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Summary
Modern turbofan engine technology has evolved over several decades resulting in highly efficient
and reliable propulsion systems for commercial airliners. Maintenance costs have also drastically de-
creased, but still represent a major part of the overall aircraft operating costs. To further minimize these,
engine maintenance needs to be planned timely and strategically. The maintenance concept currently
applied at KLM Engine Services (ES) is based on preventive and corrective maintenance. Advanced
diagnostics and health monitoring methods are being developed to assess engine component condition
to improve maintenance planning, work scope decision making and also safety. This requires test cell
and on-wing data. Gas path analyses (GPA) is used for health monitoring by comparing simulated data
with measured data and requires an accurate engine performance model. The software used for en-
gine performance modelling and simulation at KLM ES is the Gas Turbine Simulation Program (GSP).
GSP is a 0-D object-oriented gas turbine system simulation tool developed at the National Aerospace
Laboratory (NLR) and Delft University of Technology.
The increasing complexity of aero engines imposes additional modelling challenges. Adding to the
latter are the reduced number of sensors in modern gas turbines and the proprietary nature of design
data. Several projects have been conducted in the past at KLM ES related to turbofan modelling. The
engines at focus were the CF6-80C2 engine and the state-of-the-art GEnx-1B turbofan engine. These
models demonstrate acceptable performance, however, they can still be improved. Additionally, the
modelling approach can not easily be applied to other engines. Therefore, this thesis focusses on de-
veloping a systematic approach for modelling modern turbofan engines. The main steps for modelling
a gas turbine are twofold. Firstly, the design point modelling is conducted. At the design point the key
dimensions are determined, which is subsequently used for the (second) off-design modelling part. For
the design point a critical operating point of the flight envelope, that the engine was designed to meet,
is chosen. Off-design modelling mainly concerns component characteristics maps generation or tuning.
These maps, which are proprietary to the manufacturer, describe the behaviour of the turbomachinery
components, and present the relation between the pressure ratio, corrected mass flow, spool speed
and isentropic efficiency.
For the design point modelling, test cell data have been used. Test cell data includes additional param-
eters that are not recorded on-wing: thrust, mass flow and humidity. Physical relations have been used
as constraints, to bridge the gap caused by the fewer sensors. These include efficiency relations for
compressors and turbines, and the fan pressure ratio that maximises thrust by ensuring an optimum
jet velocity ratio. An optimiser was required for minimising the difference between the simulated and
measured data. The component performance parameters (e.g., the pressure ratios and efficiencies)
were adapted in this process. From literature Genetic algorithms (GA) were found to be the most suit-
able optimiser. GA can deal with noise, escape local minima due to its stochastic nature, and are also
suitable for underdetermined systems.
The off-design modelling approach has also been done using test cell data. The cycle reference scal-
ing point, attained from the design point modelling process, was placed such that acceptable operating
lines were achieved, which provided sufficient surge margin and realistic component performance pa-
rameters. The reference component maps were adapted by using a second order scaling polynomial
for each performance parameter. For this problem Genetic algorithms were employed as well to deter-
mine the polynomial coefficients. Maps of comparable turbomachinery, with similar operating regimes,
were selected from the literature as baseline maps. The optimised maps were subsequently checked
for physical correctness in order to prove their validity. This was done by comparing the underlying
physics with the literature. The modelling approach described above has been applied to the CF6-
80C2, and the GEnx-1B engine to demonstrate its applicability to different engine types.
The approach has been validated using the developed GEnx-1B engine model and CEOD. The results
were promising, with an average error of 2.4 % over the take-off, climb and cruise flight phases. This
is an improvement of 1.2 % over the old GEnx-1B model, however, the accuracy can still be improved.
Residual errors are due to secondary performance parameter effects, such as variable geometry and
clearance control, which are highly dependent on operating settings and flight conditions. The settings
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during test cell runs are different from on-wing records. Also, losses in the propelling nozzles are differ-
ent in flight compared to on the test cell, causing additional error. This can be addressed by adjusting
the nozzle velocity and/or thrust coefficient parameter functions. Furthermore, Reynolds effects were
found to be responsible for the model deviations. These were not included in the modelling process,
which is acceptable for low altitudes where high Reynolds numbers are encountered. For cruise, how-
ever, the Reynolds numbers are low and need to be corrected for. Including these corrections will make
the models more accurate for on-wing conditions.
The resulting systematic approach will make engine modelling tasks at KLM ES more efficient and pro-
vides a consistent approach to deal with missing sensors and data, unlike previous modelling projects
at KLM ES. Moreover, using an automated machine learning procedure for modelling, is more efficient
and effective than a manual process. Additionally, the approach can straightforwardly be utilised for
developing new and accurate engine models (e.g., the LEAP). This in turn will improve the gas path
analysis accuracy and reliability, resulting in more effective engine maintenance in terms of more ac-
curate diagnostics and prognostics by providing tailored work scopes.
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1
Introduction

Gas turbines are one of the most complex and important aircraft subsystems. They play a major role
in the efficiency of modern aviation [1]. The design trends for modern aircraft engines are driven by
various requirements. Two of the most important ones currently are the reduction of operating costs
and emissions[2, 3]. Reducing the operating costs is of utmost importance in order to remain com-
petitive in the airline industry. Turbofans are the most widely used type of civil aircraft engines these
days. This transition revolutionised the commercial aviation sector. It allows for longer flights and lower
fuel consumption, due to its higher efficiency and thrust to weight ratio. This improved performance is
achieved by increasing the overall pressure ratio (OPR), turbine inlet temperature (TIT), and compo-
nent efficiencies, which increase the thermal efficiency. Additionally, the propulsive efficiency is also
increased by lowering the fan pressure ratio (FPR) and increasing the bypass ratio (BPR). The latter
also reduces jet noise, which is another important design requirement. Lower emissions are achieved
by advanced combustion technologies and alternatives for jet fuel.
Another important contributor of the operating costs is the maintenance of aircraft engines. The main-
tenance of these can be done by the maintenance, repair, and overhaul (MRO) facilities of airliners,
or the original equipment manufacturers (OEM). For large airliners it can be financially beneficial to
perform maintenance in-house, rather than outsourcing. KLM together with Air France industries form
Air France Industries KLM Engineering & Maintenance (E&M), one of the big names in the MRO world.
Engine Services (ES) is one of the maintenance divisions of KLM E&M. Maintenance, repair and in-
spection are provided for engines from the KLM fleet and other airliners. The CFM-56-7B, CF6-80C2,
and GEnx-1B are some of the engines for which these services are provided. The more recent LEAP
engines are also gradually being introduced now.
In order to reduce the operating costs, the engine maintenance needs to be conducted efficiently. The
maintenance strategies that are currently applied at KLM ES are based on preventive and corrective
maintenance. They are slowly proceeding towards more efficient methods such as diagnostics to aid
with predictive strategies. Preventive maintenance of engines is based on a predetermined fixed sched-
ule, and some parts have a limited life. Corrective maintenance occurs if the engine does not meet
the required performance. For diagnostics, engine health monitoring is required in order to assess the
conditions of the components. For this, data from test cell and on-wing is being used.
Furthermore, a differential method, called gas path analyses (GPA), is used to estimate the component
health by comparing simulated data with measured ones. The software employed by KLM ES for
modelling and simulation is Gas Turbine Simulation Program (GSP). For accurate health monitoring, a
high fidelity reference model is required. Creating such a model is becoming increasingly challenging
due to less instrumentation and OEM proprietary design data. Several projects have been conducted
in the past at KLM ES to improve the accuracy of health monitoring. A Multi-Operating Point Gas Path
Analysis (MOPA-EA GPA) tool has been developed for the GEnx-1B engine in order to deal with the
fewer sensors. Furthermore, a tool to include the secondary performance parameters in the health
monitoring has been developed as well. These tools fulfil their intended purpose, however, there is
still some uncertainty present. Not all the component conditions can be predicted accurately, and the
model does not perform properly at cruise. This mainly originates from the lack of data available for
modelling purposes. That is why the goal for this project is to develop a systematic model that can
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handle the gap caused by the reduced amount of data available. Work has been done in the past to
tackle this problem. The models generated, however, are tailored to a specific engine type and lack
motivation for design choices. Additionally, the models tackled missing data in different ways, which
leads to inconsistent results along engine types and flight phases. A systematic approach can also
improve the engine component condition monitoring MOPA-EA GPA tool accuracy.

1.1. Research question and objective
With all the provided information above, and the research gap now identified the research question and
objective can be formulated.

1.1.1. Research Question(s)
The following main research question has been formulated in order to fulfil the goal of this project:

How can a systematic modelling approach be developed for new generation turbofan engines for
component health monitoring purposes by utilising test cell data, on-wing measurements and general

physical relations?

In order to answer this main question systematically, sub-questions are mapped-out below.

1. How can one effectively deal with the reduced amount of measurements for modern turbofan
engines?

2. How can a systematic framework be created for design point modelling?
3. How can a systematic approach be developed for off-design modelling?
4. Is it possible to check the underlying physics of the component performance maps with the avail-

able resources?
5. Which methods can be used to validate the developed approach for modelling a turbofan engine?

1.1.2. Research Objective
The main research objective of this thesis project is defined as follows:

The objective of this research project is to improve Gas Path Analysis at KLM Engine Services, by
developing a systematic approach for modelling new generation turbofan engines in an MRO
environment using data available in an MRO environment and general physical relations.

Similarly as for the main research question, the main objective can be divided into sub-objectives as
well. The first sub-objective is related to the reduced amount of available data. It will be inspected
if generic (non engine specific) data and optimum parameters form a good estimation for unknown
parameters. This will be done using an existing engine model.
The next sub-objective focuses on setting a framework for developing a systematic design point mod-
elling approach. It will be analysed if the available data and general physical relations can be used
to make-up for the missing parameters. The same will be done for the off-design modelling, which
mainly consists of generating or tuning component maps. The subsequent step will be to analyse if
the outcome is in line with the physics. This includes checking the generated component maps for
physical correctness, and if the performance changes along the operating lines are realistic. Finally,
the approach needs to validated. This can be done by assessing the performance of the model using
data that has not been run through the model before.

1.2. Structure of the report
This report consists of 12 chapters and is structured as follows. Firstly, some background information
is provided in Chapter 2. Then the past and current aircraft engine design trends are introduced in
Chapter 3, which give an indication of the current technology level. Subsequently, the available data
sources are elaborated upon in Chapter 4. The modelling strategies are discussed in Chapter 5, which
aid with identifying the best suited approach for developing a model to be used for component health
monitoring. Chapter 6 presents the physical relations obtained from the literature. This is followed by
the engine descriptions and data selection for modelling in Chapter 7. The modelling approach taken
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is subsequently elaborated upon in Chapter 8, which is followed by the outcome and verification in
Chapter 9. In Chapter 10 the GEnx engine model validation is presented. The main steps and key
modelling decisions are then addressed in Chapter 11. Lastly, the conclusions drawn from this study,
and the recommendations are presented in Chapter 12.





2
Background information

This chapter includes some background information, which will lay the foundation for the work to be
conducted in this project. First a brief history regarding gas turbines is given. Originating from the
1930s, major technological advancements occurred to arrive at the modern turbofan engines. Then
the maintenance strategies employed at KLM ES is elaborated upon. This is followed by a description
of the various projects done in the past at KLM ES related to gas turbine modelling and component
health analyses.

2.1. Background on Gas Turbines
The history of gas turbines to propel aircraft originates from 1930 when Frank Whittle was given a
patent for a gas turbine [4]. The compression for this machine was done using a double-sided cen-
trifugal compressor. This was followed by a reverse-flow combustor and driven by a single stage axial
turbine. Axial compressors were not developed yet due to aerodynamic instabilities. Flame instabilities
prohibited the use of straight flow combustors.
Starting from this jet engine design a lot of major technological advancements occurred that led to the
modern high bypass ratio turbofan jet engines we know today. The first turbofan engine to enter service
was the Rolls-Royce Conway in the 1940s [5]. This was a two spool gas turbine with a bypass ratio of
0.3 and a maximum thrust of around 78 kN.
Turbofan engines are the most dominant type of jet engines today for large commercial transport air-
craft. The latter due to the high efficiency and power to weight ratio. This improved performance is
achieved by increasing the overall pressure ratio (OPR), turbine inlet temperature (TIT), and component
efficiencies, which increases the thermal efficiency. Furthermore, the propulsive efficiency is increased
as well by lowering the fan pressure ratio (FPR) and increasing the bypass ratio (BPR). This increases
the thrust and also has as an additional benefit: jet noise reduction. A more efficient engine has a
lower fuel consumption, which also reduces the emissions. The latter being another important driver
for engine designs.
The thermodynamic working principle of a turbofan relies on a Joule-Brayton cycle. In a continuous
process air is first drawn into the engine. This air is then compressed by the compressors, after which
fuel is injected in the combustor and heat is added by igniting the mixture. The hot gas is subsequently
expanded in the turbines and discharged through the exhaust nozzle into the atmosphere. For the
bypass section, the air goes through the fan and is thereafter ejected into the atmosphere by the bypass
nozzle.
The first generation jet engines only had one spool (shaft). Modern day turbofan engines, however,
have two or even three spools. An example for a two spool engine is the GEnx-1B depicted in Fig-
ure 2.1. The main modules are: the fan, the low pressure compressor (LPC), the high pressure com-
pressor (HPC), the combustor, the high pressure turbine (HPT), and the low pressure turbine (LPT).
The fan, LPC and LPT operate on the low pressure spool, and the HPC and HPT operate on the high
pressure spool. One of the most recent three spool turbofan engines is the Rolls Royce Trent XWB.
This engine entered service in 2014 and propels the Airbus A350 XWB [6]. When a gas turbine runs
at speeds lower the design speed the density of the aft stages will be lower compared to design condi-

6



2.2. Gas path analyses at KLM Engine Services 7

tions. This will result in increased axial velocity hence reduced incidence for the back stages, causing
blade stalling at the front stages and choking at the aft stages. For high spool speeds the opposite will
be true, and the aft stages will stall. To maintain an incidence close to the design value, the speed of
the first stages need to be decreased, and the one of the aft stages needs to be increased. This is
achieved by splitting up the compressor into two or more parts, driven by multiple turbines operating
on separate shafts [7].

Figure 2.1: Turbofan modules[8]

2.2. Gas path analyses at KLM Engine Services
This section describes the work done previously, and the strategies being used for jet engine mainte-
nance at KLM ES.

2.2.1. Maintenance strategies
As mentioned before, engine health assessment is an important factor when it comes to reducing
operating costs of an airliner. Currently KLM Engine Services (ES) applies preventive and corrective
maintenance. The first strategy is maintenance on a fixed schedule. The second method is employed
when hardware deterioration is observed. This is the case when the exhaust gas temperature (EGT) or
high pressure spool speed margin has decreased below a predefined limit. KLM ES also employs an in-
house tool developed in collaboration with General Electric (GE) for engine monitoring, called Prognos
for Engine. This tool creates alerts if performance deviation is identified, by utilising similarity-based
modelling. The above mentioned strategies, however, can result in too early or too late maintenance,
as the part health is not actually monitored. The latter triggered the need for a different strategy. This
strategy is based on diagnostics, and will be applied at KLM ES in the near future. Engine components
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deterioration and impending failure will be determined by utilising engine sensor data. In such a way
components can be replaced and/or repaired prior to failure. New engine maintenance advancements
are towards, more efficient, prognostic techniques. Using a prognostic method the future condition
of engine components can be determined by trending sensor data, and thereby predicting when the
maintenance should be scheduled.

2.2.2. Gas path analyses at KLM Engine Services
The diagnostic maintenance approach mentioned above utilises engine sensor data. The health of the
engine and its components is then determined using amodel based approach, called gas path analyses
(GPA) [8–10]. The software used for modelling and simulation at KLM ES is the Gas Turbine Simulation
Program (GSP) [11, 12]. GSP is a 0-D non-linear object-oriented gas turbine simulation tool developed
at the National Aerospace Laboratory (NLR) in association with Delft University of Technology. GSP is
created using the object-oriented Borland Delphi environment. One can not only perform steady-state
calculations with this tool, but also off-design and transient calculations.
GPA is a differential method, where the reference model output is compared with measured data. The
first GPA method employed at KLM ES was adaptive modelling (AM), developed by Verbist [13]. This
approach adapts the turbomachinery performance maps of the engine model in order to match the
measured sensor data. Two map modifiers, also called health parameters, are used for each turboma-
chine to describe the differences in component health between the reference model data and sensor
measurements. A limitation of adaptive modelling is its deterministic nature—compromising the accu-
racy and stability due to noise—and its inability to solve matrix systems that are not square [14]. The
latter reduces the amount of health parameters that can be determined, and their accuracy for modern
turbofan engines. Modern turbofan engines have fewer sensors available, hence more unknown pa-
rameters [15, 16]. This challenge sparked the need for a different method for estimating component
health. Rootliep [8] developed an evolutionary algorithm based multi operating point gas path analysis
(MOPA-EA GPA) method to deal with the under-determined problem. A Genetic algorithm employing
a ’survival of the fittest’ process is used to determine the components condition. The component maps
are adapted until the reference model and measurement data match. This is done for the take-off and
cruise operating condition in order to improve the accuracy of the results. The results of the MOPA-
EA GPA tool are promising, however, there are some inconsistencies present for the GEnx-1B engine.
These are expected to originate from an incorrect GEnx-1B design point model and component char-
acteristics maps. GPA requires an accurate reference engine model in order to predict the component
condition correctly. In an endeavour to improve the accuracy of the MOPA-EA GPA tool. Otten [17]
modelled the effect of the secondary performance parameters. Otten utilises an evolutionary algorithm
to find a correlation between secondary performance parameters and map modifiers. These correla-
tions can be applied on top of the reference model. Thus the reference model itself does not feature any
secondary performance parameters effects. The results indicate improved accuracy for the MOPA-EA
GPA tool. Still there are points for improvement. Amongst these are the improvement of the baseline
on-design and off-design model.
A brief description of some other projects, focussed on design and off-design modelling, at KLM ES is
presented next. Van Moorselaar [10] created the design point and off-design GEnx-1B model starting
from the CF6-80C2 model. For the design point model the simulated cycle parameters were matched
with the measurement data by performing iterations manually. For off-design conditions the component
maps were generated by tuning the CF6-80C2 maps. The latter was done by relocating and relabelling
the constant speed lines. To prove the validity of the model adaptive modelling was applied using
GSP, for engine health prediction. The results were satisfactory, but there was quite some room for
improvement. den Haan [9] created a model for CF6-80 engine component health monitoring purposes.
The design point model was also created using an iterative procedure. The component characteristics
were generated by relabelling speed lines and shifting the design point on the map using a trial and error
procedure. Standard GSP maps are used as the starting maps. Satisfactory results are obtained using
the developed model. This can mainly be attributed to sufficient amount of data available for modelling
purposes. The model for off-design conditions is further improved by Beishuizen [18]. The operating
range where the model can be applied is increased by including on-wing data in the analyses. The
AM module of GSP is used for the latter. A similar modelling project as den Haan [9] was conducted
by Bouazzaoui [19] for the CFM56-7B engine. At the design point the simulated results match the
measured data. The off-design model is not very accurate and reliable, since generic component
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maps were used that are only scaled to the design point. Finally, the project done by Röell [20] focuses
on determining the discrepancies between on-wing and test cell corrected performance indicators.
It should be pointed out that only Beishuizen [18], Rootliep [8] and Otten [17] utilised on-wing data.
The other projects only based their work on test cell data. Snapshots were also not used. The main
reason for this is that test cell measurements included more measurements. One of which is the thrust
measurement.



3
Gas turbine design trends

With some background information provided, one can dive deeper into the design trends of aircraft
propulsion. This chapter presents an overview of the past and current aircraft engine design trends.
These trends aim to improve the performance of the engine, whilst considering other factors such
as noise, environmental impact, dimensions and weight. In order to make good approximations for
unknown parameters and cross-check the obtained results with reference data, the trends for turbofan
engine design and modelling are also suitable.

3.1. Current engine design Trends
Engine design trends give a good indication if the obtained engine design parameters agree with the
technology level in the entry into service (EIS) or certification year of the engine. In Figure 3.1[2] the
trend of the overall pressure ratio (OPR) is given. It can be observed that the OPR has been increasing.
A similar trend can be observed for the turbine inlet temperature (TIT) in Figure 3.2[2]. This figure also
shows the trend of maximum allowable temperature for metals over the years, which is substantially
lower than the TIT. That is why turbine cooling is applied to lower the temperatures. Increasing these cy-
cle parameters leads to higher thermal efficiencies. The trend for the bypass ratio (BPR) is depicted in
Figure 3.3[21], which goes paired with a reduction in fan pressure ratio [2]. These two changes lead to
a higher propulsive efficiency. The improvement of the two efficiencies mentioned above is illustrated in
Figure 3.4 for different aircraft at cruise conditions. An increasing trend is clearly visible. Consequently,
the overall efficiency—a product of the thermal, propulsive and transmission efficiency—increases as
well. The main reason why manufacturers are pushing towards better performance and higher effi-
ciencies is to reduce the specific fuel consumption (SFC) [2]. Reducing the SFC will also reduce the
emissions, which is becoming an increasingly important factor due to the expeditious environmental
awareness growth [3, 22].
The performance improvements mentioned above, are all allowed due the improved manufacturing
technologies which allow for materials and parts with better properties [22]. These can for example
withstand higher loads and temperatures, and are lighter. Additionally, improved simulation and opti-
misation techniques (e.g., , , for blade design of the fan, compressor or turbine) also give an additional
performance improvement. This is possible due to the increased computational power and more ad-
vanced simulation software. Other technologies such as cooling and variable geometry also aid to the
improved performance [2].

