity factors were combined with published infor-
mation on the technologies developed under the umbrella of the VITAL project
in order to assess the impact of failing to deliver expected year 2020 technology
for the engine configurations in question. More specifically, the impact of failing
to deliver specific component improvements has been successfully quantified, in

terms of power plant noise and CO, emissions and was discussed extensively.

The study also increases confidence in the TERA2020 tool since the scenario of
total failure (i.e. no progress achieved in any of the VITAL technology areas
for the time period 2000 to 2020) results in a total COy penalty very close to
the overall goals of the VITAL project predicted by industry. In the author’s
opinion, all three engine configurations are optimal designs for the year 2020
and each has its own merits with respects to low technology risk and improved
reliability, as well as reduced noise, CO, and NO, emissions. Their commercial
competitiveness will therefore largely depend on how the aviation market evolves
in the years to come until 2020. Perhaps the most important aspect of this work
is that the presented results essentially provide the means for making estimates
of the relative merits of future technology investment; the relative importance
of certain future aero engine research activities were highlighted for particular

engine configurations.

5.5 Outlook

Improvements in engine propulsive efficiency, as a way of reducing emissions
from turbofan engines, have been discussed in this chapter in terms of specific
thrust reduction. In the next chapter, TERA2020 will be used for addressing the
need for higher engine thermal efficiency mainly by exploring benefits from the
potential introduction of heat-exchanged cores in future aero engine designs. A
thorough discussion on the main drivers that could support such initiatives will

be presented.
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Assessment of core technologies

and concepts

Improvements in engine propulsive efficiency, as a way of reducing emissions
from turbofan engines, were discussed in Chapter [5| in terms of specific thrust
reduction. To address the need for higher engine thermal efficiency, TERA2020
is again utilised, this time for exploring benefits from the potential introduction
of heat-exchanged cores in future aero engine designs. A thorough discussion on

the main drivers that could support such initiatives is presented.

N.B. The work presented in this chapter has been a collaborative effort between
Cranfield University and Chalmers University and has been published in the fol-

lowing paper:

K.G. Kyprianidis, T. Gronstedt, S.O.T. Ogaji, P. Pilidis, and R.
Singh. Assessment of Future Aero Engine Designs with Intercooled
and Intercooled Recuperated Cores. In ASME TURBO EXPO 2010
Proceedings, GT-2010-23621, Glasgow, United Kingdom, June 2010.

K.G. Kyprianidis, T. Gronstedt, S.O.T. Ogaji, P. Pilidis, and R.
Singh. Assessment of Future Aero Engine Designs with Intercooled
and Intercooled Recuperated Cores. ASME Journal of Engineering
for Gas Turbines and Power, GTP-10-1056, 2010. accepted for pub-

lication.
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6.1 Enabling core technologies

For conventional cores, increasing OPR and T4; depends on future advancements
in material and cooling technology. Assuming that only mild further improve-
ments can be achieved in these research fields in the near future, the design focus
for more aggressive thermal efficiency improvements could well be redirected to

the introduction of heat-exchanged cores in future turbofan designs.

A common textbook misconception about intercooling is that the thermal ef-
ficiency of an intercooled core will always be lower than a conventional core’s
for a fixed OPR and specific thrust. The argument behind this is that the heat
removed by the intercooler will largely need to be reintroduced in the combustor
by burning more fuel, while the reduction in compression work will only par-
tially compensate for the loss in cycle efficiency, at a fixed specific thrust and
T41. Adding the expected intercooler pressure losses in the cycle calculations
would further worsen the SFC deficit and make the increase in specific thrust

less marked.

However, cycle calculations based on half-ideal gas properties and no dissociation
(i.e. isobaric heat capacity dependent on temperature), presented by Walsh and
Fletcher 88|, give a slightly different picture on intercooling. For a given Ty,
the optimal OPR for an intercooled core will be much higher than that for a
conventional core. Comparing the two concepts at their optimal OPR levels,
for a given technology level, can make the intercooled core more attractive with
respect to thermal efficiency and not just specific thrust. Caniere et al. [207] and
da Cunha Alves et al. [208] also reached the same conclusion about the thermal
efficiency of the intercooled cycle while studying this concept for gas turbines

used in power generation.

Papadopoulos and Pilidis [209] worked on the introduction of intercooling, by
means of heat pipes, in an aero engine design for long haul applications. Xu et
al. [210] performed a mission optimization to assess the potential of a tubular
intercooler. Recent work by Xu and Gronstedt [211] presents a refined tubu-
lar configuration estimating a potential block fuel benefit of 3.4%. The work
addresses the limitation that short high pressure compressor blade lengths and
related low compression efficiencies may impose on engines designed for short

range missions, and suggest a novel gas path layout as a remedy to this con-
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straint. A design study of a high OPR intercooled aero engine is described in
Rolt and Baker [57], while details on the aerodynamic challenges in designing a
duct system to transfer the core air into and out of the intercooler are presented
by Walker et al. [212].

The introduction of recuperation in an aero engine, for high thermal efficiency
at low OPR, has also been the focus of different researchers. Lundbladh and
Sjunnesson [213] performed a feasibility study for intercooled and intercooled
recuperated engines that consider cycle benefits, weights and direct operating
costs. Boggia and Rud [97] provide an extended discussion on the thermodynamic
cycle and the technological innovations necessary for realizing the intercooled
recuperated core concept. Various aspects of the thermomechanical design of a
compact heat exchanger have been presented in [214,215]. For a comprehensive
review on the development activities for recuperated aero engines since the late
60’s the interested reader can refer to McDonald et al. [216-21§].

In this study it will be shown that an intercooled core may well be designed for a
significantly higher OPR, than could otherwise be achieved with a conventional
core design, and can hence lead to thermal efficiency benefits, as described in
[219]. It will also be demonstrated that high thermal efficiency can also be
achieved at low OPR values by means of an intercooled recuperated core coupled

with a variable geometry LPT.

6.2 Intercooled core

Some theoretical observations coupled with an assessment at aircraft system
level are presented in this section for a future aero engine concept, featuring
an intercooled core with a direct drive front fan, as illustrated in Fig.
The concept is an Ultra High Bypass Ratio (UHBR) design based on 3-shaft
layout, with the intercooler mounted inboard of the bypass duct; the installation

standard includes a flow splitter and an auxiliary variable geometry nozzle.

All performance calculations assume a year 2020 EIS turbofan engine for long
haul applications, and all quoted numbers are at TOC conditions (FL350, ISA
+10 [K], M = 0.82). Fx and propulsive efficiency were kept constant in this
study by varying BPR and FPR at constant Wy. T,; was kept constant, while
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Figure 6.1: Artistic impression of the intercooled core turbofan engine .

the HPT and IPT cooling flows were recalculated to maintain a fixed rotor blade

metal temperature. The HPC pressure ratio was varied to maintain a fixed OPR.

6.2.1 Intercooling at OPR = 50

Some minor benefits in terms of SFC by introducing intercooling in a turbo-
fan engine with an OPR of 50 are illustrated in Fig. for constant (but not
equal) turbomachinery polytropic efficiency levels and ideal intercooling i.e. no
intercooler pressure losses in the cold and hot stream. As expected, maximising
thermal efficiency benefits from intercooling requires a low IPC pressure ratio.
For no intercooling, shifting pressure ratio from the IPC to the more efficient HPC
can also improve SFC, but a more in-depth analysis could show that this benefit
may be limited by HPT design constraints. Core size reduces and hence BPR
increases considerably with increasing intercooler effectiveness, as illustrated in
Fig. 6.3 in order to maintain the engine specific thrust and Wy constant; for a
given OPR this can partially help compensate the intercooler weight penalty as

will be discussed in the aircraft system level assessment section.
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Figure 6.3: BPR variation from introducing ideal intercooling at OPR, = 50.
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Figure 6.5: The effect of intercooler pressure losses at OPR = 80.
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6.2.2 Intercooling at OPR = 80

With an intercooled core, a significantly higher OPR can be realized, for a given
HPC delivery temperature limitation imposed by material technology; this is
illustrated in Fig. for an intercooled engine with an OPR of 80. The trends
illustrated in Fig. and Fig. are still valid at this higher OPR, but the
SFC levels are significantly reduced due to the improvement in thermal efficiency;
BPR levels are also significantly reduced due to the higher OPR reducing core
specific work output at a fixed Fy, Wy and Ty4;. The importance of keeping
intercooler pressure losses low is illustrated in Fig. [6.5} pressure loss levels that

are too high could well negate any SFC benefits from an intercooled core.

6.2.3 Variable geometry

The results and analysis presented in the previous sections focused mainly on
design point performance. Significant performance benefits may be achieved
however at off-design conditions by utilising a variable geometry auxiliary nozzle,
or a variable area mixer, to control the amount of cooling flow going through
the intercooler, and hence the effectiveness and pressure loss levels at different
operating points, as described in [219]. The off-design performance calculations
presented in this section were carried out again with TERA2020 using a “frozen”

intercooled core engine design for short range applications.

An example of how the auxiliary nozzle variable geometry setting can be utilised
to increase net thrust at take-off conditions is illustrated in Fig. [6.6] During
this off-design operation, the auxiliary nozzle area is increased to allow more
cooling mass flow to go through the intercooler and hence raise heat transfer.
An optimal nozzle setting can be identified for this operation; this is due to the
fact that intercooler pressure losses also increase, and eventually negate the net
thrust benefits associated with higher intercooler effectiveness. The projected

benefit from this operation is up to 2% in Fy.

An example of how the auxiliary nozzle variable geometry setting can be utilised
to reduce engine SFC during cruise conditions is illustrated in Fig. [6.7 During
this off-design operation, the auxiliary nozzle area is reduced to allow less cooling
mass flow to go through the intercooler and hence reduce heat transfer. As a

result the intercooler pressure losses reduce and hence SFC is also reduced.
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A major limitation of this type of operation is of course the amount of area
variation than can be achieved by a variable geometry nozzle while retaining an
acceptable thrust coefficient. As illustrated in Fig. [6.7 a 2% reduction in SFC
requires as much as 40% reduction in the auxiliary nozzle area; designing such a

variable geometry nozzle would certainly be a challenging task.

6.2.4 Performance assessment at aircraft system level

—0—EIS 2020 Intercooled Core
- EIS 2020 Conventional Core

Temperature

Entropy

Figure 6.8: T-S diagram for the selected intercooled core and conventional core
cycles at top of climb conditions.