3.2. Trends for turbomachinery
The developments for turbomachinery design are also dictated by the aim to reduce the SFC. Head et
al. [24] describe several engine parameter trends. Although these are obtained using a GSP model,
the trends are still representative. The trends are given for a span of 50 years, ranging from 1960 to
2010. For all the components an increase in polytropic efficiency with certification year can be observed.
The latter also contributes to the increase in the overall efficiency. It can be observed as well that the
average stage pressure ratio has increased. This allows for lower spool speeds, and thereby reducing
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Figure 3.1: Gas turbine overall pressure ratio (OPR) change over the last 50 years [2]

Figure 3.2: Turbine inlet temperature (TIT) trend over the last 50 years [2]
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Figure 3.3: Bypass ratio (BPR) variation over the last 50 years [21]

Figure 3.4: Core thermal and propulsive efficiencies for various commercial aircraft engines at cruise[23]
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the stresses and weights of the disks. The increase in blade loading can also allow for a reduction of the
number of stages, which decreases the weight of the compressor as well [25]. A higher stage loading,
however, can lead to increased tip losses which can hurt the efficiency of the module. Furthermore,
the aspects ratio of the blades is also being lowered. This increases the Reynolds number, and as a
result the profile losses are reduced [21]. Variable pitch blades are used to increase the efficiency of
the compressors at off-design conditions. The blades are rotated such that the flow incidence angle
is optimum, given the flow axial velocity and spool speed. Furthermore, active clearance control is
utilised for the turbines to ensure the optimum tip clearance that maximises the component efficiency
and/or prevents blade abrasion.
The higher performance demands for turbomachines also requires different materials that can withstand
the higher pressures and temperatures. Additionally, these also should possess a high fatigue strength
and erosion/corrosion [26]. More advanced materials are also required to increase the durability and
reliability of gas turbines. Another method that is used to deal with the high temperatures is turbine
cooling. Here bleed air is used from one of the compressors. This air does not contribute to the cycle
performance, thereby penalising the efficiency.



4
Data sources

In this chapter the data sources available and the challenges involved for modelling gas turbines are
discussed. The limited amount of data available complicate the development of accurate enginemodels
and have an impact on the health assessment of turbofan engines. Moreover, it forms an obstacle for
MRO facilities to move towards more efficient and cost effective maintenance strategies. Having an
overview of all the available data will aid with deciding on the modelling approach.

4.1. Challenges
Creating a reference model is challenging for modern turbofan engines due to the reduced number
of sensors. Fewer sensors decrease the weight, cost and complexity of the engine [15]. Besides
this obstacle, a lot of data is also proprietary to the original equipment manufacturer (OEM), and not
available to the MRO (maintenance, repair and overhaul) provider [27, 28]. OEMs want to pursue other
sources of income and are therefore showing more interest in the aftermarket. This is an interesting
market as at least four times the engine purchase value is spent during its life-cycle [27]. By limiting
the amount of available data and ways for interpreting data to the MRO, only the OEM can provide
accurate prediction of the engine health and tailored workscopes. This way the OEMs can retain their
competitive edge.
Kurzke [29] states that there is no amount of data that will allow to model every detail occurring inside
an engine. However, the extend of the detail to be modelled depends on the application of the model.
In some cases it is sufficient to have an agreement with the fuel flow and thermal efficiency of the mea-
sured data. Over- or underestimating some parameters in such a case does not matter. Kurzke also
mentions that it does not make much sense to create a high fidelity model, if the amount of information
available is scarce.
In anMRO environment various sources can be consulted to obtain data for modelling purposes. These
will be discussed next.

4.2. Brochures and Official engine data
Not everything in advertising can be trusted. Additionally, the operating conditions for the given data
are unknown, and probably inconsistent. Thus it will be difficult to create a thermodynamic model based
on this information. Nonetheless, the information available in these brochures is fairly limited and often
only consist of some overall performance parameters.
Official engine data should also be looked at more critically. Official engine data can be influenced
by commercial aspects. Often data is only presented for a good or average performance engine and
does not account for engine-to-engine differences or a worse performing engine. Official engine data
is mostly proprietary to the OEM. The OEM provides a limited amount of data to the MRO provider, that
describes the overall performance of the engine. This can be for example the exhaust gas temperature
(EGT), the fuel and mass flow. It can be challenging to create an accurate model using this data only.
As an MRO provider KLM has access to MyGE and MyCFM portals. These contain flight data, engine
manuals, and other technical documents useful for maintenance practices. The Prognos tool, used
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for performance monitoring, also provides engine data from the manufacturer. The models used in
this tool, however, are a black-box. It is not known how the data is processed and how computations
are done. The reference engine model is for an average performing engine. The measured data is
compared to the reference model in order to identify deterioration. Moreover, this tool also does not
account for engine-to-engine differences.

4.3. Measured data
In flight and test cell measurements are available to the MRO. However, the measured parameters are
limited for modern gas turbines due to the reduced amount of instrumentation.

4.3.1. Test Cell data
In bound and out bound test cell runs can be distinguished. The former is mainly done to confirm on-
wing issues before the engine is repaired, and the latter is done to quantify the performance restoration
and to demonstrate that the performance requirements for entering service again are met. Besides
the performance, leak checks, acceleration tests and vibration tests are also conducted. The engine
test cell of KLM at Schiphol Oost can facilitate the CFM56 and the CF6-80 engines. The GEnx and
GE90 engines are tested at the test facility of AFI, Zephyr, at Charles de Gaulle Airport Paris. Test cell
data is only available for ground, flight idle, maximum continuous and static take-off operating points.
Calibrating a full engine model based on these operating points only is quite challenging, since these
points do not cover the full operating range of the engine. As a result, only some small performance
regions can be modelled with reasonable accuracy. The test cell data available for the CF6-80 and
GEnx engines can be seen in Table 4.1. Notably, there are not sufficient measurements to determine
the pressure ratios of the different turbomachines. Using this data only, creates an underdetermined
system with a non-unique solution.
There are corrections applied to the test cell measurements to eliminate the test cell effects and make
the data representative for free stream conditions. This is done using facility modifiers included in
a correlation report provided by the OEM. They remain valid unless the test cell, testing equipment
or data acquisition system is adapted. The calibration report also includes a range of measurement
data for different N1 (low pressure) spool speeds. These can be useful for off-design modelling, more
specifically component map tuning.
After maintenance or modifications of the test cell, back-to-back testing needs to be conducted. This
is done to determine the possible impact on the test cell facility modifiers. During back-to-back testing,
runs for multiple ratings of the same engine type are conducted. The operating points are mostly similar
as for the in bound and out bound test cell runs. This data can also be used for off-design modelling
purposes.
Factors that account for the installation effect are provided by the OEM. These are constant and have
no dependency on flight conditions. The latter introduces some uncertainties when using this data.
Additionally, the test cell measurements do not incorporate the effects for atmospheric distortion [20].
This can lead to slightly different inlet thermodynamic conditions as compared to the on-wing case.
Moreover, during the test cell runs no bleed or power off-take is included. Another drawback of the test
cell is, that the runs are only for sea level static atmospheric conditions. The atmospheric conditions
cannot be addapted to represent other altitudes. A dedicated bell-mouth inlet is used for the engines
during the test cell run. This inlet ensures steady non-distorted flow, as opposed to the on-wing inlet
cowling.
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Table 4.1: Available test cell measurements for the GEnx and CF6-80 engine

Parameter Description GEnx-1B CF6-80
Tt12 Total fan inlet temperature x x
Tt25 Total HPC inlet temperature x x
Tt3 Total HPC outlet temperature x x
Tt49 Exhaust Gas Temperature (EGT) x x
Tt5 Total LPT outlet temperature - x
Pt2 Total fan inlet pressure x x
Pt14 Static pressure duct - x
Pt25 Static booster outlet pressure - x
Pt3 Static HPC outlet pressure x x
Pt49 Static HPT outlet pressure - x
N1 Fan speed x x
N2 Core speed x x
WF Fuel flow x x
Ṁtotal Total Mass flow x x
ṀCore Core Mass flow - -
FN Net thrust x x
RHUM Relative humidity x x

4.3.2. On-wing data
In flight data can be obtained from snapshots, and also from Continuous Engine Operating Data
(CEOD) for modern turbofan engines. This data is recorded by the Full Authority Digital Engine Control
(FADEC).

Snapshot data
The snapshot data is one of the data types recorded on-wing, and consists of one measurement for
take-off and cruise phase. Prior to the introduction of CEOD, the snapshots were used for on-wing
engine monitoring. These measurements are averaged over 10s in order to minimise measurement
noise. It is not known if the data is taken during steady state conditions, and how it is decided at which
moment during the flight phase the snapshot should be taken [13]. Additionally, GE did not provide any
information on how the pre-processing of this data is done.

Continuous measurements
CEOD includes data from the complete mission, hence the user has the freedom of selecting the oper-
ating points as desired. For the GEnx-1B engine over 300 parameters are recorded during each flight.
Unlike snapshots CEOD also contains secondary performance parameters. These are parameters re-
lated to variable geometry, bleed and power off-takes. Including this information in the model increases
the accuracy [30] and is done by Otten [17].
Using CEOD data also has some drawbacks. The complex aerodynamic phenomenon occurring at the
engine inlet, and installation effects introduce some modelling uncertainty. The thrust measurement is
lacking [10], and the sensor data has more noise. The accuracy of the sensors of the GEnx engine is
given in Table 4.2. Similar values are also expected for the CF6-80C2 engine. Furthermore, choosing
incorrect operating points can lead to inaccurate results [20]. To calibrate the GSP engine model the
operating point has to be chosen such that there is a thermal equilibrium (steady-state). Test cell data
is most of the time recorded after a certain settling time, thus it can be assumed to be steady-state
data. For the CEOD, steady state points have to be selected manually. Especially during take-off and
climb the engine operates under highly transient conditions and the operating points need be selected
carefully. Rootliep [8] uses the core speed rate of change to determine if the engine is operating at or
near steady state. This is also one of the parameters included in the CEOD. An important parameter
not included in the CEOD is the humidity. The humidity affects the gas properties and has a notable
effect on the performance of the turbofan engines. Vuuren [31] researched the effects of humidity on
the performance of turbofans and concluded that incorporating humidity effects increases the reliability
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Table 4.2: Accuracy of the GEnx engine sensors [10]

Sensor parameters Range Accuracy
Thermocouple Tt,2,Tt,25,Tt,3,Tt,49 −54− 1137◦C ±1.1◦C/± 0.4%
Frequency interface N1, N2 0− 13, 750rpm ±0.12
Total pressure sensor Pt,2 1.6− 20psi ±0.01
Static pressure sensor Ps,3 5− 750psi ±0.36
Flow meter Wf 400− 30, 000pph ±3.5%

of the on-wing measured performance indicators. Note that for higher altitudes the humidity is lower,
and consequently the performance will be less affected.
The gas pathmeasurements available in the CEOD recordings can be found in Table 4.3. Besides these
measurements, secondary performance parameters are also recorded and are given in Appendix D.
The atmospheric conditions can be determined from typical data such as the flight altitude and Mach
number. It should be kept in mind that CEOD is only available after the first 400 engine cycles. This
means that the data is not representative for a new engine and cannot be used to create an engine
model. The data recorded after a complete performance restoration can be used for modelling pur-
poses. Eventhough there still will be some permanent degradation present, the data can be assumed
to originate from a healthy engine.

Table 4.3: Available CEOD for the GEnx and CF6-80 engine

Parameter Description GEnx-1B CF6-80
Tt12 Total fan inlet temperature x x
Tt25 Total HPC inlet temperature x x
Tt3 Total HPC outlet temperature x x
Tt49 Exhaust Gas Temperature (EGT) x x
Tt5 Total LPT outlet temperature - x
Pt2 Total fan inlet pressure x x
Pt14 Static pressure duct - x
Pt25 Static booster outlet pressure x
Pt3 Static HPC outlet pressure x x
Pt49 Static HPT outlet pressure - x
N1 Fan speed x x
N2 Core speed x x
WF Fuel flow x x
Ṁtotal Total Mass flow - -
ṀCore Core Mass flow x x
FN Net thrust - -
RHUM Relative humidity - -

4.4. Geometric engine data
When engines are in for a shop visit, advantage can be taken from the availability of the engines to take
geometric measurements. Different parameters such as cross-sectional areas, and cone angles can
be acquired this way. Furthermore, some technical drawings are also available to the MRO operator,
which can be used to complete the geometric measurements. This information will be useful for setting
the design point, where the engine is sized.
When using measured data for modelling purposes one should be aware that the model will not gen-
eralise well to all engines of the same type. This is caused due to manufacturing differences, sensor
variances, and geometry variations due to deterioration [32]. In previous work at KLM ES calibration
factors (CFs) are applied for aligning the model with the engine of interest. These are also used to
account for installation effects when using on-wing data [8–10].



5
Design and off-design modelling

Gas turbinemodelling tasks are generally split into two parts. Firstly, on-design (design point) modelling
is done to size the engine, which is subsequently used for off-design modelling. More recent work also
discuss combined modelling in case data is available for multiple operating points. For the design point
a critical operating point of the flight envelope, that the engine was designed to meet, is chosen. The
top of climb, where the maximum corrected airflow is obtained, is the most commonly used condition.
Off-design modelling mainly focusses on generating component characteristic maps, or tuning existing
ones. These maps, which proprietary, describe the behaviour of the turbomachinery, and present the
relation between the pressure ratio, corrected mass flow, spool speed and isentropic efficiency. This
chapter describes gas turbine modelling in more depth. Additionally, common modelling practises in
literature are also elaborated upon. Finally, the most promising optimisers found in the literature are
presented.

5.1. Design point modelling
At the design point or cycle reference point the engine is sized, i.e., its geometry is defined. Conse-
quently, a design point model is fixed and required prior to any other performance analyses. The design
point of components in the detailed design phase can be different from the engine design point, depend-
ing on the sizing condition. For the concept phase, however, the same point can be used [33]. For the
design point, turbo-machinery performance characteristics are not needed since all the required data
for this operating point are considered to be known prior to using the characteristics. The design point
data is also used as input for the characteristic component maps. The available data for the design
point can directly be used as input for the design point computations. The component efficiencies can
then be obtained iteratively by matching the known properties. The typical steps for turbofan cycle
computations can be found in Appendix B.
For the cycle reference point, a critical operating point of the flight envelope that the engine was de-
signed to meet is chosen [34]. This point is typically hot day take-off or top of climb for transport aircraft.
The top off climb condition is used because it sets the maximum corrected airflow and maximum cor-
rected engine speed [35]. For a high bypass ratio, separate flow turbofan designed for subsonic flight,
the take-off condition, on the other hand, determines the maximum combustor exit temperature (T4) for
the engine [35, 36]. Furthermore, cruise is also taken sometimes as the design operating point [37].
Although cruise is not a critical operating condition, it is the longest flight regime for civil aircraft and the
most fuel is burned during this phase. Thus, having optimal cycle performance conditions at cruise is
also crucial. Avellan [38] classifies these points as follows:

• The thermal design point: The hot-day take off point where the highest temperatures can be
found in the gas path.

• The aero design point: The TOC operating point with the highest corrected mass flow.
• The energy design point: This is the cruise operating condition, where energy efficiency is of
high importance.

18
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Figure 5.1: GSP design point modelling scheme [39]

There are some additional factors that should be considered when choosing a design point. Firstly,
choosing operating points with variable geometry and off-takes should be avoided if possible. Often
their exact settings are unknown and will cause uncertainty in the model. Secondly, the occurrence
of condensation shocks at the engine inlet, at a certain relative humidity, should be considered as
well. These can affect the engine inlet conditions by an uncertain amount [32]. Additionally, in order to
neglect Reynolds number effects low power operating points should be avoided [32]. Viscous losses
is one of these effects, which is higher at low Reynolds numbers. These also increase the modelling
uncertainty.
The design point calculation procedure implemented in GSP is given in Figure 5.1[39]. An iterative
procedure is used to minimise the errors of the design point equations by varying the cycle parameters
and utilising the user specified design parameters as input. The iterations are halted once the specified
tolerances are met.
Multiple approaches for design point modelling are available in the literature. These are briefly dis-
cussed next. Kurzke [29] uses an iterative procedure to match the measurement data. The open
literature is used to check if the obtained parameters are in line with expectations and the technology
level. Kurzke also mentions that it is practical to combine the fan core and booster in case sensors
between these two components are lacking. It will not be possible to separate the performance of those
two components in such a case. This has been done in the past, and proved to increase the accuracy
of GPA [9, 10].
Sjögren et al. [40] uses data available in open literature, generic engine data and optimum relations for
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Figure 5.2: Turbofan model as implemented in GSP

design parameters to increase the model accuracy for a GEnx-1B engine. Contrary to this project he
does not have access to measurement data. A method to tackle an under-determined problem is also
discussed by Li et al. [41], however the focus is more on the cycle optimisation problem rather than
estimating the unknowns using non-engine specific data. Similar work is also done by Li et al. [42], but
using a non-gradient based approach for the optimisation. Stevenson [37] analyses which operating
condition the most suitable is for the design point. He selects multiple operating conditions and creates
a design point model for each of those points. Subsequently, he selects the point for which the exhaust
nozzle areas are the closest to the actual measured areas of the engine. This turned out to be the top
of climb (TOC) operating condition.

5.2. Off-design modelling
Once the engine has been sized using the design point data, the off-design modelling can be done.
The design point is used as a cycle reference point, and its location should be specified on the com-
ponent map. The map will then be scaled to this reference point such that the values of the corrected
parameters at the design operating point are matched. This way, a generic map can used for an en-
gine of interest. When for a fixed design point the operating condition of a gas turbine changes, the
gas turbine will move to a different steady state condition in order to satisfy the laws of conservation
between the different components along the gas path. These are the conservation of mass, momentum
and energy. For these off-design conditions component characteristic maps are required that describe
the performance of the components over the complete operating range. Depending on the change in
operating conditions, each component will move to a unique point on its map for that specific setting.
Thus the operating point of each component relies on the module they are linked or matched to. This
is an iterative procedure where a scheme similar to the one for the design point calculations is exe-
cuted repeatedly until the errors between the computed values and the ones read from the maps are
sufficiently small.
Component maps are often proprietary to the OEM and not available in open literature. Consequently,
modellers often attempt to generate these maps by themselves. Generic component maps are tuned
in order to match off-design performance data. In order to get as close as possible to the actual maps,
reference maps of components that are similar to the ones being modelled should be selected. The
number of stages, pressure ratio, type of machinery (e.g., axial or centrifugal) and design mass flow
should be the same to have the best accuracy [32]. In Figure 5.3 and Figure 5.4 a typical compressor
and turbine map is illustrated respectively. The corrected parameter groups used in these maps can
be seen in Table 5.1. They are corrected to the ISA values using Equation 5.1 and 5.2. This allows to
compare the performance of different components of the same type.
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Table 5.1: Corrected parameter groups used in performance maps

Parameter Quasi-Dimensionless Group Unit

Mass flow ṁ′ = ṁ
√
θ

δ

[
kg
s

]
Engine shaft speed N ′ = N√

θ
[rpm]

δ =
pt,a

pref

=
pt,a

101325Pa
(5.1) θ =

T t,a

T ref
=

T t,a

288.15K
(5.2)

The following curves can be seen in these graphs:

• Constant efficiency lines: These are the contours for a constant isentropic efficiency.
• Constant speed line: These are lines for constant (corrected) engine shaft speeds.
• Surge line: The surge line indicates where compressor stalling occurs. The latter occurs when
the flow cannot withstand the adverse pressure gradient ( dpdx > 0), and causes flow separation
and reversal consequently. Surging does not occur for the turbine due to the favourable pressure
gradient ( dpdx < 0).

• Choking area: Here the maximum mass flow is obtained for a certain shaft speed and cross-
sectional area. As mentioned before in Section 2.1, this can either occur for the front or the aft
stages of the compressor depending on the shaft speed.

In off-design cycle evaluations, the compressor maps need to be evaluated numerically, which is not as
straight forward as one would expect. The corrected speed and flow cannot always be used, since the
speed lines are vertical in the high speed region. In the low speed region, in contrast, the speed lines
are horizontal. The latter creates difficulties when reading the maps using the corrected speed and
pressure ratio. This problem is tackled by introducing the so-called β-lines. An example of such a map
is given in Figure 5.5[43]. By using these lines, which have unique intersections with the speed lines,
the aforementioned problem is remedied. One of the map parameters together with a β-line value can
be used to read the map. These β-lines can have a parabolic or linear shape, and often run parallel to
the line going through the peak efficiency points on each speed line also depicted in Figure 5.5 and Fig-
ure 5.3, called the back-bone of the map. If the latter is the case the loading coefficient (Ψ) is constant
along the β-lines. Furthermore, the β-line values vary from 0 for the lowest line to 1 for the highest line.

5.2.1. Underlying physics component maps
It is of foremost importance to check if the reference and produced component maps are in line with the
underlying physics. This can be done using the Smooth C and Smooth T software [44, 45]by Kurzke.
These computer programs can be used to check the quality, smoothen and generate component maps.
Kurzke proposes several ways to check performance maps and the underlying physics. These will be
discussed below.

Compressor map
The loss characteristics listed below can be used to check if the compressor maps are in line with the
physics.

• (Ψ−Ψis ) − (Ψ−Ψis )min loss versus (Ψ−Ψmin loss ) ∗ |Ψ − Ψmin loss|: On the x-axis the squared
distance from the peak efficiency point is expressed in terms of the difference in Ψ . On the y-axis
a comparison in losses is made with the point of the maximum efficiency also using Ψ. In the
lower speed range these become sensitive to small changes, thus it is best suited for the high iso
speed lines.

• 1− P2

P2,is
versus β: On the x-axis one can find the β line values. The total pressure loss is given

on the y-axis. P2,is is the pressure that would be obtained using the actual work in an isentropic
process. This loss characteristic is suited for the full speed range.

• |Ψ−Ψmin loss | versus Φ−Φmin loss : Here Ψ is the loading coefficient, and Φ is the flow coefficient.
On the x-axis the distance from the minimum loss point is given in terms of the flow coefficient
and the on the y-axis the same, however, now in terms of the absolute loading coefficient. This
characteristic is suited for maps with non-vertical speed lines.
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Figure 5.3: Typical map of an axial compressor

Figure 5.4: Typical map of an axial turbine
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Figure 5.5: Typical map of an axial compressor with β-lines [43]

These loss characteristics should have a bucket, independent of speed, where the losses are minimal.
Furthermore, the speed-flow and speed-work relations can be visualised as well in order to check for
inconsistencies. Following incompressible compressor theory the specific work is proportional to ve-
locity squared. Hence, at zero velocity the work will be zero as well. Additionally, the specific work can
become negative as well, before passing through the origin. This occurs at windmilling conditions for
very low speeds. If there is variable geometry present there will be kinks in the beta lines at certain
speed values. The latter is expected to be minimal, since the effects of variable geometry are not ex-
plicitly modelled during this study.

Kurzke [43] also discusses hidden correlations in compressor maps, and how these are influenced.
Some of the main findings are presented subsequently. For subsonic compressors there generally
should be a noticeable difference (decreasing with speed) between the surge and choke mass flow.
For maps with vertical iso speed lines the maximum efficiency on a line is attained at the point where
the maximum corrected mass flow starts decreasing.
Furthermore, the vertical speed lines in compressor maps are elaborated upon as well. The vertical
speed lines can be the result of supersonic flow conditions at the compressor inlet (rotor) or choking of
the compressor outlet (stator). This can be identified by analysing the specific work over pressure ratio
graphs. If the constant speed lines in this graph are horizontal, then the outlet is choked. Decreasing
the pressure ratio in this case does not effect the flow field of the rotors. As the rotors do all the work, the
specific work remains constant. If the contours are not horizontal, i.e., the specific work is not constant,
then the first rotor experiences supersonic flow. Reducing the pressure ratio effects the flow field in the
rotor, thereby changing the specific work. Finally, it is mentioned that a map intended for a compressor
with variable geometry should not be used for simulating a module of which the geometry is invariant.
The other way around, on the contrary, is allowed by using a schedule for the variable geometry

Turbine map
For a turbine map it is difficult to visualise the efficiency contours. For this reason the following loss
characteristics can be used to check if the efficiency islands are smooth and coherent with physics:

• (Ψ−Ψis ) − (Ψ−Ψis )min loss versus (Ψ−Ψmin loss ) ∗ |Ψ − Ψmin loss|: This is identical to the first
loss characteristic for compressor maps.
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• 1− P2

P2,is
versusW ∗√T2/P2−

(
W ∗√T2/P2

)
min loss: HereW is the mass flow, and P is the pressure.

On the x-axis one can find the distance from the peak efficiency point expressed in terms of the
corrected mass flow. The total pressure loss is given on the y-axis.

• |Ψ−Ψmin loss | versus Φ−Φmin loss : This is similar to the third loss characteristic of the compressor.

Similarly to the compressor map loss characteristics, there should be a bucket as well where the mini-
mum losses occur that is consistent with speed.
The turbine velocity ratio (blade over jet speed) - static efficiency is another relation that can be in-
spected to validate the underlying physics. For a single idealised turbine stage the static efficiency
change with turbine velocity ratio is parabolic. The maximum efficiency occurs at the optimum inci-
dence angle (zero) and is only dependent on the turbine stator exit angle. At turbine velocity ratios
lower or higher than the peak efficiency, the incidence angle is suboptimal and the efficiency is pe-
nalised as a result. In a real case this behaviour is similar, and the maximum efficiency should be
attained for a velocity ratio between 0.4 and 0.5 [46].
Moreover, the trends in a mass flow over speed plot with constant beta lines should be consistent
for both, the high and low flow area. Furthermore, the first stator of highly loaded turbines is usually
choked. In this case the maximum mass flow is constant for a large part of the map and independent
of speed. If the latter is not the case, the maximum (corrected) mass flow will slightly decrease with the
(corrected) spool speed.

5.2.2. Combined modelling
Several attempts have been made in order to combine on-design and of-design modelling [35, 47, 48]
. The latter can be useful if the on-design data is very limited, and data for multiple operating points
is available. For this approach the design point parameters and performance maps are adapted each
iteration. The objective for such a modelling approach is to match performance and cycle parameters
defined for multiple operating points. These are called the target parameters. They can be used as
equality or inequality targets. There are also synthesis variables. These can either be fixed or varied
during the multipoint procedure [47]. Typical operating points that are used for the multi-point approach
are the take-off, top of climb and cruise.

5.2.3. Performance maps generation
Various methods for component map tuning can be found in the literature. Most of these studies, such
as the study by Yan et al. [49], consist of developing analytical solutions for the component performance
maps. Tuning factors are then used to modify these analytical maps in order to fit experimental data.
These methods have proven to be effective and reliable. There is, however, much more data required
in order to produce accurate results. The data need to be sufficient in order to generate the iso speed
lines. Additionally, using analytical solutions can easily lead to unphysical maps. Due to the reasons
mentioned above it has been decided not to use analytical map solutions.
One of the most promising methods found in the literature for component map generation/tuning, that
did not include parametrisation of the maps, was the work conducted by Li et al. [50]. Li et al proposes a
scaling method for reference characteristics maps using a second order polynomial function defined in
Equation 5.3. Here a, b, and c are the polynomial coefficients. The subscript x denotes the character-
istic parameters, which are the pressure ratio (PR), efficiency (η), and corrected mass flow (Wc). LDP

and LOD represent the relative non-dimensional rotational spool speed for the design and off design
point, respectively. It should be noted that a is set to unity in order to keep the scaling factor to 1 at
the design point. This means that at the design point the model is assumed to be calibrated, and this
point will remain unmodified during the adaption process. A minor drawback of this choice is that the
modifications close to the reference point will be small. The effect of scaling polynomial coefficients on
the scaling factors can be seen in Figure 5.6. Additionally, it can also be noticed that the scaling factor
at the design point (DP) is equal to unity.
The coefficients for the scaling functions are in this reference determined using Genetic Algorithms.
Multiple component maps were adapted simultaneously, and the results postulate that the approach
was effective. It has been decided to continue with this method.

SFX = a+ b

(∣∣∣∣LOD − LDP

LDP

∣∣∣∣)+ c

(∣∣∣∣LOD − LDP

LDP

∣∣∣∣)2

(5.3)
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Figure 5.6: Variations of the scaling equations [50]

5.3. Optimisers
As mentioned above the unknown parameters need to be adapted such that the known cycle param-
eters(measurement data) are obtained. To make this matching process efficient an optimiser, which
minimises the difference between computed and measured cycle parameters, needs to be included
in the design procedure. The optimisers that can be used are limited to non-gradient based methods,
since the Jacobian of the system of equations is not available to the user in GSP. Discrete gradients
can be computed, however, are computationally expensive. Furthermore, deterministic methods are
avoided due to their difficulties to handle noise. Different non-gradient based optimisers were found in
literature and are described in the literature study conducted by the author [51]. From the conducted
literature study two of the most promising optimisers were Genetic Algorithm (GA) and Bayesian Opti-
misation (BO). These are able to deal with noise, local minima and there are readily available Python
implementations. The two above mentioned optimisers will be discussed next.

5.3.1. Genetic Algorithm
Genetic algorithms (GA) is a nature inspired algorithm [48]. Nature inspired algorithms are based
on processes in the nature. They incorporate the intelligence found in biological evolution, swarm
behaviour and physical processes. GA have been applied in the past at KLM ES. Rootliep [8] employed
GA to account for the fewer instrumentation in modern turbofan engines. Otten [17] used GA to find
correlations between the secondary performance parameters and the component health parameters.
Genetic algorithms, a part of evolutionary algorithms, are based on the principles of evolution. They
mimic a survival of the fittest process, and consists of the following main steps:

• Selection: Individuals are chosen for the next generation based on their fitness value.
• Crossover: Swapping entries of the parameter vector in order to create new individuals.
• Mutation: Introduces random changes into the parameter vector.

These steps are executed for each population until the predefined number of generations or termination
criteria is reached. GA in its standard form cannot deal with constraints. A workaround method for this
is to add a penalty to the objective function if the constraint is not met. This method is not deterministic
of nature and can deal with noise and handle underdetermined systems. The Pseudocode for GA can
be seen below.

Pseudocode Genetic Algorithm

1: Initialization
2: Population size N
3: Define objective function f(X)
4: Define set of functions and terminals
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5: Initialize the population of programs
6: Compute the fitness of the initial population
7: Choose the genetic operators
8: Define termination criteria, if any
9: Maximum number of iterations MaxIter
10: iter = 1
11: while (iter ≤ MaxIter) do
12: Select parents for mating and reproduction
13: Apply crossover and mutation (optional) to produce offspring
14: Strategically choose the next generation population (N)
15: Compute the fitness values of the entire population
16: if Termination criteria then
17: Exit
18: end if
19: iter = iter + 1
20: end while
21: Program with highest fitness value is the global optimum solution

5.3.2. Bayesian optimisation
Bayesian optimisation[52] (BO) is a derivative free optimisation strategy for functions whose internal
structure is unknown, also known as black-box functions. Such functions are difficult and take a lot time
to evaluate. Furthermore, it is suited for continuous functions consisting of fewer than 20 dimensions.
It has a stochastic nature and withstands noise. A Bayesian optimisation builds a surrogate of the
objective function using Gaussian process regression. The latter is a statistical function buildingmethod
for modelling functions. Bayesian optimisation aims to find the optimal solutions with the least amount
of objective function evaluations. On a different note, the goal of Bayesian optimisation is not to find the
best solution. For this approach the constraints are incorporated by adding penalties to the objective
function. The Pseudocode and the common terms used for BO can be seen below.

Pseudocode Bayesian Optimisation

1: Initialization
2: Place a Gaussian process prior on f
3: Observe f at n0 points according to an initial space-filling experimental design.
4: Define termination criteria, if any
5: Set maximum number of function evaluations, N
6: Set n = n0.
7: while n ≤ N do
8: Update the posterior probability distribution on f using all available data
9: Let xn be a maximizer of the acquisition function over x, where the acquisition function
is computed using the current posterior distribution.

10: Observe yn = f(xn).
11: if Termination criteria then
12: Exit
13: end if
14: n = n + 1
15: end while
16: Return a solution: either the point evaluated with the largest f(x), or the point with the largest

posterior mean.

• Gaussian process prior: Assumes that the objective function can be modelled using a Gaus-
sian/Normal probability distribution.

• Posterior probability distribution: This a combination of the prior distribution and the infor-
mation extracted from new data points, originating from the likelihood function. The posterior
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distribution describes the ’fitness’ of new coordinates.
• Termination criteria: The termination criteria for Bayesian optimisation can be the maximum
change between two subsequent objective values.

• Acquisition function: This function utilises the information provided by the posterior distribution
to evaluate the objective value for some candidate point x.



6
Physical relations

As can be concluded from Chapter 4 and 5 the modelling problem is underdetermined and will not
have a unique solution. Additionally, there are no robust strategies found in the related work that
deal with the fewer measurements, and design data. For these reasons, additional relations need to
be introduced that reduce the difference between the number of unknown parameters and available
equations. Relations that can be used, obtained from open literature, can be found in this chapter.
These include semi-empirical and optimum parameter relations. Prior to implementing the obtained
relations, they will be verified using an existing engine model.

6.1. Estimating efficiencies
This section presents methods found in literature for estimating the polytropic efficiency of the turbo-
machinery. These are based on historical turbomachinery experimental data and can be used during
the preliminary design or modelling.

6.1.1. Polytropic efficiency as a function of stage loading
Walsh et al. [33] provides some correlations for the polytropic efficiency of the fan and compressor.
These are depicted in Figure 6.1 and Figure 6.2. The polytropic efficiency for the components is corre-
lated against the (average) stage loading. These charts are applicable for large civil turbofan engines.
The correlation for the fan can separately be applied to the pitch line of the fan root and tip. Note that
the fan efficiencies should be reduced by 1.5% if snubbers or clappers1 are installed to provide accept-
able vibrational properties for the fan blades. These graphs can be incorporated as constraints. The
obtained polytropic efficiency and loading should be in line with the trends depicted in these graphs.

1These are ring-like structures going through the middle of the fan

28
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Figure 6.1: Stage loading against polytropic efficiency for the fan [33]

Figure 6.2: Average stage loading against polytropic efficiency for the compressor [33]

6.1.2. The Smith Chart
Originally developed by Smith [53], the Smith chart consists of constant isentropic efficiency lines as
a function of the loading and flow coefficient. Smith created this chart based on experimental data
from 70 different turbines. The contours are empirical, however, within one percent of the experimental
data. The initial chart is for a 50 % reaction stage with zero tip leakage, and can be seen in Figure 6.3.
The effects of the blade aspect ratio, and the space to chord ratio are also not incorporated in this
correlation.
A more recent version of of the Smith chart is published in the book by Walsh et al. [33], and is for a
higher technological level. The latter can also be concluded by comparing the initial and the updated
chart depicted in Figure 6.4. It can be observed that the revised chart has higher efficiencies and the
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Figure 6.3: Original Smith Chart[53] Figure 6.4: Modified Smith chart[33]

iso lines are shifted to the right. This chart is also produced for a stage reaction of 50 % and excludes
the effects of the various factors mentioned above for the initial chart.

6.2. Turbomachinery Loading, flow coefficient and degree of reac-
tion

The performance of turbomachines can be described by three dimensionless parameters. These are
defined in Table 6.1. The coefficients are local and can uniquely be defined for each stage. Notably,
there are two definitions for the load coefficient, which are commonly used. The load or work coefficient
(Ψ or λ) gives an indication of the work capacity and aerodynamic blade loading of the stage. The flow
coefficient (ϕ) is a measure of the flow capacity of the stage. The degree of reaction (r∗) is a measure
of the static expansion or compression in the rotor. With these three parameters the velocity triangles
of the stage can be determined, which are useful for the performance analyses of turbomachinery —
especially in the conceptual design phase. Typical velocity triangles for a compressor and turbine stage
can be seen in Figure 6.5. Here U is the tangential velocity, V is the absolute velocity and W is the
relative velocity.

Table 6.1: Duty coefficients

Coefficient Description Equation

Ψ Load coefficient w
U2

λ Load coefficient 2 w
U2

ϕ Flow coefficient Vm

U

r∗ Degree of reaction ∆hrotor

w
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Figure 6.5: Typical velocity triangles for a compressor and turbine stage

How the velocity triangles can be determined from the above mentioned coefficients are given by Equa-
tion 6.1 and Equation 6.2, for the compressor and turbine respectively.

λ = 2 (−ϕ tanα1 + ϕ tanβ2 + 1)

r∗ = −λ

4
− ϕ tanα1 + 1

tanβ1 = tanα1 −
1

ϕ

tanα2 = tanβ2 +
1

ϕ

(6.1)

λ = 2 (ϕ tanα1 − ϕ tanβ2 − 1)

r∗ =
λ

4
− ϕ tanα1 + 1

tanβ1 = tanα1 −
1

ϕ

tanα2 = tanβ2 +
1

ϕ

(6.2)

In the literature various values can be found for turbomachinery loading, flow coefficients, and degree of
reaction. Some typical values from different sources are given in Table 6.2. For the degree of reaction,
a value of 0.5 is often recommended [7, 54]. This indicates that 50 % of the enthalpy change of a
stage occurs in the rotor and 50 % in the stator. This averts large pressure losses, hence increases
the efficiency of the process [7]. Furthermore, the loading for high pressure turbomachines is generally
higher than for the low pressure ones.
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Table 6.2: Typical loading flow and loading coefficients

Source Module Loading coefficient Flow coefficient

Lewis [54]
Compressor 0.4-0.45 0.5-0.9
Turbine - 0.6

Walsh et al. [33] Compressor 0.25-0.5 -

Saravanamuttoo et al. [7]
Fan - 0.4 -1

Turbine 3-5 0.8-1.0
Dixon et al. [55] Compressor 0.4 0.4-0.8

6.3. Nozzle coefficients
For gas turbines the exhaust nozzles are of high importance. Typically, a turbofan engine has two
nozzles, namely a core and a bypass nozzle. Even though they are the final component the flow has
to move through, they can still affect the operating line of the engine. The latter is explained by means
of Figure 6.6. Here a constant corrected mass flow indicates that the module is choked. It can clearly
be observed how a choked nozzle fixes the operating point of the turbines. The turbines are connected
to the compressors through the shafts, and consequently also determine the operating points of these
modules on the cold side of the engine.

Figure 6.6: Component matching for the hot side (after combustor) of the engine [7]

To describe the performance of nozzles, three coefficients are typically used. These are the velocity
coefficients (CV ), the discharge coefficient (CD) and the thrust coefficient (CX ) [4, 33]. They describe
the ratio of the real over the ideal property. CV accounts for the pressure losses at the exhaust plane
caused by viscous flows. CD is used to incorporate the effects of the boundary layer formation inside the
nozzle. This reduces the effective nozzle area and can be seen as blockage. An imperfect expansion
can also introduce losses at the nozzle exit. For such a case the flow in the nozzle is not expanded to the
free stream ambient pressure, and the thrust has a pressure term. Ideally, the thrust would only consist
of a momentum term. The ratio of the actual thrust over the ideal thrust due to the underexpansion is
CX .

6.4. Optimum parameter relations
Next optimum parameter relations are discussed that can be utilised to extend the system of equations
and thereby reducing the numbers of unknowns. It should be noted that an assumption has to be made
first, stating that a specific parameter has been optimised during the design of the gas turbine. In reality,
it is never known which parameter(s) are optimised during the design of an engine.
Guha [56] derived a model for the optimum fan pressure ratio. The obtained relation can be found in
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Equation 6.3, where B is the bypass ratio andM is the flight Mach number. This equation is obtained by
first determining the velocity ratio Vjc/Vjh that maximises the net thrust FN for a constant fuel consump-
tion. The outcome was found to be Vjc/Vjh = ηKE , with ηKE being the efficiency of energy transfer
between the core and bypass, and is given by Equation 6.4. ηNB is used for the bypass nozzle -, and
ηf for the fan isentropic efficiency. Next, this velocity ratio relation is utilised to obtain the equation for
the optimum fan pressure ratio. For this derivation it is assumed that the fan and bypass nozzle are
isentropic.

(FPR)(γ−1)/γ
op = 1 +

(γ − 1)

2 + (γ − 1)M2
×

 (1 +B)2

(B + 1/ηKE)
2

{
F̂N√
γRTa

+M

}2

−M2

 (6.3)

ηKE ≈ ηLPTηfηNBηmech (6.4)



7
Engine description and Data availability

This chapter describes the selected engines and data sources used for developing the systematic
modelling approach. To prove the validity of a systematic approach two engines will be used as test
cases, namely the CF6-80C2 and the GEnx-1B. It is also important to consider the health of the engine
when selecting test cell or on-wing data. The engine should be representative for all the other engines
of the same type. The data used as input is also presented.

7.1. Engine description
In this section the selected engines used for analyses during this project are briefly discussed. These
are the CF6-80C2 and the GEnx-1B engine as mentioned before. For both these engines KLM ES
provides its MRO services. The engines are either from the KLM fleet or external clients.

The CF6-80C2 engine
The CF6-80C2 is a twin spool turbofan engine that is propelling multiple widebody aircraft models,
amongst which the Boeing B747-400, the Airbus A300, and the Lockheed C-5M. This engine entered
service in the 1980s, and it forms the largest installed group of widebody engines up to date. With a
bypass and overall pressure ratio of around 5.1 and 30.4 respectively, the CF6-80C2 is able to deliver
a static thrust of 263kN. Moreover, the fan has a diameter of 2.36m. The LPC and HPC consist of 4
and 14 stages, respectively. The turbines contain 2 and 5 stages for the high and low pressure system,
respectively.
The CF6-80C2 engine has variable geometry integrated for performance control. These are the Inlet
Guide Vanes (IGV) and Variable Stator Vanes (VSV). They are rotated to an optimal angle (relative
to the airflow) by the electronic engine control (EEC) to prevent surging of the compressor. This way
stable operation is ensured over a larger operating range and the efficiency is improved. By adapting
the geometry of the compressor, its map is modified as well, since closing the VSVs and IGVs reduce
the pressure ratio and mass flow for the same corrected iso-speed line [4]. Variable bleed valves are
also present to control the engine’s performance, especially at unstable low speed operating regions.
Excess booster air is directed from the core to the bypass in order to improve the surge margin of the
HPC. The latter causes the compressor operating line to shift away from the surge line.
Moreover, power and parasitic bleed off-takes are also present in the engine. The power off-takes are
used to fulfil power demands for electrical systems. Parasitic bleed air is used for turbine or internal
cooling, anti-icing, active clearance control (ACC), core compartment cooling (CCC) or for some air-
craft requirements such as cabin pressurisation. ACC is employed for the turbines or their casing in
order to prevent abrasion of the blade tip, and ensure an optimal tip clearance that improves the turbine
efficiency. ACC is required due to the centrifugal forces originating from the high spool speeds, and
the thermal expansion caused by the elevated temperatures. Additionally, the clearance between the
HPT blades and casing are also controlled for the same reasons as mentioned before. Air for ACC and
CCC is extracted from the bypass flow.

34
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Figure 7.1: Drawing illustrating sensor positions for the CF6-80C2 and GEnx-1B engine. All the indicated sensors are installed
on the CF6, while the GEnx only contains the grey ones.

A model for the CF6-80C2 has been created in the past by den Haan [9]. The model is acceptable,
however, choices for performance parameters are not substantiated and the modelling approach is not
clear. Furthermore, not all the available data within the MRO environment is leveraged. This includes
the exhaust nozzle areas. Verbist [13] has also done some extensive analysis for gas path analysis
using the CF6-80 engine for his PHD project.
The available sensors for this engine can be seen in Figure 7.1. Note that all the indicated sensors in
this figure are installed on the CF6-80C2. Their positions are also described in Table 7.1. It can be
observed that no measurements are available between the fan core and booster. Therefore it is a good
choice to merge the fan core and booster as mentioned before in Section 5.1.