For the results presented in Table [6.1] a year 2020 EIS turbofan engine with
a conventional core was set up as the baseline. The intercooled core engine
is an ultra high OPR design with also year 2020 EIS level of technology, and
features a tubular heat-exchanger, while the fan for both engines has the same
diameter and flow per unit of area. The OPR value for an intercooled core is
no longer constrained by a maximum allowable HPC delivery temperature, but
mainly from a minimum HPC blade height instead. An aggressive single stage
HPT design was chosen for the mechanical layout, which set a maximum limit on

the HPC pressure ratio, and hence a minimum limit on the IPC pressure ratio.
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Table 6.1: Comparison of an intercooled engine with a conventional core turbofan
engine at aircraft system level.

Conventional core Intercooled core

EIS 2020 EIS 2020
MTOW [1000 kg] 206.5 202.6
OEW [1000 kg] 113.0 111.2
Engine dry weight Ref. -5.9%
LPT weight Ref. -27.1%
Core weight Ref. -32.5%
Added components weight - 7. 7%
(as % of engine dry weight)
Block fuel weight Ref. -3.2%
Mid-cruise SFC Ref. -1.5%
Mid-cruise thermal efficiency Ref. -+0.007
(Core + transmission efficiency)
Mid-cruise propulsive efficiency Ref. -+0.000

The thermodynamic cycle at top of climb conditions for the selected intercooled

core and conventional core cycles is illustrated qualitatively in the T-S plane in

Fig. [6.8

For this assessment, the TERA2020 tool was not only used for predicting engine
performance but also for establishing the gas path layout for each engine config-
uration; this involved carrying out component thermo-mechanical and aerody-
namic design, at the appropriate operating conditions, as well as predicting en-
gine weight at component level. The TERA2020 rubberised wing aircraft model
was utilised to account for snowball effects. The aircraft was initially scaled on
a constant wing loading basis to achieve the design range mission of 12500 [km)]
with 253 [pax]. Consecutively, the scaled aircraft was used in conjunction with

a typical business case mission of 5500 [km] for predicting block fuel.

Business case block fuel benefits of approximately 3.2% are predicted for the in-
tercooled engine, mainly due to the reduced engine weight and the core’s higher
thermal efficiency which results in a better SFC. These intercooling bene-
fits are highly dependent on achieving technology targets such as low
intercooler weight and pressure losses; the predicted lower dry weight, com-

pared to the conventional core engine, can be attributed to various reasons. The
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Figure 6.9: Artistic impression of the intercooled recuperated core turbofan en-

gine [32].

intercooler weight penalty is largely compensated by the higher core specific out-
put allowing a smaller core size and hence a higher BPR at a fixed thrust and
fan diameter. The high OPR provides an additional sizing benefit, for compo-
nents downstream of the HPC, by reducing further the corrected mass flow and
hence flow areas. The intercooled core LPT was designed in this study with
one less stage which reduced both engine weight and length, despite the high
cycle OPR requiring a greater number of HPC stages. These observations are
summarised in Table |6.1| with the added components weight group considering
the intercooler and its installation standard; this group is not considered in the
core weight group which also does not consider the core nozzle or the LPT and

its casing.

6.3 Intercooled recuperated core

Some theoretical observations coupled with an assessment at aircraft system
level are presented in this section for a future aero engine concept for long haul
applications, featuring an intercooled recuperated core with a geared front fan,
as illustrated in Fig. The concept is again a year 2020 EIS UHBR design,
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Figure 6.10: LPT variable geometry benefits for an intercooled recuperated aero
engine.

in terms of expected component efficiencies and weights, and is also based on
3-shaft layout.

6.3.1 Variable geometry

High thermal efficiency for an intercooled recuperated aero engine depends on
high levels of heat transfer in the recuperator; this in turn requires high tem-
perature levels at the recuperator inlet, which at cruise conditions implies the
use of high T, levels. An aero engine however also needs to maintain high lev-
els of thrust at certain operating conditions, such as TOC and T-O. Off-design
effects would typically dictate an engine design with reduced Ty levels at cruise
conditions, in order to maintain acceptable levels of HPT metal temperature at
high power conditions. Therefore, the use of variable geometry in the LPT of an

intercooled recuperated aero engine presents significant SFC benefits.

The idea of varying the inlet guide vane nozzle area in the LPT has been discussed
in detail by Boggia and Rud [97] and Walsh and Fletcher [88], but has not
been quantified. An attempt to quantify these benefits for an engine design

optimised for long haul applications is presented in Fig. [6.10l As can be observed,
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raising Ty at cruise by as much as 200 [K], while using the variable geometry to
control the engine thrust can result in an SFC benefit of more than 2% (black
continuous lines). This SFC reduction, at constant specific thrust (and hence
approximately constant propulsive efficiency), comes from the improvement of
the engine’s thermal efficiency. A short discussion on the effect of elevated cruise

temperatures on HPT life is given in the NO, emissions assessment section.

It can also be observed in Fig. that running the exact same engine design
without utilising the variable geometry results in a significantly less efficient
operation of the engine (red dotted line). A re-optimised cycle at constant specific
thrust - considering cruise SFC as well as engine weight - could help reduce the
SFC deficit, but the benefits from higher cruise T, levels are still evident; the
optimum thrust for aircraft-engine matching tends to lie very close to the right
hand side of the SFC loop. This makes variable geometry a key factor to a
performance optimised intercooled recuperated aero engine; essentially the cycle
can be optimised for cruise SFC by reducing the LPT inlet area (i.e. LPT
capacity) at these conditions, while a sufficient level of thrust can be maintained

at top of climb by opening up the turbine nozzles.

For the same TOC design point, reducing the LPT inlet area by 20% at mid-
cruise, while maintaining a constant thrust, has the following major off-design
performance effects:

1. Ty increases by as much as 200 [K] in order to maintain constant thrust.

2. HPT blade metal temperature increases by more than 130 [K], but is still

cooler than the TOC metal temperature.

3. BPR increases significantly at a nearly constant fan mass flow and pressure

ratio.
4. TPC corrected mass flow and pressure ratio drops.

5. IC mass flow ratio (Weea/Whet) and hence effectiveness increase, but tem-

perature change drops.
6. HPC corrected mass flow and pressure ratio increases.

7. OPR reduces.
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8. Recuperator effectiveness hardly varies, but the heat flux increases signifi-

cantly; temperature change in both streams nearly doubles.
9. Combustor inlet temperature increases significantly.

10. Thermal efficiency improves by as much as 0.015, while propulsive effi-
ciency remains approximately constant, and as a result SFC also improves

accordingly.

6.3.2 Component aerodynamic design

The off-design behavior of the IPC, with and without LPT inlet area variation,
is illustrated in Fig. [6.11]and Fig. [6.12], respectively; constant efficiency contours
at 1% intervals have been drawn to show variations from the peak value in the
compressor map. At take-off the LPT nozzles need to open up significantly in
order to achieve the necessary thrust. This means that the IPC aerodynamic
design will need to be carried out at T-O, to ensure that the compressor does

not choke under these conditions.

The off-design behavior of the HPC is illustrated in a similar manner through
Fig. [6.13and Fig. [6.14] During cruise, the LPT inlet nozzle area will need to be
reduced in order for the recuperator inlet temperature to rise at constant thrust.
This operation results in a significantly elevated HPC corrected mass flow and
pressure ratio at cruise; aerodynamic design for the HPC needs to be carried out

at cruise conditions to ensure again that the compressor does not choke.
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Figure 6.11: TPC operating points with LPT inlet area variation.
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Figure 6.12: IPC operating points without LPT inlet area variation.
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Figure 6.14: HPC operating points without LPT inlet area variation.
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Figure 6.15: T-S diagram for the selected intercooled recuperated core and con-
ventional core cycles at mid-cruise conditions.

6.3.3 Performance assessment at aircraft system level

For the results presented in Table 6.2, a year 2000 EIS turbofan engine with a
conventional core was set up as the baseline. The intercooled recuperated engine
on the other hand is an UHBR design with a year 2020 level of technology.
The TERA2020 tool was used for performing the aircraft system level analysis,
in a similar manner to the intercooled core assessment. The thermodynamic
cycle at mid-cruise conditions for the selected intercooled recuperated core and

conventional core cycles is illustrated qualitatively in the T-S plane in Fig.

Significant business case block fuel benefits of nearly 22% are predicted for the
geared intercooled recuperated core engine due to its higher thermal and propul-
sive efficiency. The use of HPT cooling air bled from the recuperator exit [88,97]
results in a 1.3% SFC improvement due to more energy being recuperated from
the exhausts, at a fixed effectiveness level - and despite the considerable increase
in cooling air requirements (+3.5% of core mass flow). The predicted dry weight
for the intercooled recuperated configuration is higher compared to the conven-
tional core engine. There is a weight benefit from the use of EIS 2020 light-weight

materials in most major engine components, as well as from the high speed LPT
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Table 6.2: Comparison of an intercooled recuperated engine with a conventional
core turbofan engine at aircraft system level.

Conventional core IRA
EIS 2000 EIS 2020

MTOW [1000 kg] 230.0 207.4
OEW [1000 kg] 119.6 116.3
Thrust/weight Ref. -12%
Engine dry weight Ref. +16.5%
Nacelle weight Ref. +29.7%
Fan weight Ref. +36.6%
LPT weight Ref. -17.1%
Added components weight - 25.4%
(as % of engine dry weight)
Block fuel weight Ref. -21.6%
Mid-cruise SFC Ref. -18.3%
Mid-cruise thermal efficiency Ref. +0.024
(Core + transmission efficiency)
Mid-cruise propulsive efficiency Ref. +0.120

- due to the reduced stage count. Also, the relatively low engine OPR and the
use of an intercooler increases core specific output, resulting in a smaller core.
The introduction however of the gearbox, intercooler and recuperator compo-
nents inevitably results in a significant weight penalty. It should be noted that a
lower level of specific thrust, and hence a larger fan diameter, has been assumed
for the intercooled recuperated core engine; this results in both a heavier fan
and a heavier nacelle. These observations are summarised in Table [6.2] with the
added components weight group considering the intercooler and recuperator and

their installation standard, as well as the gearbox.

6.4 NO, emissions assessment

A NO, emissions assessment of the presented heat-exchanged cores and corre-
sponding baseline engines has been performed. Two different combustion con-
cepts have been considered: conventional Rich-burn/Quick-quench/Lean-burn
(RQL) and lean-burn combustion technology. The results were produced using

a combination of basic combustor design rules, feedback from the OEMs in-
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Figure 6.16: NO, emissions assessment for future conventional and heat-

exchanged core aero engine designs.

volved in the NEWAC project, and public domain semi-empirical correlations.
A comparison of the results obtained against ICAO Annex 16 Volume II leg-
islative limits [64], as well as the medium and long term technology goals set
by CAEP [65], is illustrated in Fig. [6.13] Balloons have been used to indicate
the uncertainty in the NO, predictions due to the lower technology readiness
level associated with the introduction of such combustor designs in the proposed

future cycles.