The GEnx-1B engine
The GEnx-1B (General Electric Next-generation), entering service in 2008, is one of the latest turbofan
engines and a successor of the CF6 engine. It propels the Boeing 787 Dreamliner and is also a twin
spool engine with a fan diameter of 2.82m, consisting of state of the art composite fan blades. With
a bypass and overall pressure ratio of around 9 and 46 respectively, the GEnx-1B is able to deliver
a static thrust of 330kN. The GEnx-1B has relative to the CF6-80C2 not only a better fuel efficiency,
but also lower emissions and noise. The compressors consist of 4 and 10 stages for the low and high
pressure modules, respectively. While the HPT and LPT have 2 and 6 stages in the respective order.
The vast majority of the control and cooling devices from the CF6-80C2 turbofan engine are also in-
stalled on the GEnx-1B. Bleed air for some additional purposes is extracted, namely: transient bleed
valve (TBV), booster-anti ice bleed (BAI) and the cowling anti-ice bleeds (CAI). The TBV is used to
unload the compressor during starting, acceleration, and in icing conditions [7]. It functions in a similar
way as the VBV and the extracted air is discharged into the bypass.
Moreover, the GEnx-1B engine does not have to deliver any customer bleed air. This owing to the full
electric pressure system of the Boeing 787 cabin which does not require pressurised bleed air from the
engine.
This engine has been modelled in the past by Van Moorselaar [10], however clear argumentation and
description of the design choices are lacking. Rootliep [8] developed a Multi-Operating Point Gas Path
Analysis (MOPA-EA GPA) tool for the GEnx-1B engine in order to deal with the fewer sensors. While
Otten [17] developed a tool to include the secondary performance parameters in the health monitoring
process.
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Figure 7.2: T3 and PS3 location for the CFM56-3 engine [57] Figure 7.3: Difference between T3 and T41 test cell data [57]

Table 7.1: Sensor locations for the GEnx and CF6-80C2 engine

Sensor GEnx-1B CF6-80
Tt12 The nacelle inlet cowl, protrudes the flow The nacelle inlet cowl
Tt25 HPC inlet, heated with stage 4 air HPC inlet
Tt3 Behind fuel nozzle, on the combustor diffuser nozzle case In front of the fuel nozzle
Tt49 The inlet to the first stage of the LPT The inlet to the first stage of the LPT
Tt5 — LPC outlet
Pt2 Fan Hub inlet Fan hub inlet
Ps14 — Bypass duct, behind fan
Pt25 — HPC inlet1
Ps3 Same as TT3 sensor Same as TT3 sensor
Pt49 — Same as T49

The available sensors for the GEnx-1B are limited to the grey ones depicted in Figure 7.1. Notably,
compared to the CF6-80C2 engine, there are even fewer sensors installed. Again the sensors between
the fan core and booster are lacking. The sensor positions are also described in Table 7.1. The
position of the station 3 sensors is noteworthy from this table. They are not placed in front of the
combustor, as one would expect, but on the combustor diffuser nozzle case. This is the same as for
the CFM56-3 engine station 3 sensors depicted in Figure 7.2[57]. In such a case the temperature
sensor measurements can be affected by the radiation from the combustor. From Figure 7.3[57] it
can be noted that there is a difference between T3 and T4127, with the latter being the temperature
of the HPT clearance control air extracted from the last HPC stage. This difference increases with
the fuel flow (Wf ), hence indicating the effect of the combustor heat radiation. For the static pressure
measurements some uncertainties are introduced as well. In order to convert this static pressure to the
total pressure, the local velocity needs to be known. The latter is computed using the area and mass
flow. The area of this side channel can be obtained graphically, however, the mass flow is unknown.
Additionally, there will be some pressure losses. Due to the difficulties to eliminate these uncertainties
it will be assumed for the remainder of this project that the measurements are recorded in front of the
combustor.

1In some documents Pt25 is wrongly indicated as Ps25.
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7.2. Data source selection
The engine model should be a virtual representation of an average performing engine that can function
as a benchmark for health monitoring of other engines. Selecting the best performing engine will always
overestimate the health of other engines. For a poor performing reference engine the opposite is true.
The specific fuel consumption and the hot day (HD) EGT-margin are good indicators for the performance
quality of an engine. Moreover, the type and level of workscope can be used to quantify the health of
the engine. High level workscopes, especially to the most vulnerable modules (i.e., the core), ensure
an acceptable condition of the reference engine as its performance has been restored.
The various data sources have already been discussed in Chapter 4. From the mentioned sources test
cell data was the most promising source due to the availability of the thrust measurement, humidity and
the total mass flow. Additionally, steady state data is recorded during test cell runs, which is not the
case for CEOD. On the contrary, the test cell not including the on-wing installation effects will penalise
the accuracy. All these factors are important and will affect the model accuracy.
As mentioned in Section 4.3, multiple operating points are available for the correlation runs and back-
to-back tests. This is convenient, since the off-design modelling can be performed using the same data
set that was used for developing the design point model. This eliminates any accuracy degradation
caused by manufacturing tolerances and engine health differences.
For the CF6-80C2 both the correlation and back-to-back testing data were available. The correlation
data, however, originated from the 90s and lacked a clear description of the measured parameters.
Furthermore, the measurements for station 5 were not correct. The Tt5 and Pt54 were almost equal
to the EGT position measurements. There was, however, a big advantage. That was the presence
of the total pressure in the fan bypass duct. This allowed to straightforwardly compute the fan bypass
pressure ratio. Nevertheless, due to the missing measurements at station 5 it was decided to opt for
the back-to-back testing data. The dataset includes the total temperature at station 5 and the static
pressure (instead of total) in the fan bypass duct. The available operating points are illustrated in
Figure 7.4. It can be noticed that only the high speed region data are available.
The correlation data was selected for the GEnx-1B engine. In Figure 7.5 the available operating points
can be found. It can be observed that some more data points are available in the lower operating range
compared to the CF6-80C2 engine. The measurements of all the installed sensors are included in this
dataset for the illustrated operating points.
Points at the idle power setting were also available for both engines but are not depicted in this figure.
This operating point is not required for developing the engine model. Although data for the full operating
range is lacking, it is deemed sufficient for demonstrating the applicability of an off-design modelling
framework.
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Figure 7.4: Back to back testing operating points for the CF6-80C2 engine

Figure 7.5: Correlation report operating points for the GEnx-1B engine
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7.3. Design point input data
The data determined from the sources mentioned in the previous section are presented in Table 7.2.
These are tests-cell data unless indicated otherwise. The rating used for the GEnx is the GEnx-
1B74/75P2, powering the Boeing 787-9 Dreamliner. For the CF6 engine, the CF6-80C2B5F rating,
designated to the Boeing 747-400 freighter, was selected. Note that the Pt25 for the CF6-80C2 turbo-
fan is not used as a target. Since this measurement is known, the low pressure system core pressure
ratio can directly be attained using the Pt2, which can be specified in GSP.

Table 7.2: Design point problem inputs and targets

Parameter GEnx-1B CF6-80C2 Units
Target parameters

Tt25 353.01 389.36 [K]
Tt3 886.67 847.15 [K]
Tt49 1193.66 1139.15 [K]
T5 - 830.15 [K]
Ps14 - 1.45 [bar]
Ps3 45.35 32.29 [bar]
Pt49 - 7.64 [bar]
FN 321.67 257.75 [kN]

Input parameters
WF 2.6615 2.7542 [kg/s]
Ṁtotal 1176.94 813.16 [kg/s]
RHUM 56.71 74.35 [%]
N1 2431 3531 [rpm]
N2 12251 10648 [rpm]
Pt10

1 0.996 - [bar]
Pt2 - 1.014 [bar]
Pt25 - 2.52 [bar]
Tt2 275.55 292.23 [K]
Ma 0 0 [-]
Core Nozzle area 0.6698 0.615 [m2]
Bypass Nozlle area 3.0968 1.77 [m2]
Fan bypass exit area 4.57 2.89 [m2]
Fan core exit area 0.61 0.635 [m2]
HPC inlet area 0.358 0.34 [m2]
HPC exit area 0.082 0.0677 [m2]

Assumed Inputs
Mechanical efficiency 0.99 0.99 [-]
Combustion efficiency 0.995 0.995 [-]
Combustor pressure losses 0.04 0.04 [-]

Reference Values
OPR 46.32 31.1 3 [-]
BPR 8.82 4.97 - 5.313 [-]
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7.4. Off-design modelling input data
For the off-design modelling the same sources are used as for the design point. An overview of the
parameters for both test cases is given in Table 7.3. These parameters, for the operating points depicted
in Figure 7.4 and 7.5, will be utilised to tune the component maps with the goal to minimise the difference
between the measured and simulated data. It should be mentioned that only one operating point will
be selected in case some of them lie close to each other (i.e., are clustered). Furthermore, the design
point is excluded as well.

Table 7.3: Off-design input and target parameters

Parameter GEnx-1B CF6-80C2 Units
Target parameters

TT25 X X [K]
Tt3 X X [K]
Tt49 X X [K]
Tt5 — X [K]
Ps14 — X [bar]
Pt25 — X [bar]
Ps3 X X [bar]
Pt49 — X [bar]
FN X X [kN]
WF X X [kg/s]
Ṁtotal X X [kg/s]
N2 X X [%]

Control parameters
RHUM X X [%]
N1 X X [rpm]
PT10 X — [bar]
PT2 — X [bar]
TT2 X X [K]

1The Pt10 is measured close to the fan tip, and the Pt2 is recorded near the fan spinner (core).
2From https://www.geaviation.com/propulsion/commercial/genx
3From https://customer.janes.com/Janes/Display/JAE_0731-JAE_

https://www.geaviation.com/propulsion/commercial/genx
https://customer.janes.com/Janes/Display/JAE_0731-JAE_




8
Modelling approach development

This chapter presents the problem description for the design and off-design modelling. This includes
the main assumptions, objective, parametrisation and constraints. Finally, the chapter is concluded
with a comparison between the most promising optimisation methods found during the literature study.
These are Genetic algorithms (GA) and Bayesian optimisation (BO).

8.1. Design point problem description
Developing a design point model is the first step when modelling a gas turbine engine, as told before
in Chapter 5. Here the key dimensions of the engine are determined. This point is subsequently used
as an anchor for off design modelling. In this section the problem set-up is given, which is used for
creating the design point model.

8.1.1. Problem parametrisation
In Table 8.1 the design variables are presented for the design point optimisation problem. These dictate
the performance of the various gas turbine modules, and the engine as a whole. Other parameters are
either known (e.g., the mass flow), or a function of the ones given below (e.g., OPR). The velocity co-
efficient was also not chosen, since the implementation for it in the available modelling software (GSP)
is not very robust and some difficulties were encountered in the past [17]. Changing the discharge
coefficient only influences the geometric area. The effective area is calculated based on the bypass
ratio and mass flow. For this reason the latter is also not included in the design vector.
The bounds for the design parameters are also given in Table 8.1, and selected based on typical values
found in literature and data from the OEM 1 2.

1https://www.geaviation.com/propulsion/commercial/genx
2https://www.geaviation.com/propulsion/commercial/cf6
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Table 8.1: Overview of the design variables, including its description and bounds

Parameter Description Lower
Bound

Upper
Bound

Units

Overall performance parameters
x(1) BPR Bypass ratio 95% 105% [−]

Turbomachinery pressure ratios
x(2) FPRc Fan core pressure ratio 80% 120% [−]

x(3) FPRbp Fan bypass pressure ratio 80% 120% [−]

x(4) HPCpr High pressure compressor pressure ratio 80% 120% [−]

Turbomachinery efficiencies
x(5) HPC_ef High pressure compressor polytropic efficiency 85% 95% [−]

x(6) Fan_efC Fan core polytropic efficiency 85% 95% [−]

x(7) Fan_efD Fan bypass polytropic efficiency 85% 95% [−]

x(8) HPT_ef High pressure turbine isentropic efficiency 85% 95% [−]

x(9) LPT_ef Low pressure turbine isentropic efficiency 85% 95% [−]

Nozzle coefficients
x(10) Cx_core Core nozzle thrust coefficient 90% 97% [−]

x(11) Cx_bypass Core nozzle thrust coefficient 90% 97% [−]

8.1.2. Problem objective
The objective function for this problem is given in Equation 8.1 and is the root mean square (RMS)
error. Here ẑi are the simulated performance, and zi are the target performance parameters. Weighting
factors, ai are used as well in order to account for the importance of the different parameters, and can be
determined using a sensitivity analyses. M denotes the number of parameters that are to be matched.

OF =

√√√√ M∑
i=1

ai
M

[
ẑi − zi

zi

]2
(8.1)

8.1.3. Constraints description
Next, the constraints employed for the design problem are described. These are required to reduce
the number of possible solutions for the design problem. This is done by specifying general engine
relations and OEM data, that can not directly be used as the model inputs, as constraints.

• Fan core polytropic efficiency constraint: The relation in figure Figure 6.2 is utilised to find the
polytropic efficiency of the fan core using the average pitch loading. Figure 6.1 is not used, since
it was decided to merge the fan core and booster. Consequently, the work of the fan core is not
only delivered by a single stage fan.

• Fan bypass polytropic efficiency constraint: For this constraint the graph depicted in Fig-
ure 6.1 is implemented. The loading at the pitch line of the fan bypass section is used as the
input.

• HPC polytropic ratio constraint: The same relation as used for the fan core section is employed
for the HPC. In this case the HPC average stage mean line loading is used.

• Core nozzle area constraint: This area is obtained from the engine installation manual (IM), and
is the geometric area obtained at hot operating conditions by the OEM.

• Bypass nozzle area constraint: This area is also specified in the IM, and determined at the
same operating conditions.

• Fan pressure ratio (FPR) constraint: Equation 6.3 is used for this constraint. This relation is
obtained using the exhaust velocity ratio of the core and the bypass nozzle that maximises the
thrust. A more detailed explanation is given in Section 6.4.
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• Overall pressure ratio constraint: The OPR specified by the OEM is used as an constraint as
well. This will not be a hard constraint, since the presented data by the OEM can be affected by
commercial aspects as mentioned in Section 4.2.

• HPT isentropic efficiency constraint: In order to select the efficiency based on the performance
of the turbines a Smith chart is used. The HPT average pitch line loading, and flow coefficient
are used as inputs for this chart.

• LPT isentropic efficiency constraint: Again a Smith chart is used for the turbine efficiency. The
LPT average mean line loading, and flow coefficient are used as input this time.

For all of the constraints mentioned above, the implementation is done as given by Equation 8.2. It can
be noted that the constraints are bounded.

Lower bound ≤ GSP output - General relation output ≤ Upper bound (8.2)

The bounds are set based on the extend of applicability of the general relations to the engine type. For
example the polytropic relations for the compressors are conservative, and are given larger bounds for
the GEnx due to the higher technological level. The same also holds for the constraints involving the
Smith chart. For the nozzle areas 3 % of the OEM specified value is used. This is done to account
for engine to engine, and operating condition (thermal expansion) differences. The Fan pressure ratio
constraint is also not used as a tight constraint. Some data regarding the FPR was available for the
CF6 engine (from the correlation report, as mentioned in the previous chapter), and it was used as a
guide to set the FPR bounds.

8.1.4. Assumptions made for design point modelling
This section describes the assumptions made for the design procedure. Assumptions are required
to model the complex phenomena occurring in a gas turbine. Some additional ones are needed to
bridge the gap caused by the scarcity of the modelling data. These assumptions will allow to determine
the performance parameters of the different components along the gas path. The majority of these
assumptions would not be required if performance data was not of propriety nature.
It is expected that the effects of these assumptions will be minimal for engine health monitoring, due to
the differential method being used.

• First of all it is expected that merging the fan core and booster into one module will increase the
accuracy of the model due to the missing sensors between these two modules. This was proven
to be true in the past for health monitoring [9].

• The effects of variable geometry can be neglected at the design point. These are the Inlet Guide
Vanes (IGV) and Variable Stator Vanes (VSV), and have already been described in Section 7.1.
At the design point it is assumed that these are at their nominal position.

• The effects of VBV and TBV can be excluded from the analysis. Little is known about the their
schedule for the CF6-80C2 engine. For the GEnx-1B turbofan engine their position is known. It
is , however, expected that that they are close at high power settings [17].

• The active clearance control (ACC) effects can be left out from the model. AAC is done for the
HPT and LPT. For CF6-80C2 turbofan engine no data is available regarding the ACC. For GEnx
HPT ACC is not active at take-off, but the LPT ACC is. However, only the LPT ACC valve position
in percentages is known and nothing is known about the actual clearance. Moreover, since the
air for ACC is taken from the bypass flow its effects can be neglected. The same can also be said
about the core compartment cooling (CCC) air.

• Other parasitic bleed air can also be excluded during on-design modelling. No data is available
for core cooling and anti-ice bleed air for the CF6-80C2 engine. The latter is inactive during test
cell runs. For the GEnx-1B engine the booster-anti ice (BAI) and the cowling anti-ice bleed (CAI)
settings are unknown, but they are again expected to be inactive during test cell runs [10]. The
same is also true for the amount of customer bleed air extracted in the CF6-80C2 engine. The
GEnx engine on the other hand does not have customer bleed air as told in Section 7.1. Bleed
air for CCC is however extracted in the GEnx, but the amount or its schedule is unknown.

• Power off-takes do not need to be modelled. Although the power extracted is known for take-off,
it can be neglected because no power is extracted during test cell runs.
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• The model generated using the data of one reference engine is representative for the entire pool
of engines. For this to be true a careful selection of the reference engine has to be made, which
already has been described in Section 7.2.

• The optimum FPR, using the jet velocity ratio that maximises thrust, is applicable to the design
problem. It is possible that this optimum value is only used at cruise conditions by the OEM,
however, the FPR at other flight phases is not expected to deviate a lot from the optimum value.

• The take-off operating condition can be used as the design point. This is the thermal design point
where the highest temperatures occur along the gas path, and the highest thrust is delivered.
Note that this point can differ per module and is not necessarily the design point used by the
OEM. The take-off data is obtained from the test cell at sea level static conditions. More details
can be found in Section 5.1.

• The Bellmouth inlet in the test cell can assumed to be perfect. On-wing, however, this is not the
case due to various aerodynamic phenomena that can occur due to side wind or high angles of
attack. That is why the inlet is removed from the problem. The measurements at the fan face are
used as input.

• For computing the static properties the areas can reliably be measured from scaled drawings
provided by the OEM.

• The velocity coefficient can be set to one, and the thrust coefficient can be used instead.

8.2. Off-design problem description
Once the design point model has been obtained, one can proceed with generating the off-design model.
This involves creating/tuning componentmaps, which are generally proprietary to theOEM. This section
gives an overview of the set-up used for obtaining these maps.

8.2.1. Problem parametrisation and objective
As told in Section 5.2.3, the map scaling method by Li et al. [50] was found to be the most suitable off-
design modelling method. By employing a second order polynomial as a scaling function, unphysical
solutions can be avoided. Furthermore, data along a single operating line are sufficient for this method
to work.
The design vector of the off-design problem consists of the parameters of the scaling polynomials
defined by Equation 5.3. Such a polynomial is created for each compressor map variable, namely:
the pressure ratio, efficiency and mass flow. For the turbines, however, only the efficiency is adapted.
The pressure ratio is not scaled since the turbines mostly operate in the choked region of the map [7,
32]. In this region the iso speed lines are almost horizontal, thus the mass flow is near to constant.
As a result scaling the pressure ratio will not be fruitful. The mass flow is also not scaled for similar
reasons. Scaling the mass flow can result in a map where the iso speed lines are not concentrated in
the high pressure ratio region. This occurs when the rotor of the turbine is choked, since the mass flow
is dependent on the rotor speed [58]. Generally the stator of the turbine is choked due to the smaller
area, and causes the mass flow to be (almost) independent of the spool speed.
All the component maps will be addapted simultaneously, hence 11 parameters need to be scaled.
Since the scaling function has two variables, the design vector will consist of 22 parameters. The
bounds for these parameters will be set by trail and error during testing in order to obtain smooth and
realistic characteristic maps that are inline with physics.
Again the RMS error, defined in Equation 8.1, is utilised as the objective function. For the off-design
case the available range of data points, described in Chapter 7, is used to evaluate this function. Fur-
thermore, no weighting factors are used for this problem, i.e., ai is set to 1.

8.2.2. Constraints and Assumptions
There are no constraints used for the off-design problem. There are bounds used for the design param-
eters to avoid unrealistic maps. Moreover, GSP also assures feasible solutions, since the operating
points that do not converge are avoided.
The same assumptions defined for the on-design problem are again valid for this problem. The ACC
and variable geometry effects are not accounted for during this modelling task. These will be corrected
for by using the tool developed by Otten [17]. Some additional assumptions are given below:
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• At OD conditions the variable geometry will differ from their nominal position. However, since
these are dependent on operating settings it is expected that the effects will be captured by the
performance maps.

• The nozzle coefficients are assumed to be equal to the design point values. These are also not
constant and are highly dependent on the flight conditions and phase [4, 33].

• The combustor pressure loss, and combustion and mechanical efficiency are assumed to be
constant. The combustion efficiency can be assumed to be constant at high power settings as very
little deviation is expected in this region [59]. The same is also true for the combustor pressure
losses and mechanical efficiency [7, 33].

• Analysing the underlying physics of the component maps using the information given in Sec-
tion 5.2.1 will be sufficient to prove their correctness.

• The DP will be positioned on the starting reference map such that there is a sufficient stall margin,
which is in line with the literature [33]. It is assumed that this will also hold after the scaling
procedure.

8.2.3. Reference map selection
This is a crucial step in the off-design modelling process. Good reference maps will also lead to good
results, thus the ”garbage in garbage out” phrase should be kept in mind. Kurzke [59] suggest that
maps with similar design should be chosen. This can be done by looking at the number of stages,
design mass flow and pressure ratio. Ideally, one should also strive for the same technological level.
For compressors it is also important to consider their operating speed regime. For a booster that runs
on the low speed shaft, a subsonic compressor map is expected to be more suitable than a transonic
map. A transonic map has vertical high iso speed lines, and the peak efficiency region moves closer to
the surge line as the mass flow (or spool speed) increases. Note that a subsonic map can also include
vertical speed lines in case sonic velocity is reached at the outlet of the module as told in Section 5.2.1.
Moreover, high Mach number compressor maps also have relatively narrower efficiency islands [43].
Finally, it needs to be checked if the maps are in line with the physics. This can be done by using the
Smooth C and Smooth T software, as explained in Section 5.2.1.

8.2.4. Component map reference point location
GSP only allows to set the design point location in an on-design model case. Hence, the position
can not be used in an automated off-design modelling process. The design point can be placed on the
component map by defining the design point β value and the non dimensional design spool speed. The
component map will then be scaled using these two values and other design point data. The positioning
of the scaling point can be done by considering the following aspects:

• The surge margin (SM): The surge margin for the compressors need to be sufficient, and in line
with the expectations in literature. Walsh et al. [33] proposes a SM at (the design point) of 10-15
for the fan, 15-20 for the booster, and 20-25 for the HPC. The SM should be sufficiently large for
all the operating points used during the adaption process.