A sufficient margin against the ICAO CAEP/6 LTO NOy certification limit may
be achieved for the year 2020 EIS conventional and intercooled cores; the cruise
NOy emission index would rise considerably however due to the high OPR.
The introduction of lean-burn combustion technology has the capacity to re-

duce cruise NO, and improve the certification margin significantly, negating the
cycle effects of high OPR and low Air to Fuel Ratio (AFR).

For the intercooled recuperated core, although the margin against the ICAO
CAEP/6 LTO NOy certification limit, for both lean-burn and RQL combustion
technology, is similar to the margin for the year 2020 EIS conventional core

turbofan engine, the absolute NO, emissions for the LTO cycle are actually
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significantly lower. This is a consequence of the ICAO LTO NO, legislative
limits being quite strict for low OPR engines, while providing a better LTO NO,
allowance for high OPR engines.

Despite the generally low OPR, cruise NO, may still remain an important con-
cern for an intercooled recuperated configuration, if lean-burn combustion tech-
nology is not introduced. During cruise, the need for high heat exchange levels
in the recuperator results in high combustor inlet temperatures and low AFR
values; designing a conventional RQL technology combustor for such conditions
could still prove a challenging task. To this extent, the intercooled recuperated
concept essentially lends itself to lean-burn combustion technology. Due to the
variable geometry LPT, the primary zone temperature during cruise will not
be so far away from the take-off value when compared to conventional engine
designs. It can therefore prove easier to balance the combustor primary zone
design to achieve both low NO, and CO emissions at cruise conditions, as well
as retain low NO, levels at high power conditions such as take-off. Substitut-
ing the RQL combustor with a lean-burn design, can reduce NO emissions but
the effect would be less profound compared to lean-burn combustion technology
coupled with high OPR cycles.

Similarly, introducing a variable geometry LPT in an intercooled core with lean-
burn combustion technology can improve LTO NO, and the margin from the
ICAO CAEP/6 certification limit by nearly 10%, at a given level of cruise NOj.
This involves running the intercooled core approximately 60 [K] hotter during
cruise in order to achieve the same thrust levels. The reduction in LTO NOy
levels is mainly the result of bringing the primary zone temperature during cruise
closer to the take-off value; the latter results in the lean-burn combustor design
- balanced for NO, and CO at cruise - retaining acceptable NO, levels at high
power conditions such as ICAO 100% Fy. Running the engine hotter at cruise
also improves SFC by nearly 1%.

It is worth noting that the effect of elevated cruise temperatures on HPT life,
and consecutively on engine time between overhaul and maintenance costs is
not profound, for the temperature increase proposed. The main reason behind
this is that HPT life is dominated by the time spent at take-off and climb, with
cruise effects being of secondary order due to the significantly lower operating
temperatures encountered. Moreover, modulating T4; to remain constant at the

higher cruise thrust range (i.e. flat temperature profile), could actually prove
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beneficial in terms of thermal fatigue [97]. Sulphidation on the other hand could

become an issue, and therefore care should be taken during design.

6.5 Conclusion

This chapter explored and quantified potential block fuel and NO, benefits from
introducing heat-exchanged cores in future aero engine designs, as studied within
the European collaborative project NEWAC. SFC improvements from introduc-
ing an intercooled core of an OPR of 80 were discussed and the potential of utilis-
ing a variable geometry auxiliary nozzle to tweak the performance was assessed.
Potential benefits from introducing a variable geometry LPT in an intercooled
recuperated core were also quantified. Important observations were made with
respect to the need to carry out the HPC aerodynamic design at cruise condi-
tions, and the IPC aerodynamic design at T-O conditions, if a variable geometry
LPT is introduced.

The performance of heat exchanged cores, with year 2020 EIS level of tech-
nology, was compared to conventional core turbofan engines at aircraft system
level, and the results showed considerable benefits in terms of block fuel. An
emissions assessment was also carried out, and the necessity of introducing lean-
burn combustion technology in order to keep cruise NOy at acceptable levels
was demonstrated. Significant benefits in terms of LTO NO, reduction were
predicted from the introduction of a variable geometry LPT in an intercooled
core with lean-burn combustion technology. Additional research effort could be
undertaken to address heat-exchanger failure modes, noise and direct operating

costs.

6.6 Outlook

Improvements in engine propulsive efficiency, as a way of reducing emissions
from turbofan engines, have been discussed in Chapter [5| in terms of specific
thrust reduction. In this chapter, the need for higher engine thermal efficiency
was addressed by exploring benefits from the potential introduction of heat-

exchanged cores in future aero engine designs. In the next chapter, TERA2020
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will be used for assessing the combined potential of novel low pressure spool and
core technologies for reducing engine emissions. A back-to-back comparison of
an intercooled core engine with a conventional core engine will be performed and

optimal designs for year 2020 entry into service will be proposed.
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Chapter 7

Towards the optimal 2020 ducted

turbofan

In this chapter, TERA2020 is used for assessing the combined potential of novel
low pressure system and core technologies for reducing engine emissions. Vari-
ous aspects are presented of an intercooled core and conventional core turbofan
engine optimisation procedure using TERA2020. A back-to-back comparison
between the two engine configurations is performed and fuel optimal designs for

year 2020 entry into service are proposed.

7.1 Introduction

7.1.1 Future aero engine designs - An evolving vision

Numerous feasibility studies have been published over the years focusing on fu-
ture engine and aircraft designs that can reduce fuel consumption; a brief review

of some of these publications will be carried out here.

Gray and Witherspoon [220] provide one of the earliest discussions on the subject
of improving engine fuel efficiency by looking at conventional and heat exchanged
cores, as well as non-steady flow combustion processes and open rotor configu-
rations. A similar study focusing on geared and open rotor arrangements as well

as heat exchanged cycles is presented by Hirschkron and Neitzel [221].
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Jackson [222] provides an interesting discussion on how specific thrust levels
were expected to evolve in the mid-70’s based on the economic and technological
projections of that time period; the author provides an update to that discussion
based on current economical and technological projections in [223]. Wilde [224],
Young [225], and Pope [226] provide a good reference on how the future for civil
turbofan engines for medium and long range applications was envisaged in the
late 70’s. Some early discussions on future trends in commercial aviation from
the aircraft manufacturer’s and airliner’s perspective can be found in [227]228]

and [229], respectively.

A review on the several technical and economic obstacles that were identified
in the late 80’s with respect to the realization of the Ultra-High Bypass Ratio
(UHBR) turbofan concept is provided by Borradaile [230] and Zimbrick and
Colehour [231]. Peacock and Sadler [232] give an update on the subject, focusing
further on engine design constraints and the technology advancements required
for producing a competitive UHBR configuration. Potential year 2020 scenarios
are explored by Birch [233] while Ruffles [234] provides an overview of current
aero engine technology and some insight on the future of aircraft propulsion.
Finally, for a review on the development of civil propulsion from the early 50’s

to recent years the interested reader is referred to Saravanamuttoo [235].

7.1.2 Optimal specific thrust levels for 2020

The potential uninstalled Specific Fuel Consumption (SFC) benefits from re-
ducing specific thrust for a year 2020 entry into service conventional core tur-
bofan engine are illustrated in Fig. [7.I] These design-point calculations were
produced assuming constant engine Overall Pressure Ratio (OPR) and Turbine
Entry Temperature (TET), and reflect mid-cruise conditions and optimal By-
Pass Ratio (BPR) for SFC; off-design performance effects as well as nacelle drag
and engine weight were not considered. As can be observed, reducing specific
thrust can improve the propulsive efficiency but inevitably worsens the trans-
mission efficiency. At a Fan Pressure Ratio (FPR) of roughly 1.2 there seems
to be no thermodynamic benefit from further reducing specific thrust. A simi-
lar behaviour is observed in the ideal case of the fan and low pressure turbine

polytropic efficiencies being equal to unity, as illustrated in Fig.
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Uninstalled Specific Fuel Consumption

 + Specific Thrust

EIS 2020 and
OPR = constant
TET = constant

FPR=1.45(BPR=14)

2%
FPR=1.35(BPR=18)

+ Nacelle Drag

5

+ Engine Weight

FPR= 1.2 (BPR ~=30)

Bypass Ratio (BPR)

Figure 7.1: Uninstalled specific fuel consumption benefits from reducing specific
thrust for a year 2020 entry into service conventional turbofan engine.
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Figure 7.2: Uninstalled specific fuel consumption benefits from reducing specific
thrust for a year 2020 entry into service conventional turbofan engine with fan
and low pressure turbine polytropic efficiencies equal to unity.
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Some important observations can be made:

e Improving fan and low pressure turbine polytropic efficiency directly im-
proves SFC; the potential SFC benefits from reducing specific thrust how-
ever remain largely unaffected. As fan tip pressure ratio reduces, pressure
losses in the bypass duct tend to have an increasingly dominant effect on
transmission efficiency and, therefore, on the impact of propulsive efficiency

improvements on SFC.

e Improving fan and low pressure turbine polytropic efficiency increases the
optimal BPR value, at a constant specific thrust. Although not illustrated
in Fig. and Fig. improving core specific output and component
efficiency will have a similar effect. Bypass ratio can therefore be considered

as a good indicator of engine technology level.

e Limited SFC improvement may be envisaged by reducing specific thrust
beyond a fan pressure ratio of 1.45. The increased fan diameter will result
in significant engine weight and nacelle drag penalties which can very well
negate the projected uninstalled SFC benefits. A larger fan, low pressure

turbine and nacelle will also increase the production cost significantly.

For determining the fuel optimal specific thrust and BPR levels, the effects of
engine weight and nacelle drag on aircraft performance need to be considered,
hence the need for the TERA2020 (Techno-economic, Environmental and Risk
Assessment for 2020) tool. Block fuel benefits from reducing specific thrust for
a year 2020 entry into service direct drive fan conventional core engine for long
range applications have been calculated and are illustrated in Fig.[7.3] The engine
take-off (T/O) thrust at ISA SLS conditions is 66000 [Ibf] and all FPR and BPR
values quoted are at mid-cruise conditions. A 10 [in] increase in fan diameter and
a 4% reduction in FPR (which roughly translates to a 14% reduction in specific
thrust) results in a 2% improvement in mid-cruise uninstalled SFC; using the
exchange rates reported in Chapter (3| this would imply an improvement in block
fuel of some 2.6%. Nevertheless, the engine weight has increased significantly
by roughly 17% and in conjunction with the higher nacelle drag the block fuel
benefit reduces to merely 0.85%. More details on the fuel optimal design proposed
and the constraints set to derive it are given in Section [7.2] It is worth noting
that a recent study by Hemmer et al. [236], albeit based on significantly more
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FPR=1.37 (BPR ~=14.5)
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Fan diameter =127 [in]
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Figure 7.3: Block fuel benefits from reducing specific thrust for a year 2020 entry
into service conventional turbofan engine for long range applications.

pessimistic OPR and TET levels than what was assumed here, concluded on
similar fuel optimal FPR levels for the geared and contra-rotating architectures

for long range applications.

From the flat curve presented in Fig.[7.3] it is clear that only limited benefits in
block fuel may be envisaged by reducing specific thrust as these are highly de-
pendent on the engine thrust to weight ratio. Technology risk considerations (i.e.
shortcomings in meeting projected engine weight and turbomachinery efficiency
targets) will probably move the fuel optimal level of specific thrust to higher val-
ues. Noise considerations (i.e. stringent noise legislation) may very well dictate
fan size and specific thrust levels that are not fuel optimal, as has been the case
in the past [232]. The optimal specific thrust level for minimum direct operating
costs is highly dependent on the assumptions made for the volatility of economic
parameters such as fuel price and interest rates. Furthermore, production and
maintenance costs tend to be proportional to engine weight which is inversely
proportional to specific thrust at a given technology level and fan diameter at
a given thrust. It can therefore be concluded that the commercial competitive-
ness of reduced specific thrust turbofan designs will largely depend on how the

aviation market evolves in the years to come until 2020.
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With potential block fuel benefits from improving propulsive efficiency being
rather mild, it is worth investigating if the introduction of heat-exchanged cores
could change this picture. In the next section, a back to back comparison will be
carried out between a conventional core and an intercooled core turbofan engine
with year 2020 entry into service level of technology for long range applications.
The effects of introducing intercooling will be assessed with respect to improving
engine fuel efficiency. Differences in the optimal specific thrust levels between

the two configurations will be discussed.

7.2 Optimising a turbofan engine

In Chapter [6] a comparison was carried out between a conventional core and
an intercooled core turbofan engine with year 2020 entry into service level of
technology for long range applications. Both configurations had the same fan
diameter and were designed to meet the same thrust requirements. An attempt
will be made here to re-optimise those powerplants using TERA2020 by allowing
the specific thrust (and hence the propulsive efficiency) to vary. Rather than
setting fixed thrust requirements, the rubberised wing aircraft model will be fully
utilised instead. The engine/aircraft combination will be optimised to meet a
particular set of customer requirements i.e. payload-range, take-off distance, time
to height and time between overhaul. It is expected that different conclusions will
be drawn when comparing the two powerplants at their optimal specific thrust

levels.

7.2.1 Design space constraints

For every engine design there are numerous practical limitations that need to be
considered. The design space constraints set for this study are given in Table
and are considered applicable for a year 2020 entry into service turbofan engine.
A large amount of information, in spreadsheet format, is provided in Appendix [B]

on the choice of design variables for the optimisation process.

For a conventional core the High Pressure Compressor (HPC) delivery tempera-
ture, and hence the engine Overall Pressure Ratio (OPR), is typically constrained

by the mechanical properties of the HPC disc or HPC rear drive cone or High
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Table 7.1: Design space constraints.

Lower bound Upper bound

FAR take-off distance - 2.5 [km]
Climb to 35000 [ft] - 22.5 [min]
[PC design pressure ratio 2.7 -
(intercooled core)

HPC design pressure ratio - 25.0
(intercooled core)

HPC design pressure ratio - 5.5
(conventional core)

HPC delivery temperature - 970 [K]
HPC last stage blade height 10 [mm] -
Combustor outlet temperature - 2050 [K]
Turbine blade mean metal temperature - 1350 [K]
(external surface)

Auxiliary nozzle area variation Ref. +50%
Time between overhaul 23000 [hr] -

Pressure Turbine (HPT) disc material [57]. For an intercooled core, the OPR
value is no longer constrained by a maximum allowable HPC delivery tempera-
ture. Nevertheless, the intercooling process increases the air density in the gas
path and as a result the compressor blades tend to become smaller. Losses from
tip clearances become increasingly important and a minimum compressor blade
height limitation needs to be applied to maintain state of the art compressor ef-
ficiency. Core architecture selections for the conventional core set an upper limit
to the HPC design pressure ratio that can achieved when driven by a single-stage
HPT. With respect to the intercooled core, a two-stage HP'T has been assumed
to relieve the restriction set on the HPC pressure ratio; the minimum design
pressure ratio for the Intermediate Pressure Compressor (IPC) is limited by ic-
ing considerations during the descent flight phase. The maximum area variation
that may be achieved by the variable area auxiliary nozzle is also constrained by

mechanical (and aerodynamic) considerations.

Designing a combustor at very low air to fuel ratio levels is also limited by the
need for adequate combustor liner film-cooling air as well as maintaining an
acceptable temperature traverse quality [8]; this sets an upper bound on com-

bustor outlet temperature. Furthermore, a maximum permissible mean metal
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Figure 7.4: Cumulative distribution of world’s major runway lengths (based on
data from [98]).

temperature needs to be set to consider turbine blade material limitations. A
lower bound on engine time between overhaul also needs to be set to limit the

frequency of workshop visits.

As discussed in Chapter [2 a rubberised aircraft wing model is used in the
TERA2020 explicit design algorithm. Rather than using fixed engine thrust re-
quirements, a maximum FAR (Federal Aviation Regulations) take-off field length
and a maximum time to height for a load factor of 1 and ISA conditions can be
set instead. The choice of both is typically based on customer operational re-
quirements. The aircraft needs to be able to: (i) take-off from a large number of
airports around the world and (ii) climb to the initial cruise altitude sufficiently
fast to ease operations with local air traffic control (and hence reduce waiting
time on the ground). A cumulative distribution of the world’s major runway
lengths, based on data from [98], is illustrated in Fig. [7.4 The aircraft used in
this study is designed to carry 253 [pax] for a distance of 12500 [km]; the figure
of merit used in the optimisation is block fuel and is based on a business case of
5500 [km] with an assumed load factor of 1.

158



Konstantinos G. Kyprianidis Towards the optimal 2020 ducted turbofan

Table 7.2: Comparison of the fuel optimal intercooled and conventional core
turbofan engine designs.

Conventional core Intercooled core
EIS 2020 EIS 2020

Fan diameter [in] 127 118
ISA SLS take-off thrust [Ibf] 66000 65000
Overall pressure ratio 62.3 82.0
IPC pressure ratio 8.0 4.1
HPC pressure ratio 5.5 14.9
Fan mass flow [kg/s] 588 507
Core mass flow [kg/s] 36.3 34.3
Mid-cruise fan tip pressure ratio 1.31 1.36
Mid-cruise bypass ratio 17.7 17.3
Mid-cruise SFC Ref. -0.6%
Mid-cruise thermal efficiency Ref. +0.015
(core + transmission efficiency)
Mid-cruise propulsive efficiency Ref. -0.02
Engine dry weight Ref. -12.6%
Fan weight Ref. -23.5%
LPT weight Ref. -33.2%
Core weight Ref. -19.9%
Added components weight - 12.2%
(as % of engine dry weight)
Nacelle weight Ref. -18.0%
MTOW [1000 kg] 208.5 203.3
OEW [1000 kg] 116.2 112.6
Block fuel weight Ref. -2.6%

*Performance parameters at top of climb conditions unless stated otherwise

7.2.2 Fuel optimal designs

Optimising a turbofan engine design for minimum block fuel essentially has to
consider the trade-off between better thermal and propulsive efficiency and lower
engine weight nacelle drag. The cycle optimisation results for the two power-
plants are given in Table[7.2] Significant block fuel benefits are projected for the
intercooled core engine but they are smaller than what was predicted earlier in

Chapter [0} This is mainly attributed to the minimum blade height requirement
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setting a lower limit on the intercooled core size for a given OPR. Increasing the
fan diameter at a fixed tip speed inevitably reduces rotational speed, increases
torque and hence increases Low Pressure (LP) shaft diameter; this further ag-
gravates the problem since the HPC hub to tip ratio needs to increase. As a
result, the optimal specific thrust for the intercooled core is higher compared to
the conventional core turbofan engine. Although the high OPR intercooled core
benefits from a higher core and transmission efficiency, and hence a better ther-
mal efficiency, the conventional core benefits from a higher propulsive efficiency.
In the next sections, the design space around the proposed fuel optimal designs

will be explored and important observations will be made.

7.2.3 Approximating the design space

In order to graphically illustrate the design space, a large number of TERA2020
simulations had to be carried out; these simulations focused around the fuel opti-
mal designs presented in Section Polynomial response surface models were
derived that interpolate between a given number of known designs. Typical de-
sign space discontinuities encountered as a result of turbomachinery stage count
changes are inevitably distorted in polynomial approximations. For this reason,
an error analysis was carried out to determine the discrepancy levels between
the surrogate models and the actual design space; the approximation errors for
engine weight and aircraft block fuel were found to be less than 1% and 0.2%,

respectively.

7.2.4 Fan and core sizing

As discussed earlier, propulsive efficiency benefits from reducing specific thrust
(and hence increasing fan diameter) can very well be negated by the resulting
combination of: i) increased engine weight, ii) increased nacelle (and interference)
drag, and iii) reduced transmission efficiency. This section will discuss various
aspects of fan and core sizing for the conventional core and intercooled core

configurations.
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pressure ratio for a fixed size conventional core.
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When sizing the engine fan, assuming a fixed size core, large design space dis-
continuities are encountered due to Low Pressure Turbine (LPT) stage count
changes, as illustrated in Fig[7.5] As discussed earlier, the use of smooth surro-
gate models for approximating discontinuous spaces inevitably results in approx-
imation errors, and it is worth noting that the addition of an extra LPT stage
results in approximately 150 [kg] of additional weight. Nevertheless, with the
fan and nacelle weight (including the thrust reverser) each being roughly double
the LPT weight and directly proportional to the fan diameter, the weight trends

illustrated in Fig. can be considered reasonable.