• Operating line: The attained operating lines should be realistic, and in accordance with the liter-
ature. The placement of the reference point effects the relation between the different component
performance parameters, hence also the operating line. Smooth operating lines should be aimed
for, in order to prevent jumps in component and overall performance parameters.

• Peak efficiency during cruise: Since cruise is the longest flight phase for civil aviation, it is
quintessential to have the highest efficiencies for this phase. This can be set using trial and error
by analysing the module efficiencies at the cruise operating phase.

Some additional hints given in the Smooth C and Smooth T manuals to aid with selecting the reference
point location are given next. The corrected flow for the reference speed line should not be lower
than 95 % of the highest corrected flow found on the map, in order to prevent unrealistic low pressure
ratios. Furthermore, the peak efficiency on the selected speed line should not be lower than 90 % of
the maximum map efficiency. The latter prevents attaining untypical low efficiency values.
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8.3. Optimiser Selection
For solving the problems mentioned in the previous sections one needs an optimiser. Two of the
most promising applicable optimisers have already been described in Section 5.3. Here the procedure
to determine the best optimiser settings, and a comparison between GA and BO is done. The best
optimiser will be used for solving both, the design point and off-design problems.

8.3.1. Genetic Algorithm
GA has already been described in Section 5.3. In this section the different inputs for GA are elaborated
upon and a selection of the most optimal settings is done based on the computational time, constraint
and objective value.

Differential evolution strategies
In this section the most common mutation and crossover strategies for GA are briefly discussed [60,
61] and a selection is made.

• rand1bin: Here the mutation is done by utilising a randomly chosen population member, which
is subsequently perturbed using a one weighted difference vector also from random individuals.
This weight is also known as the mutation constant (F). One can also use two weighted difference
vectors. In the latter case it is called the ’rand2bin’ strategy.

• best1bin: This strategy works in a similar way as the ’rand1bin’, however, now the best vector
of the current generation is perturbed. Again two weighted vectors can be used, which is called
the ’best2bin’ strategy.

• randtobest1bin: For this strategy both the best and a random member are utilised during the
mutation step.

• currenttobest1bin: Here the best and the current member are used for mutation.

The above mentioned strategies employ a binomial (’bin’) crossover method to determine which ele-
ments from the trial vector (created by mutation) should be selected in order to generate a new (trial)
individual. In this case elements from the mutant vector are taken using a probability equal to the
crossover rate (CR), and elements of the current population member are take using a probability of 1 -
CR.
Besides the binomial crossover method, there is also an exponential method. The first element from
the mutant vector is randomly selected. Subsequently, L other elements from the mutant vector are
selected in a circular approach such that probability Pr(L = h) = CRh [62].

Generations and Population size
The generations, also known as iterations, need to be selected such that the solution is converged
and satisfactory. A lot of generations can be used to ensure convergence and accuracy. The less
favourable side of a high number of iterations is the significant computational time. The run time for a
single iteration is already high because GSP needs to be run to evaluate the objective function. During
this project the generations are selected by running the algorithm on a dummy, and the actual problem.
If the solution is satisfactory and converged, the number of generations is deemed sufficient.
The population size specifies the number of function evaluations for each generation. Large population
numbers are beneficial for high dimensional problems with complex search spaces. Small popula-
tion sizes mean less function evaluations thus less computational time. For simple low dimensional
problems small population sizes can be used, however for complex problems the algorithm can have
difficulties when exploring the search space. Storn et al. [63] suggest that the population size should
be between 5 to 10 times the problem dimension. The population size will again be determined based
on tests.
Given a certain amount of computational time, one can either opt for a high population size with greater
generations or a low population size with less generations. Both cases have advantages and disad-
vantages as mentioned above. The algorithm will be run for both cases and the most optimal solution
will be selected.
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Figure 8.1: Genetic Algorithm results for a population of 5 and
30 generations

Figure 8.2: Genetic Algorithm results for a population of 10
and 30 generations

Mutation and Crossover constant
The mutation and the crossover steps of the GA have already been explained in Section 5.3. The
mutation constant (F) has been defined above. A large mutation factor can increases the influence
of the difference vector on the mutant, and thereby introducing more randomness. This can aid with
escaping local minima and enhances the search in a large solution space. Large mutation factors can,
however, sometimes lead to slower convergence. The opposite is true for a low F. Either bounds or a
single value can be specified for F, which is determined in a similar way as for the population size and
the generations.
The crossover rate (CR) has been defined before as well. This constant affects how many parameters
from the mutant vector are used to create a trial vector. A higher CR leads to faster convergence,
however results in less variety within the populations and the algorithm can get stuck in a local minimum.
On the contrary a low CR increases the search radius and lowers the chance of getting stuck in a local
minimum, at the cost of slower convergence. As for all the other algorithm parameters, tests are also
conducted to determine this constant.

Results
The best readily available genetic algorithm implementation was found to be the Scipy [64] Python
package. This package allowed to specify all the above mentioned settings, including constraints and
parallel computing.
The strategy for creating the design point model is chosen by running tests for all these settings, and
selecting the one that results in the best objective value. First of all the standard ’best1bin’ strategy
was analysed. The results for this approach were promising. The optimiser was able to converge to a
satisfactory solution that met all the constraints. The ’rand1bin’ strategy had difficulties finding solutions
that met the constraints, thus it did not improve the initial objective value. This was also expected, since
the members for mutation are chosen randomly. For the ’randtobest1bin’ similar behaviour is expected.
The two vector difference variants of these methods were also tested, and did not improve the results.
It was observed that the algorithm took more generations to converge. For the exponential methods
a similar behaviour was observed. Finally, the ’currenttobest1bin’ method was employed. For this
method it was observed that the algorithm converged faster, but to a local minimum. From all the
tested strategies the ’best1bin’ was chosen. This outperformed all the other strategies. The latter was
also expected, because the best member from the population is selected for mutation.
Next, the population size and number of generations were selected. It was observed that for larger pop-
ulations fewer iterations were needed in order to converge to a certain solution. This can be concluded
from the graphs in Figure 8.1, and 8.2. The computational time was approximately the same for both
these cases. Additionally, it was observed that larger populations were better at finding solutions that
met the constraints. It was decided to do the optimisation for 30 iterations using a population size of 15.
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Subsequently, the CR was selected. By running the algorithm for multiple CRs it was noted that for
higher CRs the algorithm got stuck sometimes, however, it took fewer iterations to obtain satisfactory
results. As mentioned before a too high value for F can get stuck sometimes, which was also noticed
during testing. 0.7 was selected for the CR and led to acceptable results.
F was also chosen based on testing results. It was observed that low values (<0.8) were favourable
if a local search was to be conducted. As mentioned before low F values reduced the effect of the
randomly selected vectors. Furthermore, the choice of F differed from engine to engine. Therefore, it
was decided to choose a range of 0.5 to 1.5 in order to avoid getting stuck in a local minima. Once
GA obtained the optimal solution, gradient descend was done using the build in polish function of the
Scipy package. Once GA determines the minimum location, polishing improves the result by using
gradient descend locally. This can be useful if high (> 0.8) F values are used, which introduce more
randomness.
The selected settings are summarised in Table 8.2.

Table 8.2: GA optimum settings

Settting Description Value

Strategy The mutation and crossover strategy employed by GA ’best1bin’
Generations Also known as iterations 30
Population size — 15
Probability of crossover (CR) — 0.7
Probability of mutation (F) — [0.5, 1.5]

8.3.2. Bayesian Optimisation
Bayesian optimisation can be used for computational intensive objective functions. The computational
time is reduced by building a surrogate model of the objective function and keeping the number of
function evaluations to a minimum. The different algorithm settings are discussed next.

Acquisition function type and optimiser
The acquisition function has already been explained in Section 5.3. The following options could be
selected as acquisition function: Expected Improvement (EI), Maximum Probability of Improvement
(MPI) and the Lower Confidence Bound (LCB). EI determines the x value that maximises the expected
improvement based on the posterior distribution. MPI selects the point with the highest probability
of improvement. LCB maximises the curve that is two standard deviations below the posterior mean.
Furthermore, LCB has a parameter to tune the exploitation and exploration capabilities of the optimiser.
According to Snoek et al. [65], MPI can be aggressive if the target is unknown. Additional it is mentioned
that EI behaves better than MPI and contrary to LCB it does not require a tuning parameter. This will
reduce the computational time.
For the optimiser type the standard Limited memory Broyden Fletcher Goldfarb Shanno (L-BFGS) al-
gorithm is used. This method can be used for solving non-linear optimisation problems. The Hessian
matrix obtained from approximate gradient evaluations is utilised to determine the descend direction.
L-BFGS is the best method according to Kumar et al. [66]. The two other available alternatives, Dividing
Rectangles (DIRECT) and covariance matrix adaptation (CMA) do not outperform L-BFGS.

Evaluator type
One can also choose a method to evaluate the objective for batch sizes larger than one. The available
methods are random, sequential, local penalisation and Thompson sampling. Local penalisation[67] is
used in order to avoid less optimal points based on the previous point at its objective value. Thompson
sampling (TS) selects points by exploring new regions in the search for an optimal solution, whilst
exploiting the already explored points. TS is faster than local penalisation since samples are drawn
from a Gaussian distribution, while the latter requires multiple function evaluations especially to avoid
local minima [68].
From the literature local penalisation looked the most promising method. This will be verified by running
the algorithm for the different evaluator types.
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Number of initial points and batch size
The number of initial points are used to map out the search space. A lot of points are beneficial for
exploring complex and high dimensional problems.
The batch size is the number of function evaluations for each iteration. Similarly, as for the initial points,
larger batch sizes are favourable for complex problems. The choice for these settings are problem
specific and are determined by conducting tests.

Results
The GPyOpt[68] Python package is used for BO. This was found to be the most up to date and well
documented Python implementation of BO in Python. There was no implementation found that could
deal with constraints, hence it was decided to include these as penalties to the objective.
From the literature is was already observed that the EI acquisition function type was the most promising
one. The same was also concluded for the tests. Lower objectives could be obtained at less compu-
tational time compared to the other methods. Furthermore, unlike LCB it does not require a tuning
parameter. For the acquisition function optimiser type the standard option, L-BFGS, is selected. This
is according to the literature the best choice amongst the available options.
For the evaluator type local penalisation and TS were analysed. It was observed that TS converged
faster than local penalisation, however, better objective values were attained for the latter.
The number of initial points is selected to be 100 in order to allow the optimiser to explore the complex
design space. This can be beneficial especially since BO creates a surrogate model. The batch size is
chosen to be 50 and for the number of iterations 15 was used. Beyond these values little improvement
was noticed at the cost of substantial computational time.
The selected settings for BO are summarised in Table 8.3.

Table 8.3: BO optimum settings

Settting Description Value

Acquisition function type — EI
Acquisition function optimiser — L-BFGS
Evaluator type — Local Penalisation
Initial points Used for exploration of the design space 100
Batch size Similar to population size for GA 50
Iterations — 15

8.3.3. Comparison GA and BO
For an unconstrained optimisation problem it was observed that BO converged to satisfactory objec-
tive values within less computational time relative to GA. For a constrained optimisation problem BO
struggled to converge to satisfactory solutions. An example is given in Figure 8.3. The objective value
in the convergence plot on the right is the sum of the constraints penalties and the RMS. The obtained
RMS was 0.097. GA on the other hand converged to objective values less than 0.025 within the same
computational time. This expected to be due to the way the constraints are implemented. Adding the
constraints as penalties to the objective function can cause the optimiser to either focus on the objective
if the penalties are small, or in the case of large penalties the optimiser will only focus on reducing the
penalties. This was also observed during testing. It was not possible to create a balance between good
objective values and constraint values. Furthermore, in the left plot of Figure 8.3 the distance between
two subsequent design vectors is given. It can also concluded from this graph that no optimum solution
has been found. For these reasons it was decided to continue with GA as the optimiser for the design
point problem. For the off-design problem GA was also selected due to its advantages. Additionally,
B0 is only suited for problems with a dimension lower than 20. For the OD problem there are 22 design
parameters. The GA settings for the OD problem have been determined using a similar approach as
for the DP.
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Figure 8.3: Bayesian Optimisation for a batch size of 100 and 15 iterations



9
Modelling outcome & Verification

With the defined problem set-up and the selected data the results can be generated. As mentioned
before two engine models will be created to demonstrate the applicability of the systematic approach.
Comparing the optimised performance parameters of the two engines, and associating them to the
design inputs given in Table 7.2 will allow to verify the results. First, in this chapter, a design point
sensitivity analyses is presented to aid with understanding the results. This is followed by the design
point results. The off-design modelling result are presented as last.

9.1. Sensitivity analyses
The design point sensitivity analyses is presented for the performance parameters of the CF6-80C2
engine and the GEnx-1B engine. This gives an indication of how the various design variables influence
the target parameters, and if they are affected or not. Additionally, a sensitivity analysis will aid with
understanding the optimisation results.

9.1.1. CF6-80C2 Design point sensitivity analysis
In this section the sensitivity analyses results of the CF6-80C2 engine are presented. The effects of the
design variables on the target parameters are analysed, by incrementing the former with one precent.
The results are depicted in Figure 9.1, 9.2 and 9.3. The influence of each parameter is discussed
below.

Fan core isentropic efficiency
By increasing the fan core isentropic efficiency, Tt25 is reduced. This can be explained by looking at
Equation B.5. A higher efficiency results in a lower fan core exhaust temperature in a real compression.
This is also the cause for the decrease in Tt3 and Tt49. The decrease of Tt49 would be more substantial
if the turbine exit temperature was not increased due to the lower work demand. Ps3 increases slightly
due the decreased velocity. At a constant mass flow a higher density (due to the lower temperature)
reduces the velocity. From the total to static pressure relations one can conclude that for a constant
total pressure the static pressure will increase if the velocity reduces. The increase in Pt49 is also a
result of the lower fan core work requirement. Finally, more thrust is generated due to increased power
availability for thrust generation.

Fan bypass isentropic efficiency
The effects of the higher fan bypass efficiency are similar as for the fan core. They are, however, more
pronounced (especially for the thrust) due to the higher mass flow.

High pressure compressor isentropic efficiency
Changing the HPC efficiency has similar effects as for the above mentioned efficiencies. There is an
exception, however. It can be observed that Tt49 increases slightly. The increase is caused by the lower
work requirement from the compressor, and it would be higher if the increase was not counteracted by
the Tt3 reduction.

52
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Fan core pressure ratio
An increment in the fan core pressure ratio causes the Pt25 to increase by the same amount as expected.
Tt25 increases as well due to this pressure increase. As a result one can observe an increase in Ps3,
Tt3, Tt49, and Pt49. Furthermore, one can also note a slight decrease in the Tt5. This is the net change
caused by an increased temperatures on the cold side of the engine core, and a higher work demand
from the fan core. Finally, the thrust increases as well due to the higher exhaust pressure.

Fan bypass pressure ratio
The effects are the same as for the fan core pressure ratio, except for the Tt5 change. Evidently, a
larger decrease is present due to the higher work demand from the fan bypass section. This is not
counteracted since the core section temperatures are not affected by the fan bypass pressure ratio
change.

High pressure compressor pressure ratio
Increasing theHPCpressure ratio has similar effects as for the abovementioned pressure ratio changes.
For this change, however, Tt49 is slightly reduced. The reason for this is the same as for the Tt5 de-
crease in case of the fan core pressure ratio change.

High pressure and low pressure turbine efficiency
For the turbine performance changes only the downstream components are effected (for the design
point). Tt49 does not change since the work demand from the HPC is still the same. From Equation B.11
it can be concluded that a higher efficiency results in a higher Pt49, which is also seen here. This leads
to an increase in thrust.
The effects are similar for the LPT efficiency change as anticipated.

Nozzle coefficients
The effects of the nozzle coefficients are illustrated as well. These are the thrust (Cx) and discharge
(CD) coefficients. The Cx leads to an increase in thrust which is self explanatory. The bypass effects
are more substantial due to the larger mass flow. There are no changes visible for the discharge
coefficients since GSP does not allow to modify the effective area. The CD only changes the geometric
area as told before, whilst keeping the effective area constant. The latter is set using the specified
bypass ratio and mass flow. These will be discussed below.

Bypass ratio and mass flow
Both of these effect the static measurements and thrust. Increasing the bypass ratio for the same
mass flow causes a part of the core flow to go through the bypass. Consequently, the bypass velocity
increases. which in turn causes Ps14 to decrease. The opposite occurs for Ps3. It can also be observed
that the measurements at station 49 and 5 increase. This is due to the same fuel flow at a lower mass
flow, which increases the Tt4. Since the work requirement from the compressors is lower now, the
station 49 and 5 increase. That means that more power is available for thrust generation, which is also
depicted. The increase is small since the core thrust increases less due to the lower mass flow.
An increase in total mass flow has a similar effect for the bypass stream. For the core, however, the
changes are the opposite. The thrust also increases due to the increase in mass flow. This increase is
however partially cancelled out due to the higher work demand from the compressors.
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Figure 9.1: Sensitivity analyses CF6-80C2 part 1

Figure 9.3: Sensitivity analyses remaining parameters CF6-80C2 part 3

Figure 9.2: Sensitivity analyses remaining parameters CF6-80C2 part 2
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Figure 9.4: Sensitivity analyses GEnx-1B part 1

Figure 9.5: Sensitivity analyses remaining parameters GEnx-1B part2

9.1.2. GEnx-1B Design point sensitivity analysis
The effects of varying the various component performance parameters are the same as for the CF6-
80C2 engine. Nonetheless, there are some magnitude differences. This can be due to the following
factors, or a combination of these:

• The difference in magnitude of the reference values that are adapted: This wil result in different
absolute changes, since a percentage change is used for the analyses. An example of this is the
HPC pressure ratio for the GEnx-1B engine that much larger than of the CF6-80C2.

• The difference in mass flow: The GEnx-1B engine has a lower core mass flow, and higher bypass
mass flow compared to the CF6-80C2 engine.

• The bypass and core size: The bypass section of the GEnx-1B is larger, contrary to its cold side
of the core section. The HPT areas are smaller for the GEnx-1B, while the LPT areas are larger.

• The diverging isobars in a Temperature-Entropy (T-S) diagram: This results in more pronounced
temperature changes at higher pressures. The fan of the GEnx-1B has a lower pressure ratio
due to the lower spool speed. The latter is required to prevent fan tip losses.
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Figure 9.6: Sensitivity analyses remaining parameters GEnx-1B part 3

9.2. Design point modelling results
The results obtained using the data and problem described in Chapter 7 and 8, respectively, are pre-
sented in this section for both engines. The sensitivity analyses results will be used to explain the
modelling outcome. A comparison is done between the two engines as well. This will illustrate the
improvement of the engine performance over the years between the development of the CF6-80C2
and GEnx-1B engine. Additionally, the approach can also be verified this way.

9.2.1. Overview design parameters
In Table 9.1 the outcome of the design point model is presented for the CF6-80C2 and GEnx-1B engine.
These are obtained using the set-up and data described in Chapter 8 and Section 7.3, respectively.
It was noticed that for the GEnx optimisation problem some of the constraints had to be relaxed. This
was expected since the GEnx is more advanced compared to the CF6, and the constraints relations are
conservative. Furthermore, it was observed that the optimiser had difficulties matching OPR constraint
for the CF6 model. The same discrepancy was also noticed in the work done by den Haan [9]. For
the best CF6 engine OPR match that could be obtained, the outcome was 3.5 % higher than the value
given by the OEM. The resulting Ps3 to Pt2 ratio was compared with other test cell data, and a box plot
is depicted in Figure 9.7. It can be observed that the simulation result is close to the average value,
thus the results are deemed valid.
Related to this were also the difficulties to match the Ps3 measurement. The test cell measurement was
4 % higher than the simulated output. This problem for the Ps3 measurement was in the end resolved
by increasing the area at station 3. The area just in front of the fuel nozzle was now used instead of
the HPC exit area. This Ps3 deviation could originate from the position of the station 3 measurements,
which already has been mentioned in Section 7.1. Here the mass flow is lower, and can consequently
result in a higher static pressure. Other design values are elaborated upon in Section 9.2.3.
The errors between the test cell measurements and simulated results are given in Figure 9.8 and 9.9.
These gas path measurements errors are all within the limits specified in Table 4.2. Note that the
sensors for the CF6-80C2 engine also have a similar accuracy. The convergence plot for both test
cases can be seen in Figure 9.10, and 9.11. For the GEnx engine it can be observed that the objective
value increases at some point. This occurs because the optimiser is searching for a solution that best
meets the constraints. It is expected that the latter occurs since the GEnx has a higher technological
level, and has more difficulties to meet the conservative constraints. It is evident from both figures that
the optimiser has converged. The objectives achieved after polishing (gradient descent) are 1.5 · 10−3

and 2 · 10−3 for the CF6 and GEnx, respectively.
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Table 9.1: Optimisation results for the design point

Parameter GEnx-1B CF6-80C2 Units
Overall performance parameters

Bypass ratio 9.1 5.08 —
Overall pressure ratio 45.99 32.19 —

Turbomachinery pressure ratios
Fan Bypass pressure ratio 1.58 1.73 —
Fan core + booster pressure ratio 2.15 2.48 —
HPC pressure ratio 21.39 12.98 —

Turbomachinery efficiencies
ηis Fan bypass 0.8920 0.9117 —
ηis Fan core 0.8667 0.8906 —
ηis HPC 0.8688 0.8586 —
ηis HPT 0.8971 0.9083 —
ηis LPT 0.8969 0.872 —

Nozzle coefficients
Cx Core nozzle 0.93 0.92 —
Cx bypass nozzle 0.95 0.93 —

Figure 9.7: Ps3 to Pt2 ratio for test cell runs and the output for the Cf6-80C2 engine

9.2.2. Comparison with old models
In this section the differences are presented between the new and old design parameters for the CF6-
80C2 and GEnx-1B engine. In Figure 9.12 the percentage differences are given for the CF6-80C2
engine, and in Figure 9.13 the differences for the GEnx-1B engine.
For the CF6-80C2 the A5 rating was used by den Haan [9], rather then the B5F rating used in this project.
On the contrary, for the GEnx-1B model, the same rating was used by Van Moorselaar [10] as used in
this case, namely the 74/75P2 rating. It should be noted that although the same rating is used for the
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Figure 9.8: Errors between the test cell measurements and
simulated results for the CF6-80C2 engine

Figure 9.9: Errors between the test cell measurements and
simulated results for the GEnx-1B engine

Figure 9.10: Convergence pot GA for the CF6-80C2 engine Figure 9.11: Convergence pot GA for the GEnx-1B engine
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GEnx-1B model, the reference thrust is not identical (there is difference of 1 %). For both test cases
differences can be noticed. This can be due to the different ratings for the CF6-80C2. For the GEnx-
1B the differences can be due to engine-to-engine manufacturing deviations and/or health differences.
Additionally, since the design problem was underdetermined multiple solutions were possible for the
design problem. An example of this is the high turbine efficiencies (> 92 %) of the GEnx, which were
required due to the low nozzle velocity coefficients (< 0.92). The latter has been tackled in this work by
introducing constraints for the design point model, which was not done during the previous projects.