The improvement in mid-cruise uninstalled SFC from reducing specific thrust is
illustrated in Fig. [7.7] If installation effects are ignored, then selecting a higher
fan diameter (and hence a higher bypass ratio at a fixed size core) will result
in better SFC; this observation is in agreement with Fig. [7.1] presented earlier.
Nevertheless, the increased nacelle drag and engine weight move the optimal level

of specific thrust for minimum block fuel to smaller fan diameters, as illustrated

in Fig. [7.8.

Looking at the trends illustrated in Fig. in isolation, and then comparing with
the optimal design proposed in Section [7.2.2] one would be incline to draw the
conclusion that the fuel optimal fan diameter should be even smaller. However,
as one moves towards the upper left corner of Fig. the engine take-off and
top of climb thrust reduces. In order to satisfy the time to height and FAR
take-off distance constraints set in Section - at constant specific thrust - it
is therefore necessary to increase the engine size i.e. increase fan and core size
simultaneously which leads to: i) higher engine weight, ii) higher nacelle drag,
and iii) non-optimum engine/aircraft matching i.e. mid-cruise conditions away
from the bottom of the SFC loop (see Fig. [3.8)).

Most of the conclusions drawn in this section are applicable to both the conven-
tional core and the intercooled core configurations. Nevertheless, the intercooled
core is constrained by a minimum blade high requirement for the last HPC stage.
At a fixed core OPR and intercooler effectiveness, this constraint sets a minimum
limit for the core mass flow; as a consequence a minimum limit is also set on
specific thrust at a fixed engine thrust. This makes the intercooled core more

favourable for very high thrust engines.
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Figure 7.9: Variation of HPC last stage blade height with fan inlet mass flow
and fan tip pressure ratio for a fixed size intercooled core.
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Bigger direct drive fans rotating at low speeds result in high torque requirements
which increase the LP shaft outer diameter. The HPC inner diameter has to be
pushed out and therefore, for a given flow area, the resulting blade height tends
to reduce, as illustrated in Fig.[7.9]- the problem is less marked for a conventional
core as illustrated in Fig.[7.10} For a given blade height requirement the core mass
flow needs to be increased and it can therefore be concluded that an intercooled
core would favour a geared fan arrangement, over a direct drive one, since it could
alleviate some of the restrictions set on the cycle. An aft fan arrangement as the
one presented in [230] could further relieve this issue; the disruptive elements
associated with such an arrangement however, would make 2020 an ambitious
target for entry into service. Furthermore, cooling requirements for struts in
the mid-frame could potentially negate some of the thermal efficiency benefits

predicted for the intercooled core.

7.2.5 IPC/HPC work split

Increasing engine OPR improves thermal efficiency and hence SFC, as illustrated
in Fig. [7.11] The optimal OPR level for the conventional core is constrained by
the maximum allowable HPC delivery temperature set, as illustrated in Fig.
For an intercooled cycle, this limitation is alleviated but only to give its place
to a minimum blade height requirement which consequently sets a minimum
allowable core size constraint. The optimal OPR level for the intercooled core
at a fixed specific thrust is therefore a trade-off between a better core efficiency

and a smaller core size.

If one assumes constant component polytropic efficiencies then SFC benefits will
arise for the conventional core from shifting pressure ratio to the more efficient
High Pressure (HP) shaft. As the HPC pressure ratio rises beyond the upper
limit set, the core configuration would inevitably need to be changed to a two-
stage HPT. This would introduce higher cooling flow requirements (and hence
losses) and would also make the core heavier and longer, negating the originally
projected benefits. Efficient intercooling requires that the IPC has significantly
less pressure ratio than the HPC [88]. For that reason, a two-stage HPT has been
assumed for the intercooled core while a minimum IPC design pressure ratio was

set two avoid potential icing problems during decent.
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8.4 — 1000
4 995
8.3
4 990
8.2 | 985
4 980

8.1

975
970
965
960
955
950
945

7.9

IPC Pressure Ratio
(0]

7.8

HPC Exit Temperature in [K]

7.7

7.6
54 545 55 555 56 5665 57 575 658

HPC Pressure Ratio

Figure 7.12: Variation of take-off HPC exit temperature with IPC and HPC
pressure ratio for a fixed size conventional core.

166



Konstantinos G. Kyprianidis Towards the optimal 2020 ducted turbofan

7.2.6 Engine ratings

Rating an engine is a highly complex process that has to consider aircraft per-
formance requirements, fuel consumption, and engine lifing. Turbine blade lif-
ing requirements and cooling technology set a maximum allowable blade metal
temperature constraint; cooling flows therefore need to increase with increasing
combustor outlet temperature (T,) levels. The maximum Ty level may also be
constrained by combustor design considerations. For example liner cooling re-
quirements essentially reduce the amount of air available for mixing and hence
NO, tend to increase |132]; detail design studies are required for establishing
the optimal trade-off between cycle efficiency and acceptable NO, levels. For
these reasons an upper limit was set to T4 that was considered to be a reason-
able trade-off for year 2020 entry into service turbofan engines. The same limit
was used for both the conventional core and the intercooled core. Although,
the intercooled core benefits from lower combustor inlet temperatures the air to
fuel ratio is lower for a given T,. Furthermore, high pressure levels in the inter-
cooled cycle will affect the influence of luminosity on gas emissivity, and hence

the temperature difference across the liner [§].

For a given OPR there is an optimal mid-cruise T for SFC. Nevertheless, running
the cycle hotter at top of climb (than the optimal for mid-cruise SFC) tends to
reduce engine weight, as illustrated in Fig. [7.13] These benefits come mainly
from the reduction in LPT weight although a further reduction in weight is
possible by reducing core size (mainly in the case of the conventional core) since
core output is increasing with T4. On the other hand, running the cycle hotter
at hot day take-off tends to increase engine weight. An increase in T4 at top
of climb generally requires an increase in Ty at take-off in order to maintain a
constant FAR take-off field length; T, at top of climb is therefore constrained
by a hot-day take-off T4 limitation. Furthermore, with modern large engines on
long range aircraft typically being heavily derated at take-off conditions milder
than hot-day, top of climb T4 will need to be lower than hot-day take-off T, as to
not compromise engine life [57]. An optimal block fuel trade-off therefore arises
as illustrated in Fig.
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Figure 7.13: Variation of engine weight with combustor outlet temperature at
take-off and top of climb conditions for a fixed size conventional core.
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Figure 7.14: Variation of aircraft block fuel with combustor outlet temperature
at take-off and top of climb conditions for a fixed size conventional core.
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7.2.7 Intercooler effectiveness

In TERA2020, the aerodynamic design for most engine components is carried
out at top of climb conditions. However, the intercooler component is sized at
end of runway hot day take-off conditions (kink point) were the highest heat
transfer levels are encountered; at cruise conditions the variable geometry dual-
nozzle system is utilised to reduce the intercooler mass flow ratio (W132Q25) and
hence reduce intercooler pressure losses. This practice results in better SFC and
hence lower block fuel, as illustrated in Fig. [7.15] Nevertheless, there is a limit to

this benefit set by a maximum allowable nozzle area variation, as illustrated in

Fig.

As discussed in detail in Chapter [6] high intercooler effectiveness can increase
thrust at take-off, for a given combustor outlet temperature, but the benefits
are soon negated by the increasing intercooler weight and pressure losses. The
effect of intercooler effectiveness on weight is illustrated in Fig. [7.I7} as can be
observed intercooler effectiveness at top of climb conditions has only a secondary
order effect. As intercooler weight increases so does block fuel; an optimal trade-

off therefore exists between intercooler effectiveness, core size, and OPR.
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Figure 7.15: Variation of block fuel with intercooler effectiveness at take-off and
cruise conditions.
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Figure 7.16: Variation of intercooler nozzle area with intercooler effectiveness at
take-off and cruise conditions.
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7.3 Sensitivity analysis of optimal designs

The study presented in this section aims to deliver averaged exchange rates which
can be used to investigate the effect of technology parameter deviations on block
fuel. Information on how these perturbations were introduced in the TERA2020

calculations is given in Appendix

The sensitivity parameters compiled allow for system level quantification of the
importance of research on specific component technologies i.e. they can be used
to assess the importance of progress in specific component technologies for each
engine configuration in a similar manner to the assessment presented in Chap-
ter 0] Inversely, these exchange factors also help quantify the impact of technol-
ogy shortcomings. The exchange rates presented should be perceived as fractional
percentage variations from the technology target value that was assumed when
deriving the fuel optimal designs presented in Section [7.2.2]

7.3.1 Conventional core

The sensitivity analysis for the conventional core configuration is illustrated in
Fig. [7.18) As expected for a low specific thrust engine, the low pressure system
component technology has the greatest influence on performance; significant fuel
benefits are expected by improving fan and LPT efficiency. Inversely, shortcom-
ings in meeting projected technology targets for the low pressure system will

have a major impact on overall engine/aircraft performance.

As fan tip pressure ratio reduces, pressure losses in the bypass duct tend to have
an increasingly dominant effect on transmission efficiency and, therefore, on the
impact of propulsive efficiency improvements on SFC. By combining Fig. and
Fig. it can be observed that a 10% increase in bypass duct pressure losses
will halve the projected block fuel benefits from a 10 [in] increase in fan diameter

and the consequent reduction in specific thrust.

Failure to deliver the expected efficiency levels for the compressor components
will increase combustor inlet temperatures resulting in higher NO, levels and
reduced component life; combustor designs are highly sensitive to inlet conditions
and it is highly likely that a significant shortcoming in compressor efficiency

would result in a re-design of the combustor.
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Figure 7.18: Sensitivity analysis around the fuel optimal design for the conven-
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Figure 7.19: Sensitivity analysis around the fuel optimal design for the inter-
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7.3.2 Intercooled core

The sensitivity analysis for the intercooled core configuration is illustrated in
Fig. The influence of the low pressure system component technology on
performance is less marked for the intercooled core configuration compared to
the conventional core; the difference in the exchange rates is directly proportional

to the difference in specific thrust between the two optimal designs.

The efficiency of the IPC and IPT has a significantly smaller influence on block
fuel, compared to the conventional core configuration, which reflects the signifi-
cantly smaller pressure ratio placed on the Intermediate Pressure (IP) shaft. On
the other hand, the efficiency of the HPC and HPT has a similar influence on
block fuel, compared to the conventional core configuration, despite the signif-
icantly larger pressure ratio placed on the HP shaft. This can be explained by

the fact that intercooling significantly reduces HP compression work.

As can be observed, intercooler pressure losses have a significant effect on block
fuel. Losses in the intercooler hot stream are more important compared to losses
in the cold stream, while losses in the cold stream become increasingly important
as the intercooled mass flow ratio (W132Q)25) increases. Failure to achieve the
intercooler pressure loss targets set can significantly reduce the projected block

fuel benefits for the intercooled core configuration.

7.4 Conclusion

The results from the optimisation process show that the optimal specific thrust
for the intercooled core is higher compared to the conventional core turbofan
engine; this is mainly attributed to the HPC last stage blade height requirement
limiting core size and fan diameter. Although the high OPR intercooled core
benefits from a higher core and transmission efficiency, and hence a better ther-
mal efficiency, the conventional core benefits from a higher propulsive efficiency.
As a remedy to this, the introduction of a geared fan arrangement is proposed.
An aft fan arrangement could probably reduce the optimal specific thrust level
significantly; the disruptive elements associated with such an arrangement how-
ever, would make 2020 an ambitious target for entry into service. Furthermore,

cooling requirements for struts in the mid-frame could potentially negate some
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of the thermal efficiency benefits predicted for the intercooled core.

It can be concluded that considerable benefits in terms of block fuel are expected
from an intercooled core, with year 2020 entry into service level of technology,
compared to a conventional core turbofan engine for long range applications.
These benefits are highly dependent on achieving technology targets
such as low weight and pressure losses for the intercooler. The commer-
cial competitiveness of an intercooled core turbofan design will largely depend

on how the aviation market evolves in the years to come until 2020.

7.5 Outlook

In this chapter, TERA2020 was used for assessing the combined potential of
novel low pressure spool and core technologies for reducing engine emissions. A
back-to-back comparison of an intercooled core engine with a conventional core
engine was performed and fuel optimal designs for year 2020 entry into service
were proposed. In the next chapter, overall conclusions will be drawn reflecting

the research effort presented in this thesis.
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Chapter 8

Conclusion

The research effort presented in this thesis focused on the development of var-
ious elements of a multi-disciplinary aero engine conceptual design tool, within
a collaborative environment. The developed partially-automated tool was suc-
cessfully used for quantifying the potential benefits from novel technologies for
different turbofan engine architectures, and optimal designs for year 2020 entry

into service were proposed.

8.1 Major findings

The developed multi-disciplinary aero engine conceptual design tool is - at this
level of integration and to such evidence that were encountered during this re-
search - of higher fidelity than previous efforts reported in the literature. It
is based on an explicit algorithm and considers the following disciplines: en-
gine performance, engine aerodynamic and mechanical design, aircraft design
and aerodynamic performance, emissions prediction and environmental impact,
engine and airframe noise, and production, maintenance and direct operating

costs.

The developed tool is targeted towards identifying an appropriate design space
where more complex and time-consuming tools could be utilised. In many cases
the modelling carried out is based on correlations that are available in the public

domain or have been supplied by original equipment manufacturers within the
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European collaborative projects VITAL and NEWAC. It is recognized that such
correlations have a limited range of validity and are dependent on supporting
engineering science base. As an appropriate design space is defined, a more rig-
orous iterative design procedure would typically be set involving a large number

of company specialists.

The major findings of the presented research effort are:

e The tool developed can assist in the transition from the traditional, human-
based aero engine conceptual design procedure to a partially-automated
process. The explicit algorithm proposed minimises internal iterations,
reduces system complexity and improves computational speed; through a
good set of constraints, such an algorithm will give an optimal aero engine
conceptual design that will be feasible in terms of engine certification and

customer requirements.

e The semi-empirical correlation derived can predict with sufficient accuracy
- for conceptual design - the NO, emissions for modern rich-burn single-
annular combustors. The correlation may be extrapolated with sufficient
confidence for year 2020 entry into service conventional core turbofan en-

gines.

e The improved gradient-based algorithm - used for solving non-linear equa-
tion systems - significantly improved the computational speed of the differ-
ent codes it was utilised with, confirming expectations from the literature
reviewed. Furthermore, the algorithm fully alleviates the computational

penalty associated with the use of central differences.

e In general, dissociation becomes first noticed at 1500 [K], and significant
at 1800 [K]. The effects of dissociation on major performance parameters
during design-point and off-design performance calculations are significant.
For accurate block fuel predictions dissociation effects should not be ignored

as this introduces a systematic error in the calculations.

e Where radical design space exploration is concerned, improving the accu-
racy of the fluid model needs to be carefully balanced with the computa-
tional time penalties involved. For an intercooled cycle with a high overall

pressure ratio the ideal gas assumption does not hold very well; if the ideal
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isothermal compression process is to be considered significant calculation

errors should be expected.

e The developed tool, can be successfully used for quantifying the impact of
failing to deliver specific component improvements in terms of power plant
noise and CO5 emissions. The exchange rates presented essentially provide
the means for making estimates of the relative merits of future technology

investment for particular engine architectures.

e There is significant potential in improving the performance of heat-exchanged
cycles through variable geometry. Care should be taken though with re-
spect to the need to carry out the high pressure compressor aerodynamic
design at different engine operating conditions, compared to normal prac-

tice.

e Aggressive turbofan designs that reduce CO, emissions can increase the
production of NO, emissions due to the higher flame temperatures and
pressures encountered. The introduction of lean-burn combustion in con-
ventional and heat-exchanged cycles can help keep cruise and LTO NOy
emissions at acceptable levels. Furthermore, combining lean-burn combus-
tion technology with variable geometry for an intercooled cycle demon-

strates significant benefits in terms of LTO NO, reduction.

e The optimal specific thrust for an intercooled core with a direct drive fan
is higher compared to a conventional core configuration. Although a high
OPR intercooled core benefits from a higher core and transmission effi-
ciency, and hence a better thermal efficiency, the conventional core benefits
from a higher propulsive efficiency. As a remedy to this, the introduction
of a geared fan arrangement is proposed. An aft fan arrangement could
probably reduce the optimal specific thrust level significantly; the disrup-
tive elements associated with such an arrangement however, would make
2020 an ambitious target for entry into service. Furthermore, cooling re-
quirements for struts in the mid-frame could potentially negate some of the

thermal efficiency benefits predicted for the intercooled core.

Overall, it can be concluded that considerable benefits in terms of block fuel are
expected from heat exchanged cores, with year 2020 entry into service level of
technology, compared to conventional core turbofan engines for long range appli-

cations. These benefits are highly dependent on achieving technology
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targets such as low weight and pressure losses for the intercooler and
recuperator components. The commercial competitiveness of these designs
will largely depend on how the aviation market evolves in the years to come until
2020.

8.2 Recommendations for future work

Future work on the developed tool could focus on:

e Consideration of engine deteriorated performance. Specific com-
ponent technologies that aim to reduce engine performance deterioration
could then be assessed more rigorously in terms of block fuel and direct

operating costs.

e More detailed consideration of an engine’s secondary air system.
Large cooling and sealing flows could very well reduce, or even negate, the
specific fuel consumption benefits predicted for some novel technologies and

concepts.

e An enhanced link between engine performance and WeiCo. This
could assist in the transition from designing a turbine at a fixed point in
the Smith chart to being able to trade turbine efficiency for stage count

and weight during the optimisation process.

e Introduction of transient performance aspects. For example a ground
idle to take-off thrust acceleration could be considered, including thermal

inertia effects for heat-exchanged cycles.

e Further development of the HERMES code. The newly-added rou-
tines for aircraft weight breakdown calculations formed the first step in the
transformation of HERMES into a capable aircraft conceptual design tool.
Consideration of center of gravity, fuselage design, wing buffet, and aircraft

production costing aspects are the next steps to take.

e Introduction of Air Traffic Management (ATM) and airline fleet
operational aspects. Interesting and more realistic assessments could
come out of such a development, including looking into ways of reducing

an airline’s environmental footprint.
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e Consideration of more disruptive technologies. Concepts such as
pulse detonation and constant volume combustion, as well as the double
bypass and selective bleed cycles could be considered. The tool could also
be further developed to perform a more rigorous assessment - compared to
previous efforts - of distributed propulsion and supersonic flight for com-

mercial transport.

e Platform improvements with respect to computational speed.
More efficient data exchange and parallel-processing, could result in a
nearly 10-fold reduction in computational time for a modern desktop com-
puter, and negligible computational times for a cluster environment. This
means that the computational time required for the current optimisation
studies could be reduced from overnight to roughly one or two hours (with-
out changing hardware specifications). Inversely, optimisation studies with

more variables or at a higher fidelity level could be run overnight.
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Appendix A

Managing the development of
TERA2020

This appendix discusses project management, quality control and dissemination
aspects with respect to the development of the TERA2020 (Techno-economic,
Environmental and Risk Assessment for 2020) tool within the European Frame-
work 6 and 7 collaborative projects VITAL (enVIronmenTALly friendly aero
engines), NEWAC (NEW Aero engine Core concepts) and DREAM (valiDa-
tion of Radical Engine Architecture systeMs). TERA2020 is a multi-disciplinary
aero engine conceptual design tool and is based on an explicit algorithm; the
tool is targeted towards identifying an appropriate design space where more
complex and time-consuming tools could be utilised. The author worked as the
acting work-package (WP) leader for NEWAC WP1.3, “Techno-Economic and
Environmental Risk Analysis”. Managing the development of TERA2020 within
NEWAC required considerable effort; insight is provided into the challenges faced

and lessons learned are discussed.

N.B. FExcerpts from the material presented in this appendix have also been used
in Chapter[3
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A.1 European Union collaborative projects and
TERA2020

A.1.1 TERA2020 general objectives

Decision making on near term emissions legislation and taxation policies is use-
fully informed through industry studies, with respect to the impact certain leg-
islator decisions could have on the design and operation of future civil aircraft
engines. A Techno-economic, Environmental and Risk Assessment (TERA) ap-
proach tool intends, mainly, to address policy evaluations at a “macro level” look-
ing more at how long term and global legislation can be addressed. TERA2020
can therefore be viewed as a common tool which in the future, and through
continuous refinement with input from legislators, operators, OEMs (Original
Equipment Manufacturer) and universities, could enhance the dialogue between
these parties by increasing the visibility of the impact of different policy issues

on a consistent and formal basis.

Another potential benefit from the development of TERA2020 within the Eu-
ropean Union (EU), could be its contribution to enhanced European compet-
itiveness on a global level. In the past, product design and manufacture has
mostly been located in and driven by the markets and the legislative require-
ments of Europe, North America and Japan. These were also the markets where
the majority of the sales occurred. The large growth in developing economies is
changing the sales destination of civil aerospace products. Important proportions
of the sales now take place in these emerging economies where different design
solutions for good environmental performance may apply. A TERA approach
tool would allow the exploration of economic and environmental performance of
alternative design concepts and technologies. This could be done in a wide range
of taxation regimes, helping to identify the more competitive options in local

scenarios internationally.