Figure 9.12: Design parameters comparison between the new and old engine model for the CF6-80C2 engine

Figure 9.13: Design parameters comparison between the new and old engine model for the GEnx-1B engine

9.2.3. Comparing the design point efficiencies
In this section the turbomachinery efficiencies for both test cases are compared. The compressor
efficiencies where constrained by using the relations of Walsh et al. [33], depicted in Figure 9.14, and
9.15. The obtained results are also depicted in this figure. Furthermore, the differences between the
optimised results and reference data can be found in Table 9.2.
It can be observed that the GEnx HPC loading is slightly lower than the one for the CF6. This can be
explained by looking at the definition of the loading coefficient. The GEnx has a higher N2 speed (by
more than 1500 rpm, see Table 7.2), which results in a higher tangential velocity. Although the GEnx
HPC delivers higher pressure rise, the enthalpy increment is not much higher than the value of the CF6
engine. Moreover, the CF6 HPC has four more stages compared to the GEnx, and leads to a lower
enthalpy rise per stage. Since the velocity is squared, the net effect of the higher tangential velocity
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and higher enthalpy rise is a lower GEnx HPC loading. The HPC efficiency is higher for the GEnx due
to this lower loading and a higher technological level.
It can be noticed as well that the GEnx fan core has a higher loading coefficient. This can be the
consequence of the lower N1 spool speed for the GEnx, which leads to a higher loading. Since this
graph is only for compressors—and not a single stage fan combined with a booster—the obtained
efficiency is higher than the reference curve. The CF6 engine has a higher N1 (almost by 1000 rpm),
and has no difficulties meeting the fan core efficiency constraint.
For the fan bypass loading, again the GEnx has a higher value due to the lower N1 speed. The
efficiencies for both engines are higher than the reference data. These are both off from these data
by approximately 1 % as can also be seen in Table 9.2. The GEnx fan bypass efficiency does not
demonstrate a lot of improvements relative to the CF6. This can be caused by the larger fan diameter
of the GEnx.
A Smith chart, also from Walsh et al. [33], was used to aid the optimiser with selecting the turbine
efficiencies and is depicted in Figure 9.16. The outcome for both engines is also included in this figure.
Notably, the loading for the LPT of both engines are approximately the same. The GEnx LPT has two
more stages compared to the CF6, which lowers the average stage enthalpy change even though the
total enthalpy rise is larger. The flow coefficient is lower for the GEnx. This can be attributed to the
lower axial velocity for the latter, due to the larger cross-sectional areas of the gas path. The effect of
the lower N1 for the GEnx is small, since the LPT has a larger average diameter.
The loading of the GEnx HPT is a bit lower than the CF6, which is again due to the higher N2 speed.
Similarly to the LPT flow coefficient, the HPT flow coefficient is lower as well for the GEnx compared to
the CF6. This originates form the higher GEnx N2 speed.
From Table 9.2 it can be observed that the GEnx efficiencies are higher than the Smith chart data. This
is also the case for the CF6 LPT efficiency. The CF6 HPT efficiency, on the contrary, is a bit lower. This
again demonstrates a higher technological level for the GEnx.

Table 9.2: Turbomachinery efficiency differences between simulated and reference values

Parameter GEnx-1B CF6-80C2
Absolute differences (Simulated - Reference) in %

Fan core polytropic efficiency 4.5 0.4
Fan bypass polytropic efficiency 1.3 1
HPC polytropic efficiency 0.7 -0.5
HPT isentropic efficiency 0.3 -0.7
LPT isentropic efficiency 1.6 0.8

Figure 9.14: Compressor efficiencies outcome Figure 9.15: Fan bypass efficiency outcome
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Figure 9.16: Turbine efficiencies on the smith chart

9.2.4. Comparison with trends
In Chapter 3 some general gas turbine and turbomachinery component trends were presented. The
overall performance trends illustrate an increase in OPR, BPR, TIT. This has been confirmed by com-
paring the CF6 with the GEnx engine model. The attained turbomachinery efficiencies were compared
with the trends presented by Head et al. [24]. The outcome of the latter study showed an increase in
polytropic efficiencies with certification year for all the turbomachines. They also displayed a plateau
starting from a certification year of around 2005, which indicates that the turbomachinery technological
improvements for the current aero engine configurations are reaching a limit. In the results presented
before, the increasing efficiency trend was not observed for all the turbomachinery components. There
was a dependency on the stage loading. This parameter was not included during the analyses of Head
et al. [24]. The offset from the reference relations (see Table 9.2) for the component efficiencies of the
GEnx, however, is higher than the deviations of the CF6. This illustrates the improved performance for
GEnx turbomachinery components.

9.3. Off design modelling results
Using the design point results and off-design data described in Section 9.2 and Section 7.4, respectively,
the off-design modelling can be commenced. The procedure for this has already been described in
Section 8.2. This section presents the outcome for both, the CF6 and the GEnx turbofan engines. For
the sake of brevity the GEnx results will be described more elaborately compared to the CF6 engine.
First the selected maps and GA results are presented, respectively. This is followed by the component
characteristic maps description. These are obtained after multiple optimisation attempts using different
component maps and bounds.

9.3.1. Selected maps
The selected maps for the off-design models of both engines are presented in Table 9.3. For the GEnx
engine the same turbine maps are used as the ones for the CF6. The maps are selected either from
the GSP, or from the Smooth C and Smooth T map collection. These were obtained after several
endeavours, with the aim to obtain realistic optimised maps and operating lines. It was slightly more
challenging to find suitable component maps for the CF6 engine, especially the fan core. This is ex-
pected to be due to the small operating range of CF6 Off-design operating points, as can be seen in
Figure 7.4. This gives the optimiser more freedom and can result in unrealistic component maps and
operating lines. There were also some difficulties to get the fan core operating line right, for the GEnx.
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The cause for this can be the modelling decision to merge the fan core and booster. By doing this,
one tries to capture the physics of two different machines in a single map, which can be challenging.
A subsonic booster map was selected for the fan core of both engines. As mentioned in Section 5.2.1,
the operating regime of high bypass turbofan engines low pressure modules is subsonic. Moreover, a
map of a fan is also not representative for a multistage compressor module.
The selection was done based on the information provided in Section 8.2. Notably, it was not possible
to find component maps where all the design parameters were similar. The selected maps were the
most suitable ones and gave the best results.

Table 9.3: Selected component maps for the CF6 and GEnx engine

Component Map Stages
Design

mass flow
(Corrected)

Design
Pressure

CF6-80C2
Fan core Cranfield three Stage Axial Compressor [69] 3 10.6 2.4
Fan bypass NASA Quiet Engine Program fan bypass map [70] 1 436 1.52
HPC GE -CF6-6 / LM2500 Compressor [71] 16 65 15
HPT GSP Big Fan HPT map - - -
LPT GSP Big Fan LPT map - - -

GEnx-1B
Fan core Three Stage Axial Compressor [72] 3 13.4 2.03
Fan bypass NASA Energy Efficient Engine fan bypass map [73] 1 1100 1.55
HPC MAN GT6 Industrial gas turbine compressor [74] 11 30 15.5

9.3.2. Algorithm Results
Firstly, the algorithm results are presented and discussed. The convergence graph for the GEnx and
CF6 engine is given in Figure 9.18 and 9.17, respectively. The final attained objective (RMS error) is
6.6 · 10−3 for the GEnx and 4.9 · 10−3 for the CF6. It is evident from these figures that the optimiser has
converged. Moreover, it can be noted that the CF6 model took more iterations to converge. A plausible
explanation for this can be the tighter bounds that were used to prevent the optimiser from producing
unrealistic maps, caused by the smaller operating range for this engine as mentioned before.
The mean error for all the off-design target parameters, computed along the available operating data
range of the GEnx and CF6, is given in Figure 9.20 and 9.19, before and after adaption. The non-
averaged errors can be seen in figure Figure E.2 and E.1. These are all sufficiently small and deemed
acceptable. Some errors are reduced substantially, while others are only reduced slightly or even in-
creased. The latter being the Tt3 measurement for the GEnx. One possible explanation for this can be
the magnitude of the offset before the optimisation. This is already low, hence the optimiser focussed
on the other parameters due to their larger impact on the objective. This can also be the reason that
some parameters only decreased marginally. Moreover, at the cost of reducing the errors of some
parameters others can increase, whilst still resulting in a lower overall RMS error (objective). From
Figure 9.4 it can be observed that the Tt3 and Ps3 measurement are both effected by the fan core and
HPC pressure ratio. Thus it is possible that the Ps3 error is reduced considerably at the cost of a slight
increase in Tt3 error.
It can be noted that the largest error is found for the N2 and is approximately 1.1 %. Multiple factors
can contribute to this offset. The location of the reference point on the performance map is one of them.
Its location affects the relation between the different component performance parameters, as told in
Section 8.2, thus to achieve a certain pressure ratio the spool speed will be different. This relation is
also affected by the choice of component map, consequently impacting the high pressure spool speed.
Thus this error can be further reduced by repositioning the reference point or choosing a different com-
ponent map. Other factors affecting the N2 speed are the VSV and VBV settings. Otten [17] also
proved that modelling the VSV effects reduced the N2 offset. However, since the N2 is of secondary
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importance from a thermodynamic perspective [32] it was decided not to continue with improving the
model.

In addition to the Tt3, the Tt49 (EGT) error of the CF6 has also increased. The same reasoning as for the
GEnx parameter error increase can also be applied here. From the results of the sensitivity analyses
presented in Section 9.1 it can be observed that multiple parameters influence the EGT. The fan core
pressure ratio and efficiency are amongst these. These also affect the Pt25 and Tt25, and hence their
error, which is substantially reduced. Thus it is possible that these errors are reduced at the cost of an
Tt49 error increment. The explanation for the Tt3 error increase is exactly the same as for the GEnx.
The largest error can again be found for the N2 parameter and equates 1.1 %. As explained before
for the GEnx this can be attributed to the choice of reference point location or component map. This
model is not further improved for the same reason as the one of the GEnx.

Figure 9.17: CF6 Off-design convergence graph for 20
iterations and 7 individuals

Figure 9.18: GEnx Off-design convergence graph for 20
iterations and 7 individuals

Figure 9.19: Mean error for the CF6 target parameters
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Figure 9.20: Mean error for the GEnx target parameters

9.3.3. Compressor maps
The obtained compressor maps for the GEnx can be seen below. Firstly, the fan core map is illustrated
in Figure 9.21. The grey map is the starting map and the black map is the optimised one. It can be
observed that in the low speed region the pressure ratio (PR) has increased, while the mass flow and
efficiency have been decreased. Close to the design point the changes are minimal. This is due to the
nature of the quadratic scaling functions, defined by Equation 5.3. The changes in the region higher
than design point are the opposite also due the way the scaling function is defined. The modified
map has a lower PR for the same corrected mass flow and N1c. A possible cause for this can be the
presence of inlet guide vanes (IGVs) for the reference component. The GEnx booster is not equipped
with any IGVs. Additionally, the reference compressor also has a smaller cross-section. This can
cause a higher density increment, and consequently a higher pressure ratio. The higher diameter for
the GEnx results in larger tip speeds, hence the relatively lower efficiency.
In Figure 9.22 the fan bypass map can be seen. The pressure ratio and mass flow are only slightly
modified, with the most notable difference found in the low speed region. The efficiencies, on the other
hand, have been lowered moderately. Again the map has been modified the least around the design
point. The efficiency drop can again be the cause of the high fan tip speeds, due to the large fan
diameter of the GEnx engine. Moreover, the efficiency drop in the low speed region for the reference
map is negligibly small, which is not in accordance with the expected trend.
Finally, the HPC map is depicted in Figure 9.23. In the low speed region the pressure ratio and mass
flow have reduced, while the efficiency has increased. In the high speed area a small increment in mass
flow and pressure ratio can be noted, with the opposite change visible for the efficiency. In the region
below the design point the modified map has a higher PR for the same corrected spool speed and
mass flow. An explanation for this can be the higher tip speeds for the reference component, which
also justifies the lower efficiency. Higher PRs mean higher adverse pressure gradient, hence lower
surge PRs.
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The results for the CF6 engine can be found in Appendix E. No odd changes are made to the maps. It
can be noticed that the efficiency peak of the starting fan core map is located in the low speed region,
which is typically not the case for a compressor map. The design point of a compressor is generally
located in the high speed region and also has the highest efficiency. The modified map, however, is
different and more in line with the expectations. Now the efficiency peak is located close to the high
speed region. For the fan core of the CF6 the modified map has a higher pressure ratio for the same
corrected mass flow and N1c in the region below the DP. The reference engine has a higher tip speed,
which can possibly result in a lower surge line.
The modified fan bypass map, on the other hand, has a lower PR for the same N1c and mass flow. The
change, however, is small and can be due to geometry differences. Moreover, the reference map has
a lower efficiency, which can be due to the high design Mach number of 0.82.
For the HPC the optimisation resulted in a higher mass flow and pressure ratio for the same N1c. The
efficiency has been lowered. The latter can be caused by the higher tip speeds of the CF6-80C2 engine.
The other changes can be due to the same reason. Additionally, the higher design reference PR, lower
reference mass flow, and variable geometry can also be possible sources for the differences.

Figure 9.21: Fan core map before (grey) and after (black) adaption
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Figure 9.22: Fan bypass map before (grey) and after (black) adaption

Figure 9.23: HPC map before (grey) and after (black) adaption

9.3.4. Turbine maps
The turbine map for for the HPT and LPT are illustrated in Figure 9.24 and 9.25, respectively. Again the
black map indicates the optimisation outcome. The mass flow and pressure ratio for both components
remain unmodified as expected. The efficiency has changed in a similar manner for both turbines. An
increase can be observed in the low speed (upper) region and a decrease is visible in the high speed
(lower) region. For the CF6 maps the changes are similar to the ones of the GEnx engine. The HPT
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efficiency has been lowered moderately. The LPT efficiency on the other hand has been modified
substantially. As the speed decreases a larger drop in efficiency is visible. Since limited information
about the reference map machine is available, it is difficult to come up with a concrete reasoning. The
results, however, indicate that larger losses occur for lower corrected spool speeds. This can be due
to larger tip speeds, and/or sub-optimal tip clearances. Differences in geometry also play an important
role.

Figure 9.24: HPT map before (grey) and after (black) adaption

Figure 9.25: LPT map before (grey) and after (black) adaption
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9.3.5. Operating lines
The operating line of a turbomachine is dependent on multiple factors. Two of the important ones
are the choice of characteristic map and reference point location, as mentioned before. During the
off-design modelling process it was required to change the component maps and the reference point
location multiple times in order to obtain feasible results. This includes non-drastic changes in pressure
ratio, efficiency and mass flow. In Figure 9.26 one of the intermediate results is given. The operating
line is clearly not smooth and also diverging from the surge line. It is expected that the compressor
operating line maintains the reference point (DP) surge margin at lower spool speeds as well, or gets
closer to it. The latter since the compressor stages are struggling to deal with the high adverse pressure
gradients and initiate stall. The pressure ratio where surge occurs reduces with mass flow. This is due
to the decrement in axial velocity at a constant spool speed, which in turn causes the incidence angle
to increase. At incidence angles higher than the optimum angle, flow separation and stalling can occur
[4]. Variable geometry and/or bleed is used to remedy this. In Figure 9.27 the improved operating line
can be seen which is attained by repositioning the reference point. The surge margin in this case (sea
level) is around 10 %, which is slightly on the lower side. For higher altitudes it is expected that the
surge margin will increase, due to the lower bypass nozzle pressure ratio [32].
Furthermore, operating lines that run into the surge line were also encountered. This is not realistic and
is always avoided for the physical engine (using secondary performance devices) in order to prevent
damaging the engine. Repositioning the reference point did not solve this problem, thus it was decided
to use a different component map.
For the HPT it was observed that the operating line excursion was relatively small. The pressure ratio
and mass flow were almost constant. This behaviour can be explained by looking at Figure 6.6. It can
be observed that the operating point of the HPT is almost fixed if the LPT inlet is choked. This is also
inline with the literature [7, 32].

Figure 9.26: GEnx fan core map with un-smooth operating line Figure 9.27: GEnx fan core map with smooth operating line

9.3.6. Checking for physical correctness
In Section 5.2.1 multiple relations were defined, that could be analysed in order to check the underlying
physics of component characteristics. For the compressor modules of both, the GEnx and CF6 engine,
these were in line with the literature. It was observed that for the lower speed range the contours
deviated from the general trend, this was also expected due to the increased sensitivity as told before
in Section 5.2.1.
The loss correlations for the turbines are also in agreement with the literature. A bucket was clearly
noticeable for all of the loss characteristics. Additionally, it was also noticed that the low speed contours
deviated from the general trend, as expected. The efficiency to turbine velocity ratio correlations were
inspected as well. This can be seen in Figure 9.28 for the LPT of the GEnx map. The parabolic
variation of the efficiency can clearly be observed, however, there is a dependency on the velocity ratio.
As mentioned in Section 5.2.1, the peak efficiency is only dependent on the turbine stator exit angle.
The latter holds for an ideal single stage turbine. This is not the case for the actual engine and can
be the cause for this discrepancy. Another reason for this deviation can be due to the map file format
differences between Smooth T and GSP. The Smooth T manual advises to uses a high resolution in
the low speed region, which is not the case for the GSP maps. The largest disparity is also found in
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Figure 9.28: Turbine efficiency as a function of the Turbine velocity ratio for the GEnx LPT

the same region. Similar results were attained for the HPT and CF6 turbine maps.

9.3.7. Comparison with old maps
As already known, modelling projects have been conducted in the past for the GEnx and CF6 engine.
In this section the differences between the old and new component maps are briefly discussed.
First the CF6 model will be addressed, which was the best model available at the disposal of KLM ES.
Firstly, a transonic map was selected for the fan core. This is not the right choice for un-geared high
bypass ratio turbofan engines that have relatively low N1 spool speeds. Furthermore, the fan bypass
and HPC map do not have smooth efficiency contours. For the turbines, the relations described in Sec-
tion 5.2.1 do not agree with the expectations, especially the first and second turbine loss characteristics
as there was no bucket observable.
The GEnx maps are described subsequently. Again a transonic map was selected for the fan core.
The operating regime of the map and the actual module do not match, thus the underlying physics will
differ as well. For the fan bypass maps the efficiency contours are not smooth. The latter can lead to
jumps in component and overall performance parameters. The turbine loss characteristics defined in
Section 5.2.1 were also plotted, and none of these were in line with the literature.
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GEnx model validation

With the modelling process now finished, it can be investigated how the model performs on data that it
has never seen before. The latter being on-wing data, recorded at higher Mach numbers and altitudes.
In this chapter it is first analysed how a single model can be generalised to other engines from the same
pool. The method described in Chapter 8 can be applied to a specific engine of a certain type. Creating
a virtual twin for each engine is, however, not always possible. A prevalent practice is to use a single
model for all the engines of the same type. The latter is done due to the scarce data availability. This
method, however, does not account for engine-to-engine differences. Subsequently, the validity of the
obtained models is proven using CEOD. A discussion for the discrepancies is presented as well.

10.1. Intra vs Inter engine approach
Two approaches can be distinguished when modelling a pool of engines, e.g., the GEnx-1B or the
CF6-80C2. These are the inter-, and intra- engine approach [75]. For the inter-engine approach a
single generic model is used for representing the entire pool of engines. This model is created us-
ing one specific engine data that is representative for the entire class. In the intra-engine approach
an engine specific model is used independent of other engines of that pool. While the former (inter-
engine) approach is most commonly used, it is not the most accurate. Using an inter-engine approach
is favourable since it remedies creating a model for every engine from the pool, which is challenging
due to the limited amount of data available.
To illustrate the difference between these two methods, from a health monitoring perspective, Fig-
ure 10.1 will be used. In this figure two performance parameters, x1 and x2 are plotted against each
other. Region A represents normal behaviour from an entire pool of engines. Region B and C indicate
the normal and abnormal (deteriorated) performance of a single engine, respectively. If an average
performing engine from the class is selected for the inter-engine approach, it is highly probable that the
performance degradation of the single engine in this example will not be identified. This highlights the
importance of the intra-engine method. Using this method, engine-to-engine differences are eliminated,
and deterioration is exposed. The same was also concluded in other studies [8, 13, 29].