The general objectives set during the development of the TERA2020 tool across
the three European Framework 6 and 7 collaborative projects VITAL, NEWAC,
and DREAM are:

e A quick assessment tool for new engine technologies.
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e Assess the benefits of technologies under differing economic and environ-

mental conditions.

e Optimise a group of engine technologies by relatively simple algorithms to

differing economic and environmental scenarios.
e Progressively incorporate new and novel technologies.

e Provide initial starting points for engine designs for low economic and en-
vironmental impact that could be examined in depth by more complex and

time consuming OEM tools.
e Evaluate and optimise the study engines against the project objectives.

e Progressively develop the capacity to become an independent research tool
of choice for joint OEM ventures and provide useful information to project

partners and important stakeholders.

The long term overall ambition is that the continuous refinement of TERA2020
algorithms will lead to an independent research tool that can help quantify risks
and assess the impact of gas turbine design on the environment, by comparing
and helping to rank future technologies and design concepts for civil aviation
on a formal and consistent basis. TERA2020 will rely on the developers of new
technologies providing data from realistic assessments of their capabilities and
attributes, so that the tool can evaluate the costs and benefits at whole engine

and whole aircraft level.

A.1.2 European Union collaborative projects

The TERA2020 tool is concurrently being developed within three different EU
collaborative projects VITAL, NEWAC and DREAM. TERA2020 is expected
to model the engine architectures and technologies studied under these projects,
in sufficient detail to perform sensitivity, parametric and optimisation studies at

conceptual design level.
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A.1.2.1 The VITAL project

The VITAL project is a European Framework 6 collaborative project lead by
Snecma and has a total budget of 91 million euros [206]. Within VITAL, three
different engine architectures have been modelled with TERA2020, for short and
long range applications: the direct drive fan engine, the geared fan engine, and

the contra-rotating fan engine.

A.1.2.2 The NEWAC project

The NEWAC project is a European Framework 6 collaborative project lead by
MTU Aero Engines and has a total budget of 71 million euros [4]. Within
NEWAC, four different engine architectures have been modelled with TERA2020:
the direct drive fan intercooled core engine, the geared fan active core engine, the
contra-rotating fan flow controlled core engine, and the geared fan intercooled
recuperated core engine. All architectures have been modelled for short and long
range applications with the exception of the intercooled recuperated concept that

has been modelled only for long range applications.

A.1.2.3 The DREAM project

The DREAM project is a European Framework 7 collaborative project lead by
Rolls-Royce and has a total budget of 40 million euros [33]. Within DREAM,
direct drive and geared pusher open rotor engine architectures are currently being
modelled with TERA2020 for short range applications.
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A.1.3 NEWAC sub-programme 1 management structure

WP1.1
Specification &
Assessment

Airbus
Rolls-Royce Deutschland
Techspace Aero

Turbomeca

Figure A.1: NEWAC sub-programme 1 partners [32].

Within NEWAC and its sub-programme 1 (SP1), an assessement is carried out
- at whole-engine and aircraft system level - of four novel engine designs that
incorporate the new technologies researched in the other NEWAC SPss. As
part of this effort, TERA2020 is used to assess the economic and environmental
impact of these new technologies, and to undertake sensitivity and optimisation
studies about the new engine configurations. The management structure of SP1 is
illustrated in Fig. the schematic provides a list of all the partners involved in
NEWAC SP1 and exemplifies the interactions between the TERA2020 university

partners and OEMs working in different work packages.

A.1.4 TERA2020 core partners and contributions

The core university partners involved in the development of the TERA2020 tool
are illustrated in Fig. while their contributions are illustrated in Fig.
The development of this software has been significantly influenced by several
European OEMs, the latter providing important feedback to the university part-

ners.
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North
Atlantic
Qcean

National
Technical
University of
Athens

(@ Cranfield University )

Figure A.2: TERA2020 core partners.

E

= CU
= NTUA

@ CHALMERS
o USTUTT
= ISAE

= AUTH

V=VITAL
N = NEWAC
D = DREAM

»  Noise (V)
*  Emissions (V)

( @ Cranfield University )

Figure A.3: TERA2020 contributions.
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The OEMs involved in the NEWAC TERA2020 modelling and results peer-

reviewing process are:

e Rolls-Royce

e Volvo Aero

e Rolls-Royce Deutschland
e MTU Aero Engines

e Snecma

e AVIO

e Turbomeca

e Airbus
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A.2 Quality control

This section presents various aspects of quality control as applied during the
development of the TERA2020 multi-disciplinary conceptual design tool within
the NEWAC collaborative environment. Work planning, configuration control,

communication between research teams, and documentation are discussed.

A.2.1 Work planning

The work carried out within NEWAC WP1.3 with respect to the development
and use of the TERA2020 tool can be broken down into the following tasks:

e Development of new software modules and adaptation of existing ones
(from VITAL TERA2020) to fit the needs of NEWAC TERA2020.

e Integration of new and existing modules in NEWAC TERA2020.

e Derivation of TERA2020 engine/aircraft models to study the novel tech-
nologies and architectures researched within the NEWAC project.

e Use of the TERA2020 tool for performing sensitivity analysis, as well as
parametric and optimisation studies of the novel technologies and architec-
tures researched within the NEWAC project.

e Dissemination of the NEWAC TERA2020 team findings to a wider audi-

ence.

A large number of milestones and deliverables were set to monitor the work
carried out within NEWAC WP1.3, and to coordinate it, where possible, with the
work carried out concurrently by other WPs and SPs. These management aspects
are described in detail in the NEWAC DoW (Description of Work) document.

The sequence for the work carried out follows:

Stage 1 - Initial NEWAC TERA2020 (Duration: 12 months)

1. Initial software modules for TERA2020.
2. Initial TERA2020 integration and engine/aircraft models.
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3. Initial TERA2020 results (assessment of baseline engine designs).
4. Peer-reviewing of initial TERA2020 results by NEWAC OEMs.

5. Dissemination of initial TERA2020 results to a wider audience.

Stage 2 - Intermediate NEWAC TERA2020 (Duration: 12 months)
1. Intermediate software modules for TERA2020 incorporating OEM
feedback.
2. Intermediate TERA2020 integration and engine/aircraft models.
3. Intermediate TERA2020 results (system sensitivity analysis).
4. Peer-reviewing of intermediate results by NEWAC OEMs.

5. Dissemination of intermediate TERA2020 results to a wider audience.
Stage 3 - Final NEWAC TERA2020 (Duration: 12 months)

1. Final software modules for TERA2020 incorporating OEM feedback.
2. Final TERA2020 integration and engine/aircraft models.

3. Final TERA2020 results (engine optimisation).

4. Peer-reviewing of final results by NEWAC OEMs.

5. Dissemination of final TERA2020 results to a wider audience.

A.2.2 Configuration control

A significant lesson learned has been the importance of configuration control in
the development of a multi-disciplinary conceptual design tool within a collabora-
tive environment. Modelling assumptions need to be transparent (and of course
consistent) among different disciplines; this is not a trivial task and throughout
the development project a continuous effort needs to be directed to this by the
team leader. It is imperative that the importance of configuration control and
the consequences from not maintaining it are well understood by all the mem-
bers of the development team. Frequent discussions between partners and good

documentation can ease such efforts.
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A.2.3 Communication between research teams

For the TERA2020 tool to achieve its goals, it was of uttermost importance that

good communication channels were built at three distinct levels:

e Communication between partners in the NEWAC WP1.3 TERA2020 re-

search team.

e Communication between the NEWAC WP1.3 TERA2020 research team
and the equivalent VITAL and DREAM TERA2020 research teams.

e Communication between the NEWAC WP1.3 TERA2020 research team
and the OEMs in NEWAC SP1.

Different communication channels were utilised, including:

e Frequent link calls between partners in NEWAC WP1.3. These
helped in assessing the work progress of each partner, and adapt the short

term plan accordingly.

¢ NEWAC WP1.3 2-day technical review meetings once per year.
These gave the opportunity for each partner to present their work progress
in detail and for the whole team to address general modelling issues with
emphasis on configuration control. Long term planning (annual plan) was
decided between the partners during these meetings. An important lesson
learned was that the TERA2020 research team would have benefited sig-
nificantly if these meetings where held quarterly; their frequency however

was restricted due to budget considerations.

e 6-month visit to Chalmers university by a Cranfield TERA2020
investigator. This gave the opportunity for a closer collaboration between
the two universities, accellerating work progress and resolving modelling

conflicts with respect to configuration control.

e Frequent link calls between the work-package leaders in SP1.

These helped in assessing partner work progress and plan ahead.
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e NEWAC SP1 1-day techincal review meetings once per year (some
of which were Technical Design Reviews). These gave the opportu-
nity for different SPs to report their latest progress to SP1, and for the

SP1 team to assess the projest progress at whole engine level.

e Meetings between NEWAC TERA2020 WP1.3 partners and OEMS
in SP1 and SP6. These gave the opportunity to the TERA2020 team to
present the modelling carried out and to the OEMs to assess assumptions
made and give their feedback. Information retrieved by the TERA team
through this exercise significantly improve the quality of the modelling car-
ried out and also helped improve the overall TERA2020 conceptual design

algorithm.

e Live demonstration of NEWAC TERA2020 to the EC project
review team and all NEWAC partners. This helped disseminate
NEWAC TERA2020 work to the EC and the NEWAC management com-
mittee, but most importantly clarify the overall potential of the TERA2020

tool and its proximity to reaching the original objectives set.

A.2.4 Documentation

Documentation is an important aspect for any software tool development. An
internal library was set up within NEWAC WP1.3 and was populated with a
large number of classified documents (nearly 30). Every document in the library
received a unique identification number and, where appropriate, a common doc-
ument template was used. The most important documents from the VITAL
TERA2020 efforts were imported into the library. A comprehensive listing of
NEWAC TERA2020 internal documents including their unique identification

numbers follows in the next page.

223



NEWAC TERA2020 Internal

Documents

A. Alexiou. GTAC Performance Model Descripition and Results. Technical
report, National Technical University of Athens, March 2008. NEWAC-WP1.3-
NTUA-T-0308-001-R1.0.

A. Alexiou. CRFC Performance Model Descripition and Results. Technical
report, National Technical University of Athens, June 2008. NEWAC-WP1.3-
NTUA-T-0608-002-R1.0.

K.G. Kyprianidis. DDIC Performance Model Descripition and Results. Technical
report, Cranfield University, October 2008. NEWAC-WP1.3-CU-T-1008-003-
R1.0.

K.G. Kyprianidis. GTIR Performance Model Descripition and Results. Technical
report, Cranfield University, February 2010. NEWAC-WP1.3-CU-T-0210-004-
R1.1.

B. Lehmayr. VITAL NEWAC TERA2020 Standard Nomenclature. Technical
report, University of Stuttgart, October 2009. NEWAC-WP1.3-USTUTT-T-
1009-005-R1.5.

L. Xu and T. Gronstedt. DDIC TERA2020 Sensitivity Analysis. Technical
report, Chalmers University, September 2009. NEWAC-WP1.3-CHALMERS-T-
0909-006-R1.0.

A. Alexiou and I. Roumeliotis. CRFC TERA2020 Sensitivity Analysis. Technical
report, National Technical University of Athens, July 2009. NEWAC-WP1.3-
NTUA-T-0709-007-R1.0.
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B. Lehmayr and S. Staudacher. GTAC TERA2020 Sensitivity Analysis. Techni-
cal report, University of Stuttgart, September 2009. NEWAC-WP1.3-USTUTT-
T-0909-008-R1.0.

L. Xu and T. Gronstedt. GTIR TERA2020 Sensitivity Analysis. Technical
report, Chalmers University, November 2009. NEWAC-WP1.3-CHALMERS-T-
1109-009-R1.0.

K.G. Kyprianidis. DDIC Sensitivity Analysis Bounds. Technical report, Cran-
field University, August 2009. NEWAC-WP1.3-CU-5-0809-010-R1.0.

K.G. Kyprianidis. GTIR Sensitivity Analysis Bounds. Technical report, Cranfield
University, September 2009. NEWAC-WP1.3-CU-S-0909-011-R1.0.

K.G. Kyprianidis. NEWAC TERA2020 Engine Performance Module Specifica-
tion - EVA Code. Technical report, Cranfield University, October 2009. NEWAC-
WP1.3-CU-T-1009-012-R1.1.

A. Alexiou. NEWAC TERA2020 Engine Performance Module Specification -
PROOSIS Code. Technical report, National Technical University of Athens,
November 2008. NEWAC-WP1.3-NTUA-T-1108-013-R1.0.

K.G. Kyprianidis. NEWAC TERA2020 Engine Performance Module Specifica-
tion - TURBOMATCH Code. Technical report, Cranfield University, October
2009. NEWAC-WP1.3-CU-T-1009-014-R1.1.

S. Ogaji, K.G. Kyprianidis, D.S. Pascovici, and F. Colmenares. NEWAC
TERA2020 Aircraft Module Specification. Technical report, Cranfield University,
October 2009. NEWAC-WP1.3-CU-T-1009-015-R1.1.

K.G. Kyprianidis. NEWAC TERA2020 Emissions Module Specification. Tech-
nical report, Cranfield University, October 2009. NEWAC-WP1.3-CU-T-1009-
016-R1.1.

K.G. Kyprianidis and S. Ogaji. NEWAC TERA2020 Environmental Module
Specification. Technical report, Cranfield University, October 2009. NEWAC-
WP1.3-CU-T-1009-017-R1.1.

K.G. Kyprianidis, D. Au, and A. Carrere. NEWAC TERA2020 Noise Mod-
ule Specification. Technical report, Cranfield University and ISAE/SUPAERO,
October 2009. NEWAC-WP1.3-CU-T-1009-018-R1.1.
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D.S. Pascovici, S. Ogaji, K.G. Kyprianidis, and F. Colmenares. NEWAC
TERA2020 Economic Module Specification. Technical report, Cranfield Uni-
versity, October 2009. NEWAC-WP1.3-CU-T-1009-019-R1.1.

T. Gronstedt and L. Xu. NEWAC TERA2020 Dimensions and Weight Module
Specification. Technical report, Chalmers University, December 2008. NEWAC-
WP1.3-CHALMERS-T-1208-020-R1.0.

S. Staudacher, O. Arago, S. Bretschneider, and B. Lehmayr. VITAL NEWAC
TERA2020 Plant Cost Module Specification. Technical report, University of
Stuttgart, October 2009. NEWAC-WP1.3-USTUTT-T-1009-021-R1.0.

K.G. Kyprianidis and B. Lehmayr. NEWAC TERA2020 Demonstration to
the EC Reviewers. Technical report, Cranfield University and University of
Stuttgart, October 2009. NEWAC-WP1.3-USTUTT-P-1009-022-R2.0.

K.G. Kyprianidis. NEWAC WP1.3 Internal Documents List. Technical report,
Cranfield University, February 2010. NEWAC-WP1.3-CU-S-0210-023-R1.3.

S. Staudacher and G. Gerrit Schiitte. VITAL Optimization Techniques Re-
view. Technical report, University of Stuttgart, October 2009. NEWAC-WP1.3-
USTUTT-PDF-1009-024-R1.0.

S. Bretschneider. TERA Model iSIGHT Parameter Definitions. Technical report,
University of Stuttgart, October 2009. NEWAC-WP1.3-USTUTT-PDF-1009-
025-R1.4.

S. Bretschneider. Initial TERA Modules Integration into Optimiser. Technical
report, University of Stuttgart, October 2009. NEWAC-WP1.3-USTUTT-PDF-
1009-026-R1.0.

K.G. Kyprianidis. DDIC Optimisation Bounds. Technical report, Cranfield
University, February 2010. NEWAC-WP1.3-CU-S-0210-027-R1.3.
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A.3 Dissemination

Different dissemination channels were utilised, including:

e Conferences (ISABE 2009, ASME TURBO EXPO 2010, ICAS 2010)

e Journals (ATAA Journal of Propulsion and Power, ASME Journal of Engi-

neering for Gas Turbines and Power).

e NEWAC project public workshop.

A comprehensive listing of NEWAC TERA2020 dissemination efforts follows in
the next page.
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K.G. Kyprianidis, D. Au, S.0.T. Ogaji, and T. Gronstedt. Low Pressure System
Component Advancements and its Impact on Future Turbofan Engine Emissions.
In ISABE 2009 Proceedings, ISABE-2009-1276, Montreal, Canada, September
2009.

L. Xu and T. Gronstedt. Design and Analysis of an Intercooled Turbofan En-
gine. ASME Journal of Engineering for Gas Turbines and Power, GTP-09-1228,

under publication, December 2009.

K.G. Kyprianidis, T. Gronstedt, S.O.T. Ogaji, P. Pilidis, and R. Singh. As-
sessment of Future Aero Engine Designs with Intercooled and Intercooled Re-
cuperated Cores. In ASME TURBO EXPO 2010 Proceedings, GT-2010-23621,
Glasgow, United Kingdom, June 2010.

A. Alexiou, N. Aretakis, I. Roumeliotis, and K. Mathioudakis. Analysis for a
Geared Turbofan with Active Core Technologies. In ASME TURBO EXPO 2010
Proceedings, GT2010-22701, Glasgow, United Kingdom, June 2010.

A M. Rolt, M. Andreoletti, and K.G. Kyprianidis. Assessment of New Aero
Engine Core Concepts and Technologies in the EU Framework 6 NEWAC Pro-
gramme. In ICAS 2010 Congress Proceedings, Paper No. 408, Nice, France,
September 2010. extended abstract submitted for publication.

K.G. Kyprianidis, S.O.T. Ogaji, P. Pilidis, R. Singh, A.M. Rolt, and
T. Gronstedt. Aero Engine Conceptual Design - Part I: Multi-Disciplinary
Framework Development. ATAA Journal of Propulsion and Power, 2010. under

preparation.
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T. Gronstedt, A. Lundbladh, S.O.T. Ogaji, P. Pilidis, R. Singh, and K.G. Kypri-
anidis. Aero Engine Conceptual Design - Part II: Low Pressure System Compo-
nent Advancements and its Impact on Future Turbofan Engine Emissions. ATAA

Journal of Propulsion and Power, 2010. under preparation.

K.G. Kyprianidis, B. Lehmayr, L. Xu, and A. Alexiou. TERA2020 - Rationale,
Objectives and Design Algorithm. In NEWAC Workshop Proceedings, Munich,

Germany, June 2010. abstract submitted for publication.

B. Lehmayr, K.G. Kyprianidis, L. Xu, and A. Alexiou. TERA2020 Optimisa-
tion of NEWAC Configurations. In NEWAC Workshop Proceedings, Munich,
Germany, June 2010. abstract submitted for publication.

229






Appendix B

Optimisation design variables

This appendix provides additional information in spreadsheet format on the
choice of design variables for the optimisation process described in Chapter
Unless explicitly stated otherwise, design variables refer to top of climb engine
operating conditions (ISA +10 [K], FL350, M = 0.82).

B.1 Tables

The effect of introducing a single design variable perturbation on the values
of other parameters at design point and off-design conditions is described by
Fig. and Fig. [B.2] respectively. Similarly, Fig. describes the effect of
such perturbations on the values of mechanical design parameters and objective

functions.
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Appendix C

Component characteristics

This appendix presents some of the component characteristics used with the
newly developed performance code described in Chapter [3 Characteristics for
the following components are included here: fan, compressor, turbine, inter-
cooler, combustor. All turbomachinery maps have been extrapolated towards
the low speed region and their smoothness has been improved using the com-
mercially available tools SmoothC and SmoothT [94,95]. Some characteristics
from the TURBOMATCH code have also been exported.

235



Component characteristics Konstantinos G. Kyprianidis

C.1 Intercooler

+Whot

Intercooler Effectiveness

Mass Flow Ratio (Wqq/ Wy

Figure C.1: Intercooler characteristic.

C.2 Combustor

Combustion Efficiency

Combustor Temperature Rise

Figure C.2: Combustor characteristic.
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Component characteristics

C.3 Fan and compressor
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Figure C.3: TURBOMATCH fan and compressor default characteristics.
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(a) Fan tip (left) and root (right) from [237].
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(b) Axial compressor with a design pressure ratio of 3 from [238] (left) and of 5.5
from [239] (right).
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(¢) Axial compressor with a design pressure ratio of 9 from [240| (left) and a radial
compressor with a design pressure ratio of 4 from [241] (right).

Figure C.4: Modified fan and compressor characteristics from GasTurb [95].
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C.4 Turbine
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(a) High work low aspect ratio turbine from [242] (left) and variable geometry turbine
(o = 68°) from [243].

9 100% 108%
T%ER 839 92%100%,108%
N [%] 75%, i

Pressure Ratio

Corr. Mass Flow * Rel. Corr. Speed

(b) Low pressure turbine from [244].

Figure C.5: Modified turbine characteristics from GasTurb [95].
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