70



10.2. Extending the developed model to other engines 71

Figure 10.1: Engine behaviour space for an entire class of engines (A) and a single engine (B and C)

10.2. Extending the developed model to other engines
As told above using a single model for the entire engine class is less accurate. However, generally
there is not sufficient data to develop a complete model for every engine, especially for off-design
modelling. This is also the case for this project. In Chapter 4 it was concluded that the CEOD and test
cell performance logs were the most promising data sources. The drawbacks were also mentioned.
The test cell performance logs only include a small operating range and the CEOD is lacking some
important parameters, e.g., the thrust. The test cell data includes back-to-back testing and calibration
reports as told before. These include a larger operating range data, but are only for one specific engine.
Consequently, it was decided to only calibrate the design point model and use this outcome as input
for the component maps, generated before, during off-design modelling process. To prove the validity
of the generated model CEOD will be employed.
The engine used for creating a new DP model is also an GEnx-1B 74/75P2 engine with the Engine
Serial Number (ESN) 956xxx. This is the same engine used by some of the previous works[8, 10, 17]
concerning the GEnx-1B turbofan engine at KLM ES. The data used is after an engine overhaul that
was required due to a Redline Exeedance Event. This in turn was caused by a HPT stage 1 blade
mid-chord burndown. Thus the engine can be considered of acceptable health.
The calibration was done using the design point model reported in Section 9.2 as a starting point. Again
an optimisation was done using GA, with a similar set-up as described in Chapter 8. The design vari-
ables attained before are now used as an initial guess for the GA.
The convergence graph and the optimisation results are given in Figure 10.2 and Figure 10.3, respec-
tively. It is clear that the optimiser has converged, and the errors are sufficiently small. The overall
RMS error achieved was 1.11 · 10−3. The obtained design variables only deviated slightly from the
un-calibrated model as can be seen in Table 10.1. An attempt was made to exclude the constraints
from the problem, but the results overstepped the constraint bounds considerably. Furthermore, it was
observed that the results were obtained at a significantly lower runtime (factor 2), relative to the first
DP problem. Since the optimised parameters from Section 9.2 are now used as the starting point, the
optimal region is found much faster by GA. This also prevents GA from generating unfeasible parame-
ter vectors, which causes convergence issues in GSP.
The attained design point data will be used as the scaling reference point for the performance charac-
teristics presented in Section 9.3.
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Figure 10.2: Convergence graph GA for calibration process

Figure 10.3: Errors between the test cell measurements and simulated results for calibration process
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Table 10.1: Change in performance parameters due to the model calibration

Parameter Change [%]
Overall performance parameters

Bypass ratio 0
Overall pressure ratio -0.24

Turbomachinery pressure ratios
Fan Bypass pressure ratio -0.91
Fan core + booster pressure ratio 1.67
HPC pressure ratio -2.09

Turbomachinery efficiencies
Fan bypass 0.96
Fan core 0.82
HPC 0.6
HPT -0.3
LPT 1.16

Nozzle coefficients
Cx Core Nozzle 0.74
Cx bypass Nozzle -1.64

10.3. Model Validation using CEOD
Firstly, in this section the approach for the CEOD validation is described. This mainly consists of
the data selection and pre-processing. This is followed by the attained results from CEOD analyses,
including a discussion.

10.3.1. Data preparation
The selected CEOD is from the same engine as was used in the previous section, namely ESN 956xxx.
The data used was collected within a few months of the test cell record date. This minimises health
deviations potentially caused by operating cycle differences of the engine. Ten flights were selected
for the CEOD analyses in order to capture as many flight conditions as possible. Three flight phases
were selected for the analyses, namely the take-off, the climb and the cruise phase.

For the data filtering, insights from the study of Rootliep [8] were used. These are summarised below:

• Select the relevant flight phase. These are the take-off, climb and cruise phase in this case.
• From the selection only the steady state points should be chosen. The latter is done by limiting
the core speed rate of change between -0.2 and 0.2 %N2/sec.

• Additionally, it should be ensured that points in the cruise phase where the aircraft is climbing to
higher altitudes are not selected.

• Remove operating points for which there are outliers in the secondary performance parameters
given in Table D.1. By doing so the relations between the primary performance parameters and
gas path measurements will be more distinctive. For the filtering limits, the results of Rootliep
[8] are used. In the aforementioned study the Interquartile Range (IQR) is employed for outlier
filtering.

For each of the three flight phases, the filtering was done separately. Due to the large difference
in operating conditions, the performance parameters also differ. Consequently, filtering all the flight
phases at once will remove important operating points. Filtering the data will allow to find steady state
”normal” operating points and makes validation of the GSP model straightforward. Finally, it should
be noted that the validity of the corrected and calculated parameters is dubious. It is not justified how
these are attained.
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10.3.2. CEOD analyses results
In the following sections the CEOD results can be found. First the un-calibrated model outcome is
presented, and this is followed by the calibrated model results.

Results un-calibrated model
The deviations of the un-calibrated model output from CEOD can be found in Figure 10.4. It can be
noticed that the results close to the design conditions (Take-off) are acceptable. The RMS error here is
1.28. At the climb and cruise phase the errors are relatively higher. This is mostly noticeable in the fuel
flow and EGT (Tt49). From Figure 10.5 it can be observed that the mean absolute error (MAE) is overall
lower than one percent, with the largest values found for the fuel flow and EGT at cruise conditions.
Note that there are more data used for the cruise phase and these contain more scatter in secondary
performance parameters. This is also the reason for the higher MAE at cruise conditions.

Figure 10.4: Un-calibrated model deviation for the take-off,
climb and cruise phase between simulated output and CEOD

Figure 10.5: Un-calibrated model mean average error (MAE)
for the take-off, climb and cruise phase errors between

simulated output and CEOD

Results calibrated model
In the following figures the results of the calibrated model are presented. While the deviations at the
climb and cruise phase clearly have been reduced, the changes at the take-off phase are minimal. Here
the RMS error is almost equal to the un-calibrated model value (<0.01 difference). Thus the calibration
did not have a large impact at the take-off phase. This was also expected, since the deferences in the
design parameters between the calibrated and un-calibrated model are small. Moreover, this indicates
that the un-calibrated model has not been overfitted. The deviations along the corrected speed are also
depicted. A clear trend for all the parameters is visible for the climb and cruise phase in Figure 10.9
and 10.10 respectively. Some more scatter can be observed for the cruise phase around the higher
N1c. These are points where the aircraft is climbing to higher altitudes during cruise, and have not
been filtered out. For the take-off deviations, a trend is less evident. This will be described at the end
of this chapter.
Furthermore, from the turbine operating lines at cruise conditions it was noticed that the exhaust noz-
zles were choked. At the take-off phase the LPT was choked, which was also observed for the test cell
operating points.
Although the model has improved by calibrating it, the deviations are still large, in particularly for the fuel
flow and EGT, at the climb and cruise phase. Possible causes for these deviations will be addressed
in the discussion section.
The mean average error, given in Figure 10.7 has been reduced a bit relative to the un-calibrated model.
Again the largest values can be found for the fuel flow and EGT at cruise. These, however, are suffi-
ciently low.
The mean efficiencies for all the turbomachinery at the analysed flight phases can be found in Fig-
ure 10.11. These are affected by the operating conditions, and consequently depend on the position of
the operating point on each component performance map. These will be elaborated upon in the next
section.
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Figure 10.6: Calibrated model mean deviation for the take-off,
climb and cruise phase between model output and CEOD

Figure 10.7: Calibrated model mean average error (MAE) for
the take-off, climb and cruise phase errors between simulated

output and CEOD

Figure 10.8: Calibrated model Take-off phase deviation from
CEOD

Figure 10.9: Calibrated model Climb phase deviation from
CEOD

Figure 10.10: Calibrated model Cruise phase deviation from CEOD
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Figure 10.11: Calibrated model mean efficiencies for take-off, climb and cruise

10.4. Discussion
In this section the most important findings and results from the sections above are discussed. The
possible causes for the model deviations are addressed as well.

Calibration effects
From the results presented above it is clear that the model has been improved by calibrating it, even
though very little for the take-off condition. The design point model is created at sea level static condi-
tions. This point is used to scale the performance characteristics. The closer an operating point gets
to the map reference point, the closer the performance parameters are to the design point values. This
is the case for all the individual component scaling reference points. Thus component matching is in-
fluenced by the reference point. From Table 10.1 is it evident that the changes are minimal. Hence
it follows that at the actual take-off operating conditions (non-static)—which is close to the reference
point— the differences will be small as well. At points located away from the reference point the differ-
ences are more pronounced, which is observable in the climb and cruise deviations. At these points
component matching is uncoupled from the DP. Consequently, the improvement due to the calibration
is more noticeable. Thus the operating condition changes due to engine-to-engine differences has
been accounted for by the calibration. A good example for this is the pressure ratio of the compressors.
These differ at the design point, however, they lead to a similar OPR as can be seen in Table 10.1. At
off-design conditions the OPR can be different due to the deviation in individual compressor pressure
ratios. The latter was also observed in the results.
Moreover, reference point scaling effects has a dependency with the direction. For example, the ellipse
like efficiency contours will have different scaling effects along the major and minor axis. This can also
be seen in Figure 10.12. For the fan core and LPT, the changes in efficiency are not constant for all
the flight phases. It should be noted that the calibration outcome can not entirely be attributed to this
offset.
Another cause for the performance deviations with respect to on-wing data for operating points close
to the DP is related to the objective for the off-design modelling process. The objective used is the
RMS error. As can be noticed from Figure E.2, the deviations are the largest in the low speed range,
hence the optimiser mainly focusses on reducing these. Changes close to the DP are small. This is
also due to the scaling method used. The scaling polynomial of second order is equal to one at the DP.
For operating points in the vicinity of the DP, the changes will be insignificant as a result.
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Figure 10.12: Efficiency change by calibrating the model at take-off, climb and cruise

Trends in deviations
Next the trends in the deviation figures along the N1c are discussed. For the take-off results, depicted
in Figure 10.8, a small amount of spread is visible (although its minimal). This can also be concluded
from the Figure 10.7. A jump can be seen in this figure, just below 98 % N1c. Looking back at the
CEOD it was observed that a similar pattern was visible in the computed core mass flow parameter.
Thus it can be possible that some flight conditions are not captured by the GSP model. This can for
example be caused by losses at the inlet (due to complex inlet flow phenomena) in particularly for the
take-off roll phase where high pitch angles are experienced. Moreover, the flight Mach number was
used to compute the ambient static conditions from the fan inlet total properties. This can introduce
some uncertainties as well, since the local Mach number is different.
In the climb and cruise phase results, trends are clearly visible. Since these are a longer phase a better
selection of operating points could be done, that illustrate a clear trend. The operating conditions are
also similar. The change along the N1c can be attributed tot the secondary performance parameters
(SPPs). These affect the flow capacity and efficiency of the respective module, and consequently the
gas path measurements. For cruise a similar trend was observed for the VSV and HPT ACC. For climb,
however, no matching behaviour could be found with the SPPs. Another source for this trend can be
the component performance parameters stemming from the characteristic maps. They can deviate
slightly from the actual (true) values.

Magnitude of deviations
The magnitude of the deviations at climb and cruise are still relatively high after the calibration. In par-
ticularly the EGT and fuel flow (Wf) stand out. The possible causes for these deviations are threefold.
The first one is associated with the definition of the corrected speed used in GSP. In GSP the relative
corrected speed can be used as an input. The latter is defined by Equation 10.1. Here ds stands for
design, and std stands for standard day. Thus the N1c relative is 100 % at the design point. On the per-
formance maps this relative corrected speed is used to determine the operating speed of the module.
If the reference point on the component map is placed at 100 % N1c, the outcome will be in line with
the expectations. However, if this is not true, the results will differ. During the modelling process the
reference points are not placed on same N1c on the map, thus each component will move to a different
N1c at off-design even if they are attached to the same shaft. This introduces some uncertainty at all
of the three flight phases. Still, this is not the main source of the deviations.
Moreover, the secondary parameters are a source of uncertainties as well. This, however, can be elim-
inated using the findings of the work done by Otten [17]. In the aforementioned study corrections were
applied for the ACCs of the turbines and the VSVs. Correspondingly, the errors for N2, Wf , Ps3, Tt3

and Tt49 were significantly reduced.
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Component efficiencies
In Figure 10.11 the component efficiencies are presented for the take-off, climb and cruise phase. It
can be observed that the results are contradicting the expectations. Generally it is expected that the
component efficiencies are the highest at cruise, due to the duration of this phase, and consequently
the amount of fuel consumed. For the starting component maps this was ensured, however, it no longer
holds for the adapted maps. This deviation was also recognised in the old model results by Otten [17].
Accounting for the secondary performance parameters (SPP) resolved this disagreement. Reflecting
back at the function of SPP, they are incorporated in order to improve the efficiency of a certain module
at off-design conditions. The design point of the model is set to take-off. Thus, it is expected that the
efficiencies of the modules will be lower at other (off-design) operating conditions when SPPs are not
accounted for. As the SPPs settings are increased, the component efficiencies increase. The latter
does not hold for the low pressure system, since no SPPs devices are present. Additionally, there is
no upstream influence from the other components. This is also expected to be the case for the new
GEnx-1B model. It should be mentioned that the SSPs are not the sole contributor to the efficiency
discrepancies, as will become evident in the subsequent sections.

Velocity coefficient effects
The results of the current model were also compared with the old model developed by Van Moorselaar
[10]. The mean offset from CEOD, and the MAE are depicted in Figure 10.13 and 10.14 respectively.
It can be observed that the highest errors are for the cruise and take-off conditions. Once more the
discrepancies for the fuel flow and the EGT are the largest. In the old model too low values were used
for the velocity coefficient (around 0.91). Additionally, Otten [17] concluded that the velocity coefficient
implementation in GSP has not been done correctly at choked conditions (e.g., cruise). For this reason
the velocity coefficient was not used during the modelling process.
For flight conditions the Mach number varies from around 0.25 at take-off to 0.85 at cruise. This highly
affects the nozzle calculations. Since the velocity coefficient is set to one, there are no losses intro-
duced, thereby limiting themaximummass flow trough the nozzle and upstream components for choked
conditions. The corrected compressor mass flow can be expressed as a function of the Mach number
and is given by Equation 10.2[32]. Using the bypass nozzle Mach number at take-off and cruise con-
ditions as input, a change in mass flow of 3.8 % occurs according to this equation. The GSP model,
on the contrary, only shows a change of around 1 % for the fan bypass. The pressure ratio of the fan
bypass is too high as a result and demands more power, which explains the high fuel flow and EGT
deviations. The latter was also mentioned by Otten [17]. Otten improved the model at cruise conditions
by adding flow capacity and efficiency changes to the low pressure system. Upon doing the same for
the cruise conditions, the deviations were also reduced as is evident from Figure 10.15.
Moreover, it can be observed that old model outperforms the model developed during this project at
take-off. The reason for this can also be related to the velocity coefficient. This was confirmed by
running the developed model with a bypass velocity coefficient of 0.98. The output is depicted in Fig-
ure 10.16. The take-off results have clearly been improved, at the cost of some of the climb and cruise
deviations. This can be due to the wrong implementation of the velocity coefficient at choking conditions
of the nozzle.
The effect of the velocity coefficients on the trends were analysed as well. For the climb phase a large
correlation between the velocity coefficient and the trends was recognised. Using a value of 0.98 for
the velocity coefficient reduced the dependency on N1c. The latter was also observed for cruise con-
ditions, however, to a lesser degree. Note that the velocity coefficient affects the operating line, and
consequently the efficiencies. Hence, the trends observable in Figure 10.11 will be affected as well.
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Figure 10.13: Old model mean deviation between simulated
output and CEOD measurements

Figure 10.14: Old model mean average error (MAE) for the
take-off, climb and cruise phase errors between simulated

output and CEOD

Figure 10.15: Improved model mean deviation between model output and CEOD for cruise conditions

Figure 10.16: Calibrated model Cruise phase deviation from CEOD with Cv = 0.98

Reynolds number effects
Reflecting back at the effect of the velocity coefficient, another phenomenon causing similar effects
(flow capacity changes) can be Reynolds number (Re) effects. The latter represents the ratio between
inertial and viscous forces, and can be used to describe the boundary layer behaviour on a surface.
With increasing Reynolds number the boundary layer becomes thinner, more energetic, turbulent and
hydrodynamically rough. There is a certain Re above which losses remain constant. Below this critical
Re the viscous losses are increasing and can have effects of secondary order on the engine perfor-
mance. These become significant if laminar separation is initiated. Due to the high pressure gradients
laminar flow does not contain an adequate amount of energy to remain attached, and profile losses
occur. Turbulent flow, however, delays separation and can withstand higher pressure gradients.
These Re effects are present on the compressors, and mainly the LPT. It affects the efficiencies and
flow capacities. Moreover, the Re effects are more dominant at higher altitudes—i.e during cruise for
commercial turbofans— where the density is lower, and consequently the Re as well.
For performance calculations and modelling it is more beneficial to use the Reynolds Number Index
(RNI). The RNI is the ratio of the actual Reynolds number and the sea level static Reynolds number at
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the same Mach number. Using this definition and some simplifications one ends up with Equation 10.3.
When modelling, the RNI corrections can be implemented through coefficients for the efficiency. The
corrections for the mass flow are half of the efficiency corrections [32]. The factors can be specified in
the component performance map text files. Two factors can be defined, one factor for low RNI and a
second factor for high RNI. The corrections are linearly interpolated in between these values. The Re
effects were analysed by iteratively changing the aforementioned factors for each module. The best
attained results are depicted in Figure 10.17. These were attained for higher correction factors relative
to the standard map values, thus higher efficiencies and mass flows at low RNI. By comparing these
results with Figure 10.6 it can be observed that the model has been improved significantly for operating
conditions with low RNI values. The largest improvements can be found for the EGT and fuel flow for
the cruise and climb phase. This can be due to the higher efficiencies, and mass flows for the same
iso speed line. The latter leads to lower power requirements from the compressors, and consequently
a lower fuel consumption. The Tt3 and Ps3, on the contrary, have slightly been increased. The mean
efficiencies, attained after adapting the Reynolds corrections, are depicted in Figure 10.18. It can be
observed that these have been increased for the cruise conditions, which is more inline with the expec-
tations.
The best combination of the correction factors can be determined by setting up anminimisation problem,
with the goal to reduce the differences between CEOD and model output.
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Figure 10.17: Calibrated model mean deviation for the take-off, climb and cruise phase between model output and CEOD with
Re corrections

Figure 10.18: Calibrated model mean efficiencies for take-off, climb and cruise with Re corrections
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Systematic modelling Approach

In this chapter the main steps and key modelling decisions are addressed. This is done for the design
and off-design modelling approach. Furthermore, the important findings from the CEOD analyses are
presented as well.

11.1. Systematic Approach On-Design Modelling
This section describes the steps for developing a design point model of a turbofan engine. These
summarise the procedure used for the GEnx and CF6 design point models, which are used as test
cases in this study.

1-Data collection: First of all, the available data sources need to be listed. Multiple sources acces-
sible within an MRO environment have already been mentioned in Chapter 4. From these, the most
elaborate and reliable source needs to be selected. It is convenient to select a source with data for a
range of operating points, in case off-design modelling needs to be conducted as well. By selecting the
same source, engine-to-engine differences will be eliminated, hence increasing the model accuracy.
The data in performance sheets and correlation reports should be scrutinised meticulously, as it was
noticed that some parameters can be indicated falsely. The units should also be checked, and whether
parameters are corrected or not. From the collected data, the design operating point modelling inputs
can be selected. Note that different operating points can be selected as the design point, as told in
Section 5.1. The top of climb is the most commonly used operating point in literature, however, the
data available for this operating point is usually not sufficient to create an accurate model.
Technical drawings of the engines are also available in an MRO environment as told before. The gas
path areas or the diameter of the turbomachines can be extracted from these in order to improve the
accuracy of the model or compute parameters such as the loading and flow coefficient (defined in Sec-
tion 6.2). The location for the area measurements needs to be selected based on the sensor positions.
These can differ depending on the engine type as mentioned before in Section 7.1. For the Loading
and flow coefficient, the average diameter of the turbomachine should be utilised. Note that only using
the inlet and outlet stations will not be representative for the module, in particularly if its gas path area
changes considerably.

2-Optimisation Set-up: The optimisation set-up can be created once all the required data has been
gathered. This includes specifying the design vector, constraints, objective, bounds, and optimiser set-
tings. The choice for design parameters differs from case to case, depending on what is known and
what is not. The constraints used in this project have been elaborated upon in Section 8.1. These
are intended to bridge the gap caused by the fewer sensors and OEM proprietary data. In this work
the root mean square error (RMSE) has been used as the objective. The latter is described by Equa-
tion 8.1, and also allows to specify weights for the different target parameters. These parameters are
the gas path sensor measurements. Moreover, the design parameter bounds are also highly problem
dependent. These can be set using general knowledge regarding the engine. The same holds for the
constraint bounds as well. The default optimiser settings can be used as staring values.

82
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3-Creating the GSP model: The GSP model needs to be assembled next. This will consist of the
different modules of a turbofan engine. The modules typically used are: the inlet, fan, booster, HPC,
combustor, the HPT, LPT and exhaust nozzles. As mentioned before, it is a common practice to merge
the fan core and booster in case the measurements between these two components are absent.
Subsequently, all the input parameters can be set in the various modules. These are: the ambient
conditions, mass flow, areas for each module (or Mach number), mechanical efficiency, design spool
speeds, fuel flow, burner pressure loss, and combustion efficiency. Check if the polytropic or isentropic
efficiency is required as an output for the turbomachine modules. For some of the constraints, the
polytropic efficiency is required, and for others the isentropic efficiency. This can be selected in GSP.
Add an API block to the model, and select the input and output parameters in accordance with the ones
defined in the GA set-up. The inputs are usually the design variables, and the outputs are the target
parameters or the ones that are required to evaluate the constraints.

4-Design point model optimisation: With the set-up now complete one can commence with generat-
ing the model. Small modifications can be required to the initial set-up in order to obtain an acceptable
model. These can be, but are not limited to, the areas to match static sensor measurements, design
vector bounds, constraint bounds, or optimiser settings. If the optimiser struggles to find an acceptable
solution within the bounds or runs into them, they need to be relaxed. On the contrary, if unrealistic
solutions are attained, some bounds need to be tightened. A sensitivity analysis can aid with under-
standing the design choices made by the optimiser.

11.2. Systematic Approach Off-Design Modelling
With the design point one can commence the off-design modelling. The design point will be used as
a reference scaling point for the turbomachinery characteristic maps. The steps below follow from the
off-design modelling process for the two test cases.

1-Data collection: Ideally, the same reference engine should be used, as the one for design point
modelling. If possible, the measurements should also be taken during the same overhaul/ flight. This
assures the same component health condition. If points lie closely, one should be removed from the
data set, since there will be no additional benefits. The design point, or points close to it, should also
be excluded from the analyses. Since this will be used as the scaling point, the error will be minimal,
consequently reducing the RMS error.

2-Reference map selection: The procedure for selecting the starting map has already been described
in Section 8.2. Suitable reference maps can be selected by choosing the characteristics of a machine
with a similar design, and ideally a similar technological level. The underlying physics of these maps
should also be correct, as explained in Section 5.2.1.

3-Optimisation Set-up: The steps for the off-design optimisation set-up are similar to the design point
problem set-up. In this case the design variables are the parameters of the scaling functions given by
Equation 5.3 for each compressor module. The mass flow and pressure ratio are not scaled for the tur-
bines, since the high-pressure region is only of interest. Unrealistic characteristics should be avoided
by meticulously selecting the bounds. Large gradients in the scaling curves should be avoided as well.
Furthermore, the default optimiser settings can be used as reference values. Again the RMSE can be
used for the objective function. Contrary to the design point, the target parameters are sensor data
for multiple off-design operating points. Moreover, no constraints were used for the off-design problem.
An applicable constraint could be to limit the beta (β) values between zero and one. By doing so the op-
timiser will exclude solutions where the choke or surge line is breached, and/or the surge margin is low.

4-Creating the GSP model:
The off-design GSP model uses the design point model as a basis. Only now, the model case is
changed from design to steady state. Once the latter is done, the maps need to be selected. Next,
the design point location on each performance map needs to be specified. The latter can be done by
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changing the design point β value and the non dimensional design spool speed. The guidelines for this
have been elaborated upon in Section 8.2.
Finally, in the API block the inputs and outputs should be set identical to the ones expected by the
optimiser. The inputs are the control variables, and the outputs are the target parameters. These are
defined in Table 7.3 for the assessed test cases.

5-Developing the off-design model: The set-up has now been completed and the optimisation can
be instantiated. As for the design point modelling procedure, again some small modifications maybe be
required to the initial set-up in order to obtain acceptable turbomachinery characteristics. The design
vector bounds can be modified in case the output maps are unrealistic. The latter was found to be
the case for the CF6 model. From Figure 7.4 it can be observed that the span of available operating
points is relatively small. Hence, only a particular region (high speed) of the maps is being focussed
upon during the modelling procedure. The low speed area in this case has no anchor point and con-
sequently gives the optimiser more freedom, which requires the bounds to be addapted meticulously.
The optimiser settings can also be addapted if needed. The reference scaling point should be moved
if the surge margin (SM) is not sufficient, or the operating lines are not smooth. If no acceptable results
can be attained, it is possible that the reference maps are not suitable, and should be changed.

11.3. Extending to other engines
In Section 10.2 the importance of an engine specific model has been described. For the CEOD val-
idation in Section 10.3 a different engine has been used due to the lack of CEOD availability for the
correlation test engine. A design point calibration was done using test cell data to account for engine-
to-engine differences. The component performance maps were kept un-modified. From the CEOD
analyses it was observed that the improvements at take-off were small. At climb and cruise, however,
significant improvements were noticeable as a result of the calibration. Thus the importance of creating
an engine specific model has been successfully illustrated. One can, however, still argue if it is worth
it to calibrate the model for adaptive modelling purposes.

11.4. Validation outcome
The CEOD validation outcome indicated that although the test cell match was good (average error of
0.7 %), improvements at higher Mach numbers and altitudes were still possible. An average error of
around 1.3 % was attained at take-off. Whilst for the climb and cruise phase, the errors were around
1.7 and 4.1 % respectively. The developed model has deficiencies at these conditions, because sea
level static data have been used for developing the model. At high Mach numbers losses occur in the
nozzle, which were not accounted for. The velocity coefficient was not used, due to some difficulties
encountered with this parameter during projects in the past at KLM ES [17]. The affect of the velocity
coefficient was analysed in this work, and its implementation improved the model at take-off. At cruise
the deviations were increased. Thus, the deviations at cruise are stemming from a different source.
At higher altitudes the Reynolds number effects become significant, mainly due to the lower density.
During the modelling process, the standard corrections as a function of the Reynolds number index
(RNI), were used. No difficulties were encountered since test cell data was utilised for modelling. Upon
modifying the correction factors by trial and error it has been observed that the model significantly
improved at climb and cruise conditions. It is recommended to use CEOD during the modelling process
in order to determine the velocity coefficients and Re correction factors. This can be done after themaps
have been tuned (scaled) with test cell data.

11.5. Schematic Overview of the modelling approach
In Figure 11.1 the above described approach is presented schematically.
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Figure 11.1: Schematic overview of the systematic modelling approach



12
Conclusion and Recommendations

By analysing the outcome of this project some key conclusions can be drawn. These are presented
in this chapter. Furthermore, the main research question and sub-questions are answered as well.
Finally, this chapter and thesis is closed with recommendations for future work. These include possible
methods to improve the modelling approach, or better modelling alternatives that could have been
chosen.

12.1. Conclusion
The focus of this study was to develop a systematic modelling approach for modern turbofan engines.
Emphasis is placed on modern turbofans, since these have fewer sensors installed along the gas
path. Moreover, a lot of data is also proprietary to the manufacturer. This increases the difficulty
of modelling an inherently complex system. As done generally, the modelling task was split-up into
design and off-design modelling. At the design point the key dimensions of the engine are determined.
A critical operating condition is generally chosen for this point. For developing the modelling approach
the take-off conditions were selected. This is the only critical operating point for which sufficient data
were available for modelling purposes. Subsequently, off-design modelling was conducted. This uses
the design point as input, and involves tuning/generating component performance maps. A scaling
procedure using second order polynomial scaling functions was selected. Baseline maps from open
literature were selected for this approach. The data used during the model development phase is test
cell data, which is for sea level static conditions. The latter contains more measurements compared to
on-wing data. The design and off-design modelling were set-up as optimisation problems with the aim
to minimise the difference between measured and simulated data. For this an evolutionary algorithm,
called Genetic algorithms, was utilised. During the design point modelling, physical relations were used
as constraints to compensate for missing data and sensors. Models for the CF6-80C2 and GEnx-1B
engine were developed in parallel in order to verify the systematic modelling approach. The GEnx-1B
model was then validated using Continuous Engine Operating Data (CEOD). For the validation, data
was filtered from ten flights by selecting steady state points and removing outliers. Below the main
conclusions, drawn from the modelling approach and results, are presented:

• Optimiser selection: Various optimisation methods are available in the open literature. From
the conducted literature study Bayesian optimisation and Genetic algorithms were found to be the
most suitable methods. From these methods Genetic algorithms (GA) was selected. This method
outperformed Bayesian optimisation for the test cases, in particularly for constrained problems.
Lower objectives (factor 4) were attained in a similar time frame using Genetic algorithms.

• Design point modelling: In order to bridge the gap caused by the reduced amount of data,
constraints for the efficiencies of the different turbomachinery components, and the optimum fan
pressure ratio were incorporated. These were not implemented as hard constraints, and were
intended to guide the optimiser towards feasible and physical solutions. For the GEnx-1B engine
the efficiency constraints had to be relaxed more compared to the CF6-80C2 engine. This con-
firms the higher turbomachinery technological level for the GEnx. For both engines the attained
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RMS error was lower than 1 · 10−2, thus GA proved to be successful as well for the actual prob-
lem and dealt effectively with all the constraints. It is concluded that the used set-up was able
to produce feasible and physical solutions, whilst effectively dealing with the reduced amount of
data.

• Off-design modelling: It was possible to match the test cell data with a sufficiently low overall
RMS error (<1·10−2), whilst attaining maps in line with the literature. The second order polynomial
scaling approach is an effective method, however, a small operating data range can lead to unfea-
sible results, since there is no anchor present in the low operating speed region. The operating
line is highly dependent on the location of the reference scaling point and it needs to be placed
meticulously. It was observed that realistic and smooth operating lines on the baseline maps, do
not always lead to equivalent results for the adapted maps. Moreover, the underlying physics of
the maps were also checked for the baseline and optimised maps. It has been concluded that the
underlying physics of the component maps are not impaired if second order scaling polynomials
are used.

• Engine specific model: The developed model for the GEnx has been calibrated at the design
point for a different engine. This engine also has CEOD available. For take-off conditions it was
observed that the calibration had insignificant effect on the performance deviations with CEOD.
For the climb and cruise phase larger improvements were noticeable. Altogether, the importance
of creating an engine specific model, instead of a single baseline model for all the pool engines,
was demonstrated. It is, however, questionable if developing an engine specific model still has
advantages for adaptive modelling.

• Validation results: The error between simulated and measured data showed little scatter, and
the overall deviations were acceptable. For the calibrated model, an average error of around 1.3
% was attained at take-off. For climb and cruise phases the errors were around 1.7 and 4.1 %
respectively. At these two phases the largest deviations were found for the fuel flow and exhaust
gas temperature (EGT). It was concluded that this offset was caused by incorrect Reynolds num-
ber corrections. The take-off phase deviations were relatively the lowest, however, still a factor 2
higher than the test cell errors. It was concluded that these were caused by the nozzle velocity
coefficients, which were not included in the modelling set-up. Altogether the model can be im-
proved substantially by implementing the velocity losses in the nozzles and the Reynolds effects.
This indicates the need for utilising on-wing data during the modelling process.

• Main conclusion: From this research it can be concluded that general relations can be used
to bridge the gap caused by the reduced amount of data. This provides a consistent approach
to deal with missing sensors and data, unlike previous modelling projects at KLM ES. Moreover,
using an automated machine learning procedure for modelling, is more efficient and effective than
a manual process. To make the modelling approach complete, on-wing data should be utilised
to account for effects caused by higher Mach numbers and altitudes.
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12.2. Recommendations
Although the results are promising, the modelling approach can still be improved. Improvements can be
made especially for high Mach numbers and altitudes. This section addresses some recommendations
for future work at KLM Engine Services.

• In this study it was assumed that test cell data recorded at sea level static conditions will be suf-
ficient for developing an accurate engine model. This was found to be an invalid assumption. At
higher Mach number and altitudes the models were lacking accuracy. This was mainly caused by
the omission of the velocity coefficient and not incorporating the Reynolds number effects. Hence,
it is recommended to include the velocity coefficient and the Reynolds number effects. This can
be done using CEOD and a minimisation problem set-up. Note that the velocity coefficient at the
design point and off-design conditions will not be the same.

• For the model generation, the secondary performance parameters effects were also not incorpo-
rated. These were assumed to be at their nominal settings during the take-off (sea level static),
which is the design point in this case. For off-design conditions these vary, however, their be-
haviour is assumed to be captured by the performance maps. These settings are also reliant on
ambient conditions. A study regarding these has been conducted in the past at KLM Engine Ser-
vices [17]. It can be analysed how the approach during the aforementioned paper can be used
to improve the modelling approach/results.

• The reference engines used during this project are not new. Additionally, their health is not clearly
described. From the EGT margin it was concluded that the engines are healthy. The same is
also true for the CEOD validation reference engine. It is recommended to repeat the modelling
process and/or validation if data from an engine, that better represents the new state, are avail-
able. This way deterioration does not influence the modelling results.

• The model of the GEnx has been validated using CEOD. For the CF6 engine only snapshots were
available. These were taken at some point during the take-off, and cruise phase. Information on
the secondary performance parameters was not available, which made it difficult to pre -process
the data. This can be investigated further, and possibly used to check if the same conclusions
can be drawn from the on-wing data analyses of the CF6.

• When creating an engine specific model (intra-engine approach), only the design point model was
calibrated. It was assumed that the behaviour at off-design (determined from the maps) will not
differ due to engine-to-engine differences. This can be verified by tuning the maps for another
engine, if sufficient data is available in the future.

• The station 3 measurements for the GEnx engine are recorded in the flow channel going around
the combustor, instead of the HPC outlet. During this study it has been assumed that the effects
of this position offset are negligible. However, a more in depth analyses should be conducted to
validate this.

• The standard fuel properties in GSP were used during this project. It should be verified how good
these agree with the actual fuel used during the flights.
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B
Cycle computation

The thermodynamic relations typically used for design point cycle computations are presented in this
section. These computations are done for the stations depicted in Figure 5.2, from the inlet to the outlet
of the engine. The main assumptions used for these calculations are that the gas expansion in nozzle
is adiabatic and there are no pressure loses across the nozzle. Gas constants Cp for air and gas as
well as γ for air and gas all stay constant during the respective processes. Furthermore, the mass flow
through the combustion chamber is considered to be equal to the mass flow through the compressor
and turbine (no bleed). Additionally, all component efficiencies are assumed to have constant values
which are pre-determined and cannot change - in real life cycle calculations it is useful to remember
that these values are not set in stone and can slightly vary as they are dependent on many different
detailed factors.
The calculations are commenced by first converting ambient static conditions to total properties using
Equation B.1 and B.2. Usually the static properties, as observed in the physical world, are used to
define the thermodynamic state. For aero engine applications, however, it is very common to use
total properties. This alleviates the need to know the exact cross-section areas or velocities. This
also convenient for modelling tasks. The relations between the static and total properties are given by
Equation B.1 and B.2. For some components like nozzles and mixers, however, the static properties
are required [33].

Ttot = Ts(1 +
γ − 1

2
M2) = Ts

(
ptot
ps

) γ−1
γ

(B.1)

ptot
ps

=

(
1 +

γ − 1

2
M2

) γ
γ−1
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With the total properties now known, the parameters in front of the fan face (at station 2) are computed.
If the inlet is assumed to be adiabatic the total temperature will remain unchanged. The total pressure
in the inlet of the engine changes according to the intake pressure ratio. If the inlet isentropic efficiency
(ηisinlet

) is given instead, Equation B.3 can be used.

pt,2 = pt,1

[
1 + ηisinlet

(
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2

)
M2

0

] γa

γ
−1
a (B.3)

Next, the compression process is initiated. The properties behind the fan (station 24) can be computed
first. By using the fan pressure ratio, the pressure behind the fan can be calculated. The total tempera-
ture is subsequently retrieved by using Equation B.4. This equation is derived using isentropic process
relations between temperature and pressure, and the relation for the isentropic compression efficiency
given by Equation B.5.

Tt,24

Tt,2
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(B.4)
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ηis,comp =
Tt,b,is − Tt,a

Tt,b − Tt,a
(B.5) ηts,exp =

Tt,a − Tt,b

Tt,a − Tt,b,is
(B.6)

Turbofan engines have a part of the flow going to the bypass and a part to the core. The core flow can be
computed using Equation B.7, and subsequently the bypass mass flow is straightforwardly determined.

ṁcore =
ṁtotal

1 +BPR
(B.7)

If the fan core and bypass nozzle section are modelled as one module the properties at station 13 (the
bypass duct) will be the same as station 24, else the fan bypass pressure ratio needs to be used for
the computations. The properties behind the LPC and HPC are computed using a similar approach,
and their respective pressure ratios and efficiencies.
With the properties at station 3 now known, station 4, located at the combustor outlet can be analysed.
By considering the combustor pressure losses the pressure can be calculated at this station. Then
either the fuel flow, or combustor outlet temperature (T04) is required to complete the calculations at
station 4. Equation B.8 describes the relation between the two aforementioned parameters and can be
rearranged depending on the to be computed parameter. Here LHV is the lower heating value of the
fuel and ηcc is the combustion efficiency.

ṁfuel =
ṁ3 ∗ CPg

∗ (Tt,4 − Tt,3)

ηcc ∗ LHV
(B.8)

The properties following the expansion process by the turbines can be computed next. For the station
after the HPT (station 45) Equation B.9 and Equation B.11 can be used. The latter is derived using
isentropic process relations between temperature and pressure, and the relation for the isentropic ex-
pansion efficiency given by Equation B.6. WHPC is the work that is required to drive the HPC and can
be computed using Equation B.10.
For station 5 a similar procedure can be employed. Now, however, the turbine module needs to drive
the fan and LPC, hence the work for these two components needs to be provided by the LPC. Note
that the fuel flow needs to be added to the core mass flow for computations after the combustor.

Tt,45 = Tt,4 −
WHPC

ηmechṁ4Cp,g
(B.9) Wmodule = ṁmodule · Cp ·∆Tmodule (B.10)

pt,45 = pt,4

[
1− 1

ηis,HPT

(
1− Tt,45

Tt,4

) γg
γg−1

]
(B.11)

One can proceed now with the exhaust nozzle computations, which are similar for the core and the
bypass nozzle. For the sake of brevity only the core calculations are explained.
First it is analysed if the nozzle is choked by checking if the pressure ratio Pt,7/Pa is larger than the
critical PR given by Equation B.12. Note that Pt,7 is the same as Pt,5 if there are no duct losses, and
Tt,7 is equal to Tt,5 if the duct is adiabatic.

pt,7
pcritical

=

[
1− 1

ηnozzle

(
γg − 1

γg + 1

)]( −γg
γg−1

)
(B.12)

For a choked nozzle the following relations are applicable:

T9 = Tt,7

(
2

γg + 1

)
p9 =

pt,7
PRcrit

(B.13)

Using a Mach number of 1, for choked conditions in the nozzle, the jet velocity can be computed as
follows: v9 =

√
γg ∗R ∗ Ta. The exhaust area is then computed using Equation B.14.

ρ9 =
p9

R ∗ T9
A9 =

ṁ9

ρ9v9
(B.14)
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If the nozzle is not choked, different relations hold. Firstly, the exhaust static pressure is equal to the am-
bient pressure due to the perfectly expanded nozzle. The exhaust static temperature can subsequently
be computed using Equation B.15.

T9 = T0,7

1− ηis,bypass

1−
(

p9
p0,7

) γg−1

γg

 (B.15)

The jet velocity can be computed by using the relation: V9 =
√
2 · cp,a · (T0,7 − T9). The exhaust area

can then be calculated using the same relations as for a choked nozzle.
With all the properties now known, the thrust can be obtained using Equation B.16, which consists of
a momentum and a pressure term. The total thrust can be computed by adding the bypass and the
core thrust, both calculation in a similar way. Furthermore, the efficiencies of the gas turbine can be
obtained well. These are elaborated upon in Appendix C.

Fcore = ṁ9 (v9 − v∞) +A9 (p9 − pa) (B.16)



C
Gas turbine efficiencies

Thermodynamic efficiency
The thermodynamic efficiency is the ratio of gas power generated over the heat added by the combus-
tion process, and is given by Equation C.1. In order to calculate thermodynamic efficiency it is required
to obtain gas generator power given by Pgg in Equation C.1. This property can be defined as the maxi-
mum power theoretically generated by the engine core by expanding gas to ambient conditions, hence
the theoretically maximum achieved kinetic energy. To calculate Pgg it is first needed to find the total
temperature (Tgg) of this point. The temperature is found by equating turbine work to the work required
to drive both the compressors HPC the fan work contributing to the core flow only. The power required
for the fan core can be assumed to be proportional to the mass flow split.

ηthdy =
Pgg

ṁ · cp∆Tcc
=

Pgg

ṁ3 · cpgas
(T4 − T3)

(C.1)

Jet generation efficiency
This is the ratio of the kinetic energy available at the nozzle exit over the gas power.

ηjet gen =

∑{
1/2ṁ

(
v2j − v2o

)}
Pgg

(C.2)

Propulsive efficiency
The propulsive efficiency is the ratio of the actual thrust produced over the useful kinetic energy at the
nozzle exit. Hence, it accounts for losses of kinetic energy

ηprop =
Σ {ṁ (vj − vo)} vo
Σ
{
1/2ṁ

(
v2j − v2o

)} (C.3)

Thermal efficiency
The thermal efficiency is defined as follows:

ηth = ηcc · ηthdy · ηjet gen (C.4)
ηcc is the combustion efficiency. and accounts for the incomplete combustion process. The following
relation can be derived for the thermal efficiency:

ηthermal =

∑{
1/2ṁ

(
v2j − v2o

)}
ṁfLHVf

(C.5)
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Overall efficiency
Finally, the overall efficiency can be computed, which is a product of the thermal and the propulsive
efficiency. The resulting relation can be seen below.

ηtotal =
Σ {ṁ (vj − vo)} vo

ṁfLHVf
(C.6)

Note that the relations above are only valid for an unchoked nozzle. In case of a choked nozzle the
expansion to ambient conditions is incomplete, and the thrust will have a pressure term as mentioned
before. The equivalent jet velocity needs to be used for the computations then. The latter is computed
by assuming that the thrust is only generated due to momentum.



D
Secondary performance parameter

included in CEOD

Table D.1: Secondary performance parameters included in CEOD

Parameter Description Unit
HPTACCV pos Selected HP Turbine Active Clearance Control Valve Position [%]
LPTACCV pos Selected LP Turbine Active Clearance Control Valve Position [%]
CCCV pos Selected Core Compartment Cooling Valve Position [%]
VBV pos Selected Variable Bleed Valve Position [%]
TBVpos Selected Transient Bleed Valve Position [%]
VSVpos Selected Stator Vane Position [%]
PTO Total Engine Horsepower Extraction [hp]
BAIpos Selected BAI(Booster Anti-Ice) Bleed Valve [−]
∆N2 Core speed rate of change [% N2/s]
AHPTC Actual HP Turbine Clearance (calculated) [in]
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E
Off-design results

E.1. Error for the Off-design operating points
In this section the optimisation error for the different off-design operating points is presented. These
are depicted in Figure E.2 and E.2, for the GEnx and CF6 model respectively. The dashed lines are
the outcome of the optimisation process.

Figure E.1: Errors of the CF6 target parameters for the Off-design operating points

103



E.2. CF6 component performance characteristics 104

Figure E.2: Errors of the GEnx target parameters for the Off-design operating point

E.2. CF6 component performance characteristics
The component maps of the CF6 engine are given in following figures. Black is used to illustrate the
results of the optimisation, whereas grey indicates the starting maps.

Compressor maps CF6

Figure E.3: Fan bypass map before (grey) and after (black) adaption
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Figure E.4: Fan core map before (grey) and after (black) adaption

Figure E.5: HPC map before (grey) and after (black) adaption
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Turbine maps

Figure E.6: HPT map before (grey) and after (black) adaption

Figure E.7: LPT map before (grey) and after (black) adaption
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